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Abstract

Carbon nanotube (CNT)-reinforced epoxy nanocomposites have attracted
significant interest due to their potential applications in aerospace, electronics, and
structural materials. To achieve the full potential of these nanocomposites, CNTs must
be effectively dispersed within the epoxy matrix, as the dispersion state strongly
influences network formation and overall material performance (1-3). Therefore, this
study aims to provide a deeper understanding of the dispersion behavior of CNTs in

epoxy resin through linear and nonlinear rheological characterizations.

In this research, epoxy mixtures containing different concentrations of single-
walled carbon nanotubes (SWCNTSs) were prepared using tip sonication to evaluate the
rheological percolation threshold through linear and nonlinear rheological
measurements complemented by optical microscopy imaging. In addition, an electric
field was applied to align the SWCNTSs in the epoxy matrix. The results demonstrated
that nanotube alignment reduced the percolation threshold, enabling the formation of an

interconnected network at lower SWCNT concentrations.

Furthermore, graphene oxide (GO) was incorporated into the SWCNT/epoxy
systems to investigate the synergistic effects of combining one-dimensional (1D) and
two-dimensional (2D) nanomaterials. Two SWCNT:GO ratios and two preparation
methods were examined to evaluate their influence on the linear and nonlinear
rheological behaviors of the mixtures. The results showed that nonlinear rheological

analysis could distinguish between mixtures with similar linear rheological responses,



highlighting its sensitivity to differences in nanofiller dispersion and microstructural

development.
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Chapter 1: Introduction

Epoxy resin is the most widely used thermoset resin in reinforced polymer
composites due to its many attractive properties, including high stiffness and good
adhesion with other substrates (3). Various microscale and nanoscale fillers have been
added to epoxy resins to further improve their mechanical properties in the fabrication of
reinforced polymer composites. Although microscale fillers, such as carbon and glass
fibers, can enhance the properties of the resin, they have some disadvantages,
including the requirement of a high filler content for property improvement, which could
increase the weight of the composite (4). Therefore, nanoscale materials such as
carbon nanotubes and nanoclays have been used to overcome the challenges
associated with the use of microscale fillers (5).

Carbon nanotubes (CNTs) are one-dimensional (1D) nanostructures that have
been widely used as reinforcements in epoxy nanocomposites owing to their excellent
properties. Carbon nanotube epoxy nanocomposites have been used in a wide range of
applications, including the aerospace, automobile, and electronics industries. The
combination of low density, high tensile strength, high Young’s modulus, and high
electrical conductivity have made CNT/epoxy nanocomposites, attractive materials for
advanced engineering applications. (3, 6, 7). However, CNTs tend to form aggregated
clusters owing to the strong van der Waals forces between them. These aggregated
clusters can reduce the mechanical, electrical, and thermal properties of the
nanocomposites (8-10). Therefore, the dispersion state of carbon nanotubes in epoxy

resin plays a major role in the properties of epoxy nanocomposites (11, 12).
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This study probes the dispersion state of CNTs in epoxy resin using
rheology. Rheology is a powerful tool for studying the dispersion state of nanomaterials
in polymer matrices (8, 9). Furthermore, graphene oxide (GO) is added to the system to
study the dispersion state of 1D and 2D nanomaterials in the epoxy matrix. The
objectives of this study are as follows:

Objective 1) Studying the dispersion state of single-walled carbon nanotubes in

epoxy resin, using rheology and microscopy imaging

Objective 2) Alignment of CNTs in the epoxy matrix using an AC electric field (In

collaboration with Dr. Gururaja's group)

Objective 3) Study the effect of the addition of GO as a secondary nanofiller on

the dispersion state of SWCNT epoxy mixtures using linear and nonlinear

rheology

Carbon nanotubes (CNTSs) are classified into single-walled (SWCNTs) and multi-
walled (MWCNTSs), each providing distinct benefits in polymer-based composites.
SWCNTSs, consist of a single rolled graphene layer, whereas MWCNTSs are composed
of multiple concentric graphene layers (13). Due to their superior mechanical and
electrical characteristics and high aspect ratio, CNTs can enhance properties at very
low filler loadings, making them highly suitable for advanced multifunctional applications
(14, 15). In this study, SWCNTs were dispersed in an epoxy resin using ultrasonication
to achieve a uniform dispersion throughout matrix. A well-dispersed network facilitates
the formation of an interconnected nanotube system as the SWCNT concentration
increases. The minimum filler content at which this continuous path is formed is referred

to as the percolation threshold of SWCNTSs in the matrix (13, 16).
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The alignment of the nanofillers is a key factor in achieving SWCNTSs’ anisotropic
properties in macroscale systems. Applying external forces, such as shear, electric (17-
23) and magnetic fields (24-26), is an effective method for aligning CNTs. The
application of an electric field has been widely used for the alignment of CNTs because
of the high electrical conductivity of CNTs and the low cost of the experimental setup
(17, 18). Optimizing different parameters, such as the electrode distance, and voltage
plays a critical role in the alignment of CNTs (27, 28). In this study, an alternating
current (AC) electric field was used to align SWCNTSs in epoxy resin. Additionally,
several characterization tests, including Raman mapping and scanning electron
microscopy (SEM), were performed to study the alignment of the SWCNTSs in the epoxy
resin.

In addition to CNTs, members of the graphene family, which share a similar
molecular structure but possess a two-dimensional (2D) sheet-like morphology, have
also been widely investigated as reinforcing nanofillers. Graphene oxide (GO) is a two-
dimension (2D) structure that has been used as reinforcement in the epoxy composites
due to its outstanding properties such as high thermal conductivity and large specific
surface area (29, 30). Many studies have investigated the synergistic effect of CNTs
and GO on the properties of nanocomposites (12, 31-33). However, to the best of our
knowledge, no study has investigated the nonlinear rheology of CNTs and GO in an

epoxy matrix.
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Chapter 2: Background

Carbon nanotubes’ structure

The discovery of carbon nanotubes is typically attributed to lijima in 1991. There
are two primary types of carbon nanotubes: single-walled carbon nanotubes (SWCNTSs)
and multi-walled carbon nanotubes (MWCNTs). SWCNTSs consist of only one graphite
cylinder and typically have a diameter of approximately 1 nm. Similarly, MWCNTs
consist of coaxial cylinders of graphene with an outer diameter of 2-20 nm (13, 34).

The chirality of a carbon nanotube describes how a graphene sheet is wrapped
to form a cylindrical structure. It is defined by a pair of integers, (n, m) which specify the

circumferential chiral vector Ch and determine the geometrical configuration of the rolled
graphene sheet. Where Cj:

Cp, = na; +ma, (1)

The cylinder connecting the hemispherical caps of the nanotube is formed by
superimposing the two ends of vector Ch, and the joint is formed by the two lines OB.

Zigzag nanotubes are characterized by index pairs (n, 0) or (0, m), while armchair
nanotubes correspond to the (n,n) configuration (Figure 1). Because these two
geometries contain a mirror plane, they are considered achiral, whereas all other (n, m)
index pairs give rise to chiral structures. Variations in both the chiral angle and tube
diameter lead to differences in their physical properties. Nanotubes for which n-m is

divisible by three exhibit metallic behavior; otherwise, they are semiconducting.
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Figure 1. a) Honeycomb of a graphite sheet, a1 and a2 are the unit vectors and 6 is chiral angle.
In the zigzag orientation, 8 is equal to zero. The lattice vector of the 1D nanotube unit cell, OB =
T, is also depicted. The basic symmetry of the nanotube is determined by the rotation angle ¢ and
translation 1. b) Vectors for the formation of different nanotube structures. Metallic and

semiconducting nanotubes are shown with encircled and single dots, respectively (34).

Armchair and zigzag carbon nanotubes are classified as achiral because they
possess mirror plane symmetry. In contrast, nanotubes with chiral vectors, where n is
not equal to m and neither index is zero, lack this symmetry and are therefore
considered chiral. The nanotube diameter is calculated from the chiral indices using

d = V3avm2+mn+n? _ Cn (2)

s s
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Where a is the carbon bond length, approximately 1.42 nm for graphite. This
equation shows the relationship between tube diameter and the magnitude of C;. The

figure below shows the three different structures of carbon nanotubes (34).

(a)

(b)

(©) e OO OO RIS

Figure 2. Schematic theoretical model for a SWCNT with a) an armchair, b) zigzag, and c)

chiral structures (34).

Intermolecular potential in CNT/epoxy mixtures

The interactions between dispersed nanomaterials are commonly described by
Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory, which considers the balance
between attractive and repulsive forces governing colloidal stability. The total
interparticle potential arises from the combined influence of van der Waals attractions,
electrostatic repulsions, depletion interactions, and sedimentation effects, which

collectively affect the dispersion state of the nanoparticles (35, 36).
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van der Waals forces occur between two neutral molecules that have no net
charge or permanent dipole moment. As two molecules move closer together, the van
der Waals interactions initially become more attractive, reaching their strongest point at
an intermediate distance from each other. However, when the molecules become too
close, these interactions shift and become strongly repulsive. The van der Waals radius
is defined as half of the separation distance between two identical atoms when they are
positioned in the minimum energy state (Figure 3) (2, 37). Due to the highly polarizable
sp?-hybridized carbon structure of carbon nanotubes, SWCNTSs exhibit a strong
tendency to form bundles and agglomerates. These aggregates are held together by

significant van der Waals attractions, with strengths on the order of 2040 Ko T/nm (35).
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(B) Distance between molecules

Figure 3. (A) Temporary charge fluctuations generate van der Waals attractions between the
neutral molecules. B) These forces increase with decreasing separation, reach a maximum

value, and become repulsive at short distances (2).
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GO structure

Graphene oxide (GO) is a two-dimensional nanostructure obtained through the
chemical oxidation and exfoliation of graphite layers. During the chemical exfoliation
process, numerous oxygen functional groups are introduced onto the two-dimensional
carbon lattice of the GO. These functionalities commonly include epoxide bridges,
carbonyl (C=0) groups, hydroxyl (OH) and phenolic species, and organ sulfate groups
that may be present due to sulfur-related impurities (38, 39).

Figure 4 shows the timeline of GO synthesis. Brodie first documented the
oxidation of graphite in 1859, marking one of the earliest systematic attempts to
chemically modify graphite. Prior to this work, Schafhaeutl demonstrated graphite
intercalation in 1840, providing an important foundation for subsequent oxidation-based
approaches (40). In 1898, Staudenmaier introduced an improved synthesis route that
relied on a combination of nitric and sulfuric acids with potassium chlorate, offering a
procedure that was safer and less labor-intensive than Brodie’s method. Although these
early techniques advanced the understanding of graphite chemistry, the method
developed by Hummers and Offeman in 1958, using a mixture of sulfuric acid, sodium
nitrate, and potassium permanganate, gained widespread acceptance owing to its
relative efficiency, reduced reaction time, and improved reproducibility (41).
Consequently, the Hummers method and its numerous modifications remain the most

widely employed approaches for producing graphene oxide today (42).
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Figure 4. Timeline of GO synthesis (39).

Nanofiller epoxy nanocomposites

Epoxy nanocomposites can be classified into two different groups based on the
morphology of their nanofillers. The first group includes isotropic nanofiller-reinforced
epoxy nanocomposites, including titanium dioxide (TiO2) and nano-alumina epoxy
nanocomposites. Isotropic nanofillers are identified as materials with identical
dimensions in all directions, such as spherical particles. Conversely, anisotropic
materials exhibit different physical properties along different directions or axes.
Following the discovery of carbon nanotubes, the morphology and shape of nanofillers
have been recognized as key factors for enhancing the properties and performance of
nanocomposites (43).

Several processing methods have been developed for the preparation of polymer

nanocomposites, including mechanical mixing, and in situ polymerization. Mechanical
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mixing combined with solvent intercalation is widely used for dispersing nanomaterials
with high aspect ratios, such as carbon nanotubes in thermoset resins. In this method,
the nanomaterials and polymer matrix are initially dispersed in separate solvent
suspensions, and after mixing, the solvent is removed through evaporation, leaving a
mixture with improved filler dispersion (44). In addition, the in-situ polymerization
method is a widely used technique for making polymer nanocomposites. In this method,
nanofillers are first dispersed in the neat monomer, followed by the addition of an
initiator, and finally, the mixture is exposed to a source of heat (45). Figure 5 shows a

schematic of this method.

:
I Solvent evaporation I

.E: | H

---:> ‘:',. E X

I Polymer nanocomposites I

| Monomer solution ]

Figure 5. Schematic of the in-situ polymerization method (46).

Nonlinear Rheology

Rheological characterization can be performed using two primary testing
methods: steady shear rheology and oscillatory rheology. In steady shear rheology, a
constant shear rate or shear stress is applied to the sample to measure its flow

behavior, such as viscosity as a function of shear rate. In contrast, oscillatory rheology
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applies a sinusoidal shear strain or shear stress to the sample to probe its time-
dependent viscoelastic response. Oscillatory rheology can be studied in two different
regimes. The linear viscoelastic regime, where the storage modulus (G’) and loss
modulus (G”) are independent of strain, and the resulting stress response exhibits a
purely sinusoidal waveform. In contrast, the nonlinear regime, where both the storage
and loss moduli depend on strain, and the stress response deviates from a sinusoidal
shape (47) (Figure 6).

In many industrial applications and processes, epoxy hanocomposites undergo
rapid deformation. Therefore, understanding their response in the nonlinear regime

could help us simulate the processing better (47, 48).
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Figure 6. Schematic illustration of the SAOS and LAOS regimes in the amplitude sweep test
(47).
In LAOS, unlike SAOS, the rheological material functions cannot be fully
interpreted by G’ and G”. Hence, rheologists have developed various methods to

analyze LAOS results, including Fourier-transform rheology, Lissajous-Bowditch (L-B)
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curve analysis, and sequence of physical processes (SPP). Figure 7 shows the timeline

of the different LAOS techniques (48).

1960s
First LAOS
publications 1998-2002
Wilhelm et al.

1990s

Giacomin el al.

Closed loop wave-form
and FT-rheology

New FT algorithm and its
practical applications

2005 2008
Ch Ewoldt et al.
o et al. 5
Stress decomposition New intra-cycle measures
based on Chebyshev
functions

2008
Hyun et al.
Zero-strain nonlinearity
based on new nonlinear
parameter O

2011
Rogers et al.
Sequence of physical
processes

Figure 7. Timeline of LAOS techniques (49).

As mentioned earlier, as the strain amplitude increases, the stress response
deviates from a purely sinusoidal waveform, indicating the onset of nonlinear
viscoelastic behavior (48). Fourier Transform (FT) rheology characterizes this nonlinear
response by decomposing the stress signal into a series of harmonic contributions. In
FT rheology, only odd harmonics are considered under the assumption that the stress
response is an odd function of the applied strain. Whereas the first harmonic dominates
in the linear regime, the third and higher-order harmonics become increasingly
significant in the nonlinear regime. Therefore, the intensity ratio of the third to the first

harmonic is commonly used to identify the onset of nonlinear behavior (49).
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Although the ratio of odd harmonic peaks is commonly used to distinguish
materials with different microstructures, it does not provide a direct physical
interpretation. To address this, Cho et al. proposed an orthogonal stress decomposition
model based on the Fourier series by determining the generalized storage and loss
moduli (50).

Although the introduction of the Chebyshev function in 2008 helped address
some of the limitations associated with the direct Fourier series approach, there were
still some limitations in interpreting the material deformation state (51). Rogers et al.
introduced a sequence of physical processes (SPP) analysis that allows the
specification of the transient modulus and viscosity within the oscillation. In this
technique, the Frenet-Serret framework is employed to describe the position of a point
in three-dimensional space using a set of vectors comprising the tangent vector (T(t)),
normal vector (N(t)), and binormal vector (B(t)). This approach not only provides better
physical insight into the material response throughout the oscillatory cycle across all
strain amplitudes, but also The SPP technique enables a comprehensive analysis of the
complex interactions and interpenetration behavior between the two surfaces (49, 51-

53).
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Chapter 3: Materials and experimental details

Preparation CNT epoxy mixtures

Single-walled carbon nanotubes (SWCNTs) and graphene oxide powders were
purchased from OCSIAl (Tuball, 01RWO02) and William Blythe (JC05-184JP),
respectively. The epoxy resin system consisted of Epon-862 (diglycidyl ether of
bisphenol F) and EPIKURE curing agent W (bisphenol-F epoxy resin and an aromatic
amine), both of which were procured from Miller-Stephenson. To prepare a 0.03 wt%
SWCNT/epoxy mixture, 12 mg of SWCNTs were added to 40 g of epoxy resin. The
mixture was then ultrasonicated at 60% amplitude for 40 min (power of 750 W,
frequency of 20 kHz) to achieve a uniform dispersion of the SWCNTSs in the epoxy resin.
An ice bath was used during sonication to avoid overheating.

Since volume fraction determines percolation, the volume fraction of

nanomaterials in epoxy (¢) was calculated using the density of nanomaterials (pn) and

the density of epoxy resin (pr) in equation below:

mn

¢ = mlln 3)

Pn  Pr

where mn and mrare the masses of the nanomaterials and epoxy resin, respectively.

Table 1 shows the varying SWCNT concentrations.

For curing rheology, the curing agent (Epikure W) was added to the mixtures at a

mixing ratio of (100:26.4) and stirred on a hot plate for 5 min at room temperature. Then,
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the mixtures were vacuum degassed to remove air bubbles. To make nanocomposite,
the mixture was then poured into a preheated aluminum mold (made according to ASTM
D638 Type |) and placed in an oven. The curing process was conducted at 121°C for 2

h, followed by 177°C for 2 h.

Table 1. Different concentrations of SWCNT/epoxy mixtures

SWCNT

Concentration 0.020 0.030 0.040 0.050 0.070 0.100 0.150

(wt%)

SWCNT

Concentration VAW 0.019 0.025 0.031 0.043 0.062 0.093

(vol%)

Alignment of SWCNTSs in the epoxy resin
To align the SWCNTs within the epoxy matrix, an alternating current (AC) electric

field with a voltage of 500 V and frequency of 10 kHz was applied using a function
generator connected to a power amplifier. The mixture was maintained at 80°C before
being transferred into a preheated silicone mold measuring 90 mm x 350 mm (L x W).
Copper electrodes were positioned at a fixed distance of 10 mm to cover the gauge
length region (50 mm) of the mold, which was selected to match the length of the
extensometer. Custom 3D-printed holders were used to secure the electrodes during
the alignment process. After curing, the nanocomposite plates were cut into ASTM
D638 Type | specimens using a Wazer Desktop waterjet. Using this procedure,

SWCNT/epoxy nanocomposites containing 0.03, 0.05, and 0.07 wt% SWCNTs were
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fabricated in this study. This part of the research was done by Dr. Julkarnyne M Habibur

Rahman in Dr. Suhasini Gururaja’s group.

Preparation SWCNT-GO epoxy mixtures

Two different dispersion methods (Methods A and B) were employed to prepare
0.2 wt% SWCNT/GO epoxy mixtures with two different ratios. Method A involved a
straightforward approach, similar to that used for preparing the SWCNT-epoxy mixture.
In this method, both SWCNTs and GO were added directly to the epoxy resin. The
mixture was then subjected to tip sonication for 10 min at 60% amplitude to facilitate the

dispersion of the nanofillers.

Method B followed a solvent intercalation procedure: first, ethanol was used as a
solvent to disperse the GO flakes. The SWCNTs were separately dispersed in the
epoxy resin using tip sonication. Subsequently, the GO-ethanol mixture was combined
with the SWCNT-epoxy mixture, and high-shear mixing was performed for 3 h to ensure
uniform dispersion. Finally, the mixture was placed in a vacuum oven overnight to

remove any residual solvent by degassing.
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Table 2. Composition of SWCNT-GO epoxy mixtures.

Concentration (wt%)

Method SWCNT:GO

A-1:1 A 1:1 0.10 0.10 99.8
A-1:3 A 1:3 0.05 0.15 99.8
B-1:1 B 1:1 0.10 0.10 99.8
B-1:3 B 1:3 0.05 0.15 990.8

Atomic Force Microscopy

To measure the dimensions of the nanomaterials, an Anton Paar Tosca 400 Atomic
Force Microscope (AFM) was used in tapping mode. To measure the dimensions of the
SWCNTSs, 10 mg of SWCNTs were added to 20 ml of 1% PVP aqueous solution and
sonicated using tip sonication (25% amplitude) for an hour. To measure the GO
nanoparticles, a 0.5 mg.ml-! dispersion of GO and DI water was prepared using bath
sonication for 20 min. The mixtures were then drop-cast onto freshly cleaved mica and
dried at room temperature. All images were processed using the Tosca Analysis

software.
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Figure 8. AFM images of A) single-walled carbon nanotubes (SWCNT) B) graphene oxide
(GO).
Raman Spectroscopy
Raman spectra were acquired using a Renishaw inVia Raman microscope equipped
with a 50X objective lens. Raman spectra were acquired using two wavelengths (532

and 785 nm), with measurements collected from three different spots usinga 10 s

exposure time and laser powers of 0.1% and 0.5%.

Raman maps were obtained using a Renishaw inVia Raman microscope equipped
with a 50% objective lens using a 785 nm laser. A step size of 10 um, exposure time of 1

s, and three accumulations were applied for each measurement.
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Thermogravimetric Analysis
The purity and thermal stability of the nanomaterials were evaluated using
thermogravimetric analysis (TGA) with a TA Instruments Q500 system in air and
nitrogen. The temperature was initially held at 25 °C for 30 min, then increased at a rate
of 10 °C min~" to 130 °C, and maintained for 30 min. Subsequently, the temperature
was increased to 800 °C at a rate of 10 °C min ™" and held for 45 min.
Dispersion rheology
Linear rheological measurements of the mixtures were performed using an Anton
Paar MCR 301 rheometer with a 50 mm parallel plate geometry. All tests were
conducted at 25 °C. The sample was left to sit undisturbed for an hour after loading to
stabilize. The following procedures were followed:
1- An amplitude sweep test was performed at a frequency of 10 rad/s.
2- A frequency sweep was performed at the critical strain from 0.1 to 100 rad/s angular
frequency. Subsequently, amplitude and frequency sweep tests were repeated using

the same parameters.

w
1

Step rate test was performed at 0.1 s,

4- The flow curve test was performed at shear rates of 0.01-100 s™'.

Curing rheology was performed at 120 °C using disposable parallel plates (50 mm
diameter). A constant strain amplitude of 5% and an oscillation frequency of 1 Hz were
applied throughout the measurements to monitor the evolution of the viscoelastic

properties during the curing process.
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Nonlinear Rheology

For nonlinear rheology, a large amplitude oscillatory shear (LAOS) test was
performed using an Anton Paar Physica MCR 302e strain-controlled rotational
rheometer. All the tests were performed on a 50 mm parallel-plate fixture and at the
temperate of 25 °C. An amplitude sweep was performed at 0.8 rad/s from 0.01% to
1000%, with the raw waveform collected simultaneously.

The raw waveform data collected at each strain amplitude were analyzed using
MATLAB-based Sequence of Physical Processes (SPP) software. The time, strain,
strain rate, and stress data were processed using Fourier domain filtering to reconstruct

the signal using all detectable odd harmonics above the noise level.

Optical Microscopy

To evaluate the dispersion state, optical microscopy was performed using a
Nikon Eclipse 80i microscope operating in transmission mode, equipped with a Nikon
DS-Ri2 digital camera, and controlled by Nikon Elements software. Imaging was
performed using a 20%/0.45 objective lens. A small drop of the nanomaterial-epoxy

mixture was placed on a clean glass slide and covered with a cover slip.

Scanning Electron Microscopy (SEM)

A JEOL JSM-7000F scanning electron microscope was used to assess the
microstructure and alignment of the nanomaterials inside the epoxy resin. For sample
preparation, the fractured surfaces of the composites were mounted onto aluminum

SEM stubs using carbon adhesive tape. A thin line of silver paint was applied between
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the sample surface and the stub to minimize the charging. Prior to imaging, all samples

were sputter-coated with a thin gold layer.
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Chapter 4: Results and Discussion

Characterization of SWCNTs and GO

In Raman spectroscopy, the sample is exposed to an intense laser source, and
the scattered light is collected to analyze the vibrational characteristics of the material.
This technique is widely used to characterize the structural properties of carbon-based
nanomaterials, including carbon nanotubes and graphene. The D-band, typically
observed at approximately 1350 cm-', is associated with structural defects and sp?®
hybridized carbons. On the other hand, the G-band is located around 1595-1610 cm™"
and is related to sp? carbon structure (54). The intensity ratio of the D band to the G
band is widely used to evaluate the degree of disorder in carbon materials. This
disorder may result from lattice defects or from intentional or unintentional
functionalization. Additionally, radial breathing modes (RBMs), typically observed in the
range of 100-500 cm™, are characteristic features of single-walled carbon nanotubes
(SWCNTSs) and serve as the evidence of their presence. RBMs originate from the
collective radial vibration of carbon atoms, causing the nanotube diameter to

periodically expand and contract in a breathing-like motion (55).

Table 3 summarizes the Raman spectroscopy and TGA results for the
nanomaterials. The SWCNTs exhibited low I(D)/I(G) intensity ratios for both the 532 nm
(mostly sensitive to metallic nanotubes) and 785 nm (mostly sensitive to
semiconducting nanotubes) excitation lasers, indicating a low defect density and a well-
ordered graphitic structure. These results suggest that the SWCNTSs possessed a high

structural quality. In contrast, GO exhibited different behaviors depending on the laser
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wavelength. Although a relatively low I(D)/I(G) ratio was observed with the 532 nm
laser, the Raman spectrum obtained using the 785 nm laser exhibited a higher D-band
intensity than the G-band. This increase in the D-band could be attributed to a higher
degree of structural disorder and the presence of amorphous carbon and residual

impurities within the GO structure.

Table 3. Raman and TGA results of the nanomaterials.

Nanomaterial

Residue N2

Residue Air

532 nm 785 nm (Wt%) (Wt%)
SWCNT 0.040 0.140 89.5 17.7
GO 0.850 1.45 325 1.39

Thermogravimetric analysis (TGA) was performed to measure the thermal

stability of the nanomaterials. While performing TGA in an N2 environment can provide

information about the thermal decomposition of nanomaterials, conducting TGA in an air

atmosphere evaluates the oxidative stability and purity of the materials. According to

Table 3, GO show better thermal stability and fewer impurities than SWCNTSs.
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Rheological characterization of SWCNTs in the epoxy resin

Oscillatory shear measurements provide valuable insights into the microstructure
and viscoelastic behavior of material systems. The storage modulus (G’) represents the
elastic or solid-like response of the material and reflects the energy stored during
deformation, whereas the loss modulus (G”) characterizes the viscous behavior of the
material and indicates the amount of energy lost during deformation (1, 56).

The viscoelastic behavior of mixtures has been used to study the dispersion state
and determine the percolation threshold of SWCNTs. Percolation threshold (¢c) is the
minimum filler content that forms a continuous path of fillers in the matrix (35). Several
methods have been proposed in the literature for estimating percolation. Using the
frequency sweep (G’ and G” versus frequency) plots is the simplest way to find a first
approximation for ¢c (1, 56).

Figure 9 displays G’ and G” versus angular frequencies for different SWCNT
concentrations. As can be seen, there is a jump in G’ and G” between 0.05 and 0.1 wt%.
This could suggest a presence of a weak percolation network that may have formed
between these concentrations. However, the increase in G’ is less than one order of
magnitude, and the storage modulus remains frequency-dependent even at the lowest
frequencies measured. These characteristics indicate that none of the dispersions have
reached the rheological percolation threshold necessary to form a continuous CNT
network. To estimate a more accurate percolation threshold, the power law relation G', «
(@ — @.)F has been performed by adjusting ¢cto have the highest R2. Figure 8C shows

the low-frequency storage modulus G’o of the SWCNT-epoxy mixtures. Based on this
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method, the ¢c ~ 0.05 wt% which is consistent with ¢c ~R/L of SWCNTs (0.05 wt%) (1,

56, 57).
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Figure 9. Oscillatory shear rheology curves of A) G’ and B) G” as a function of angular
frequency. C) Low-frequency storage modulus versus concentration of SWCNTs. The solid line

shows the fit to a power law.
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Viscosity (Pa.s)

Figure 10. Viscosity of SWCNT/epoxy mixtures as a function of shear rate.

Figure 10 shows the flow curves of the SWCNT Epoxy mixtures at different
concentrations. Increasing the concentration of SWCNT increased the viscosity of the
mixtures, mostly at low shear rates. The Carreau-Yasuda (58, 59) and Herschel-Bulkley
(60) models were used to fit the experimental data to evaluate the shear-thinning

behavior of the mixtures. The Carreau-Yasuda model is as follows:
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Where n is the viscosity, and y is the shear rate.

Based on the model mentioned above, Table 4 lists the definitions of each parameter

(4)

and the values of the parameters for each concentration.
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Table 4. Summary of the Carreau-Yasuda model parameters.

Parameters Concentrations (wt %)

Zero-shear

Viscosity
Infinite-shear 4.00 0.617 4.00 13.0
Viscosity
Characteristic 87.8 110 221 125

Time Constant

Empirical 0.670 11.5 1.44 76.4
Transition
Parameter
Power-law 0.160 0.460 0.290 0.290
Index

0.998 0.998 0.999 0.993

Equations 3 and 4 provide the Herschel-Bulkley model in terms of stress and viscosity,
respectively.
According to the Herschel-Bulkley model:

o= o,+ Ky" (5)

n=n,+ Ky"! (6)

where n, K, g, and n, are the flow index, consistency index, yield stress and viscosity at

yield stress respectively. Table 5 shows the parameters of this equation for different
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concentrations of SWCNT epoxy mixtures. Although both the Herschel-Bulkley and
Carreau—Yasuda models provided excellent fits to the experimental viscosity data, the
Carreau—Yasuda model can describe the rheological behavior of the SWCNT/epoxy
mixtures more accurately because it provides physically meaningful parameters
associated with nanotube network breakdown and alignment under shear. In contrast,
the Herschel-Bulkley model assumes the existence of a yield stress (a,). Therefore,
the Carreau—Yasuda model offers a more physically appropriate description of the
rheological behavior of the SWCNT/epoxy system.

Table 5. Summary of Herschel-Bulkley model parameters

Parameters Concentration (wt%)

Optical microscopy images of the SWCNT/epoxy mixtures at different
concentrations are shown in Figure 11. The 0.03 and 0.05 wt. % SWCNT epoxy
mixtures show better dispersion states, whereas there are some aggregated clusters at

higher concentrations.
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0.05 wt%

Figure 11. Optical microscopy images of the SWCNT/epoxy mixtures at different

concentrations.

G’-G”’ analysis of SWCNT-epoxy mixtures

Figure 12 shows the storage modulus (G’) and loss modulus (G”) of different
SWCNT-epoxy mixtures with varying concentrations versus strain. As mentioned in the
background section, G’ corresponds to the average stored energy per unit volume,
whereas G” reflects the average dissipated energy per unit volume during oscillatory
shear. At low strain amplitudes, both G’ and G” of all mixtures remained constant,
indicating the linear viscoelastic regime (LVR) (48, 61). The magnitudes of both G’ and
G” increased with increasing SWCNT concentration, demonstrating that the
incorporation of SWCNTs enhanced both the elastic and viscous responses of the
nanocomposites. The highest moduli were observed for the 0.15 wt% mixture,

suggesting restricted polymer chain mobility.
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For all mixtures, G’ was greater than G” throughout the linear regime, indicating
that the mixtures exhibited predominantly elastic or solid-like behavior. Beyond the G’-
G” crossover point, G’ drops more rapidly than G”, indicating a nonlinear viscoelastic
regime. The G’-G” crossover point is often referred to as the flow point. Beyond this
point, G” was greater than G, indicating that the dissipated energy dominated the
stored energy (48, 62). According to Figure 11, at higher SWCNT concentrations, such
as 0.15 wt%, the crossover point is pushed to a higher strain, suggesting that samples

with higher nanotube loadings possess greater resistance to deformation.
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Figure 12. G’ and G” of mixtures vs. strain.

FT-Rheology of SWCNT-epoxy mixtures

FT rheology has been widely applied to investigate the nonlinear rheological
behavior of complex fluids. Figure 13 shows the relative third harmonic 131 as a function
of the strain amplitude at a frequency of 0.8 rad/s. In the linear viscoelastic regime, the
relative third harmonic reflects to nonlinearities due to instrumentation noise. In the

medium-amplitude oscillatory shear (MAOS) regime, which is between SAOS and
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LAQOS, the relative third harmonic Is/1 can be used to study the onset of nonlinearities in
mixtures (48, 63).

According to Figure 13, the increase in the SWCNT concentration increases the
l3/1 of mixtures in the MAOS regime. The jump between the relative third harmonics of
0.05 and 0.1 wt% indicates the presence of a percolated network between these two
concentrations. This supports the power law analysis findings. At 0.1 wt%, whereas
above the percolation, the deformation of the interconnected SWCNT network
generates much stronger nonlinearities, leading to larger third-harmonic intensities (49,
63). Furthermore, increasing the concentration of SWCNTSs decreases the slope of 13/1 in

the MAOS regime.
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Figure 13. FT-rheology results for different SWCNT/epoxy mixtures; the grey box shows the

out-of-torque data.

Lissajous-Bowditch (L-B) plots of SWCNT-epoxy mixtures
Lissajous plots can be used to investigate the viscoelastic behavior of complex

fluids and mixtures. The L-B curves can show an elastic perspective, where stress is
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plotted versus strain, and a viscous perspective, where stress is plotted versus shear
rate. For viscoelastic materials, the L-B plots in the linear regime are elliptical. As the
material response deviates from the linear viscoelastic regime, higher harmonic
contributions become increasingly significant in the shear stress waveform, indicating
nonlinear viscoelastic behavior (64, 65).

Figure 14 shows the elastic perspective of SWCNT-epoxy mixtures with 0.03 and
0.15 wt% SWCNTSs at strains of 205%, 454%, 676%, and 1000%. As can be seen from
the elastic perspective of 0.15 wt% SWCNTSs at a strain of 205%, the transition from an
ellipsoidal shape is more noticeable than that of the 0.03 wt% SWCNT epoxy mixture. In
the L-B plots, the area enclosed by the curve represents the energy dissipated during a
single oscillatory cycle and serves as an indicator of the viscous energy losses of the
material (47, 65). Based on Figure 14, the area of the elastic perspective of 0.15 wt% at
all strains is larger than that of 0.03 wt%, suggesting that increasing the SWCNT
concentration increases the energy dissipation in the system. Moreover, the shape of
the elastic perspective for 0.15 wt% at a strain of 1000% is more rectangular than that

for 0.03 wt%, which shows that the mixture is more elastic at this concentration (66).
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Figure 14. Elastic perspective of L-B plots for (A) 0.03 wt% SWCNTs and (B) 0.15 wt% SWCNT

epoxy mixtures.

Figure 15 presents the viscous Lissajous—Bowditch curves of the SWCNT/epoxy
mixtures containing 0.03 and 0.15 wt% SWCNTSs. At 0.03 wt%, the enclosed area
remained relatively narrow, even at high strain amplitudes, indicating limited energy
dissipation during each oscillatory cycle. In contrast, the 0.15 wt% sample exhibited a
substantially larger enclosed area, reflecting increased viscous energy dissipation and a
stronger nonlinear response. As the strain amplitude reached 1000%, the viscous curve
of the 0.15 wt% nanocomposite developed a sigmoidal shape, which is characteristic of
strong shear-thinning behavior and significant microstructural rearrangement under
deformation. Furthermore, self-intersections were observed at high strain amplitudes in
the 0.03 wt% sample. These features may be attributed to the rapid microstructural

reorganization occurring on timescales shorter than the applied oscillatory deformation,
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resulting in a delayed stress response and complex nonlinear behavior. Overall, the
differences between the two concentrations suggest that increasing the SWCNT content
enhances network formation and promotes greater energy dissipation through nonlinear

structural dynamics (66, 67).
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Figure 15. Viscous perspective of L-B plots for (A) 0.03 wt% SWCNTs and (B) 0.15 wt%

SWCNT epoxy mixtures.

The ratio of S and T of SWCNT-epoxy mixtures

In the LAOS regime, where the L-B plots deviate from ellipses, the stress-strain
relation cannot be described by linear differential equations with constant coefficients.
This distortion of the response is usually because the modulus and viscosity depend on
time within the oscillation. To record the intra-cycle variations, the local moduli and

viscosities are defined as follows:
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Gy = Eyzo (7)
G,L = %|Y=i)’0 (8)
v = 3, (9)
', = §|y=iy0 (10)

Where G, is the minimum-strain modulus, G’; is the large-strain modulus, ', is the
minimum-rate viscosity, and G'; is the large-rate viscosity. Based on these definitions,

the intracycle nonlinearity parameter S and T ratios are defined as

S = —G’L;,f’M (11)
T = T (12)

Where S is the strain-stiffening ratio and T is the shear-thickening ratio (48, 65, 68).

S > 0 implies intracycle strain stiffening, and S < 0 implies intracycle strain
softening. A negative value of T refers to shear thinning, whereas a positive value of T
refers to shear thickening. In the SAOS regime, both S and T were close to zero for all
mixtures, consistent with linear viscoelastic behavior (65, 68). According to Figure 16,
all the mixtures exhibited shear thinning and strain stiffening at high strains. The shear-
thinning behavior of the SWCNT-epoxy mixtures could be due to the collapse of the
nanofiller network structures at high strains and the orientation of the SWCNTSs.
Increasing the SWCNT content increased the shear-thinning behavior of the mixtures.

The positive S values suggest that the SWCNT/epoxy mixtures exhibit strain-
stiffening behavior, where the elastic resistance increases with strain due to nanotube

alignment and load transfer within the network. At the highest SWCNT concentration
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(0.15 wt%), the strain-stiffening ratio decreased, which may indicate that an
interconnected nanotube network was already established at low strains, reducing the

extent of further stiffening during deformation (65, 68).
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Figure 16. Ratio of strain stiffening and shear thickening of SWCNT/epoxy mixtures.

Raman mapping of nanocomposites

Figure 17 presents the Raman mapping images of the SWCNT/epoxy
nanocomposites containing aligned and non-aligned SWCNTs at various
concentrations. The maps were generated using the spatial intensity distribution of the
G-band, which originates from the in-plane vibration of sp-hybridized carbon atoms in
the SWCNT structure. Regions shown in yellow correspond to higher G-band
intensities, indicating a greater local concentration of SWCNTSs, whereas blue and
purple regions represent lower intensities. The intensity of the G-band is highly
dependent on the orientation of the nanotubes relative to the polarization direction of the
incident laser due to the anisotropic nature of Raman scattering in carbon nanotubes.
Consequently, regions containing SWCNTSs aligned parallel to the laser polarization
typically exhibit higher Raman intensities, whereas randomly oriented nanotubes

produce a more heterogeneous intensity distribution. Therefore, variations in the G-
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band intensity across the mapped area can be used to assess the spatial arrangement
and degree of alignment of the SWCNTs within the epoxy matrix (69, 70).

Distinct vertically oriented stripe patterns were observed in the aligned
nanocomposites, suggesting the preferential alignment of SWCNTSs within the epoxy
matrix. In contrast, the non-aligned samples exhibited more irregular and randomly
distributed intensity patterns, consistent with random nanotube orientation. These
results provide visual evidence of SWCNT alignment and demonstrate the effectiveness
of the alignment process in inducing an anisotropic nanotube organization throughout

the composite.

X (um) X (um)

Figure 17. Raman maps of SWCNT-epoxy nanocomposites of aligned SWCNTs at
concentrations of A) 0.03 wt%, B) 0.05 wt%, C) 0.07 wt%, and non-aligned SWCNTs at
concentrations of D) 0.03 wt%, E) 0.05 wt%, and F) 0.07 wt%. Warmer colors (yellow) represent
higher G-band intensities, while cooler colors (blue and purple) correspond to lower intensities.

The strip-like high-intensity regions indicate alignment of SWCNTSs within the epoxy matrix.
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SEM results of nanocomposites

Figure 18 shows the SEM images of the fracture surfaces of the random and
aligned SWCNT/epoxy nanocomposites containing 0.03, 0.05, and 0.07 wt% SWCNTSs.
While this provides only quantitative results on a small sample, some difference could
be seen in Figure 18. For the random nanocomposites, distinct parallel features were
clearly visible in the 0.07 wt% sample (Figure 18l), indicating an increase in the fracture
surface roughness with increasing SWCNT concentration. This behavior suggests an
enhanced resistance to crack propagation due to the higher SWCNT content (18, 71). In
contrast, the random nanocomposites with lower SWCNT concentrations (0.03 and 0.05
wt%) exhibited relatively rough fracture surfaces but lacked well-defined parallel
features. At a higher magnification (1 um), CNT pull-out was observed in all random
samples, indicating effective interfacial bonding between the SWCNTs and epoxy matrix
that was sufficient to facilitate load transfer while still allowing nanotube pull-out.
However, agglomerates or SWCNT bundles were also observed in the 0.07 wt%
sample, suggesting regions of poor dispersion and weaker interfacial interactions
between the epoxy matrix and SWCNTSs, which could affect the mechanical

performance of the nanocomposite (18, 72).

For the aligned nanocomposites, rounded parallel features were observed in
samples 17D, H, and L, indicating a greater resistance to crack propagation, even at
relatively low SWCNT loadings. These features suggest a change in the fracture
mechanism resulting from the SWCNT alignment, which increases the crack path and

promotes more energy-intensive fracture processes. CNT pull-out, visible as filament-
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like structures emerging from the fracture surface, was observed in all the aligned
samples, along with evidence of crack deflection. Although crack deflection was not
apparent in the high-magnification images of the random nanocomposites, it was
consistently observed in the aligned samples (Figure 18D, H and L), indicating an
enhanced resistance to crack growth and failure. The combined presence of CNT pull-

out and crack deflection suggests more effective stress transfer and toughening

mechanisms in the aligned nanocomposites than in the random orientation (72-74).
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Figure 18. SEM images of (A), (B) 0.03 wt% random, (C), (D) 0.03 wt% aligned, (E), (F) 0.05
wt% random, (G), (H) 0.05 wt% aligned, (I), (J) 0.07 wt% random, (K), (L) 0.07 wt% aligned

SWCNTs epoxy nanocomposites.
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Curing rheology of SWCNT-epoxy mixtures

Figure 19 illustrates the evolution of the storage modulus (G') and loss modulus
(G") during curing at 120 °C for mixtures containing different SWCNT concentrations.
Three distinct stages can be identified throughout the curing process (75). In the initial
stage, both G' and G" increase gradually as the epoxy system begins to polymerize and
the primary network structure develops. During the second stage, a rapid increase in
both moduli is observed, corresponding to extensive crosslinking and the formation of a
continuous three-dimensional network. This sharp rise in viscoelastic properties reflects
the transition from a liquid-like system to a gelled structure with increasing elasticity. In
the final stage, G' and G" approach a plateau, indicating that the curing reaction is
nearing completion and the network structure has become fully established.

The highest crossover point between G' and G" was taken as the gel time. The
gel time of 0.03, 0.05, and 0.07 wt% is 105, 70, and 53 minutes, respectively. As shown
in Figure 18, the gel time decreases with increasing SWCNT concentration, suggesting
that the presence of SWCNTSs accelerates network formation during the curing process
(75, 76). Furthermore, the nanotube network may restrict polymer chain mobility and
contribute to the earlier development of an interconnected structure within the curing
system.
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Figure 19. Time evolution of G’ and G” during curing process at 120 °C.
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Mechanical properties of SWCNT-epoxy nanocomposites

Figure 20 presents the mechanical properties of the random and aligned SWCNT
epoxy nanocomposites containing different SWCNT loadings (This part of research has
done by Dr. Julkarnyne M Habibur Rahman and Dr. Gururaja group). As shown in
Figure 19(A) and (B), the tensile strength of the randomly dispersed composites
increased with increasing SWCNT concentration to 0.05 wt%. Specifically, the tensile
strength increased by approximately 3.6% and 22.5% for the 0.03 wt% and 0.05 wt%
samples, respectively, compared to that of the neat epoxy. However, a further increase
in the SWCNT concentration to 0.07 wt% resulted in a 23% reduction in the tensile
strength relative to that of the 0.05 wt% sample. This behavior suggests that the
rheological percolation threshold occurs near 0.05 wt%, which is consistent with the
rheological results. Beyond this concentration, increased nanotube—nanotube
interactions and van der Waals attractions promote agglomeration, which adversely
affects the stress transfer efficiency and consequently reduces the mechanical

performance of the composites (77, 78).

The aligned SWCNT-epoxy nanocomposites (the alignment was performed along
the longitudinal direction of the tensile bars) exhibited significantly higher tensile
strength than their randomly dispersed counterparts. At 0.05 wt%, alignment resulted in
an improvement of approximately 37% compared to the 22.5% increase observed for
the random sample. More importantly, the alignment process effectively lowers the
percolation threshold. The 0.03 wt% composite with randomly dispersed CNTs exhibited
only a 3.6% increase in tensile strength compared to the neat epoxy. However, when

the CNTs were aligned, the tensile strength increased by nearly 90% relative to the
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corresponding randomly dispersed composite. Furthermore, after alignment, the

difference in tensile strength between the 0.03 wt% and 0.05 wt% nanocomposites was
reduced to approximately 2%, whereas it was approximately 83% before alignment.
These results indicate that the preferential nanotube orientation along the loading
direction enhances the reinforcement efficiency and lowers the effective percolation
threshold. This improvement was attributed to the stronger nanotube interactions by the
AC electric field, which facilitated a more efficient load transfer between the SWCNTs

and epoxy matrix (17, 77).

The tensile modulus results shown in Figure 19(C) and (D) follow a similar trend.
The aligned composites exhibited greater stiffness than the corresponding random
composites, reflecting improved load transfer through the oriented nanotube network. In
contrast, the modulus of the random 0.07 wt% sample decreased, further supporting
nanotube aggregation at higher concentrations. Interestingly, at 0.03 wt%, the modulus
enhancement was lower in the aligned samples than that in the random samples. This
behavior may be attributed to the relatively low SWCNT concentration, which is
insufficient to form a continuous stress-transfer network in the small-strain regime,
despite nanotube alignment. Conversely, randomly dispersed nanotubes can form
localized percolated structures that contribute more effectively to the initial elastic

response.

At the lowest SWCNT loading (0.03 wt%), the increase in the tensile strength
was accompanied by a smaller increase in the tensile modulus. This seemingly

contradictory behavior can be explained by the strong interfacial bonding between the
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SWCNTs and epoxy matrix. Efficient interfacial load transfer can significantly improve

the tensile strength while having a less pronounced effect on the modulus, which is

governed primarily by the material response at small strains. Additionally, the nanotube

geometry, particularly the diameter and effective volume fraction, may further influence

the relative improvements in strength and stiffness (18).
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Figure 20. Mechanical properties of SWCNT Epoxy nanocomposites (a) tensile strength

properties, (b) percentage enhancement in tensile strength, (c) tensile modulus properties, and

(d) percentage enhancement in tensile modulus. This part of research was conducted by Dr.

Julkarnyne M Habibur Rahman and Dr. Gururaja group.
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Linear rheology of SWCNT-GO epoxy mixture

Numerous studies have investigated the synergistic effects of combining CNTs
with graphene oxide (GO) sheets, as GO can help reduce the agglomeration of CNTs
and promote a more uniform dispersion within the epoxy matrix. In addition, the oxygen-
containing functional groups on GO improve its compatibility and interfacial interactions
with the epoxy resin (31). Figure 21 presents the storage modulus (G’) and loss
modulus (G”) as a function of angular frequency for the SWCNT-GO epoxy mixtures
prepared using methods A and B. For both preparation methods, the SWCNT-GO
mixtures with a 1:1 ratio exhibited substantially higher G’ and G” values than the
corresponding 1:3 mixtures across the entire frequency range, indicating the formation

of a stronger and more interconnected filler network.

A crossover point, where G’ and G” are equal in magnitude, was observed for all
mixtures. Below the crossover frequency, the elastic response dominates the
viscoelastic behavior, whereas above the crossover frequency, the viscous response
becomes increasingly significant (1). As shown in Figure 21, the crossover frequency
shifted to higher values for the B-1:1 and B-1:3 mixtures compared with their
counterparts prepared using method A. This behavior suggests that the networks
formed by method B remain elastic-dominant over a broader frequency range, indicating
enhanced network stability and stronger filler-filler interactions. The shift in crossover
frequency could also reflect improved filler dispersion and more effective network

formation achieved through method B (57).
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Figure 21. Frequency sweep of 0.2 wt% SWCNT-GO epoxy mixtures.

Microscopy images of the SWCNT-GO epoxy mixtures are shown in Figure 22.

Some aggregated clusters can be seen in both SWCNT-GO epoxy mixtures with a ratio

of 1:1, which suggests that mixtures with a ratio of 1:1 likely are above percolation.

Furthermore, a better dispersion state was observed in the mixtures prepared using

method B than in those prepared using method A.

Figure 22. Optical microscopy images of different 0.2 wt% SWCNT-GO epoxy mixtures.
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The G’-G” analysis and FT-Rheology of SWCNT-GO epoxy mixtures

The storage modulus (G’) of the SWCNT-GO epoxy mixtures as a function of
strain and FT-rheology results are displayed in Figure 23. The SWCNT-GO epoxy
mixtures with a ratio 1:1 have a higher storage modulus than mixtures with a ratio 1:3,
suggesting a stronger network connection in these mixtures. While the amplitude sweep
results could provide valuable information about the difference between two different
ratios of SWCNT-GO epoxy mixtures, it suggests that there is not much difference in
the dispersing methods or the aggregation state that was obtained.

As mentioned before, the slope of the I3/1 versus strain in the MAOS regime can
provide valuable information on the nonlinearities of the mixtures (79). According to
Figure 23, the B-1:3 mixture has a lower relative third harmonic than the other SWCNT-
GO epoxy mixtures. This could be due to the weak nonlinear behavior of this mixture
compared to the others (63). Furthermore, while the A-1:1 and B-1:1 mixtures have
almost the same relative third harmonic, B-1:3 has a higher Is/1 than the other mixtures.
This could be attributed to the better dispersion state and less aggregated network in
this mixture (80). It should be noted that while the storage modulus versus strain did not
show any distinction between the mixtures made using the two different methods, FT-

rheology showed a distinction between them.

58



1000 1

100 88888882 e, o1 b NTLLT) .
zl:O. 8, Sgg 89.
e
o 1192999905558, I 4t ool
- EEg 3: YR o%0g o 8800 YR
= [°]
?; 88 L oA13 ® 00h of 0A-1:3
] [ ] ®
O 1 goe o001 | ©e° gge o
goo 0B . 0B-1:1
o0 )
01 [ ﬂg 0B-1:3 00001 L a0 0B-1:3
]
0.01 . " . : 0.00001
0.1 1 10 100 1000 10000 0.01 0.1 1 10 100 1000
Strain (%) Strain (%)

Figure 23. Amplitude sweep and FT-rheology of 0.2 wt% SWCNT-GO epoxy mixtures; the grey

box shows the out-of-torque data.

Lissajous-Bowditch (L-B) plots of SWCNT-GO epoxy mixtures

The elastic perspective of the SWCNT-GO epoxy mixtures at a strain of 1000%
is highlighted in Figure 24. As mentioned previously, deviations from the elliptical form
reflect the onset of the nonlinear behavior of the mixtures. The elastic perspective
curves of the SWCNT-GO epoxy mixtures made using method B were more rectangular
with rounded corners than those of the mixtures made using method A. This could be
attributed to a better plastic yield stress response in mixtures made with method B (67).

The enclosed area of the SWCNT-GO epoxy mixture with a 1:1 ratio was larger
than that of the mixture with a 1:3 ratio. The larger enclosed area observed in the elastic
Lissajous—Bowditch curves of the SWCNT-GO epoxy nanocomposites with a 1:1 ratio
indicates greater energy dissipation during each oscillatory cycle compared to the 1:3
system. This behavior could be associated with the formation of a more interconnected
hybrid filler network in which the SWCNTSs effectively bridge adjacent GO sheets and

enhance the interparticle interactions. The resulting network undergoes structural
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rearrangement and bond disruption under deformation, leading to increased viscous

energy losses (64, 66).

Figure 24.
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Elastic perspectives of 0.2 wt% SWCNT-GO epoxy mixtures at a strain of 1000%.

Figure 25 displays the viscous L-B perspective curves of the SWCNT-GO epoxy

mixtures with ratios of 1:3 and 1:1. The 1:3 mixtures exhibited relatively narrow and

nearly linear loops, indicating limited viscous energy dissipation and weaker nonlinear

behavior. In contrast, the mixtures with a ratio of 1:1 displayed substantially larger

enclosed areas and pronounced sigmoidal distortions, reflecting increased energy

dissipation during each oscillatory cycle (49, 66). The larger loop areas suggest that

SWCNT-GO with a ratio of 1:1 undergoes more extensive microstructural

rearrangement and exhibits stronger nonlinear viscoelastic behavior. This response was

attributed to the formation of a more interconnected hybrid filler network in which the

SWCNTs effectively bridged the GO sheets and enhanced the filler-filler interactions.

These results indicate that the 1:1 ratio provides more effective network formation and
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stronger synergistic interactions between SWCNTs and GO than the SWCNT-GO
epoxy mixtures (1:3).
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Figure 25. Viscous perspectives of 0.2 wt% SWCNT-GO epoxy mixtures at a strain of 1000%.

The ratio of S and T of SWCNT-GO epoxy mixtures

Figure 27 shows the strain-stiffening ratio (S) and shear-thickening ratio (T) of
the SWCNT-GO epoxy mixtures. All the mixtures exhibited shear-thinning (T < 0) and
strain-stiffening (S > 0) behaviors. The A-1:1 and A-1:3 mixtures showed similar values
of S and T, suggesting that the SWCNT-to-GO ratio has a limited effect on the nonlinear

rheological response when Method A is used.

In contrast, the mixtures prepared using Method B exhibited more shear thinning and
lower strain stiffening than those prepared using Method A. The enhanced shear-
thinning behavior may be attributed to the improved dispersion of the nanofillers, which

promotes nanotube alignment and network rearrangement under deformation. The
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reduction in strain stiffening suggests that the nanofiller network was more uniformly
distributed and well developed at low strains, resulting in less additional stiffening during
large-amplitude deformation. These results indicate that Method B produces stronger

nanofille—matrix interactions within the epoxy system (65, 68, 81).
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Figure 26. Ratio of strain stiffening and shear thickening of 0.2 wt% SWCNT-GO epoxy

mixtures.
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Chapter 5: Conclusion and Future Directions

This study aimed to provide further insight into the dispersion state of single-
walled carbon nanotubes (SWCNTSs) in epoxy resin using both linear and nonlinear
rheological techniques. In the first part of this study, epoxy mixtures containing different
concentrations of SWCNTs were prepared to evaluate the rheological percolation
threshold of nanofillers within the polymer matrix. Both linear and nonlinear rheological
analyses indicated that the critical concentration of SWCNTSs in epoxy resin was
approximately 0.05 wt%.

In the second part of the research, an electric field was applied to align the
SWCNTSs within the epoxy resin prior to the addition of the curing agent, allowing the
influence of nanotube alignment on the curing behavior and rheological properties of the
mixtures to be investigated. Scanning electron microscopy (SEM) and Raman mapping
were employed to characterize the alignment process and confirm the orientation of the
SWCNTSs within the epoxy matrix. The results demonstrated that nanotube alignment
reduced the mechanical percolation threshold to approximately 0.03 wt%, highlighting

the significant influence of the filler orientation on network formation and microstructure

development.

In the final part of this study, graphene oxide (GO) was introduced as a

secondary nanofiller to investigate its effect on the dispersion state of SWCNTs and to
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evaluate the potential synergistic interactions between the two nanomaterials. Two
preparation methods and two SWCNT:GO ratios were examined to identify the
conditions that promoted improved nanofiller dispersion. The results showed that
dispersing GO in ethanol prior to mixing enhanced the dispersion quality of the
SWCNT-GO epoxy system. Furthermore, the SWCNT:GO (1:3) mixture exhibited a

more homogeneous dispersion than the SWCNT:GO (1:1) mixture.

Overall, the results demonstrate that while linear rheology can provide valuable
information about the microstructures of mixtures, nonlinear rheology can be a more
powerful method for assessing and distinguishing the dispersion state and
microstructural evolution of nanofillers in epoxy systems. The findings further show that
nanotube alignment and GO incorporation can significantly influence the rheological

behavior and percolation characteristics of SWCNT-based epoxy nanocomposites.

Future studies should focus on applying additional nonlinear rheological
techniques, such as the Sequence of Physical Processes (SPP) framework, to further
investigate the nonlinear deformation mechanisms and microstructural evolution of
CNT-based systems. These approaches can provide deeper insights into the structural
rearrangements, network breakdown, and recovery processes that occur under large

deformations.
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In addition, the methodology developed in this study can be extended to other
one-dimensional (1D) and two-dimensional (2D) nanomaterials, including carbon
nanofibers, graphene nanoplatelets, and transition metal dichalcogenides. By combining
linear and nonlinear rheological characterizations, future studies can establish
relationships between nanofiller dispersion, network formation, and rheological
behavior, leading to a better understanding of the microstructure—property relationships

in advanced polymer nanocomposites.
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