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Abstract

Polymer nanocomposites can fulfill their potential use in engineering applications as researchers
and engineers gain a better understanding of nanocomposites’ modelling, production, and
characterization methods. Recent polymer nanocomposite studies point out that existing modelling
tools either require a significant amount of computational power or cannot capture experimental
outcomes due to oversimplifications. This research mainly focuses on the development of a model
for polymer nanocomposites to predict their elastic properties efficiently and accurately and to
understand the parameters that have direct effects on the properties of the nanocomposites. The
thesis also presents experimental work that involves development of an innovative additive

manufacturing method and the detailed characterization of polymer nanocomposites.

A novel model that consists of a three-phase Mori-Tanaka model coupled with the Monte-Carlo
approach is developed to predict the elastic modulus of nanocomposites. As opposed to existing
models, this model defines agglomerates and utilizes a machine learning tool to identify three
phases of the proposed composite system from simulated dispersion or micrograph images. Three
phases of the proposed composite system are defined as agglomerates, free particles (non-
agglomerated particles), and matrix. The parameters that define these three phases and other
parameters such as particle loading, orientation, aspect ratio, agglomerate property are
systematically investigated to perform a sensitivity study on parameters of the developed model.
This sensitivity study reveals that agglomeration tendency is highly dependent on particle

dispersion and critical distance defined in the model. The sensitivity study also prove that the
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model is sufficiently general that it can be applied to various types of polymer nanocomposites to
predict their properties. The model is verified with polyamide 6 (PA6) cellulose nanocrystals
(CNC) nanocomposites that are produced using spin coating method. The proposed novel model
and existing conventional model predictions are compared, and it is shown that the proposed model

can follow the trend of experimental results much better than the conventional ones.

Further, an innovative direct extrusion-based additive manufacturing technique is used for
nanocomposite production and the experimental findings are again compared to that of model’s
predictions to see the applicability of the model in 3D printed nanocomposites. This production
technique can be used for nanocomposite production in prototyping or customized engineering
parts at a laboratory scale. It eliminates the filament production and use in extrusion-base additive
manufacturing. CNC and PA12 are used to study the proposed direct additive manufacturing
technique. CNC is dispersed and PA12 is dissolved in a common solvent and then cast on the
silicone baking mate for drying. The cast mixture is turned into powder and then extruded using a
small pellet extruder that is designed as 3D printing head to obtain nanocomposite extrudates. The
extrudates are uniaxially tested and demonstrated great enhancement in their mechanical
properties. Due to promising results, a commercial 3D printer is equipped with this extruder head
and dog-bone PA12 nanocomposites prepared and uniaxially tested. While elastic modulus
substantially increases, yield strength shows a slight improvement. A detailed TEM analysis is
performed at various CNC loadings and the retrieved TEM images are analyzed to predict the
elastic modulus of PA 12 nanocomposites using the proposed model. A good agreement is observed
between model predictions and experimental results. The result of this work shows, for the first
time that, PA12 can be 3D printed with CNC, and our direct extrusion technique can be utilized

for small batch productions in research laboratories.
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Chapter 1

Introduction

Polymer nanocomposites can be favourable over their traditional counterparts as a low amount of
nanofillers can provide cost-effective, light weight, and easy processability solutions for various
applications including textile [1], transportation [2], construction [3], sports equipment [4],
electronics [5][6], and the biomedical [7] industries. One of the earliest applications of polymer
nanocomposites is in the automotive industry. Toyota’s patent on the nanoclay-polyamide system
in 1988 is considered a turning point for the commercial capabilities of nanocomposites [8]. Toyota
launched the first automotive application of polymer nanoclay composites with Nylon-6 in timing
belt covers in 1993. Then, they continued to produce body panels, and bumpers using nanoclay
[5]. Toyota’s adoption of nanocomposites demonstrated the commercial value of nanocomposites,
which resulted in increased interest in discovering the advantages of nano-size fillers over macro-
scale fillers in composite applications. For example, Wilson Sporting Goods offers a double core
tennis ball where the core of the ball is coated with a nanoclay-filled butyl-based rubber [5]. The
coating greatly restricts airflow from the core of the ball thanks to the great barrier properties of

nanoclay-filled rubber. Ube Industries is another company that uses nanocomposites as a

1



commercial product [5]. They commercialized nylon-clay nanocomposite films that provide two
times higher permeability than nylon and are used in food packaging [5]. These are only a few
commercialization examples of nanocomposites. This commercialization potential and promising
properties of polymer nanocomposites motivate the researchers to work on this research area. The
increase in the number of publications on polymer nanocomposite over the years, shown in Figure

1.1, clearly exhibits the popularity of polymer nanocomposites in academia.

Polymer Nanocomposite Studies
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Figure 1.1. The number of publications on polymer nanocomposite studies. The graph is

Number of publications

generated using “polymer” and “nanocomposite” keywords in the Scopus database.

Advancements in polymer nanocomposites are only possible with a comprehensive understanding
of effect of the constituents on the overall material. Although experimental research uncovers the
relationship between the material structure, process, and properties and theoretical research guides
scientific reasoning and future work, nanocomposites' sophisticated characterization and
manufacturing methods bring enormous cost to establishing structure, process, and property
relationships. Thus, understanding the property changes of nanocomposites using predicting

models is necessary to design and produce nanocomposite materials efficiently. While it can be



theorized that low concentrations of nanoparticles could remarkably improve polymers’ properties
due to nanoparticles’ large surface-to-volume ratio and exceptional properties, studies show that
this is challenging in practice. The main reasons for not obtaining theoretical values include
incompatibility between filler and matrix, filler agglomeration, poor interface, and processing

difficulties.

Reinforcement of polymers with nanofillers is a growing area of research [9,10]. Some common
nanofillers to reinforce polymers are carbon nanotubes [11-13], nanoclay [14—16] and cellulose
nanocrystals [17-19]. Various polymers are reinforced with these nanofillers; however,
engineering thermoplastics have an important place as they are already used in numerous critical
places and applications including automobile [20] and aerospace [21] parts, housing [22], sports
equipment [4],load-bearing units [23], sensors [24], and mechanic energy storage [25]. Each
application could require different properties and design criteria such as transparency,
conductivity, chemical resistivity, or high-temperature durability. Stiffness is one of many design

criteria that carries significant importance for mechanical engineering applications.

This study proposes a model to predict the elastic moduli of nanocomposites at various
nanoparticle concentrations and proposes an innovative 3D production method to expand
nanocomposite applications, particularly for low-volume and laboratory-scale nanocomposite
production. The proposed model is based on the Mori-Tanaka model that is coupled with the
Monte-Carlo approach. The model is validated with cellulose nanocrystals (CNC) reinforced
polyamide composites that are prepared using solvent and melt-based processes. The melt-based
process is adapted to an innovative 3D printing method to obtain CNC reinforced polyamide

composites. The outcomes of this thesis could be beneficial for engineers to form design curves



for nanocomposites and broaden the use of 3D printing in nanocomposite productions, particularly

with cellulose nanocrystals in polyamides.

1.1 Background

Optimal nanoparticle loading in a polymeric material can be achieved with accurate material
property predictions. Over the last five decades, researchers have developed various numerical and
analytical tools to predict materials’ property changes [26]. Figure 1.2 shows a general material

modelling approach as a diagram.
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Figure 1.2. Material modelling diagram adapted from [26].

Analytical micromechanics that is developed for traditional macro sized fillers is a topic of debate
whether analytical micromechanics and continuum mechanics can be applied to nanocomposites;
however, many studies show strong predictions [27,28]. Sandler et. al, [13] highlighted that the
stiffness of electrospun nanocomposites’ can be assessed using Voigt and Reuss modes as long as
nanoparticle concentration is known. They used carbon nanotubes and carbon fiber as a reinforcing

agent in the polyamide 12 matrix and observed a discrepancy between the model predictions and



the experimental results [13] . They noted that heterogeneous matrix crystallization due to the
different reinforcing agents created this discrepancy. In another study, Goinj et. al, [29] modified
Halpin-Tsai with experimental factors and suggested that there is a well-agreement between
experimental results and model predictions. While these studies tell that micromechanics can be
applied to nanocomposite materials, the counter argument is that they oversimply the
nanocomposite systems with their assumptions such as perfect bonding between nanoparticles and

matrix and uniform nanoparticle dispersion.

Molecular dynamics is another effective tool that is employed to predict the stiffness of
nanocomposites. Lin et. al., [30] simulated graphene-reinforced Poly(methyl methacrylate) and
predicted their stiffness using molecular dynamics. They suggested that there is a large discrepancy
between molecular dynamics results and the Voigt and Reuss model predictions. It was noted that
the latter could not be appropriate to predict nanocomposites’ stiffness due to invalid assumptions
[30]. Arash et. al., [31] suggested that the scattered experimental data in carbon nanotube
reinforced nanocomposites can be captured by molecular dynamics simulations as molecular
dynamics can provide detailed information on interfacial interactions. Molecular dynamics has
capabilities to simulate detailed interactions at the molecular level; however, it requires high
computational power as it covers systems to the level of millions of atoms in 1x1x1 p* [32]. On
the other hand, nanocomposite material expands to macro-size engineering applications which
require other modelling approaches. Further, the possibility of inaccurate force fields could limit

molecular dynamics applications [32].

Lastly, the finite element method (FEM) is a commonly used method to predict the mechanical
behaviour of polymer nanocomposites. It is a numerical method that is used to solve mathematical

equations. Liu et al., [33] calculated the effective material properties of CNT reinforced polymer



nanocomposites using nanoscale representative volume element and FEM. They used 3-
dimensional elasticity theory and extended the rule of mixtures to estimate the elastic modulus of
representative volume elements. The method was applied for only one CNT in a matrix and may
not converge to a valid solution for complex structures. Wang et. al., [34] used a 3-dimensional
micromechanical finite element method to predict the effect of the nano-reinforcement. They
proposed an interfacial region and calculated the properties based on averaging the elastic
properties of the nanoparticles and the matrix. Although the FEM method can be useful for
predicting the mechanical response of parts, the computation is costly in FEM, and inappropriately

established problem and solution settings can result in diverse outcomes.

The literature is currently missing a model that can accurately predict the stiffness of
nanocomposites at different nanoparticle concentrations. Agglomeration of nanoparticles, the
interface between nanoparticles and matrix and/or the nanoscale effect on matrix make the
composite system difficult to model. Although small-length scale models and simulations can be
accurate, they require high computational power and take a long time to execute. On the other
hand, conventional models may fail to predict the elastic modulus of nanocomposites due to their
aforementioned idealized assumptions. A model that can accurately predict the elastic modulus of
nanocomposites without involving high computational resource is needed for stiffness-critical
engineering applications. While some conventional models predict linear or exponential elastics
modulus values with respect to nanoparticle loadings, empirical findings show that the elastic
modulus of nanocomposites increases until an optimal point and then reaches a plateau value or
decreases with the increasing nanoparticle loading. Differences in the trend of conventional model

predictions and experimental outcomes lead to discrepancies. In this work, a novel model that



couples a continuum-based model with the Monte-Carlo method to lower these discrepancies by

accurately predicting the elastic modulus of nanocomposites.

The proposed model has various parameters. A systematic parametric study is required for a model
to understand the importance and effect of model parameters on the elastic modulus of
nanocomposites. Thus, a sensitivity analysis of model parameters is conducted, and the capabilities
of the model are studied. The proposed model is verified with various cellulose nanocrystal
reinforced polyamides where the used production methods promote innovative nanocomposite

manufacturing.

The promising properties of polymer nanocomposites [31,35-37], the demand for multifunctional
materials [38] and advancement in 3D printing motivated researchers and start-ups to use
extrusion-based additive manufacturing (EBAM) in 3D nanocomposite production [11,39-41]. A
common EBAM uses a filament as the building material for 3D printing [42]. Many researchers
melt blend nanoparticles and polymers during filament production [43—45]. Although EBAM with
filament use is a scalable production method, the melt blending during filament production leads
to agglomeration of nanoparticles [46,47] and requires a high amount of materials. These two
issues limit the efficiency of nanocomposite research where only a small amount of material is

available.

Various mixing methods such as twin-screw extruders [48] or internal batch mixers [49] have been
used for better nanoparticle dispersion at commercial [48] or newly developed small lab-scale
extruders [50]. Although some promising results were obtained [50,51]; the agglomeration, right
amount of material and obtaining consistent diameter in filament production, and double heating
cycle, are still ongoing issues with filament used in 3D nanocomposite printing. The thesis

promotes an innovative 3D printing method that eliminates the production and use of filaments



and provides a good dispersion of nanoparticles. A direct extrusion-base additive manufacturing
method with solvent mixing is explored for nanocomposite production. The feasibility of the
method is studied with a natural fiber reinforced engineering polymer, more precisely with

cellulose nanocrystals reinforced polyamide 12 nanocomposites.

Natural fibers have been utilized as green reinforcing agents to reinforce polymers due to their
natural abundance and high stiffness. Woods and plants are natural composites made up of
approximately 40-50 w% cellulose microfibrils of reinforcing agent and a matrix containing lignin,
waxes, hemicellulose and trace elements [52]. Thus, it can be claimed that cellulose is the most
abundant organic polymer on the earth. Cellulose (CgH;(05)5 is renewable and biodegradable

material that can be found in various crystalline (I, II, III, and IV) and amorphous forms.

The high-strength nano-size crystalline part of the cellulose is called cellulose nanocrystals (CNC).
Owing to cellulose’s hierarchical structure, shown in Figure 1.3, CNC can be extracted via
mechanical or chemical treatments. Among the many methods used for CNC extraction [53],
chemical treatment is the most commonly used method to extract CNC from wood plump [53]. In
this chemical process, cellulose is first hydrolyzed by a strong acid such as hydrochloric or sulfuric
acid. Then, sonication is used to dissolve amorphous cellulose and to release nanosize crystalline
cellulose. This method results in rod-like CNC with a high aspect ratio (Iength to diameter ratio).
The morphology and surface chemistry of CNC depends on the source and extraction strategy. For
example, cotton provides an aspect ratio of 27 [54] and tunicin provides an aspect ratio of 67 [55].
Similarly, the extraction strategy changes the surface chemistry. The use of sulfuric acid as a
hydrolyzing agent forms anionic sulphate ester groups on the CNC surface [53]. The surface of
CNC can be physically coated or chemically grafted to adjust surface polarity. The modified or

non-modified CNC is blended into a polymeric matrix to obtain outstanding mechanical



properties; however, mechanical properties could be different than predicted mechanical

properties.

Growth Ring Cellular Structure

=~

Cellulose Fibril Structure Fibril-Matrix
g Microfibri Structure

Figure 1.3. Schematics of the hierarchical structure of tree and cellulose, copy right is obtained

from [56] IOP Publishing Ltd.

Polyamides (PA), commonly known as nylons, are one of the first engineering plastics. They are
semicrystalline structure polymers with high service temperatures and have a high degree of
chemical resistance, stiffness, and toughness [57]. Varieties of polyamides (PA6, PA6,6, PA11
PA12 etc.) are manufactured and named according to their monomer type. Figure 1.4 shows the
monomer structure of the Polyamide 6 (PA6) and Polyamide 12 (PA12). The number of carbon
between amide groups (RC(=O)NR'R") is represented in the name of the polyamides. For example,
while PAG6 has 6 carbons between amide groups, PA12 has 12 carbons. Amide groups in monomers
make the polyamides polar [58]. The polarity of polyamides depends on the amide group density
in the monomer. Higher polarity results in more hydrogen bonding. Higher hydrogen [59] bonding

brings them superior mechanical properties compared to other polymers [60].



(a) (b)

Figure 1.4. Schematic illustration of the repeating unit of (a) PA6 and (b) PA12 adopted from
[61].
Polyamide 6 and 12 are great candidates to explore CNC'’s reinforcing potential on their
mechanical properties as they have different hydrophilicity and melting points. Polyamide 6 is
extensively used for load-bearing applications, particularly in the automobile industry; however,
the high processing temperature of PA6 could limit the use of cellulose nanocrystals. Polyamide
12 can also be an excellent matrix material for cellulose nanocrystal as it has a lower process
temperature. Their distinct properties and interactions with CNC can lead to innovative

manufacturing technologies for natural fiber-reinforced composites.

In this study, CNC is used to reinforce PA6 and PA 12 with various production methods at different
CNC concentrations. The produced nanocomposite samples are used to verify the developed
model. The findings of this study could be used as a significant step for nanocomposite modelling,

3D nanocomposite production for lab-scale prototyping and CNC use in engineering polymers.

1.2 Research Motivation and Thesis Objectives

Various models predict the elastic modulus of nanocomposites; however, most of them fail to
predict elastic modulus at high concentrations of nanoparticles accurately, or they require massive
computational power with complex model preparation steps. A model that is easily applied to

predict the elastic modulus of nanocomposite would help engineers advance manufacturing
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technologies and optimize the use of nanoparticles. This study is aimed toward addressing this gap

by contributing to the modeling, production and characterization of polymer nanocomposites.

To this end, there are 4 objectives to this thesis:

1- To develop an analytical model that is simple to apply and yet accurate enough to predict
the elastic modulus of nanocomposites with respect to nanoparticle concentrations

2- To verify the model and define key parameters in the model to understand and capture the
effect of agglomeration on the stiffness of nanocomposites

3- To explore an innovative method that offers nanocomposite production with good
nanoparticle dispersion

4- To develop a novel production method for extrusion-based additive manufacturing of

polymer nanocomposites: CNC reinforced polyamide 12

1.3 Content Overview

The thesis consists of 6 chapters. Some work in the thesis is published in peer-reviewed journals,

and some are or will be submitted to peer-review journals.

Chapter 2 describes the development of a model and the experimental work required to verify the
model. The Mori-Tanaka model and the Monte-Carlo approach for predicting agglomeration
behaviour and nanocomposites’ elastic modulus are presented. The developed model captures the
experimental results of the CNC reinforced spin-coated PA6 films. This is the first study that shows
CNC in PA6 matrix under a transmission electron microscope in the literature. This chapter is

published in the Journal of Composite Materials [62].

Chapter 3 presents a sensitivity study of the developed model to better understand key parameters

in the model. The effects of agglomeration, particle shape, aspect ratio, critical distance, and

11



particle dispersion on the elastic modulus are investigated. A version of this chapter is submitted

for publication in a peer-reviewed journal and is currently under review.

Chapter 4 presents an innovative production method for extrusion-based additive manufacturing
of polymer nanocomposites. The method investigates 3D printing for low-volume materials and
promotes the elimination of the filament from extrusion-based additive manufacturing. The effect
of CNC concentration on the crystallographic and mechanical properties of PA12 is shown.
Detailed visual analysis and polymer characterization are conducted. Transmission electron
microscopy images are used in the developed model to predict the elastic modulus of CNC
reinforced PA12. A good agreement is observed between experimental results and predictions. A

version of this chapter is being prepared to be submitted to a peer-reviewed journal.

Chapter 5 focuses on the application of the method Chapter 5 focuses. PA12 specimens are 3D
printed with the addition of CNC for the first time. The effects of CNC on the mechanical
behaviour of the specimens are investigated. A version of this chapter is being prepared to be

submitted to a peer-reviewed journal.

Chapter 6 concludes the entire thesis with some future recommendations.
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Chapter 2

A Predictive Model Towards Understanding the
Effect of Reinforcement Agglomeration on the

Stiffness of Nanocomposites

2.1 Introduction

Nanocomposites have been extensively investigated for use in various applications, such as
wearable sensors, flexible electronics, soft robotics, blood vessel prosthesis, and bone tissue
scaffolds [1-6]. The high surface-to volume ratio of nanofillers enables significant enhancement
of mechanical properties even at low loading which opens pathways to high-performance,
lightweight materials. The addition of nanofillers can alter the polymer crystallinity, crystalline
morphology, or chain conformation and thus, influence the mechanical response [7]. While
understanding a number of variables is of critical importance, conventional composite theories
assume that each phase maintains its initial properties, and the addition of nanofillers does not
change the properties of the matrix. Researchers have modified conventional theories by
introducing dominant parameters (i.e., interface, agglomeration, shape of nanofillers) to predict
mechanical response [8—12]. However, the cohesive forces between nanoparticles become
dominant and lead to non-uniform filler dispersion, i.e., particle agglomerations, especially at
higher concentrations of nanofillers. Agglomerates result in inefficient load transfers and localized
stress concentration sites that dramatically reduce the mechanical properties of nanocomposites.
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As aresult, agglomeration of the nanofiller inhibits the expected promise of nanocomposites. [13—

17].

It is important to explore and model the effects of agglomerates on the mechanical response of
nanocomposites to achieve the benefit of nanofillers’ properties. Conventional continuum-based
models (e.g., Reuss, Voigt, and Halpin-Tsai Models) are often utilized and/or modified to predict
the stiffness of short-fiber composites [7,13,14] via homogenization of two phases [15—18]. These
models presume uniform distribution of fillers, uniform stress or strain throughout the composite,
and perfect bonding [17,18]. However, these assumptions potentially oversimplify the state of
composite systems and thus often fail to predict the general response of nanocomposites. For
instance, the conventional models predict a linear or exponential increase in elastic modulus of
composites with respect to the concentration of fillers; however, experimental observations
indicate that the elastic modulus of nanocomposites reaches a plateau value or decreases with
increasing loading [19-23]. It is often observed that conventional models predict the elastic
modulus at very low concentrations and often diverge from experimental findings as nanofiller
concentration increases [19,24-26]. Consideration of the individual state of agglomerates is
necessary for accurate predictions at high concentrations, which can be achieved by combining the

continuum-based models and statistical approaches.

In the present study, we address deficiencies in current models with a three-phase analytical Mori-
Tanaka model that incorporates agglomerate, free filler, and matrix phases for the prediction of
the elastic modulus of nanocomposites. In particular, a statistical approach, based on a Monte-
Carlo approach is used to achieve natural distributions of fillers within the composite. A
hierarchical clustering method based on machine learning is integrated into the model to automate

the23etectionn of agglomerates and to decrease the execution time of the code. The model is
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capable of investigating the effect of key variables such as aspect ratio, orientation and distribution
of filler, the volume fraction of agglomerate, and material property of each constitute. The model
is applied to cellulose nanocrystal (CNC) reinforced polyamide 6 (PA6) nanocomposites, and it
can be used to understand and study the effect of agglomerates in nanocomposites and predict their

mechanical properties.

2.2 Modeling

A polymer nanocomposite, consisting of two constituents (i.e., a filler and matrix), can be
described by multiple phases/regions including filler, interface, agglomerate, and matrix. The
interface and agglomeration phases have been studied in literature [9,27,28]. We expand the
previous studies on agglomeration by developing a model that considers three phases: matrix phase
(matrix-only region), free/individual filler phase (filler-only region where no agglomerate exists),
and agglomerate phase (more than one filler particle surrounded by matrix). Each phase is analyzed
separately and then homogenized to calculate the stiffness of a nanocomposite. The matrix and
free filler phases can be accommodated by using the Mori-Tanaka model (see [29] and derivation
therein). Thus, two critical points remain to be investigated and developed: distribution of fillers
and definition of agglomerate. We used the Monte-Carlo method and defined the parameter

“critical distance” to cover the former and latter, respectively.

2.2.1 Filler Dispersion:

It is almost impossible to obtain a perfect dispersion of fillers; therefore, agglomerates are
prevalent in many nanocomposites. This inhomogeneity is one of the main reasons why the

aforementioned conventional models struggle to predict experimental results of many
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nanocomposite systems. Commonly observed elastic modulus vs. % filler trends for
nanocomposites are shown in Figure 2.1. [30-32]
Conventional models generally agree with experimental results at low loadings (~ 0.5 — 1 w%)),

however, as filler content increases, the model predictions often fail. The introduction of a simple

methodology into the model to computationally account for randomly distributed reinforcements

in a defined space will be a powerful tool.
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Figure 2.1. Schematic illustration of different conventional models and experimental

results.

The dispersion of fillers is performed in a two-dimensional space because it is computationally
efficient and can represent a slice of three-dimensional space. Numerous studies address
dispersion and agglomeration based on two-dimensional scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images [33—39]. The defined two-dimensional space can
represent filler dispersion in the nanocomposite’s repeating volume element (RVE). The number
of fillers in the RVE is calculated based on their volume fraction, and then fillers are distributed
in the defined space. The model presented here determines the fillers’ locations using the Mersenne

Twister algorithm, a pseudorandom number generator, in MATLAB code, and the center of fillers
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represented by filled circles in the RVE. For the pseudorandom number generation, a uniform
distribution was followed for the current study. Various distributions can be observed
experimentally and may need to be adopted for different cases. The code is written to avoid
overlapping circles. The schematics of an anticipated RVEs for randomly oriented and aligned
fillers are given in Figure 2.2 (a) and (b), respectively. The effect of filler orientation is captured

in the Mori-Tanaka model, and the center of fillers is used to define agglomeration in the

simulation.
—, f - = -
th % — =
\ K S g = 4
o =]
(a) (b)
Figure 2.2. Schematics of the defined space representing RVE for randomly oriented (a)
and aligned fillers (b).

2.2.2 Definition of an Agglomerate

In literature, distances between fillers is measured and converted into a distribution map to quantify
the state of agglomeration [33,38,39]. However, a clear definition of an agglomerate remains
absent in the composite community. Schweizer et al. defined three states: contact aggregation,
bridging, and steric stabilization [40]. Later, Liu ef al. developed the three organization forms of

fillers shown in Figure 2.3 to establish the dispersion state of fillers [37].
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(a) (b)

Figure 2.3. Three states of fillers: contact agglomerated fillers (a), bridge agglomerated
fillers (b), and free/homogeneous distributed fillers (c), adopted from [37].

Recent developments in small-angle X-ray scattering technology make it possible to predict fillers’
size, shape, and distribution in soft polymeric materials. Musino ef al., [41] correlate rheological
measurements to SAXS analysis to determine at which concentration percolation threshold is
achieved. Based on the calculated percolation threshold, they define aggregates in the system.
These studies guided us in the current work to define the boundaries of agglomerates and establish
how to identify agglomerated filler particles. For example, despite the difference in particle
proximity between contacted agglomerates and bridge agglomerates shown in Figure 2.3, the latter
should be considered as agglomerates because the strain fields of two closely spaced fillers can
intersect. As a result of this intersection, load transfer from particle to matrix would be different
from individual homogeneously distributed fillers. To our knowledge, from a mechanical point of
view, there has not been a study to validate the distance between fillers in vicinity to define them

as an agglomerate.

Clustering and classification problems have been addressed by data science and various clustering
algorithms have been developed for classification. The agglomerative hierarchical clustering
method, a machine learning method, can be adopted to determine agglomeration of nanofillers. In
this method, each object represents a cluster and then clusters are merged until the desired cluster

structure is obtained [42,43]. In this study, fillers are considered as objects and the distance
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between them is a parameter to merge clusters. The critical distance parameter y/D] is introduced
to determine if two or more fillers are agglomerated and it is defined as multiplication of filler
diameter. For example, the notation y[D]=1.5 corresponds to 1.5 times the diameter of the filler
(D). When the distance between the surfaces of two fillers is less than the critical distance, they
are considered an agglomerate, given in Figure 2.4 (a). . Based on the location of the fillers, the
proposed code categorizes the distributed fillers as agglomerated or free fillers. Each filler is
labelled with numbers; however, agglomerated fillers were labelled with the same number so that
the user can understand if agglomerates exist in the simulation. In doing so, we are able to analyze

free fillers, agglomerates, the number of agglomerates, and the size of agglomerates.

.Cosest

distance

’ i
Agglogherate

(a) (b)

Figure 2.4. The closest distance between two fillers (a) and agglomerated fillers (b).

We use “single linkage” and “cluster” functions in MATLAB. The “single linkage” function
calculates the “Euclidean distance” between fillers and uses it as an input for grouping purpose.
The “cut-off” parameter, under the “cluster” function, was then used to label fillers as
agglomerated if the closest distance between them is shorter than the critical distance. When
agglomerates were detected, an imaginary circle was created as a boundary around agglomerated
fillers to calculate the volume of each agglomerate. The number of filler particles within each
agglomerate was counted and the volume fraction of fillers was determined. In summary, we are
able to detect and record the locations and filler fractions of each agglomerate, the number of fillers

within each agglomerate and the ratio of agglomerated filler to free filler.
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The experimental observations and analysis in the literature [10,33,38,39,44-46] show that the
properties of agglomeration are unknown, and many researchers correlate agglomerate presence
with lower stiffness values in composites. The Reuss model, Eq. (1), was proposed as a reasonable
model to calculate the lower range of stiffness of agglomerated regions.

1 _'l]m Uf |

E, En E

where E, is the elastic modulus of the agglomerate, E,, is the elastic modulus of the matrix, and
Ej the elastic modulus of the filler, v, the volume fraction of the matrix (for agglomerates, vy, is
the matrix within the agglomerate), and vy the volume fraction of the filler (for agglomerates, vy

is the filler within the agglomerate).

2.2.3 Three phase Mori-Tanaka Model

Eshelby’s inclusion problem investigates stress, strain, and displacement fields both in the
inclusion and the matrix [47]. Mori and Tanaka applied Eshelby’s solution for an ellipsoidal
inclusion problem in order to relate local average stress in the matrix to the transformation strain
in the inclusions [29]. The established Mori-Tanaka model has been improved by many
researchers. Tandon and Weng investigated the effect of the aspect ratio of the reinforcing
inclusion with various geometry and established a closed form of the Mori-Tanaka model [48]. In
this work, a three-phase Mori Tanaka model was used based on Benveniste’s work [49]. The main
equations to obtain Benveniste’s closed form of the Mori-Tanaka model are given below. T, t,
and ¢ represents second-order tensor, vector, and scalar value, respectively. Subscript letters are

the constitutes of the system. Strain in the inclusion is related to strain in the matrix with Eq. (2).
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where &7 and &, are the uniform strain vectors in the filler and matrix, respectively, and Ay is the

strain concentration tensor given by Eq. (3)

Ap = [I+S5(C) (€= €)™Y 3

where I is the identity tensor, Sy is the fourth order Eshelby tensor, which depends on geometry
and poison’s ratio, Cy, is stiffness tensor of the matrix, and Cy is stiffness tensor of the filler.

Stiffness tensor of the composite can be obtained by Eq. (4)

C = (U Con + Vs CrAp) (W] + v Af) 7!
The Mori-Tanaka model was developed for the unidirectional aligned composites; however, one
can introduce orientation averaging tensor for randomly aligned fillers, described in [45], to

calculate the stiffness of composites, which is given by Eq. (5)

C = (UnCm + V{CrAL) (U] + vpAp) ! 5

where the curly brackets {} stands for the indication of orientation averaging, given by Eq. (6).

Subscript letters in Eq. (6) represent indices rather than the constitutes.
1 2n r2n
{Miju} = foo fo M, (0, @) sin ¢ dpd6 6

In a similar way, three phase Mori-Tanaka (free filler, agglomerate and matrix phases) can be
established by Eq. (7)

C = (UinCm + Ve{CrAf} + Vo{CoA) Wil + veAf + v,4,)7" 7
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where C, is stiffness tensor of the agglomerate, A, is the strain concentration tensor for the
agglomerate, and v, is the volume fraction of the agglomerate. The strain concentration tensor for
the A,is calculated by Eq. (8)

A =1+ Sa(cm)_l( Co— Cm)_l] 8

where S, is the fourth order Eshelby tensor for an agglomerate. In this study, agglomeration
formation is assumed to be spherical because of minimum surface energy configuration,

mechanical stability and previous studies in the literature [46,50-52].

2.2.4 Monte-Carlo Method

The Monte-Carlo method is utilized to estimate the outcome of an uncertain event by generating a
large number of likely outcomes. The method calculates possible results by leveraging a
probability distribution and repeating the calculations/runs with various inputs. In our study, the
uncertain event is the filler dispersion and the outcome is the composite modulus. For accurate
composite modulus predictions, we expect to obtain statistically reliable outcomes where
reliability measures the reproducibility results with repeated trials [53]. We set the number of trials
in our study to one hundred considering the near infinite number of possible combinations and

reasonable processing time.

As soon as the fillers were dispersed in the defined space, the MATLAB code saved the locations
of fillers and the volume fraction of fillers for each agglomerate. The code extracted this
information and averaged agglomerates based on their volume as if there was a single agglomerate
in the composite. In the end, the nanocomposite contained three phases: the free fillers, the
averaged agglomerate, and the matrix. The volume fractions and properties of constitutes obtained

are utilized in the three-phase Mori-Tanaka model to calculate the stiffness of the nanocomposite.
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Figure 2.5 (a) exhibits schematics of the workflow to calculate the stiffness of a nanocomposite
for a certain number of fillers. Here, Ln represents the loading number (concentration of the filler),
and R1 represents the first run of the simulation. After homogenization, box-plots were used to
present the output of one hundred runs. Figure 2.5 (b) summarizes the steps/algorithm of the

workflow for one run.

Run 1 Run 2 Run3} wee N N -
‘ Distribute Fillers ‘
:J ~E Jen| Lol T
g o e—t et L applometates
2 - = . T Y
& . =
= i ’ ‘ Locate Agglomerates ‘
R - . .‘ L . amrt— Averaged
. @'_‘_,' L+ ',‘_ - 1= ._ X }: agglometates Y
5 o 7 2 Fa ‘ Record Volume Fractions of ‘
Average Average Average
(LaR1) (LnR2) (LnR3) Free Filler
' ] T ! ] T . Matrix
I ized H ized H 5 Agglomerate
{LoR1) [[_r:j{2| (Lr:l{h Filler and Matrix within Agglomerates

. . L ‘ Avearage Agglomerates ‘

> — Y
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Apply 3-Phase Mori-Tanaka ‘

Model output ‘
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Figure 2.5. Schematics (a) and steps (b) of the workflow.

2.3 Experimental Method

2.3.1 Materials & Manufacturing

Polymer nanocomposite samples were manufactured with a semicrystalline thermoplastic
polyamide-6 (PAG6, poly(hexano-6lactam)- (CsH;;NO),) matrix, and cellulose nanocrystals (CNC,
(CsH100s)») filler. PAG6 pellets (Sigma Aldrich) had a density of 1.084 g/mL at 25 °C and transition
temperature (Tg) of 62.5 °C. CNC was received in spray-dried powder form from CelluForce. The

density of CNC is taken as 1.5 g/cm® [54]. Materials were used as received without any further
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treatment. The samples were prepared on glass substrates via the spin coating method. First, CNC
and PA6 were dried at 80 °C for 24 hours before any suspension preparation. Then, the dried PA6
was dissolved in formic acid, 98% Sigma Aldrich, (the ratio of PA6/formic acid was 20 w/v%) by
using a batch sonicator. After complete dissolution of PA6, CNC was added to the suspension
based on the designed concentration, and the suspension was kept under agitation until the CNC
was dispersed. The prepared suspensions were sonicated one more time before the spinning

process for 45 minutes to disperse CNC within the matrix.

Two milliliters of the suspension were placed on a rectangular (75 mm x 25 mm) glass substrate.
Then, it was accelerated to 2000 rpm in 15 seconds and spun at 3000 rpm for 30 seconds. After
the spinning process, the film was left for around 5 minutes for any remaining solvent to evaporate.
The manufacturing steps with a flowchart and photos are given in Figure 2.6. Samples contain

different CNC concentrations in PA6 that vary from 0.0 to 15.0 w%.

A CNC and PA6 are | PA6 is added into « | CNCis added to
dried FA and disolved “7| the suspension and dispersed

L

Y

Suspension is placed
on substrate

F Spin ceating - Sample is dried

Figure 2.6. Flow chart (A) and photos (B) of PA6 dissolution in formic acid (a),
dissolution of CNC in PA6/formic acid suspension (b), prepared suspensions before the
second sonication of CNC/PA6/formic acid (c), spin coating (d) and obtained thin films

on glass substrate I.
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2.3.2 Characterization

2.1.1.1 Transmission electron microscopy (TEM)

Two TEMSs (Philips 410 transmission electron microscope and JEOL JEM-ARM200CF S/TEM)
were utilized at 100 kV accelerating voltage to understand the morphology, aspect ratio of the
CNC, and agglomeration. Two different protocols were followed to prepare the samples of CNC
and nanocomposites. In the first protocol, the CNC was dispersed in water (2.5 mg/100 ml), and
0.5 ml of solution was dropped on a TEM copper grip. The CNC was stained with phosphotungstic
acid to increase the contrast. The stain solution was dropped on the grid, and excess of it was
removed after 10 seconds. The second protocol involved embedding the nanocomposite sample
into epoxy. A thin section (~120 nm) was microtomed along the longitudinal side of a piece of the
sample, using a glass knife in a Reichert-Jung Ultracut E ultramicrotome. The microtomed samples
were double-side stained with the extra-long protocol; uranyl acetate — 2.5 hours and lead citrate
for 1 hour before the TEM analysis. All images were analyzed using the open source ImageJ

software.

2.1.1.2 Tensile test

ASTM 882-12 standard was followed for testing the films and reporting mechanical properties.
Produced films, ~5 pm thick, were cut into 10 mm x 75 mm rectangles by using a rotary cutter and
a 3D printed custom cutting plate. The samples were stored overnight in a desiccator before testing.
A C-shaped paper support was used to insert samples into the grips, prevent them from sliding
from the grips, and reduce stress concentrations at the grips. TA Instrument ElectroForce 3200
with 10 N load cell was utilized. The distance between the grips was 50 mm. The grips were

tightened to 4-in.lb torque. The paper support was cut from the middle before the test, and the
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samples were tested with 0.083 mm/sec rate. A MATLAB code was developed to calculate the
elastic modulus and measure the strength and strain-at-break of the composite. While non-uniform
strain distribution is a concern due to the grip effect, using an extensometer is a challenging process
for ~5 pm thick films. As allowed in the ASTM 882-12 standard, the aforementioned 50 mm grip

distance was the gage length in this study [55].

2.4 Results and Discussion

2.4.1 TEM Analysis of CNC Particles and Nanocomposites

The filler used in this work are CNC. Figure 2.7 exhibits TEM image of fiber like CNC fillers.
The aspect ratio (length/diameter) determined by analysis of the images was found to vary between
11 and 78. The average length of the particles was determined to be 152.0 + 49.9 nm and average
diameter is 6.0+3.4 nm. The average aspect ratio was calculated as 29.2 + 12.6 for 100 particles
from four different images. The filler and matrix were assumed to be isotropic, and their Poisson’s

ratio was set to 0.35 for the model.
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Figure 2.7. TEM image of CNC (a) and measured aspect ratio (b).
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TEM was also used to observe the CNC distribution and orientation in the composite. Figure 2.8
(a) and (b) show images of neat PA6 and PA6 containing 15.0 w% of CNC, respectively. We
assign the darker fiber-like structures in Figure 2.8 (b) to the CNC due to their size, morphology,
and aspect ratio. In addition, the darker structures are not observed in Figure 2.8 (a), supporting
their assignment are the CNC particles. A closer inspection of Figure 2.8 (b) reveals a small
number of agglomerates with a size generally under a micron. For example, fillers in the top left

corner of Figure 2.8 (b) can be assumed to be agglomerated because they are already touching.

(@) (b) I

Figure 2.8. Side view TEM images of a neat PA6 film (a), 15.0 w% CNC reinforced PA6 (b),
15.0 w% CNC reinforced PAG6 at lower magnification (c).

The lower magnification of the PA6-CNC composite in Figure 2.8 I reveals micron-size
agglomerates. These large agglomerates result in a rougher surface and some voids at the interface
of the epoxy and sample. Polymer matrix can be observed squeezed between the CNC fillers in

the micron-size agglomerates in Figure 2.8 1. These matrix regions validate our approach that
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agglomerates consist of matrix and filler. Further, from Figure 2.81, we can conclude that

agglomerates converge to a spherical shape compared to the rod-shaped free fillers.

The orientation of fillers is critical for the model and mechanical response of the sample. Our
samples were prepared by spin-coating, which can influence the orientation if the CNC particles.
Figure 2.9 (a) and (b) show low and high magnification TEM images that were analyzed to obtain
an orientation distribution of the fillers. The angle of orientation of two hundred particles was
measured with respect to the longitudinal direction of the specimen. Figure 2.9 (c) shows the
distribution of the angle of deviation from the testing direction. Hence, we conclude that around
70% of the fillers deviate from the longitudinal direction by only up to 20°; therefore, the free

fillers were assumed aligned for our modeling purposes.

Frequency
o
(=2

e o

20 40 60
Fiber angle loading angle ()

(2) (b) I

Figure 2.9. TEM images for filler orientation at low (a) and high (b) magnification.

Distribution of the angle w.r.t the testing direction (c).

2.4.2 Uniaxial Tensile Tests

Nanocomposite samples of PA6 containing eight different CNC concentrations (0, 0.5, 1.0, 2.5,
5.0, 7.5, 10.0 and 15.0 w%) were prepared and at least five samples from each type were tested.

Figure 2.10 (a) and (b) show a photo of a sample under the tensile test and a representative stress-
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strain curves for each type of the samples. The white paper, seen in Figure 2.10 (a) was used to
lower stress generated at the grips and prevent sliding of the films from the grips. In general, the
addition of CNC less than 5 w% enhanced the stiffness, yield and ultimate strength, and lowered

the strain-at-break compared to neat PA6.

PAG
~ - - 0.50 w% CNC-PAG |
1.00 w% CNC-PAG
------ 2.50 w% CNC-PA6 |
———5.00 w% CNC-PAG6
7.50 w% CNC-PAG
------------ 10.00 w% CNC-PAG |
------ 15.00 w% CNC-PAG

0 0.05 0.1 0.15 0.2 0.25
Strain (mm/mm)

(@) (b)

Figure 2.10. Photo of a sample during a tensile test (a) and representative stress-strain

curves for each sample type (b).
Table 2.1 lists the elastic modulus, tensile strength and strain-at-break values of the neat PA6 and
PA6 nanocomposite samples. According to the one-way ANOVA test, there 1s a significant
difference in the average elastic modulus, tensile strength and strain-at-break between the 8 groups

(0-15 w% CNC PA6) (F(7,35)=19.61, p<0.001). Two-tail T-tests were performed to order the

groups and to show a relative significant differences between groups.

Table 2.1. Mechanical properties of nanocomposites at different CNC w% in PAG6.

CNC w% 0 0.5 1.0 25 5.0 7.5 10.0 15.0
in PA6
Elastic 911.0+ 1366.0f 13079+ 16279+ 15563+ 9133+ 9499+ 8210 %
Modulus 233.9¢ 208.6%° 257.5% 107.3? 124.6%° 128.4¢ 140.1°¢ 124.5°¢
(MPa)
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38.8

Tensile 145 449 + 436 + 38.7 % 38.2+ 324+ 28.2 + 25.9+
Strength ) s s b b c q .
(MPa) 1.9 1.4 2.0 1.6 1.2 0.6 0.9

Strain- 0.207+ 0.195+ 0.214+ 0.092+ 0100+ 0.139+ 0.123+ 0.081#

at-break  0.021%* 0.043° 0.010° 0.036¢ 0.018« 0.036° 0.027¢ 0.018¢

The superscripts (3,5, and °) indicate the statistically important differences in the data sets in

each rows (p < 0.05), as determined through one-way ANOVA analysis and T-test. The
superscripts are ordered alphabetically, and the largest mean comes the earliest in the alphabet.

The average elastic modulus of neat PA6 was measured as 911.0 MPa (StDev = + 233.9 MPa).
The addition 0.5 w% CNC increased the elastic modulus of the composite to 1366.0 MPa (StDev
= £ 208.6 MPa), which corresponds to approximately 50% increase. Although 1.0 w% CNC
addition lowered the elastic modulus of the composite around 4% with respect to 0.5 w% CNC,
maximum elastic modulus average, 1627.9 MPa (StDev = + 107.3 MPa), was observed with the
addition of 2.5 w% CNC, which is 79% increase with respect the neat PA6. The addition of 5.0
w% CNC and higher concentrations resulted in drop in the elastic modulus compared to 2.5 w%
CNC composite. However, it is important to note that a sharp decrease (42%) in elastic modulus
was observed in 7.5 w% CNC composite with respect to 5.0 w% CNC. It was observed that
addition of 0.5 w% CNC (wrt. 0 w% CNC), 2.5 w% CNC (wrt. 1.0 w% CNC) and 7.5 w% CNC
(wrt. 5.0 w% CNC) had resulted in statistically significant difference on the average elastic
modulus as it can be seen from the data presented in Table 2.1. There is no significant difference
between the neat PA6 and PA6 with concentrations higher than 7.5 w% CNC, thus it can be noted

the addition of CNC higher than 5.0 w% does not increase the elastic modulus of neat PA6.

The average tensile strength of the neat PA6 was measured as 38.8 MPa (StDev =+ 1.4 MPa) and
0.5 w% CNC addition increased the tensile strength of the composite approximately 15%, which

is the highest increase in tensile strength of the composite with respect to the neat PAG.

39



Statistically, 0.5 w% and 1.0 w% showed the highest average and there is no statistical difference
between them. After this increase, the average tensile strength values of the composites started to
drop; however, a sharp decrease in the tensile strength was observed in 7.5 w% CNC (15% wrt.
5.0 w% CNC and 17% wrt. neat PA6). It is important to note that the average tensile strength of

7.5, 10.0 and 15.0 w% CNC-PA6 was found to be lower than the neat PA6.

The average strain-at-break values of the composites at each concentration was measured lower
than neat PA6 except for 1.0 w% CNC. The average strain-at-break of 1.0 w% CNC-PA6 was
found to be 0.214 (StDev = + 0.010), 3% higher than the average strain-at-break of neat PA6,
which is not statistically different than the neat PA6. The lowest average strain-at-break was

observed in 15 w% CNC.

Increase in the elastic modulus without loss in tensile strength at 0.5 w% and 2.5 w% shows
effective strengthening impact of CNC on PA6 and suggest an efficient stress transfer between
PA6 and CNC. However, decrease in the elastic modulus and tensile strength at 7.5 and higher
w% of CNC loadings suggests that 7.5 w% CNC set the limit, and the agglomerates became
detrimental to mechanical properties. Our findings in terms of the trend of elastic modulus and
tensile strength are consistent with the results in Yousefian’s and Peng studies [56][57]. It is
important to note that, although the trends are similar, we observed 84% increase in elastics
modulus (1629 MPa) with respect to the neat PA6 while Yousefian’s observed the maximum
increase as 24% (1312 MPa) and Peng observed 31% (1540 MPa) increase. The main difference
between studies is the manufacturing methods which suggests that solvent mixing method can
provide a better CNC dispersion and stress transfer than the melt mixing according to the

mechanical test results.
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Tensile strength and strain-at-break showed similar trends as expected because both properties
heavily depend on the imperfections and stress concentration points. Further it can be argued that
continues slight decrease in these properties with respect to CNC loading is also the result of the

decrease in the polymer chain movement due to the increased particle content.

When the thickness of the samples is considered, any notch, agglomerate and void can decrease
strength and strain-at-break suddenly. As the concentration of CNC becomes higher than 1.00 w%,
strain-at-break, and tensile strength start dropping. This can be interpreted as a sign of
agglomeration since agglomerates can form stress-concentration points. White regions in TEM
image in Figure 2.8 I supports the idea of imperfections in the sample because voids are seen as a
white colour under dark field TEM images. As noted in the literature [58], we can argue that the
CNC particles were well-dispersed at low % CNC loadings; however, they tend to agglomerate at
higher loading levels based on the mechanical properties and TEM images of the composites.
According to the production method utilized in this study, the addition of CNC more than 5 w%

is not recommended for the purpose of reinforcing.

2.4.3 Modeling

Figure 2.11 (a) exhibits locations of 4.5 v % dispersed fillers in the defined space (/umxIum) as a
result of the simulation. The distribution of fillers is based on the two main assumptions: locations
of fillers are selected from the uniform distribution function, and fillers do not overlap. In the case
of overlap, the code detects it and assigns a new location to the filler. In that way, the output is
created without any overlapping fillers. The aim of dispersing fillers was to detect agglomerated
fillers and establish the three phases to calculate the stiffness of the composites. In order to detect

agglomerated fillers, the critical distance parameter y/D] was utilized. Figure 2.11 (b) shows a
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zoomed-in view of an output. While black points represent the locations of the free fillers
(non-agglomerated fillers), the same colored fillers represent agglomerated fillers. As we can see
from Figure 2.11, the critical distance directly determines the number of agglomerates and the
filler concentration within each agglomerate. If we were to choose y/D]=0 (surface contact), then
all fillers would be free fillers (non-agglomerated), and the fillers cannot overlap in the program.
In that case, the three-phase model would be converged to a two-phase model, and we would not
be able to capture the mechanical response accurately. In that sense, choosing the right critical

distance is crucial to predict the stiffness.

1000 nm
200 nm

1000 nm
(a) (b)

Figure 2.11. Locations of the fillers: general view (a) and zoomed-in view (b).

The predictions of the elastic modulus of the nanocomposites with different critical distances and
CNC concentrations are given in Figure 2.12. One-hundred outcomes for each concentration are
shown by box-plots where box represents 25-75 % outcome and cross symbols represents outliers.
For the Eshelby tensor calculations aspect ratio of fillers and agglomeration were As it can be seen
in Figure 2.12, the modeling outputs can be as linear as the Mori-Tanaka prediction when we chose
ay/D] = 0, or they can evolve to the Reuss model around 10 v% loading when the y/DJ = 3. Two

main factors play a key role here: critical distance y[D] and the agglomeration property. The
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impact of the critical distance and agglomerates can be seen in Figure 2.12 when predictions of
the proposed model the conventional models are compared. Sheng et al, studied FEA of
polymer/clay composites and observed three states of the nanofillers as a result of their FEA stress
analysis: “isolated”, “partly overlapped” and “completely overlapped” particles [59]. According
to the scale of the FEA from their study, particles start to overlap between 10 and 20 nm, which
corresponds y/DJ = 1-3 in this study. Load transfer efficiency is the lowest in completely
overlapped particles. This can guide us to determine the critical distance. Musino et al., [41]
investigated closest distance (range is from 0.4 to 2.0 radius of the fillers) between fillers to define
as an aggregates. None of the studies discussed how critical distance depends on the material.
More investigation on what kinds of material parameters govern the critical distance should be

conducted theoretically and experimentally.

Experiments in the literature exemplified a drop in the elastic modulus after around 4 w% [60—
63], which is similar to the modeling results when y/D] is approximately 2. In addition, the
agglomeration property becomes dominant as its volume fraction increases. Since we used the
Reuss model to calculate the stiffness of agglomerates, the results evolve to the Reuss model, and
the trends show a drastic change as soon as it reaches around 5 w%, which actually represents the
literature data [64-68]. In these studies, the elastic modulus of the composites experimentally
converged to a stable value (a plateau region) as the filler concentration increases or drops after a
certain point of filler concentration. The decrease in the mechanical properties was related to
agglomerates based on the analysis of SEM or TEM images. Thus, the proposed model has the

capability of capturing the effect of agglomerates.
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Figure 2.12. Elastic modulus versus CNC loading (v% and w% shown on the bottom and

top x-axis, respectively) of the composite with different critical distances.

2.4.4 Comparison of Experimental Results and Model Predictions

The longitudinal elastic modulus (£7;) versus % CNC reinforced PA6 are shown in Figure 2.13.
The figure includes proposed model predictions for critical distance y[D] = 2.5, experimental
results, and the results of conventional models (Mori-Tanaka, Halpin-Tsai, Voigt, Reuss). The
experimental results show a decrease in the elastic modulus of the samples after 5.00 w% CNC in
PA6—the general trend is similar to studies in [59,67,68]. As discussed under the Uniaxial Tensile
Tests section, some of the potential reasons for this drop can be due to agglomeration formation.
The free filler may interact with the matrix more efficiently than agglomerates. The matrix may
transfer the load non-uniformly to the agglomerates, the stress field of agglomerated fillers may
overlap, and aspect ratio of the constitutes decreases. Each reason suggests the necessity of a model

that contains agglomeration as a factor.
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Figure 2.13. Elastic Modulus versus CNC loading (v% and w% shown on the bottom and

top x-axis, respectively) of models’ predictions and experimental results.

The trend of conventional models is unable to capture the experimental behaviour due to the lack
of an agglomeration parameter in their model development. On the other hand, the proposed model
reveals a relatively good agreement with experimental results compared to conventional models.
The distribution of fillers and theoretical discussion on critical distance should be studied in deep

for a better understanding of nanocomposites.

A sensitivity analysis of the proposed model would provide a better understanding of the
nanocomposite system and exhibit the capabilities of the model. Work is in progress to conduct a

sensitivity study as the second stage of the current study.

2.5 Conclusion

In this study, we evaluated the effect of nanofillers and agglomeration on the elastic modulus of a
matrix by utilizing continuum-based analytical models. Nanocomposites were assumed to consist

of three phases: the free filler, agglomeration, and matrix, which established the bases of the three-
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phase Mori-Tanaka model developed in this study. Among these phases, the agglomeration phase
has experimentally and computationally been difficult to deal with due to the complexity and
randomness of manufacturing and the nature of nanofillers. We incorporated a Monte-Carlo
method to disperse the fillers and detect the agglomerated fillers computationally to address
previous modeling challenges. The critical distance was introduced as a parameter to identify and
classify agglomerates and a hierarchical clustering method was employed. This provided a
pathway to clearly define agglomerates and calculated volume fractions of the constitutes (matrix,
free filler, agglomerated filler, and matrix). Based on the knowledge of agglomerated fillers and
matrix and the necessary simplifications, the Reuss model was employed to calculate the stiffness
of the agglomerates. The three-phase Mori-Tanaka model was then used to predict the elastic
modulus of the nanocomposite. The prediction process was repeated one hundred times for each

concentration to obtain reliable outcomes.

CNC reinforced PA6 samples were used as a model system and were manufactured with a
spin-coating method. Detailed TEM characterization was performed in order to verify the
proposed model. To our knowledge, this is the first TEM study that clearly displays CNC in a PA6
matrix. The predictions from the proposed model demonstrate a good agreement with the
experimental results as opposed to the predictions from the conventional prediction models. As a
summary, the current study contributes to the literature by: (a) defining agglomerates
computationally and showing their impact on the stiffness theoretically, (b) utilizing a statistical
approach and continuum-based analytical models to capture the agglomeration effect on stiffness,
(c) verifying the proposed model and exploring the potentials of CNC as a reinforcement
candidate. The proposed model can be implemented to various nanocomposites with necessary

knowledge and/or assumptions for parameters such as orientation and distribution function of
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fillers. TEM can be utilized to obtain these parameters or machine learning can be applied to
predict them. In conclusion, the importance and drawbacks of agglomerates on the stiffness of

nanocomposites were revealed by this study.
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Chapter 3

Towards Better Understanding the Stiffness of
Nanocomposites via Modeling Parameters and

Experiments

3.1 Introduction

Nanoparticles have great potential to enhance the mechanical properties of polymeric materials.
Various nanoparticles are shown to improve the stiffness of polymers: nano clay [1][2], carbon
nanotubes [3][4], cellulose nanocrystals (CNC) [5][6], layered aluminosilicates [7]. This
improvement is mostly due to the nanoparticles’ high surface-to-volume ratio [8][9], and
extraordinary properties. It is also shown that the addition of nanoparticles can change the polymer
crystallinity [1] and initiate specific interactions between polymer chains and nanoparticles [10],
also known as polymer-particle interface.

The volume of polymer-particle interaction is maximized when nanoparticles are uniformly
dispersed; however, nanoparticles tend to agglomerate due to their high surface area and energy.
Particularly, high nanoparticle loadings could result in agglomeration [11] and cause overlaps of
the polymer-particle interfaces. Beyond a certain particle concentration, agglomeration is shown
to be a limiting or even detrimental factor to the targeted properties of polymers in many studies

[12][13][14][15]. This adverse effect could cause mismatches between experimental findings and
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model predictions. Therefore, producing polymer nanocomposites with accurately predicted
properties is still a challenge [16] [17].

Predicting nanocomposites’ elastic properties at various particle loading levels is an important
aspect of nanocomposite studies. Accurate predictions increase the efficient use of nanoparticles
and lower the cost and time spent on the experimental work. In recent years, many numerical and
analytical models were developed to predict the elastic modulus of nanocomposites
[18][19][20][21][22][23]. Numerical models, especially molecular-level simulations, such as
molecular dynamics, may produce accurate predictions in small length scales; however, they
require high computational power to achieve macro-scale responses due to complex interactions
between simulated elements. On the other hand, analytical micromechanical models may serve as
a viable alternative for predicting the elastic modulus of polymer nanocomposites. They are, in
general, easy to use, low cost and reasonably accurate [6][24].

Short-fiber micromechanical models such as the Mori-Tanaka [25], have been used or modified
to predict nanocomposites’ behaviour. For example, Jinsu et al. used the Mori-Tanaka
micromechanics to predict elastic moduli of the silane functionalized ceramic nanocomposite [26].
It was shown that the Mori-Tanaka model agrees well with the experimental data of 0.04 volume
fraction of TiOz in acrylate matrix [26]. The Halpin-Tsai micromechanics is another short-fiber
composite model that was modified and implemented to estimate material properties of
nanocomposites. Zhang et al. [4] included carbon nanotube distribution, waviness, and networks
for accurate predictions. Their model agrees well with two existing literature data; however, they
suggested that a more compressive model capable of considering carbon nanotube agglomeration
is needed. Researchers also introduced new variables to micromechanical models or used

multiscale approach for more accurate predictions. Arash et al. [27] developed an effective
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interface model that considers the interface between the reinforcing element and matrix to predict
elastic modulus of carbon nanotube polymer composites. The properties of the interfacial region
were obtained based on molecular simulations, and these properties were utilized in a modified
Mori-Tanaka model. Kim et al. [28] investigated the mechanical properties of carbon nanotube
modified carbon fiber reinforced epoxy composites by developing a multiscale composite model.
The Halpin-Tsai model was applied to obtain carbon nanotube/Resin 2-phase system and then
woven fiber micromechanics was used for integration of fibers into the model. The model
overestimates the experimental results. Kim et al. [28] claimed that the assumption of perfect
bonding increases the discrepancy between modeling and experimental results.

Many investigators included agglomeration as another variable into analytical micromechanical
models for better predictions. Luo and Daniel [29] proposed a three-phase analytical model based
on a hybrid use of the Mori-Tanaka model and rule of mixtures to predict the elastic modulus of
polymer clay nanocomposites. The developed model incorporates random orientation of clay
layers and various exfoliation levels to capture the mechanical responses. In their experimental
work, only low concentration levels (up to 1 w%) of clays were utilized, and higher concentration
levels were not explored. The predictions agree well with the experimental findings when
empirical parameters are accurately implemented. Shi et al. [4] studied the CNC waviness and
agglomeration and their effect on the mechanical responses of the composites. The authors
employed Eshelby's inclusion model to predict the elastic modulus of the composite with a
spherical inclusion/agglomeration assumption; however, they withheld the exact definition of
agglomerates. Villoria and Miravete [30] focused on the effects of clusters on the stiffness of
composites. They applied the Reuss model to predict the stiffness of clusters because it was

assumed that fibers would stick side by side in agglomerated regions. Their study predicts
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composite stiffness as a function of clustered fibers; however, agglomerated regions’ definition
needs further expansion.

Attempts to predict elastic properties of nanocomposites are invaluable; however, current studies
in literature suggests that there is a gap of knowledge as the available analytical models are, in
general, limited in their ability to capture experimental trends at high nanoparticle loadings.
Intuition and existing analytical model predictions suggest that improvement in stiffness increases
as the particle loading increases. On the other hand, the reinforcement is limited to an optimal
particle loading. Additional particle loadings higher than the optimal particle loading become
detrimental to the mechanical properties of nanocomposites [31] [32] [33] [34] [35]. It can be
claimed that the existing analytical models do not account for the complex nature of
nanocomposites and agglomeration, and thus they fail to predict elastic modulus of
nanocomposites at high particle loadings.

Recently, we developed an analytical model that uses a three-phase Mori-Tanaka model and the
Monte-Carlo method to predict the stiffness of nanocomposites [36]. The model predictions and
experimental findings match well. A comprehensive study of the model’s parameters can allow
us to examine and understand the effect of agglomeration on nanocomposites to address the
aforementioned gap in the literature.

Consequently, in this paper, we focus on and study the effect of the model’s parameters to establish
a sensitivity analysis for the model. We investigate the effect of critical design variables defined
in the model, such as the critical distance, agglomerates’ properties, aspect ratio, particle loading
and various dispersion states of nanoparticles. The predictions of the proposed model are cross-
examined with experimental results from the previous study [36] where polyamide 6 (PAO6) is

reinforced with cellulose nanocrystals (CNC).
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3.2 Modelling

The current micromechanical models [37][38] assume uniformly dispersed particles; however,
obtaining uniformly dispersed nanoparticles is unrealistic because of nanoparticles’ high surface
energy and area. This non-uniform dispersion state of nanoparticles could result in mismatches
between model predictions and experimental results, particularly at high particle loadings. We aim
to lower these mismatches by introducing agglomerate phase into the model. The model, in this
study, combines the Monte-Carlo approach with analytical models to capture the effect of
agglomeration on the elastic modulus of nanocomposites.

The previously developed model [36] aims to offer a simple yet accurate method to predict elastic
properties of nanocomposites with respect to particle loading. Its mainframe is introduced here for
ease of following; however, interested readers can see the details in the original publication [36] .
The proposed model is developed based on six main steps: (1) particles are dispersed in a
computational setting, (2) agglomerated particles are detected using a machine learning method,
(3) agglomerates are averaged based on their volume fractions and particles concentrations, (4) the
elastic modulus of the averaged agglomerate is calculated using analytical models, (5) a three
phase Mori-Tanaka model is applied for homogenization, and (6) the Monte-Carlo method is
utilized for obtaining statistical information about the elastic modulus of composites. Each step
has various parameters, and these parameters are explained in the subsections of this section. For

the visualization purpose, the schematics of the homogenization approach is given in Figure 3.1
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Figure 3.1. Schematics of the homogenization approach.

We assume that nanocomposites can be modelled using a three-phase Mori-Tanaka approach
where the phases are the particle phase, the agglomerate phase, and the matrix phase. The
application of this model requires the shape and aspect ratio of particles, as well as the elastic
properties and volume fractions of the phases. The shape and aspect ratio of particles are assigned
based on literature data; on the other hand, the elastic properties and volume fractions of the phases
are determined using analytical and computational tools. The phases’ volume fractions are
calculated based on a computational approach that we developed. A two-dimensional space
(1000x1000 nm) in a computational environment is set up for particle dispersion using MATLAB
software. The number of particles is calculated based on a particle loading, and particles are
dispersed in the two-dimensional space using the Mersenne Twister algorithm, a pseudorandom
number generator. Various dispersion states are covered by changing value of dispersion
parameter, p[d] value (detailed in section 2.1).

The dispersed particles are classified either as agglomerated particles or free particles using the
hierarchical clustering method, a machine learning method [39]. The implemented hierarchical
clustering algorithm measures Euclidian Distances between particles to detect agglomerated
particles. When the Euclidian Distance between two particles is shorter than the value of the
critical distance parameter, y[d] (detailed in section 2.2), particles are considered to be

agglomerated. In our approach, particles that are close enough (i.e. within the order of 10
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nanometres) to each other are counted as agglomerated particles and matrix material can exist
between them. These regions, i.e., agglomerated particles together with the matrix that is between
agglomerated particles, are defined as agglomerated regions. A spherical border is drawn around
agglomerated particles to define an agglomerate and to calculate particle concentration within each
agglomerate. Once the particle concentrations and volume of each agglomerate is known, a
volume-based averaging process is applied to obtain an averaged agglomerate. The final averaged
agglomerate is taken as the agglomerate phase.

The volume fractions of the particle and matrix phases are calculated based on the detected
agglomerated regions. The particle phase represents the free particles (non-agglomerated
particles). Because the total number of agglomerated particles and initial particles are known, the
number of free particles is easily calculated. The total volume of free particles is found by
multiplying the volume of a particle by the number of free particles. In the end, the particle phase’s
volume fraction is obtained by dividing the volume of free particles by the composite volume.
Lastly, the matrix phase’s volume fraction is calculated by subtracting the volume fractions of the
agglomerate and particle phases from one.

Once the volume fractions are calculated, the elastic properties of each phase are required to utilize
the three-phase Mori-Tanaka method. The matrix material is tested for its properties whereas the
particle phase’s elastic properties are retrieved from the literature because testing the
nanoparticle’s properties is considerably challenging and requires another major study. For the
agglomerate phase’s properties, we used two micromechanical models: Halpin-Tsai and Reuss
model (detailed in section 2.5).

The calculated volume fractions and elastic properties of the phases are inserted into the Mori-

Tanaka model to homogenize the composite system and predict the elastic modulus of the
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nanocomposite. Main modelling equations are presented here. Standard notation is used
throughout the manuscript. The notations, ¢, 7 and T are vector, and scalar values, and second-
order tensor, respectively. Subscript letters represent the phases of the system, such as m for
matrix, p for particle and a for agglomerate phase. The closed-form of the three-phase Mori-
Tanaka model is given by Eq. (9) [40]

C = (VmCm + Vp{CpAp} + 1,{CoA}) (W] + v, Ap + v, Ag) ™" 9
where C is the stiffness tensor of the composite, Cy, is the stiffness tensor of the matrix, €y, is the
stiffness tensor of the particle, C, is the stiffness tensor of the agglomerate, I is the identity tensor,
A, is the strain concentration tensor of the particle, A, is the strain concentration tensor of the
agglomerate, v, is the volume fraction of the matrix, v, is the volume fraction of the particles and
v, 1s the volume fraction of the agglomerate, and the curly brackets “{}” stands for the indication
of orientation averaging (detailed in section 4.3). The strain concentration tensor of phase i is
given by Eq. (10)

A = [1+5;(Cp) ' (C; = C) 7] 10

where §; is the Eshelby tensor of phase i and its closed form can be found in Mura's book [41].

In the last step of the model, the Monte-Carlo method is utilized to acquire comprehensive data
about the elastic modulus of nanocomposites. The Monte-Carlo method uses repeated random
sampling to predict an outcome range of an uncertain event or problem [42]. The uncertain
problem, in this study, is the lack of knowledge about the exact dispersion state of particles. The
dispersion state is the main foundation of stiffness prediction. In our model, random sampling
corresponds to determining the particles’ locations randomly in the defined space. As soon as
particles are randomly dispersed, the aforementioned modelling steps are completed to calculate

the volume fractions of the three phases. Based on the calculated volume fractions, the elastic
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modulus of the composite is found using the three-phase Mori-Tanaka model. For accurate and
reliable predictions, this process is repeated one hundred times for each particle loading. We kept
the repetitions at one hundred to ensure the timely completion of Monte-Carlo and reach the near-
infinite number of possible predictions. The results for each particle loading are illustrated in

boxplots.

3.2.1 Particle Dispersion

In the developed model, we introduce a parameter p[d] that controls the dispersion state of the
particles in the computational setting. Experimentally, the dispersion state is usually quantified by
measuring the distance between neighbouring particles that are observed on microscope images
[43—45]. The investigators [43—45] measure and record neighbouring distances and present them
as histogram diagrams. The obtained histograms are fitted into lognormal probability density
functions to discuss the dispersion state of particles. Here, instead of evaluating microscope images
to obtain lognormal distributions, we utilize lognormal probability density functions to generate
synthetic dispersion states. A lognormal probability density function are formed based on two
variables: the mean value (i) and standard deviation (o) of the variable's natural logarithm [44,46].
The dispersion parameter p[d] is defined as the coefficient of particle diameter. The value of the
dispersion parameter p[d] is multiplied by the particle diameter to find the mean of logarithmic

values (1) that is used to establish lognormal probability density functions.

Particles’ locations are determined based on random numbers that are generated from the
established lognormal distribution. The location of the first particle is selected from the uniform
distribution. For the second particle, a random angle and a random distance are chosen from the

uniform probability distribution and lognormal probability distribution, respectively. The chosen
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random values for the angle and distance are utilized to locate the second particle with respect to
the location of the first particle. Each particle is located in the same manner — the angle and distance
are selected to locate the new particle’s location with respect to the previous particle’s location.
The dispersion of particles is continued until all particles are located. It is important to note that
particles cannot occupy the same location in the model. Thus, in the case of particle intersection,
a new location is assigned to the newest particle based on the random location selection from all

possible locations.

In addition to the lognormal distribution, a uniform probability distribution is used to disperse
particles. In the case of uniform distributions, the constant probability distribution function is used
to assign the location of a particle. Once a particle is located, the next one is located using the
uniform distribution. In the case of an overlap, a new location is assigned to the newest particle.
Here, we aim to capture various dispersion states, from uniformly dispersed particles to
agglomerated particles. Although different states of dispersion are established, agglomerates are
needed to be defined and understood well to investigate their effects on the stiffness of

nanocomposites.

3.2.2 Critical Distance

The critical distance parameter y [d] is introduced to differentiate agglomerated particles from non-
agglomerated particles as the distinction between them has been vague in the composite literature.
Existing agglomerate quantification studies analyze and compare different microscope images to
show relative agglomeration states of nanoparticles instead of focusing on individual agglomerates
[47]. The distinction between agglomerated and non-agglomerated particles can only be

accommodated if individual agglomerates are defined and quantified. Here, the critical distance
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parameter y[d] is proposed to detect agglomerated particles, define an agglomerate, and
differentiate one agglomerate from another. The critical distance parameter is inspired by the “cut-
off” argument defined in the “cluster” function that is used in the hierarchical clustering method

in MATLAB.

The hierarchical clustering, a machine learning method, is used to group data sets into a cluster
tree where the tree represents a hierarchy of clusters. Two hierarchical clustering methods exist:
agglomerative (bottom-up approach) and divisive (top-down approach). In thus study, we utilize
the agglomerative hierarchical clustering method because it is a built-in tool in MATLAB Statistics
and Machine Learning Toolbox, and it is easier to comprehend intuitively. In the agglomerative
hierarchical clustering method, particles start with their own cluster and then combine into bigger
clusters based on the distance between them. This method can be described in three main steps:
(1) the distance between particles is calculated using a “distance” metric, (2) particles are linked
and grouped with a “linkage” method, and (3) the number of clusters (agglomerates) is determined

using the value of “cutoff” argument.

In this study, the agglomerative hierarchical clustering method is adopted as a solution to detect
agglomerates based on the location data set. Firstly, the distance between particles is calculated
using the “Euclidean distance” metric. The “Euclidean distance” is the length of a line between
two points that is calculated using the Pythagorean theorem. Secondly, the particles are linked
together based on the “single” the linkage method. The “single” method takes the shortest distance
between particles to link and group them. Herein, the “single” method is used because we assume
that particles that are closest to each other should belong to the same agglomerate. Thirdly, each
agglomerate is classified, and the number of agglomerates is found using the critical distance

parameter. The critical distance parameter is used as the “Cut-off” argument that determines the
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number of agglomerates in the system. If the critical distance is higher than the shortest distance
between two particles or agglomerates, they are grouped together and become members of the
same agglomerate. The critical distance parameter is defined as a function of the particle diameter
and the value assigned to y[d] represents the coefficient of the particle diameter. For example,
v[d] = 2 means that the critical distance is 10 nm when the diameter of the particle is 5 nm. If
the center-to-center distance of any particles is less than 10 nm, then they are counted as
agglomerated particles, and particles belong to the same agglomerate. Thus, the value of y[d] is

crucial for detecting agglomerated particles and differentiating one agglomerate from another.

The value of y[d] may depend on the constituents of the composite; however, data in the literature
guides us to estimate a range. In a finite element analysis study, from Sheng et. al. study, strain
fields intersect when the distance between fillers is less than 4 times the diameter of the fillers. In
another study, Liu et al. studied nanoparticle dispersion with molecular dynamics and discuss the
interaction between nanoparticles. Liu et. al. claimed that particles do not have to touch each other
to be counted as agglomerates. A short separation of fillers by polymer chains is defined as the
state of “local bridging of fillers”. The short separation distance is in the range of 1 to 2 times the
particle diameter. In this study, we follow a similar range (1-4 times particle diameter) to examine

the effects of critical distance on the state of agglomerates.

The MATLAB code assigns a number to each agglomerate so that we can detect individual
agglomerates and differentiate one from another. The number assigned to the agglomerate is also
associated with particles within that agglomerate. For example, if we consider a case where there
are two agglomerates, one with 3 particles and the other one with 5 particles. Here, the one with 3
particles are associated with number 1 and the one with 5 particles are associated with number 2.

Hence, one can tell which particle belongs to which agglomerate. Once the agglomerates and the
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particles within each agglomerate are numbered, we establish a spherical border around the
agglomerated particles to define agglomerated regions. Figure 3.2 shows schematics of an
agglomerate. The green filled circles represent the fillers, and the white region between them
represents the matrix. Because agglomerated particles do not have to be in contact, an agglomerate
can include particles and matrix within its border. The border is fit around the agglomerated
particles such that the longest distance between two particles is assumed to be the diameter of the
agglomerate. With the knowledge of the agglomerate boundary, the volume fraction of particles

within the agglomerate can be calculated and monitored for various critical distance values.
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Figure 3.2. Schematics of an agglomerate for better understanding of a center-to-center

distance.

3.2.3 Particle Orientation

Nanocomposites are stiffer in the direction of oriented fibers; however, representing and utilizing
the orientation of fibers in modelling may vary and can be challenging. One possible representation
of fibers’ orientation is a probability distribution function. According to Advani and Tucker [48],
this probability distribution function can be replaced by an orientation tensor for ease of calculation
in continuum equations. The orientation of the fiber is required to establish the orientation tensor.

Figure 3.3 describes the orientation of a fiber using spherical coordinate angles (8, @) under three
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main assumptions: fibers are rigid cylindrical, fibers’ length and diameter are uniform, and the

number of fibers per unit volume is uniform.

Y
N

Figure 3.3. The definitions of 8, @, and fiber f in a cartesian coordinate system.

The probability of having a fiber between angles 6; and 6;+df and

@, and @, + dP is given by the Eq. 11

where ¢ (61, ®,) is a probability distribution function. The orientation of a fiber can also be
represented as a vector f, and the components of the vector f in a cartesian coordinate system can

be written by Eq. (12),(13), and (14)

fi = sinf cos ® 12
fo = sinBsin® 13
fs = cos@ 14
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Because the orientation can be represented by f, the distribution function can be written as ¢ (f).
If it is assumed that all possible directions of a fiber correspond to the unit sphere and a fiber is a

unit vector, the surface integral of the unit sphere can be calculated by Eq. (15)
b4 2
f f ¢ (0,P)sinfdodd = %(p(f)df =1 15
6=0Jo=0

Advani and Tucker [48] showed that the probability distribution function can be represented by
tensors, and they provided a widely used orientation tensor that represents the orientation state of
fibers. The fourth-order orientation tensor that is defined by dyadic products of the vector is given

by Eq. (16)

T = j[;fzﬁfkfzw(f)df 16

The integration of the product including all possible directions with ¢ as the weighting function
can be used for the averaging process. The orientation averaging can be represented by { } and

expressed by Eq. (17)

T 2T
T = {Tijkl} = f f Tijkl(G, ®) sin 6 dOdD 17
o Jo

where T, (8, @) is the orientation distribution in tensor format, T, is the averaged orientation

tensor and { } represent averaging process [49].
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3.2.4 Aspect Ratio of Particles

The aspect ratio, defined as the length to diameter ratio, is another key design parameter in
composite modelling and manufacturing. Some micromechanical models, such as Shear-log,
Halpin-Tsai, Mori-Tanaka take the aspect ratio as a variable. In this study, we investigate the effect

of the aspect ratio using the Mori-Tanaka model.

In the three-phase Mori-Tanaka model, the aspect ratio of particle phase and agglomerate phase is
required for the elastic modulus calculations. The aspect ratio of the agglomerate phase is taken as
one because it is assumed that particles agglomerate in a spherical form due to the minimum
surface energy requirement and mechanical stability [54][55]. On the other hand, we investigated
the effect of the aspect ratio of the free particles on stiffness with three different values: 15, 30 and
60. We selected that range because the aspect ratio of reinforcement used in our experiments, CNC,

changes from 10 to 70 depending on the source of CNC [50].

3.2.5 Material Properties

Material properties of the particle, agglomerate and matrix phases are needed for the model
implementation. The matrix (PA6) is tested for its elastic modulus, and the particle’s (CNC) elastic
modulus is retrieved from the literature data [56] for calculations. The agglomerate phases’
properties are more complicated than matrix and particle phase’s properties, because of the lack
of the agglomerate definition and studies in the literature. Although many studies examine the
effect of agglomeration on the properties of composites [52], there is no consensus about the
individual agglomerate’s elastic modulus. Some studies [51] assume that agglomerates behave like
a void, whereas others calculate their properties based on the Reuss model [28] or the Halpin-Tsai

model [50]. In this study, either the Reuss model or Halpin-Tsai model are utilized to calculate the
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elastic modulus of agglomerated regions. These models would provide a good range of possible
outcomes, and the effects of stiffness of agglomerates on the stiffness of composite can be
observed. The Reuss model is given by Eq. (18)

Ey ' = vgmEm "+ vgpEp 18

where E is the elastic modulus of the agglomerate, E,,, is the elastic modulus of the matrix, and
E, is the elastic modulus of the particle; g, is the volume fraction of the matrix within the
agglomerate, and Vg, is the volume fraction of the particles within the agglomerate. Material
properties of the particle and matrix for the agglomerate property calculation are kept the same as
their individual properties.

The randomly orientated Halpin-Tsai model is calculated based on the particle volume fraction

within agglomerated regions by Eq. (19)

Eq =°/gEy +3/gEr 19

where E is the longitudinal modulus and E is the transversal modulus. The longitudinal modulus
E; is calculated by Eq. (20) [51]

1+ 2Bv4p0, 20
1-m

L —&m

where  and n; are geometrical parameters. B converges to 2 for transverse modulus and
converges to 2a (2 l/ ) for longitudinal modulus. The transversal modulus E7 is calculated by
Eq. (21)

1+ Z,Bvaprlt 21
1-—n;

T —&m

where 1), is a geometrical parameter for transversal modulus, and r); and 1, are given by Eq. (22)
and Eq. (23), respectively
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3.3 Experimental Methodology

The experimental work to validate the model was presented in a previous study [36]. Herein, we
summarize the procedure, and readers are encouraged to see the previous study for detailed

information.

PA6 was dissolved in formic acid, and then CNC was added to the suspension based on the target
concentration. The prepared suspension was kept under agitation for approximately an hour. The
prepared suspension was sonicated for 45 minutes before the spinning process. 2 mL of the
suspension was cast on a rectangular glass substrate, and the glass substrate was spun at 2000 rpm

for 15 seconds and at 3000 rpm for 30 seconds.

CNC-PAG6 nanocomposite samples were tested using TA Instrument ElectroForce 3200 with 10 N
load cells. The elastic modulus of samples was calculated from the linear region of the stress-strain

curve and reported for comparison of the model predictions and experimental results.
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3.4 Model Implications and Discussion

3.4.1 Effect of Critical Distance and Particle Orientation

The elastic modulus of randomly and aligned fiber composites are calculated with the critical
distance parameter y[d] for the values of 1, 2, 3, and 4. The model outputs for the aligned and
randomly oriented particles are given in Figure 3.4 (a) and (b), respectively. In the model
predictions, the elastic modulus of agglomerates is calculated based on the Reuss model, the aspect

ratio is taken as 30 and particles are dispersed uniformly.
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Figure 3.4. Elastic modulus predictions of CNC-PA6 composite as a function of CNC loading

for (a) aligned and (b) randomly oriented particles at various y[d] values.

The trends of predictions in Figure 3.4 (a) and (b) are similar at the same values of y[d]; however,
the trends vary among different y[d] values. The critical distance parameter y[d] is used to detect
agglomerated and free particles. If the critical distance is higher than the shortest distance between

two particles, those particles are counted as agglomerated particles. When y[d] = 1, the model
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predicts approximately a linear output with respect to particle loading because the three-phase
Mori-Tanaka converges to the two-phase Mori-Tanaka: the particle and matrix phases without an
agglomerate phase. Selection of y[d] = 1 (critical distance of 5 nm) eliminates the chance of
agglomerate formation because the closest distance between particles’ centers cannot be lower
than 5 nm. As a result, each particle behaves as a free particle, and an approximate linear trend is
observed in the case of y[d] = 1. On the other hand, the trend is highly different with the selection
of y[d] = 2 compared to the selection of y[d] = 1. The predictions increase up to an optimal point
of particle loading and then start to drop with particle over loadings. This prediction trend is also
valid for y[d] = 3 and y[d] = 4, although the predicted values are different. There are three main
reasons for this type of trend: (1) the high probability of agglomerate formation, (2) the low elastic
modulus of agglomerates and (3) the low aspect ratio of agglomerates.

Particles are expected to agglomerate when y[d] > 1 because the shortest distance between
particles can only be lower than the critical distance at values of y[d] > 1. The probability of
agglomerate formation increases with increasing particle loadings and higher y[d] values. High
particle loadings decrease the shortest distance between particles, and high y[d] values result in
higher critical distances. Thus, increase in both parameters leads to the higher probability of
agglomeration. The higher probability of agglomeration accelerates the agglomerate phase
domination in overall model response, and the properties of agglomerates become major
contributors to the model predictions. Because the Reuss model predicts lower than the two-phase
Mori-Tanaka model and is used for predicting the elastic modus of agglomerates, the three-phase
model predicts lower values after an optimal particle loading. The lowest elastic moduli are

observed for y[d] value of 4 because the critical distance reaches its highest value among the four
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values. This high value of critical distance yield easier particle agglomeration and low elastic

modulus.

Another reason for lower model predictions after the optimal particle loadings at y[d] > 1 is the
low aspect ratio of agglomerates. We assume that the agglomerate phase is in spherical form and
has an aspect ratio of one, which is much lower than the aspect ratio of CNC. This decrease in the
aspect ratio, according to the Mori-Tanaka model calculations, also lowers the model predictions.
The decrease in the aspect ratio of phases, the probability of agglomerate formation and the low
elastic modulus of agglomerates result in differences between the prediction trends of various y[d]

values.

The prediction values for the aligned particles are higher than randomly oriented ones, although
the trends are similar at the same value of y[d]. The dramatic influence of alignment on the elastic
modulus can be seen when in Figure 3.4 (a) and (b) are compared at y[d] = 2. According to the
model predictions, the maximum elastic modulus for aligned particles is 2800 MPa, whereas it is
approximately 1300 MPa for the randomly oriented particles. The particle alignment provides
approximately 2.5 times stiffer nanocomposite than randomly oriented particles at 5.0 v% CNC
loading. Stiffer nanocomposites in the longitudinal direction are obtained with aligned particle
reinforced composite unless particle loadings are not higher than 7.5 v%. Although particle
alignment provides stiffer nanocomposites in the longitudinal direction, obtaining aligned particles
in nanocomposites could require a specialized manufacturing method such as electrospinning. The
electric field can be used to align particles in electrospinning method; however, most of the
engineering manufacturing methods such as injection molding could result in random orientation
of particles. Manufacturing method should be taken into account while applying the model for the

elastic model prediction of nanocomposites.
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The impact of the particle concentration and y [d] value on agglomeration tendency is investigated
by extracting the volume fractions of each constituent. Table 3.1 shows the volume fractions of
each constituent at various particle loadings and y[d] levels. The initial volume fraction of
particles (v;,) is given in the first column of Table 3.1. Based on the initial volume fractions, the
number of particles is calculated and reported in the third column. As expected, when the initial
volume fraction of particles increases from 0.35 to 0.85, the number of particles increases from
1800 to 4372. Based on the selected y[d], the number of agglomerates and the volume fractions
of each constitute are calculated. It can be seen that agglomerated particles, given in the fourth

column, increase as v, and y[d] increase. However, the number of agglomerates (# Agg) does

not increase in the same ratio, and it even decreases when v;;, = 0.85.

Table 3.1. Volume fractions and number of each constitute at various y[d] values and partcile

vy %
Vip y[d] | #Particle #Agg. #Agg. Uy Ave.v,  Ave. Um
Particles Vap
0.35 2 1800 367 980 0.016 0.084 0.226 0.9
0.35 3 1800 368 1463 0.007 0.21 0.135 0.783
0.85 2 4372 737 3803 0.011 0.392 0.188 0.597
0.85 3 4372 59 4318 0.001 0.579 0.145 0.42

The decrease in the number of agglomerates is related to the particle concentration and size of
agglomerates. When y[d] is set to 2 for 0.85 v;,,, high number of small agglomerates are formed

(737 agglomerates with 0.392 total average volume of fraction agglomerates). On the other hand,
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when y[d] is set to 3 for 0.85 v;;,, low number of big agglomerates are formed (59 agglomerates
with 0.579 total average volume of fraction agglomerates). Thus, it can be suggested that big
agglomerates are formed with less concentrated particles. The volume fractions of particles within
agglomerates (V) ), in the eighth column, at 0.85 v;,, can be compared to observe the effect of y[d]
at values of 2 and 3. Agglomerated particle fraction (v,,) decreases from 0.188 to 0.145 when
v[d] increases from 2 to 3 for the same initial particle fraction. It again suggests that big

agglomerates are formed with less concentrated particles.

The volume fraction of free particles and matrix highly depend on y[d]. It is clear that free particle
fraction (v,) drops with increasing y[d] for the same initial particle fractions. Similar trend is also
observed for the matrix phase fractions. The matrix volume fraction (
Upn), in the ninth column, decreases as (v;;,) and y[d] increases because of higher agglomerated
matrix and particle fractions. Because the free particles are the main reinforcing elements, the

model is expected to predict lower composite elastic modulus with increasing y[d].

3.4.2 Effect of Critical Distance and Agglomerate Property

The effect of y[d] and agglomerate’s properties on the elastic modulus of randomly oriented
particle nanocomposites is shown in Figure 3.5. The values of 2 and 4 for the y[d] are investigated
along with two different models, which are applied to calculate agglomerates’ properties: the
Reuss and Halpin-Tsai models. While the y[d] values and properties of agglomerates are changed,
the other parameters are fixed in the model calculations. Particles are assumed to be randomly
oriented, and the aspect ratio («) is taken as 30. Locations of particles are randomly selected from

the uniform probability distribution function.
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Figure 3.5. The effect of y[d] and agglomerate’s property on the elastic modulus of randomly
oriented particle nanocomposites based on the Reuss and Halpin-Tsai (HT) used for

agglomeration.

In the case of the Halpin-Tsai model, the elastic modulus of nanocomposites increases with
increasing particle loading regardless of the y[d] value. The average elastic modulus improves
from 1890 MPa to 2700 MPa when the particle loading increases from 8.5v% to 11.5 v% with
vld] = 4. The slope of this increase is 93.3 MPa/v%. In a similar manner, the average elastic
modulus increases from 965 MPa to 1295 MPa when the particle loading increases from 0.5 v%
to 3.5 v% when y[d] = 4. The slope for the second case is 100.0 MPa/v%. It can be claimed that
both slopes are very close to each other. A similar positive slope is also observed for the model
predictions when y[d] = 2. The slope of the predictions between 8.5-11.5 is 118 MPa/v%, and the
slope between 0.5-3.5 is 91 MPa/v%. The increase in the slope shows that agglomeration results

in more enhancement in the stiffness of the nanocomposite.
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The prediction trends are quite different in the case of the Reuss model. We first observe an
increase in the elastic modulus, and then a decrease regardless of the y[d] value. The increase is
particularly observed at low particle loadings. For example, the average elastic modulus of the
composite increases from 980 MPa to 1190 MPa when the particle loading is increased from 0.5
to 3.5 v% when y[d] = 2. We see a similar improvement in the elastic modulus up to 1.5 v%
particle loading, in the case of y[d] = 4. The maximum average elastic modulus is obtained at 1.5
v% when y[d] = 4 and 7.5 v% when y[d] = 2. The higher than optimal particle loadings result
in a decrease in the elastic modulus because of the agglomerates’ properties. The agglomerates’
properties start to dominate the overall response with high particle loadings and high y[d] values.
Because the Reuss model predicts a lower value than the Halpin-Tsai and Mori-Tanaka models,
the agglomerate domination lowers the elastic modulus of the composite. This decrease starts
earlier with y[d] = 4 due to the higher probability of agglomeration. Thus, it can be said that the
impact of y[d]is apparent when the Reuss model is applied because of the low stiffness of
agglomerates. As the agglomerate dominates in the composite material, overall response shifts to

the Reuss model predictions at high particle loadings.

Predicting the mechanical behaviour of nanocomposites becomes difficult with increasing particle
loadings because experimental findings vary substantially. For example, the elastic modulus values
[57-60] reach a plateau value or decrease with particle over loading. Peng et al. [52] observed a
plateau value at 3.5 w% of CNC in PA6 whereas Morelli et. al [53] observed that optimal particle
loading is between 5-10 w% for unmodified CNC. These studies demonstrate that the optimal
particle loading, and the amount of increase and decrease depend on experimental settings;
however, the proposed model suggests that the combination of agglomerates’ property and y[d]

determines the overall composite reaction at high concentration levels. The trends in the elastic
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modulus of composites in [57—60] validate that the Reuss model is more appropriate for the

predictions of elastic modulus of agglomerates in the proposed model.

The critical distance parameter is the main parameter that controls the agglomerate formation, and
higher y[d] values result in a higher agglomeration chance. In Figure 3.5, the values of 2 and 4 for
v[d] are examined. The implementation of y[d] = 4 in the model dramatically lowers the
predictions in the case of the Reuss model due to agglomerate domination. Thus, the appropriate
value of y[d] is crucial for accurate predictions. The exact value of the critical distance y[d] may
depend on the material system or interface chemistry. Sheng et al. [2] modelled polymer/clay
composite using finite element analysis. The particles are classified as “isolated”, “partially
overlapped” and “completely overlapped” according to the distance and load transfer efficiency.
The load transfer efficiency starts to decrease as the distance between nanoparticles is
approximately below 20 nm, and they define particles that are closer than these values as
overlapping particles. The value of 20 nm corresponds to approximately 4 distance/diameter ratio
of clay in their study. Therefore, it can be claimed that the value of y[d] between 1 and 4 is a

reasonable range.

3.4.3 Effect of Orientation and Aspect Ratio of the Particles

The effect of orientation and aspect ratio of the particles is shown in Figure 3.6. Uniform
probability distribution is utilized for the particle dispersion, and y[d] is kept at the value of 2. The

Reuss model is applied to calculate the modulus of agglomerates in this case.
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Figure 3.6. Predictions of elastic modulus of CNC-PA6 composites as a function of CNC

concentrations for various orientation and aspect ratio (a) of the particles.

Figure 3.6 contains six predictions based on various aspect ratios and particle orientations. The
highest three elastic modulus values are from the aligned composites. For a better understanding
of the orientation effect, the aligned and randomly oriented CNC with the aspect ratio () value of
15 can be compared. The model predicts an average elastic modulus of 1750 MPa for aligned
particles and 1225 MPa for randomly oriented particles at 7.5 v%, approximately 60 % difference.
This difference is higher when the aspect ratio is set to a higher value. For example, the model
predicts an average elastic modulus of 3800 MPa for aligned particles and 1460 MPa for randomly
oriented particles at 7.5 v% with the aspect ratio of 60, approximately 170 % difference. This high
difference suggests that particle orientation should be considered as a major contributor to the
elastic modulus of nanocomposites. According to the six model predictions, it can be said that
orientation carries more importance than the aspect ratio. The aligned particle composite with the
aspect ratio of 15 provides approximately 50% higher elastic modulus than the randomly oriented

particle composite with the aspect ratio of 60, which proves the importance of alignment.
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The elastic modulus of nanocomposites is improved with an increasing aspect ratio according to
the Mori-Tanaka model. This improvement is much higher when particles are aligned. For
example, at 6.5 v% CNC, the increase in the elastic modulus is approximately 150 % (from 1600
MPa to 3600 MPa) for the aligned particles when the aspect ratio changes from 15 to 60; however,
it is approximately 40 % (from 1125 MPa to 1460 MPa) for the randomly oriented particles at the

same particle loading.

The maximum improvement with respect to neat PA6, ~330 % increase, is predicted to be at
7.5 v% with y[d] value of 2 and the aspect ratio of 60. However, the average CNC aspect ratio
used in this study is approximately 30, and it is difficult to obtain fully aligned CNC reinforced
composites. Thus, the maximum increase in elastic modulus would be expected to be lower than

the 330% increase.

3.4.4 Effect of Dispersion and Critical Distance

The effect of dispersion is explored by selecting the location of particles from the lognormal
probability distribution instead of using the uniform probability distribution. The main reason to
choose lognormal distribution is that distances between neighbour particles obey lognormal

distribution according to dispersion quantification studies [44] [47] [54].

The lognormal probability distribution is defined by u (mean of logarithmic values) and o
(standard deviation of logarithmic values). It is challenging to know exact u and o values because
they vary in the studies [44,47,55-59] depending on material system, production, and
characterization methods. Instead of implementing an exact value, various y values are used to
study the dispersion effect on the composite’s modulus. The parameter u[d] is defined as the

coefficient of the particle diameter in this section ie., u[d] = 0.5 means that the mean of
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logarithmic values is 2.5. The more uniform particle dispersion is obtained with a higher u[d]

value.

The effects of the dispersion u[d] and critical distance parameters y[d] on the elastic modulus of
the composite at different particle loadings (1.0-15.0 w%) are presented with the surface plots in
Figure 3.7. The surface plots are generated with 0.2 and 0.04 intervals of
uld] and y[d], respectively. In these predictions, the agglomerate’s property is calculated based
on the Reuss model, the aspect ratio is taken as 30, and free particles are assumed to be aligned.
The black spheres in the figures represent the average experimental results from the previous study
[36]. The black spheres are located in the figures based on predictions' minimum mean squared

error with respect to the obtained empirical data.
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Figure 3.7. Predictions of elastic modulus of nanocomposites as functions of y[d] and p[d] at
1.0 (a), 2.5 (b), 5.0 (c), 7.5 (d), 10.0 (e) and 15.0 (f) w% of CNC and corresponding empirical
findings from [36] shown with black spheres.

The surface plots show that the model can predict empirical findings well for each CNC loading.
The model calculates the highest outputs at y[d] = 1 because the model assumes no agglomeration
in the system, which results in a two-phase Mori-Tanaka model. On the contrary, the model
predicts lower elastic modulus values at high y[d] values and high particle loadings because of
agglomeration. The transition between high and low ends is well captured by setting various levels

of y[d] and u[d] at any particle loadings.

Experimental results are relatively high compared to neat PA6 (911 MPa) at 1.0, 2.5 and 5.0 w%
CNC and they are captured with low y[d] and high u[d]. On the other hand, there is a dramatic
drop in the elastic modulus values after 5.0 w% CNC loading. The drop and low elastic modulus
values are captured with high y[d] and low u[d] values. The high y[d] and low u[d] values result
in the domination of agglomerates in the model and since the Reuss model is used for

agglomeration, the surface plots bend toward the lower end.
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Higher values of u[d] in the model generate a better dispersion and stiffer nanocomposites, and
many experimental studies [68][69] suggested that well-dispersed particles provide stiffer
nanocomposites. Azizi [68] et. al observed an improvement in the elastic modulus to a certain
extent and then a decrease in the modulus after optimal particle loading. According to Azizi, poor
dispersion of CNC result in the drop of the elastic modulus. Similar to the experimental work [68],
the poor dispersion result in decrease in elastic modulus in the model. This drop after an optimal
particle loadings, satisfactorily captured by the developed model. One can observe the effect of
dispersion by examining Figure 3.7 (b) at various values of u[d]. The elastic modulus values
increase with increasing p[d] values (increasing dispersion) at a constant y[d] value. It is difficult
to know exact value of u[d] because the exact value may depend on the process, materials, and
even on particle loading. A detailed study should be conducted to correlate the critical distance
and the logarithmic mean of neighbour distance (u) to the variables in the experiments. Each
material system may require particular modeling inputs; however, it is shown here that the

modeling outputs can capture a wide range of experimental results.

Another aim of this study is to cross-examine the model predictions with respect to particle
loadings. Here, we fine-tune the values of the model parameters depending on the experimental
setting. In the experimental study [36], the particles and the matrix were dissolved in a solvent
before producing the samples. Various agitation methods were used to disperse particles uniformly
in the suspension during the mixing process. Thus, it seems reasonable to use the uniform
probability distribution to predict the locations of particles in the model. Based on TEM images of
the previous study [36], free particles were mostly aligned, and the average aspect ratio was taken
to 30. Here, we assume fully aligned particles with the aspect ratio of 30 for the calculations.

Furthermore, based on the modeling predictions in this study and experimental results from the
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literature, the Reuss model seems acceptable to calculate the agglomerates’ elastic modulus.
According to these assumptions, Figure 3.8 exhibits the predictions of elastic modulus of
nanocomposites with respect to CNC particle loading along with some conventional analytical
models. The proposed model agrees relatively well with the empirical findings compared to

existing conventional models.
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Figure 3.8. Predictions of elastic modulus of nanocomposites with respect to CNC concentration

and empirical findings adapted from [36].

It is important to understand the deviations from empirical findings. In our predictions, we
assumed aligned particles with a specific aspect ratio value. However, even if it is reasonable to
assume particles are aligned, the complete particle alignment at the nanosize level is challenging
to achieve. The alignment might also depend on the particle loading. In addition, particle size is
likely to have distribution instead of a certain value; however, an average value is used in this
study instead of distribution. These uncertainties are thought to be the main reasons for the

difference between the model predictions and experimental results. In addition, the dispersion is
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assumed to be uniform for all concentrations in these predictions, which may not be completely
valid. The particle dispersion may change with increasing particle concentration due to increased
viscosity or particle-particle interactions. Although variabilities exist in the model and the
experimental setting, it can be said that the model satisfactorily captured the experimental results.
The proposed model reflects the experimental trend well whereas common analytical models

predict a linear relationship between the elastic modulus and particle loadings.

3.5 Conclusion

The proposed study focuses on a parametric study of our recently developed model that predicts
the elastic modulus of nanocomposites based on the three-phase Mori-Tanaka model: free
particles, agglomerated regions, and a matrix. The aim is to study the effect of agglomerations on
nanocomposites at a broad range of reinforcement loadings. Since the agglomeration tendency of
nanoparticles is a challenging problem to predict, the Monte-Carlo and hierarchical clustering
method are proposed to capture the agglomerate formation. Along with agglomerate formation, a
systematic study is performed to understand the effect of aspect ratio, critical distance, particle

orientation, agglomerate property, and dispersion state of particles.

The critical distance parameter and elastic modulus of agglomerates are the key design parameters
at high particle loadings. The critical distance parameter defines the agglomerated region that
contains matrix and particles. Higher critical distance values result in easier agglomeration. As
agglomerates are formed, the agglomerates’ properties begin to dominate the general response of
nanocomposites. In that sense, predicting agglomerates’ properties become crucial for the model.

Either the Halpin-Tsai or the Reuss models are assigned to predict agglomerates’ properties and
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examine agglomerates’ effect on the elastic modulus of nanocomposites. While the Halpin-Tsai

overestimates the elastic modulus, the Reuss model provides more reasonable results.

The aspect ratio, orientation and dispersion of particles are also investigated to understand the
model’s sensitivity. The drastic effect of aspect ratio and particle orientation on the elastic modulus
of nanocomposites is observed at high particle loadings. At any aspect ratio, aligned fillers exhibits
shows steeper slope than randomly oriented particles. It is concluded that alignment has more
influence on the elastic modulus than the aspect ratio in the range of 15 to 60 for the case of
uniform particle dispersion. Particle dispersion, another key parameter, is studied by locating the
particles differently in the computational setting. The more uniform dispersion results in higher
elastic modulus of nanocomposites regardless of other parameters. It is also observed that the
agglomeration is inevitable at high particles even if particle locations are selected from uniform

distribution function.

In this work, the capability of the previously developed model is analyzed with a systematic study.
The proposed approach captures the experimental trend of elastic modulus of CNC reinforced PA6
samples relatively well compared to the conventional analytical models. As future of this work,
the manufacturing methods and critical distance could be categorized based on the material system,
and they could be correlated to the dispersion state of nanoparticles. With the existing data in the

literature, we believe these correlations can be established via machine learning techniques.

91



REFERENCES

[1]

[2]

[3]

[4]

[3]

[6]

T.D. Fornes, D.R. Paul, Modeling properties of nylon 6/clay nanocomposites using
composite theories, Polymer (Guildf). 44 (2003) 4993-5013.

https://doi.org/10.1016/S0032-3861(03)00471-3.

N. Sheng, M.C. Boyce, D.M. Parks, G.C. Rutledge, J.I. Abes, R.E. Cohen, Multiscale
micromechanical modeling of polymer/clay nanocomposites and the effective clay particle,
Polymer (Guildf). 45 (2004) 487-506.

https://doi.org/https://doi.org/10.1016/j.polymer.2003.10.100.

J. Vera-Agullo, A. Gloéria-Pereira, H. Varela-Rizo, J.L. Gonzalez, 1. Martin-Gullon,
Comparative study of the dispersion and functional properties of multiwall carbon
nanotubes and helical-ribbon carbon nanofibers in polyester nanocomposites, Compos. Sci.
Technol. 69 (2009) 1521-1532.

https://doi.org/https://doi.org/10.1016/j.compscitech.2008.11.032.

D.-L. Shi, X.-Q. Feng, Y.Y. Huang, K.-C. Hwang, H. Gao, The effect of nanotube waviness
and agglomeration on the elastic property of carbon nanotube-reinforced composites, J.
Eng. Mater. Technol. Trans. ASME. 126 (2004) 250-257.

https://doi.org/10.1115/1.1751182.

A.C. Corréa, K.B.R. Teodoro, J.A. Simdo, P.I.C. Claro, E. de Morais Teixeira, L.H.C.
Mattoso, J.M. Marconcini, Cellulose nanocrystals from curaua fibers and poly[ethylene-co-
(vinyl acetate)] nanocomposites: Effect of drying process of CNCs on thermal and

mechanical properties, Polym. Compos. n/a (2020). https://doi.org/10.1002/pc.25493.

S.-Y. Fu, X.-Q. Feng, B. Lauke, Y.-W. Mai, Effects of particle size, particle/matrix interface

92



[7]

[8]

[9]

[10]

[11]

[12]

adhesion and particle loading on mechanical properties of particulate—polymer composites,
Compos. Part B Eng. 39 (2008) 933-961.

https://doi.org/https://doi.org/10.1016/j.compositesb.2008.01.002.

B. Wetzel, F. Haupert, M. Qiu Zhang, Epoxy nanocomposites with high mechanical and
tribological  performance, Compos. Sci. Technol. 63 (2003) 2055-2067.

https://doi.org/https://doi.org/10.1016/S0266-3538(03)00115-5.

M.M.J. Treacy, T.W. Ebbesen, J.M. Gibson, Exceptionally high Young’s modulus observed
for individual carbon nanotubes, Nature. 381 (1996) 678.

https://doi.org/http://dx.doi.org/10.1038/381678a0.

F. Tanaka, T. Iwata, Estimation of the Elastic Modulus of Cellulose Crystal by Molecular
Mechanics Simulation, Cellulose. 13 (2006) 509-517. https://doi.org/10.1007/s10570-006-

9068-x.

M. Pereda, N.E. Kissi, A. Dufresne, Extrusion of polysaccharide nanocrystal reinforced
polymer nanocomposites through compatibilization with poly(ethylene oxide), ACS Appl.

Mater. Interfaces. 6 (2014) 9365-9375. https://doi.org/10.1021/am501755p.

C. Weiler, M. Egen, M. Trunk, P. Langguth, Force control and powder dispersibility of
spray dried particles for inhalation, J. Pharm. Sci. 99 (2010) 303-316.

https://doi.org/10.1002/jps.21849.

M.Z. Rong, M.Q. Zhang, Y.X. Zheng, HM. Zeng, R. Walter, K. Friedrich, Structure-
property relationships of irradiation grafted nano-inorganic particle filled polypropylene
composites, Polymer (Guildf). 42 (2001) 167-183. https://doi.org/10.1016/S0032-

3861(00)00325-6.

93



[13]

[14]

[15]

[16]

[17]

[18]

R.P. Singh, M. Zhang, D. Chan, Toughening of a brittle thermosetting polymer : Effects of
reinforcement, J. Mater. Sci. 37 (2002) 781-788,

https://doi.org/10.1023/A:1013844015493.

S.P. Vinodhini, J.R. Xavier, Effect of graphene oxide wrapped functional silicon carbide on
structural, surface protection, water repellent, and mechanical properties of epoxy matrix
for automotive structural components, Colloids Surfaces A Physicochem. Eng. Asp. 639

(2022) 128300. https://doi.org/10.1016/j.colsurfa.2022.128300.

X. Guan, B. Xu, J. Gong, Hierarchically architected polydopamine modified
BaTiO3@P(VDF-TrFE) nanocomposite fiber mats for flexible piezoelectric
nanogenerators and self-powered sensors, Nano Energy. 70 (2020) 104516.

https://doi.org/10.1016/j.nanoen.2020.104516.

H. Sojoudiasli, M.-C. Heuzey, P.J. Carreau, Mechanical and morphological properties of
cellulose nanocrystal-polypropylene composites, Polym. Compos. 39 (2018) 3605-3617.

https://doi.org/10.1002/pc.24383.

A. Junior de Menezes, G. Siqueira, A.A.S. Curvelo, A. Dufresne, Extrusion and
characterization of functionalized cellulose whiskers reinforced polyethylene
nanocomposites, Polymer (Guildf). 50 (2009) 4552-4563.

https://doi.org/10.1016/j.polymer.2009.07.038.

V. Anumandla, R.F. Gibson, A comprehensive closed form micromechanics model for
estimating the elastic modulus of nanotube-reinforced composites, Compos. Part A Appl.
Sci. Manuf. 37 (2006) 2178-2185.

https://doi.org/https://doi.org/10.1016/j.compositesa.2005.09.016.

94



[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

J. Sapkota, A. Gooneie, A. Shirole, J.C. Martinez Garcia, A refined model for the
mechanical properties of polymer composites with nanorods having different length

distributions, J. Appl. Polym. Sci. 134 (2017). https://doi.org/10.1002/app.45279.

K. Baek, H. Shin, T. Yoo, M. Cho, Two-step multiscale homogenization for mechanical
behaviour of polymeric nanocomposites with nanoparticulate agglomerations, Compos. Sci.
Technol. 179 (2019) 97-105.

https://doi.org/https://doi.org/10.1016/j.compscitech.2019.05.006.

N. Hu, H. Fukunaga, C. Lu, M. Kameyama, B. Yan, Prediction of Elastic Properties of
Carbon Nanotube Reinforced Composites, Proc. Math. Phys. Eng. Sci. 461 (2005) 1685—

1710. https://doi.org/10.1098/rspa.2004.1422.

K.-T. Lau, M. Chipara, H.-Y. Ling, D. Hui, On the effective elastic moduli of carbon
nanotubes for nanocomposite structures, Compos. Part B Eng. 35 (2004) 95-101.

https://doi.org/https://doi.org/10.1016/j.compositesb.2003.08.008.

K. Hbaieb, Q.X. Wang, Y.H.J. Chia, B. Cotterell, Modelling stiffness of polymer/clay
nanocomposites, Polymer (Guildf). 48 (2007) 901-909.

https://doi.org/10.1016/j.polymer.2006.11.062.

Y. Wang, Z.M. Huang, Analytical micromechanics models for elastoplastic behavior of
long fibrous composites: A critical review and comparative study, Materials (Basel). 11

(2018). https://doi.org/10.3390/mal1101919.

G.P. Carman, K.L. Reifsnider, Micromechanics of short-fiber composites, Compos. Sci.

Technol. 43 (1992) 137-146. https://doi.org/10.1016/0266-3538(92)90004-M.

J. Ha, Y. Song, N. Song, J.S. Yun, D. Lee, Designing an interpenetrating network of silane-

95



[27]

[28]

[29]

[30]

[31]

[32]

[33]

functionalized nanocomposites for enhanced particle dispersity and interfacial bonding

strength, Ceram. Int. 48 (2022) 1827—-1835. https://doi.org/10.1016/j.ceramint.2021.09.264.

B. Arash, Q. Wang, V.K. Varadan, Mechanical properties of carbon nanotube/polymer

composites, Sci. Rep. 4 (2014) 1-8. https://doi.org/10.1038/srep06479.

C.E.E. Armbrister, O.I. Okoli, S. Shanbhag, Micromechanics predictions for two-phased
nanocomposites and three-phased multiscale composites: A review, J. Reinf. Plast.

Compos. 34 (2015) 605-613. https://doi.org/10.1177/0731684415574297.

J.-J. Luo, M. Daniel, Characterization and modeling of mechanical behavior of
polymer/clay nanocomposites, Compos. Sci. Technol. 63 (2003) 1607-1616.

https://doi.org/https://doi.org/10.1016/S0266-3538(03)00060-5.

R. Guzman de Villoria, A. Miravete, Mechanical model to evaluate the effect of the
dispersion  in  nanocomposites, = Acta  Mater. 55  (2007)  3025-3031.

https://doi.org/https://doi.org/10.1016/j.actamat.2007.01.007.

H.-Y. Yu, Z.-Y. Qin, C.-F. Yan, J.-M. Yao, Green Nanocomposites Based on
Functionalized Cellulose Nanocrystals: A Study on the Relationship between Interfacial
Interaction and Property Enhancement, ACS Sustain. Chem. Eng. 2 (2014) 875-886.

https://doi.org/10.1021/sc400499g.

L. Jiang, E. Morelius, J. Zhang, M. Wolcott, J. Holbery, Study of the Poly(3-
hydroxybutyrate-co-3-hydroxyvalerate)/Cellulose Nanowhisker Composites Prepared by
Solution Casting and Melt Processing, J. Compos. Mater. 42 (2008) 2629-2645.

https://doi.org/10.1177/0021998308096327.

S.H. Sung, Y. Chang, J. Han, Development of polylactic acid nanocomposite films

96



[34]

[35]

[36]

[37]

[38]

[39]

[40]

reinforced with cellulose nanocrystals derived from coffee silverskin, Carbohydr. Polym.

169 (2017) 495-503. https://doi.org/https://doi.org/10.1016/j.carbpol.2017.04.037.

E.P. Giannelis, Polymer Layered Silicate Nanocomposites, Adv. Mater. 8 (1996) 29-35.

https://doi.org/10.1002/adma.19960080104.

Y. He, J. Zhu, W. Wang, H. Ni, Surface modification of cellulose nanocrystals with
different acid anhydrides for improved dispersion in poly(butylene succinate), RSC Adv. 8

(2018) 38305383 14. https://doi.org/10.1039/c8ra07597b.

E.C. Demir, A. Benkaddour, D. Aldrich, M.T. Mcdermott, C. 11 Kim, C. Ayranci, A
predictive model towards understanding the effect of reinforcement agglomeration on the
stiffness of nanocomposites, J. Compos. Mater. (2022).

https://doi.org/10.1177/00219983221076639.

L.M. Hamming, R. Qiao, P.B. Messersmith, L. Catherine Brinson, Effects of dispersion and
interfacial modification on the macroscale properties of TiO2 polymer-matrix
nanocomposites, Compos. Sci. Technol. 69 (2009) 1880-1886.

https://doi.org/10.1016/j.compscitech.2009.04.005.

E.T. Thostenson, C. Li, T.W. Chou, Nanocomposites in context, Compos. Sci. Technol. 65

(2005) 491-516. https://doi.org/10.1016/j.compscitech.2004.11.003.

F. Nielsen, Hierarchical Clustering BT - Introduction to HPC with MPI for Data Science,
in: F. Nielsen (Ed.), Springer International Publishing, Cham, 2016: pp. 195-211.

https://doi.org/10.1007/978-3-319-21903-5_8.

Y. Benveniste, A new approach to the application of Mori-Tanaka’s theory in composite

materials, Mech. Mater. 6 (1987) 147—157. https://doi.org/10.1016/0167-6636(87)90005-6.

97



[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

T. Mura, Micromechanics of defects in solids, 2nd ed., Springer, Dordrecht, 1987.

https://doi.org/https://doi.org/10.1007/978-94-009-3489-4.

D.J. Karras, Statistical methodology: II. Reliability and validity assessment in study design,
part B, Acad. Emerg. Med. 4 (1997) 144-147. https://doi.org/10.1111/5.1553-

2712.1997.tb03723 x.

V. Mirjalili, M. Yourdkhani, P. Hubert, Dispersion stability in carbon nanotube modified
polymers and its effect on the fracture toughness, Nanotechnology. 23 (2012) 315701.

https://doi.org/10.1088/0957-4484/23/31/315701.

S.R. Bakshi, R.G. Batista, A. Agarwal, Quantification of carbon nanotube distribution and
property correlation in nanocomposites, Compos. Part A Appl. Sci. Manuf. 40 (2009) 1311-

1318. https://doi.org/https://doi.org/10.1016/j.compositesa.2009.06.004.

M. Yourdkhani, P. Hubert, Quantitative dispersion analysis of inclusions in polymer
composites, ACS Appl. Mater. Interfaces. 5 (2013) 35-41.

https://doi.org/10.1021/am301459q.

Z.P. Luo, J.H. Koo, Quantifying the dispersion of mixture microstructures, J. Microsc. 225

(2007) 118-125. https://doi.org/10.1111/5.1365-2818.2007.01722.x.

B.M. Tyson, R.K. Abu Al-Rub, A. Yazdanbakhsh, Z. Grasley, A quantitative method for
analyzing the dispersion and agglomeration of nano-particles in composite materials,
Compos. Part B Eng. 42 (2011) 1395-1403.

https://doi.org/10.1016/j.compositesb.2011.05.020.

S.G. Advani, C.L. Tucker, The Use of Tensors to Describe and Predict Fiber Orientation in

Short Fiber Composites, J. Rheol. (N. Y. N. Y). 31 (1987) 751-784.

98



[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

https://doi.org/10.1122/1.549945.

T. Thorvaldsen, Modelling the elastic stiffness of nanocomposites using the Mori-Tanaka

method, 2015. https://doi.org/9788246425559.

A. Dufresne, Nanocellulose: a new ageless bionanomaterial, Mater. Today. 16 (2013) 220—

227. https://doi.org/https://doi.org/10.1016/j.mattod.2013.06.004.

J.C.H. Affdl, J.L. Kardos, The Halpin-Tsai equations: A review, Polym. Eng. Sci. 16 (1976)

344-352. https://doi.org/10.1002/pen.760160512.

Y. Peng, D.J. Gardner, Y. Han, Characterization of mechanical and morphological
properties of cellulose reinforced polyamide 6 composites, Cellulose. 22 (2015) 3199-3215.

https://doi.org/10.1007/s10570-015-0723-y.

C.L. Morelli, N. Belgacem, R.E.S. Bretas, J. Bras, Melt extruded nanocomposites of
polybutylene adipate-co-terephthalate (PBAT) with phenylbutyl isocyanate modified

cellulose nanocrystals, J. Appl. Polym. Sci. 133 (2016). https://doi.org/10.1002/app.43678.

T. Glaskova, M. Zarrelli, A. Borisova, K. Timchenko, A. Aniskevich, M. Giordano, Method
of quantitative analysis of filler dispersion in composite systems with spherical inclusions,
Compos. Sci. Technol. 71 (2011) 1543-1549.

https://doi.org/https://doi.org/10.1016/j.compscitech.2011.06.009.

H.S. Khare, D.L. Burris, A quantitative method for measuring nanocomposite dispersion,
Polymer (Guildf). 51 (2010) 719-729.

https://doi.org/https://doi.org/10.1016/j.polymer.2009.12.031.

Z.P. Luo, J.H. Koo, Quantitative study of the dispersion degree in carbon nanofiber/polymer

and carbon nanotube/polymer nanocomposites, Mater. Lett. 62 (2008) 3493-3496.

99



[57]

[58]

[59]

https://doi.org/https://doi.org/10.1016/j.matlet.2008.03.010.

L. Hui, R.C. Smith, X. Wang, J.K. Nelson, L.S. Schadler, Quantification of Particulate
Mixing in Nanocomposites, in: 2008 Annu. Rep. Conf. Electr. Insul. Dielectr. Phenom.,

2008: pp. 317-320. https://doi.org/10.1109/CEIDP.2008.4772831.

A. Golbang, M.H.N. Famili, M.M.M. Shirvan, A method for quantitative characterization
of agglomeration degree in nanocomposites, Compos. Sci. Technol. 145 (2017) 181-186.

https://doi.org/10.1016/j.compscitech.2017.04.013.

J. Liu, Y. Gao, D. Cao, L. Zhang, Z. Guo, Nanoparticle Dispersion and Aggregation in
Polymer Nanocomposites: Insights from Molecular Dynamics Simulation, Langmuir. 27

(2011) 7926-7933. https://doi.org/10.1021/1a201073m.

100



Chapter 4

Towards Filamentless Extrusion-Based Additive
Manufacturing of Nanocomposites: Cellulose

Nanocrystals Reinforced Polyamide 12

4.1 Introduction

The enhancement of nanocomposites’ mechanical properties is usually amplified with
homogeneously dispersed nanoparticles [1—4]. Obtaining homogeneously dispersed nanoparticles
is challenging due to nanoparticles’ strong interactive forces and their incompatibility with matrix
materials [5,6]. In addition to the chemical interaction, polymer viscosity limits the movements of
particles and leads to agglomeration [7-9]. A chemical modification or a good degree of mixing

is a crucial step to disperse particles homogeneously [10-12].

Researchers have modified nanoparticles chemically [13][14] or used various mixing systems [7,8]
to obtain better nanoparticle dispersion. For example, Fortunati et. al.[14] used an acid phosphate
ester of ethoxylated nonylphenol for cellulose nanocrystals (CNC) modification and showed that
the modification improved the dispersion of CNC and the mechanical properties of
poly(butylene/triethylene succinate). Boran et. al. [9] compared different mixing methods for melt
blending of microcrystalline cellulose in a polyethylene matrix. They noted that single screw

extruder and twin screw extrude have poor dispersive mixing capability unless they are equipped

101



with mixing elements such as include kneading disks. External flow mixer resulted in the best
flexural properties [9]. Although the mixing methods have been improved with process
optimization, surface modification and mixing elements, these traditional methods usually require

high volume of material.

Small lab-scale devices have been developed for nanocomposite production where only small
amounts of material are available at the research level. These lab-scale mixers usually operate with
materials amount of fewer than 0.5 grams [15]. Some devices such as cup and rotor batch mixers
only provide shear flow and even after long mixing times, their mixing efficiency is low [15].
Internal batch mixer and recirculating conical twin-screw extruders are introduced to offer better
mixing technologies [15][7]; however, when the volume of the material is less than the required,

well mixing is not obtained[15].

Solvent-based methods, such as casting, and spin coating are reported to provide better mechanical
properties compared to extrusion and moulding techniques [16][17]. Low viscosity and slow
evaporation of solvent allow nanoparticles to rearrange in polymer matrices which results in better
mechanical properties [17]. Although solvent-based processes provide better mechanical
properties, they are usually limited to two-dimensional shapes and a low number of applications.
Further, some research-level nanocomposite applications such as patient-specific biomedical [18]
or robotic load-bearing parts [19] require prototyping and 3-dimensional shapes. Thus, a new
method is required for cutting-edge nanocomposite research where the amount of material is

limited, and 3-dimensional customized parts are needed.

This study introduces an innovative nanocomposite preparation method that can be used in the
direct 3D printing method without using a filament. This method involves solvent and melt mixing

methods to obtain well-dispersed melt-formed nanocomposites. The method was validated with
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cellulose nanocrystals (CNC) reinforced polyamide 12 (PA12). CNC is a promising biodegradable
reinforcing agent [20,21] and PA12 is a robust engineer polymer that has a polar and apolar
characteristics due to its amide group and long carbon chain [22,23]. These characteristics can lead
to a well-dispersed CNC reinforced PA12 and various possible applications. Detailed material
characterization was performed to show the feasibility of the method and the effect of CNC on
crystal structure and mechanical properties of PA12. We also verify a previously developed model
based on transmission electron microscopy (TEM) images and show its potential for other
nanocomposite applications. The elastic modulus of nanocomposites is reported and compared
with this previously developed 3-phase Mori-Tanaka model. Extensive image analysis is

performed on TEM images to assess CNC orientation, agglomeration, and model application.

4.2 Experimental

4.1.1 Materials

Cellulose nanocrystals (CNC) was purchased as a spray-dried product from Celluforce and
produced via traditional 64 w% sulfuric acid hydrolysis of wood pulp [24]. Extrusion grade
polyamide 12 (PA12) pellets under the Rilsamid AESNO MED product name were obtained from
Arkema Inc. The chemical name of the PA12 was provided in the technical data sheet as
Azacyclotridenecan-2-one, and its melting point/range (Tm) was reported as 160 — 175 °C.
Although the chemical formula of PA12 was not explicitly given in the technical data sheet, its
IUPAC name Poly(dodecano-12-lactam) and chemical formula (C12H23NO), are well-known as it
is a member of the Nylon family. Liquid formic Acid, CH202, (98+% pure) was purchased from
ACROS Organics through Fisher Scientific supplier. Black and Decker commercial coffee grander

and silicone baking mat were used for powder preparation. Lastly, the V4 pellet extruder head
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(direct-print head) was purchased from Mahor XYZ Industrial Additive Manufacturing and was

adapted and modified for this study.

4.1.2 Preparation of CNC/PA12 Nanocomposites

Various CNC loadings of 0 —15.0 w% in PA12 were prepared using the solvent casting method.
For each loading, 20 w/v solid to liquid ratio was followed i.e., a total of 2 grams of solid was
dissolved/dispersed in 10 ml of formic acid. Formic acid is one of the few solvents that can dissolve
polyamides and disperse CNC due to its polar nature [25]. The appropriate mass of CNC (0 — 0.20
grams) was dispersed in formic acid using Crest ultrasonic bath sonicator for 30 minutes at room
temperature. Then, PA12 pellets (1.80 — 2.00) were added into the vial accordingly. The vial was
sealed with Parafilm M PM999 tape, heated to 68 °C and stirred at 150 rpm for 6 hours on Slicogex
hotplates with aluminum quarter reaction blocks to dissolve PA12 in formic acid. The solution was
vibrated 30 seconds for every hour using a vortex mixer from Fisher Scientific to ensure that PA12
did not solidify on the top of the solution. Six vials were prepared for each loading. Once pellets
became invisible to the human eye, the solution was cast onto a silicone baking mat. The purpose
was to obtain continuous polymer ribbons to produce the CNC/PA12 powder in the next step. The
casted solution was left in the fume hood for 24 hours to make sure it was dried. Figure 4.1shows

schematics and flow of composite preparation.
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Figure 4.1. Schematics and flow of composite preparation.

The dried solid ribbons were easily removed from the mat and put into a grinder. The grinder was
run at its standard power to obtain the powder. The produced powder was dried in a vacuum oven
at 100 °C and at a pressure of 20 — 25 inHg for 24 hours to remove any remaining solvent and
moisture. The dried powder was fed into the single screw V4 pellet extruder. The extruder head
was set to the 260°. Filament samples were collected manually for every 100 mm of extruded

material.

4.1.3 Fourier-Transform Infrared Spectroscopy

Fourier-transform infrared spectroscopy (FTIR) spectra was collected using Nicolet 8700 in
absorption mode. Extruded samples were taken to the FTIR analysis to observe the effect of formic
acid on the final product. The samples were cut into 0.5 mm pieces for the analysis. A total of 32

scans were obtained per sample with a resolution of 4 cm™ (4000 — 650 cm™).

4.1.4 Differential Scanning Calorimetry

The thermal analysis of nanocomposites was conducted using the TA Q2000 DSC instrument with

a temperature precision of 0.05 °C. Approximately 5 mg of samples were loaded into a hermetic
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aluminum DSC pan. The temperature of the samples was equilibrated at 25 °C and then increased
to 225 °C with a heating rate of 10 °C/min. The temperature was kept at 225 °C isothermally for
2 minutes and then lowered to 25 °C with a cooling rate of 10 °C/min. The heating and cooling
cycles were performed under 20 mL/in nitrogen flow to prevent oxidation. The data received from
the differential scanning calorimetry (DSC) instrument was used to calculate the crystallinity of
nanocomposites. The degree of crystallinity of the polymer was calculated based on the equation
(24).

AH; 100 24
= X
100
(1— @) x AH;

Xp

where ), is the degree of crystallinity of the PA12, AH; is the heat of fusion for various
nanocomposites, AH{%® the heat of fusion for 100% crystalline PA12, and ¢ is the weight fraction

of CNC in nanocomposites. AH]}OO for fully crystalline PA12 was taken as 209.3 J/g [26][27].

4.1.5 X-ray Diffraction

X-ray diffraction analyses were performed to obtain crystallographic data of nanocomposites.
Rigaku Ultima IV instrument with Cu k. radiation X-ray source was utilized under powder
diffraction mode to conduct the analysis. The samples were cut into small pieces (approximately
2mm in length and 1 mm in diameter) to increase the chance of observing every possible
diffraction. The prepared samples were loaded to the sampler, and measurements were taken at 20

values between 10° — 40° using a 0.5 mm slit.

4.1.6 Uniaxial Tensile Test

Young's modulus, yield strength and percent elongation-at-yield of the nanocomposites were

determined using ElectroForce 3200, from TA instruments, with a 450 N capacity load cell.
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Extruded samples with approximately 1 mm diameter were cut to 100 mm in length for testing.
The two grips of the instrument covered 25 mm of the sample; thus, 75 mm of the sample (distance
between the grips) was tested and taken as the initial length for the strain calculations. The
displacement rate was 5 mm/min. The Young's modulus of nanocomposites is calculated from the
linear region of the stress-strain curve between 0.2 — 1.0% strain. Yield strength and percent
elongation-at-yield were calculated using the offset method described in ASTM D-638. A tangent
line parallel to the initial straight-line portion of the stress-strain curve was drawn from 0.2 %
elongation. The intersection of the drawn line with the stress-strain curve was located. The stress
at this intersection was reported as yield strength at 0.2% offset and percent elongation-at-yield.
The thickness of the samples was measured from 3 separate regions and then averaged for stress

calculations. At least six samples were reported for each nanocomposite concentration.

4.1.7 Transmission Electron Microscope

A transmission electron microscope (TEM) was used to examine CNC morphology before and
after formic acid. Further, the TEM was used to analyze the agglomeration and orientation of CNC
in nanocomposites. For the analysis, Philips Morgagni 268 TEM, manufactured by FEI Company,

Oregon, USA, was operated at 100 kV.

Two different protocols were followed to prepare CNC and nanocomposite samples for the TEM
analysis. In the first protocol, CNC was dispersed in deionized water at the concentration of 0.1
mg/mL and a drop of the solvent was left on a carbon-coated copper TEM grid for an hour. After
drying, the sample was stained with 4% uranyl acetate for 20 minutes and Reynold's lead citrate

for 7 minutes before TEM examination. In the second protocol, nanocomposite samples were
embedded into epoxy and waited at 70 °C for curing. Samples within the cured epoxy were

microtomed with a glass knife to get a thin section of samples (120~nm) using Reichert-Jung
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Ultracut E. The microtomed samples were double-side stained with an extra-long protocol: uranyl
acetate for 2.5 hours and lead citrate for 1 hour. The cross-sectional and longitudinal directions
were prepared for orientational analysis. All TEM images were analyzed using Fiji ImageJ and

MATLAB software.

4.1.8 Image Analysis and Model Implication

In this study, TEM images were utilized to be used as inputs for a previously developed model

[28], to predict the elastic modulus of nanocomposites.

4.1.8.1 Image Analysis

Auto local threshold and manual noise removal were performed to obtain clean black and white
images for model implication. Raw gray-scale TEM images were converted into 8-bit black and
white images using the auto local threshold option provided in Fiji Image J. In the local
thresholding method, the threshold is computed for each pixel based on the image properties of a
window around these pixels instead of a global threshold. Thus, it can be said that the local
thresholding method had advantages over the global thresholding method for low-contrast images.
There are nine different methods for local auto threshold in Fiji Image J. Out of these, the
Phansalkar method [29] and the Sauvola method [30] provided the best conversion of raw TEM
images into 8-bit images. The default values were used for method parameters, and further manual
noise removal was performed for each image. Raw TEM images and 8-bit versions of the same
images were overlaid, and unmatched pixels were removed manually. After the cleaning process,
the pixel size in nanometers was measured using the Fiji Image J software for further image

analysis. The flow chart of the image processing for model implication is outlined in Figure 4.2.
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I

Apply 3-phase Mori-Tanaka

Figure 4.2. Flow chart of the image processing for model implication.

Cleaned 8-bit TEM images were processed in four main steps to complete model application. First,
each TEM image was cropped from the bottom by 70-pixel x 1081-pixel to remove the scale bar.
Second, fibers were connected based on the closest distance between them. If the closest distance
was shorter than the "critical distance" defined in the study [28], the fibers were considered
connected/agglomerated fibers. In the second step, the matrix that remained between agglomerated
fibers was also considered to belong to the agglomerated region. Third, each agglomerate was
analyzed separately to calculate fiber and matrix concentration within agglomerates. In this
analysis, each agglomerate's orientation, aspect ratio, and diameter were also recorded. Fourth,
free fiber (non-agglomerated) fibers were detected based on the expected maximum area of a single
CNC. This image analysis gave us data about the total agglomerate area, fiber area, matrix area,
fiber and matrix area within the agglomerates, and orientation and aspect ratio of fibers and

agglomerates.
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4.1.8.2 Model Application

The model includes six main steps to predict the elastic modulus of nanocomposites, as given in
Figure 4.3. First, fibers are dispersed in a computational setting. Second, agglomerated particles
are detected using a machine learning method. Third, detected agglomerated regions are averaged
based on their volume fraction and fiber concentrations. Fourth, the elastic modulus of the
averaged agglomerates is calculated with the Reuss model. Fifth, since the properties of the
averaged agglomerate and volume fraction of each constituent are known, a three-phase Mori-
Tanaka model is applied to calculate the elastic modulus of nanocomposites. Six, the first five
steps are repeated a hundred times to obtain statistically meaningful data. In this study, we applied
steps two to five of the previously developed model to predict the elastic modulus of the
nanocomposites. In this study steps, 2-5 was used because the first step was not necessary as TEM
images already provide us with the location of fibers and the sixth step was not possible as taking
a hundred TEM images from various fiber loadings would be challenging and time-consuming.
Instead of a hundred images, three images were collected and processed for 1.0, 2.5, 5.0,10, and

15.0 w% CNC/PA12 nanocomposites.
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Figure 4.3. Flow chart for the previously developed model.

Based on the data retrieved from image analysis, 3-phase Mori-Tanaka, involving free fiber,
agglomerate and matrix phases, was applied to calculate the elastic modulus of nanocomposites.
For the 3-phase Mori-Tanaka model, we need the following information about each phase: the
volume fractions, the elastic properties, the orientation, and the aspect ratio. The volume fraction
of each constituent was found by dividing known areas by the total area of the TEM images. Fiber
fractions within agglomerates were averaged and used in the Reuss model to find the elastic
properties of agglomerates. The orientation of agglomerates and fibers was found using the
MATLAB image toolbox. The MATLAB code treats each agglomerate and fibers as an ellipse,
and the orientation is calculated based on their major and minor axes. The aspect ratio of
agglomerates was calculated by dividing the major axis length by the minor axis length of these

ellipses.
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4.3 Results & Discussion

4.1.9 Morphology of Nanocomposites

The nanocomposites that were produced from the print head was tested to understand reinforcing
efficiency of CNC in PA12. Since the print head was attached to an aluminium frame and no 3D
printing was performed, extrudate nanocomposites were obtained in filament form. The photos of
the nanocomposite extrudate production steps, including solvent and melt mixing, are displayed

in Figure 4.4.

! ,IBJii ,_Hopper | .
L -

Barrel

Cooling
fan

(d) (e) Q)

Figure 4.4. Preparation of CNC/PA12 Nanocomposites until the
extrusion step, CNC and PA12 dissolution (a), solvent casted
material (b), obtained powder (c), powder feeding (d), mini

extruder (e), and extrudate ().
The first mixing stage includes mixing CNC and PA12 in formic acid. Figure 4.4-(a) shows a vial
containing 1.0 w% CNC-PA12 dissolved in formic acid. It is important to note that CNC was

added into formic acid and dissolved before adding PA12 first; reversing the order of CNC and
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PA12 addition thickens the solvent and makes CNC dissolution challenging. The solvent was
heated to 68 °C to dissolve PA12 because PA12 could not be dissolved at room temperature. The
viscous solvent was cast on a silicon mat. The dried material was brittle and bright white. Figure
4.4-(b) shows 24-hour dried solvent mixed and cast 1.0 w% CNC-PA12 material. The dried
material was ground and fed into the extruder. Figure 4.4-(c) shows the powder form of 1.0 w%
CNC-PA12 material. Figure 4.4-(d) the powder within the hopper. The second mixing stage
involves powder feeding and melt mixing/extruding. Figure 4.4-(e) exhibits the single screw small
extruder that can be used to produce filament or print 3-dimensional shapes if adopted to a 3D
printer. The cooling fan, shown in Figure 4.4-(e), is an essential part of this system as it helps to
obtain consistent extrudate. Figure 4.4-(f) shows 1.0 w% CNC-PA12 extrudate produced by the

solvent and the melt mixing process.

4.1.10 Fourier-Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) was used to observe whether there is any effect of
formic acid on the PA12 extrudates. Two different PA12 extrudates were produced from PA12
pellets and PA12 powder. The PA12 powder was obtained through a solvent process described in
section 4.1.9. Thus, the effect of formic acid can be observed in the PA12 extrudate produced from
powder. The Fourier transform infrared spectroscopy (FTIR) absorption spectra of PA12

extrudates obtained from the pellets and powder are exhibited in Figure 4.5.
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Figure 4.5. FTIR analysis of filaments after the extrusion of powder and pellet PA12.

The PA12 FTIR spectra for both cases are consistent with the data in the literature [22,31][27].
The absorption band at 3290 cm™ is associated with N-H stretching vibration, and the band at 3094
cm’! belongs to Fermi resonance of the v (N-H) stretching. The pair of bands at 2910 cm™ and
2850 cm’' are assigned the symmetric and asymmetric ~CHo— stretching vibrations. The
characteristic bands for amides, Amide-I and Amide-II, correspond to 1638 and 1561 cm™'. Amide
bands as hydrogen-bonded N-H stretching vibrations, Amide-I and Amide-1I modes can be treated
as the reference. Since the intensity ratios and the position of the bands are almost the same, it can

be concluded that formic acid has no effect on the chemistry of PA12.

4.1.11 Crystal Structure of Nanocomposites

X-ray diffraction (XRD) patterns of nanocomposites at different CNC loadings, neat PA12 pellets
and solvent cast PA12 are demonstrated in Figure 4.6. Various crystalline polymorphs have been
identified for polyamides. However, the two major crystalline structures are the y and o forms, and
others can be considered variants of these structures [32]. PA12 has two main crystal structures
similar to the polyamide family: the y and a phases. The y phase has a hexagonal structure and

shows one strong reflection with d-spacing at about 0.42 nm [33]. The a phase has a monoclinic
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structure and demonstrates two peaks corresponding to the d-spacing at 0.37 and 0.44 nm [33].
Whereas in the short-chain polyamides, such as PA4 and PA6, the a phase is more stable and
cannot be converted into the y phase by annealing [33][34], for PA12, the y phase is more stable
[33][35]. Although the y phase is more stable for PA12, certain conditions, such as solvent casting,

can result in the a phase of PA12 [22].

In this study, we observe both a and y phases based on the processing conditions. The extruded
PA12 and neat PA12 pellets show a single peak that belongs to the y phase. On the other hand, the
solvent-cast PA12 powder exhibits two peaks at 19.8 and 23.2, corresponding to the a phase. As
shown in Figure 4.6, all extruded nanocomposites are formed from powder composites and show
only one peak. The extrusion process includes melting and solidification of powder. This melting
and solidification process erased the thermal/process history of PA12 powders and resulted in the
stable y phase for nanocomposites. Therefore, it can be claimed that the mechanical properties of
nanocomposites is not affected by the crystal structure of PA12 as the final crystal structure is the

Ssame.

—— 15.0% CNC-PA12 Sl +Ext
10.0w% CNC-PA12 Sal +Ext
5w CNGPATZ SolsExt
T ——T50wh CNC-PA12 Sol +Ext
2.5 w¥% CNC-PA12 Sol +Ext

—— 1.0 w¥% CNC-PA12 Sol.+Ext.

Intensity (a.u.)

—— 0.5 w¥ CNC-PA12 Sol +Ext.

—— PA12 Sol +Ext

—— PA12 Solvent Casted

—— PA12 Pellets

Figure 4.6. XRD analysis of CNC reinforced PA12.
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4.1.12 Thermal Analysis of Nanocomposites

The DSC curves of the neat PA12 pellet and the PA12 powder are given in Figure 4.7. It can be
observed that the PA12 pellet has only one endothermic melting peak; on the other hand, there are
two endothermic peaks for PA12 powder. Two peaks could indicate the existence of two solid
phases that go through the melting process or a process that includes phase transformation and
melting. Ishikawa et al. [36] observed similar two peaks in the presence of the a phase and the
mixture of the o and y phases. They noted that in the case of only the o phase, the first peak belongs
to the melting of the o phase. After the first melting point, the o phase recrystallizes to the y phase.
Thus, the second peak corresponds to the melting of the y phase. Ma et al. [22] also observed two

peaks in the DSC analysis and discussed the existence of the o and y forms of PA12.

—— PA12 Pellet

—— PA12 Powder

Exoup  Heat Flow (a.u.)

T T T T T T T T 1
40 60 80 100 120 140 160 180 200 220
Temperature (°C)

Figure 4.7. DSC curves of neat PA12 pellets and PA12 powder where powders were obtained
with the solvent casting process.
XRD results of the PA12 powder and the PA12 pellets also support the differences in the DSC
peaks given in Figure 4.7. The XRD pattern of the PA12 pellets has a single peak that belongs to
the y phase. The DSC curve of the PA12 pellets also has a single peak at 182 °C. Thus, it can be
concluded that the melting point of the y phase is measured as 182 °C. The XRD pattern of the

PA12 power shows the existence of the o phase and supports two peaks' appearance in the DSC
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curve. It is difficult to tell whether the PA12 powder has a mixture of the a and y phases or not;
however, the strong peaks from the o phase in XRD could tell that the a phase has a lower melting

point than the y phase, which can be important different material system or processing conditions.

Figure 4.8 shows the DSC curves of nanocomposite extrudates at CNC loadings between 0 —
15 w% to understand the effect of CNC on the crystallinity of matrix material. All nanocomposites
show a single peak similar to the PA12 pellet DSC curve in Figure 4.7. This similarity and XRD
results point out that the melting and solidification process results in the y phase, and CNC has

almost no effect on the crystalline type of the polymer.

. 150 wW%CNC-PA12
.\ [~——100w%CNC-PAT2
J\\-. | 7.5 wHCNC-PA12

W 5.0 W%CNC-PA12

2.5 WHCNC-PA12

- A\ [ == 1.0 whCNC-PA12

— \\| I —— 0.5 whCNC-PA12
—_— \\ - PA12 from powder

Heat Flow (a.u.)

Exo up

40 60 80 100 120 140 160 180 200 220
Temperature (°C)

Figure 4.8. DSC curves of nanocomposite filaments.

Table 4.1 shows the crystallinity percent of nanocomposite extrudates at CNC loadings of 0 —
15 w%. The crystallinity percent values were calculated from the DSC curves given in Figure 4.7
and Figure 4.8. The PA12 powder shows the highest crystallinity with 39.5 %. Its high crystallinity
lowers to 22.9 % after the extrusion process. This crystallinity change was also notable in the
material appearance. Powder PA12 and PA12 ribbon — prior to powder making process — was

brittle and bright white. On the other hand, the extrudate from powder PA12 was more ductile and
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yellowish. The colour difference between the ribbon and extrudate can be recognized in Figure
4.4-(b) and Figure 4.4-(f). The PA12 pellet shows almost the same crystallinity percent before and
after extrusion as opposed to the PA12 powder. The PA12 pellet has 25.4% crystallinity, and the

extrudate made of the PA12 pellet has 25.2 % crystallinity.

Table 4.1. Crystallinity percent of various nanocomposites and feeding materials.

Material Crystallinity percent (%)
Before After
extrusion extrusion
(pellet/powder) (Filament)

Pellet PA12 254 25.2

Powder PA12 39.5 22.9

0.5 w% CNC PA12 239

1.0 w% CNC PA12 20.7

2.5 w% CNC PA12 20.1

5.0 w% CNC PA12 20.5

7.5 w% CNC PA12 20.8

10.0 w% CNC PA12 20.4

15.0 w% CNC PA12 20.4

The effect of CNC on crystallinity can be understood when various concentrations are compared
with PA12 powder. It is seen that the PA12 powder has 22.9 % crystallinity and 1 — 15 w%
CNC/PA12 composites have 20-21 %. The DSC results suggest that CNC addition lowered the
crystallinity with a maximum change of 2%. In the literature it was shown that the addition of
CNC increased the crystallinity of polylactic acid[40][16], poly(3-hydroxybutyrate-co-3-hydroxy
valerate)[41]; however, some studies show that the addition of CNC decreased the crystallinity of
low-density polyethylene [39] or did not alter the crystallinity of polyamide 6 [42]. CNC might
have been expected to behave as a nucleating agent and increase the crystallinity of the polymer
matrix. The increased crystallinity is expected to improve the modulus of elasticity [37,38];

however, it is not the case for this study. CNC addition has lowered the crystallinity percent of the
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PA12. The lower crystallinity is expected to show “plasticizing effect” that increase yield strain

and lower the elastic modulus [39].

4.1.13 CNC Morphology and Orientation of the Composites

TEM analysis was performed to understand the effect of formic acid on the CNC morphology.
CNC was left in formic acid for 4 hours at 68 °C to mimic the solvent mixing process. Figure
4.9-(a) and (b) show the TEM images of CNC prepared from water and waited in and prepared
from the formic acid. Based on the images obtained from TEM, it can be concluded that formic
acid did not change the morphology of CNC. Many studies used formic acid as a solvent for CNC
[43]; however, TEM images ensure that formic acid at high temperature does not deteriorate CNC

morphology within 4 hours.

(a) (b)

Figure 4.9. TEM images of CNC (a) no contact with FA and (b) waited in FA for 4 hours at
68 °C.

The TEM analysis was also conducted to understand the orientation of CNC within the matrix
material. The extrudate nanocomposites at CNC loadings of 5.0 and 15.0 w% were prepared from

cross-sectional and longitudinal directions to explore the CNC orientation. Figure 4.10 shows the
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cross-sectional (a) and longitudinal (b) TEM image of 5.0 w% CNC/PA12 and the cross-sectional

(c) and longitudinal (d) TEM image of 15.0 w% CNC/PA12.

(@) (b)

() (d)

Figure 4.10. Cross-sectional (a) and longitudinal (b) TEM image of 5 w% CNC/PA12 and the
cross-sectional (c) and longitudinal (d) TEM image of 15 w% CNC/PA12.

Although the difference in the orientation of CNC between Figure 4.10-(a) and (b), and Figure
4.10-(c) and (d) can be seen qualitatively, the quantitative analysis was also performed using the
MATLAB image processing toolbox. The orientation and aspect ratio of CNC particles are given

as histograms in

120



(@)

(b)

5 w% CNC/PA12 Cross-sectional

s
5

@ w
g &

&

Number of counts
SN
o 8

S

Mild

-80 -60 -40 -20 0 20 40 60 80
Orientation angle (°)

o «

5 w% CNC/PA12 Cross-sectional

80
60
40
20
0
2 4 6 8 10

Aspect ratio

Number of counts

15 w% CNC/PA12 Cross-sectional
50 l ‘ l
0
-80 -60 -40 -20 O 20 40 60 80
Orientation angle (°)

Number of counts

15 w% CNC/PA12 C

120

120

80

60

Number of counts

40

20

Number of counts

3
8

a

Number of counts
g

5w% CNC/PA12 L itudis

80 60 -40 20 0 20 40 60 80
Orientation angle ()

5w% CNC/PA12 L

2 4 6 8 10 12 14 16
Aspect ratio

)

15 w% CNC/PA12 L

"

-80 -60 -40 -20 o 20 40 60 80
Orientation angle ()

15 w% CNC/PA12 L

=]
3

@
3

Number of counts
s o
& 3

Number of counts

N
S

o

200
150
100
50
0
2 4 6 8 2 4 6 8 10 12 14

Aspect ratio Aspect Ratio

(M )

Figure 4.11. Histograms of cross-sectional (I) and longitudinal (II) aspect ratio and orientation of
fibers for TEM image of 5 w% (a) and 15 w% CNC/PA12 (b).

Figure 4.11-columns (I) and (II) should be compared to understand the orientation and aspect ratio

of CNC fibers with respect to cross-sectional and longitudinal views. The orientation distribution
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of the cross-sectional view, given in Figure 4.11-(a)-column (I), is much more uniform than the
orientation distribution of the longitudinal view, presented in Figure 4.11-(a)-column (II). This
uniformity is a sign of a randomly orientated case for a cross-sectional view. On the other hand,
the non-uniform distribution of the longitudinal view is a sign of alignment. Another indicator of
fiber alignment in the extrusion direction is the aspect ratio difference between the cross-sectional
and longitudinal TEM images. The aspect ratio distribution of the longitudinal view, given in
Figure 4.11-(a)-column (II), has aspect ratio values up to 15, whereas the aspect ratio distribution
of the cross-sectional view, given in Figure 4.11-(a)-column (I), has aspect ratio values up to 11.
The aspect ratio distribution of the longitudinal view seems as if it is the right-shifted version of
the aspect ratio histogram of the cross-sectional view. Thus, it can be concluded that both the

aspect ratio and orientation distributions for 5.0 w% illustrate the alignment tendency of CNC.

The aspect ratio and orientation histograms of 15.0 w% CNC/PA12 have similar trends with 5.0
w% CNC/PA12. Uneven distribution of orientation angle for 15.0 w% CNC/PA12 longitudinal
view compared to cross-sectional view, given in Figure 4.11-(b) columns (II) and (I), proves the
alignment of CNC in the extrusion direction. Another argument that supports the alignment of
fibers is the difference between aspect ratios. The maximum aspect ratio is 15 for 15.0 w%
CNC/PA12 longitudinal view, whereas 9 for 15.0 w% CNC/PA12 cross-sectional view. Although
we cannot tell that there is a perfect alignment in the extrusion direction, qualitatively and
quantitively, it can be claimed that CNC fibers are aligned. It should be noted that because
extrudates were embedded into epoxy and only ~120 nm thickness of the sample is sectioned, it

cannot be proposed that cross-sectional and longitudinal views are perfectly sectioned.
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4.1.14 Mechanical Results

The extrudate nanocomposites with average diameter of 1.06 mm (StDev=* 0.09) were tested

uniaxially. A photo of a tested sample and a representative stress-strain curve of each CNC loading

are given in Figure 4.12-(a) and (b), respectively. Figure 4.12-(b) exhibits the typical behaviour of

semicrystalline thermoplastics material. The tested samples either failed close to the middle point,

similar to Figure 4.12-(a) or did not break. Maximum elongation was limited to 12 mm due to

machine limitation, and because gauge distance was taken as 75 mm, the maximum strain was

measured as 0.16 mm/mm.

Stress [MPa]

(2)

50

40 -

= = 0.5w% CNC-PA12
1.0 w% CNC-PA12
—--—-2.5 w% CNC-PA12
—-—-5.0 w% CNC-PA12
~-=-7.5 w% CNC-PA12
—-—-10.0 w% CNC-PA12

—-=-15.0 w% CNC-PA12

0.05 0.1 0.15
Strain [mm/mm]
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Figure 4.12. Tensile test photo (a) and representative stress vs strain curves (b).

Figure 4.13 shows the elastic modulus, yield strength and percent elongation-at-yield of

nanocomposites. As shown in Figure 4.13-(a) and (b), the trends of the elastic modulus and yield

strength are similar. Both the elastic modulus and yield strength values increase up to 10.0 w%

CNC with decreasing pace, and they drop at 15.0 w% CNC loading. An increase in the elastic
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modulus and yield strength shows that CNC act as a reinforcement in PA12. Percent elongation at
yield, on the other hand, shows a constant decrease as CNC loading increases in the composite.
Maximum percent elongation-at-yield is observed in pure PA12 extrudate, and the minimum
percent elongation-at-yield is observed at 15.0 w% CNC loadings.
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Figure 4.13. Elastic modulus (a), tensile strength (b) and elongation at yield (c) vs CNC w% in
PA12.

The statistical analysis of the elastic modulus of nanocomposites at CNC loading between 0 —15

w% is given in the second column of Table 4.2. The average elastic modulus of the neat PA12
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extrudate was calculated as 900.9 MPa (StDev = + 233.9 MPa). The neat PA12 has the lowest
elastic modulus among the nanocomposites at CNC loadings between 0 —15 w%. The addition of
0.5 w% increased the elastic modulus of neat PA12 to 1061.9 MPa (StDev =+ 58.2 MPa), 18 %
increase on average. The enhancement in elastic modulus is carried on for 1.0 and 2.5 w%
CNC/PAI12. The average elastic modulus of 1.0 and 2.5 w% CNC/PA12 was measured as 1210.8
MPa and 1327.7 MPa, respectively. Although the average elastic modulus of 2.5 w% CNC/PA12
is higher than 1.0 w% CNC/PA12, the difference is not significantly important. The elastic
modulus of 5.0 w% CNC/PA12 was measured as 1540.0 MPa (StDev = + 233.9 MPa),
significantly higher than the elastic modulus of 2.5 w% CNC/PA12. The addition of 5 w% CNC
in elastic modulus increases the elastic modulus of neat PA12 by 71 %. Although the elastic
modulus of 7.5 w% CNC/PA12 is higher than the elastic modulus of 5.0, they are statistically
equivalent at p<0.005, denoted with lower case b in Table 4.2. The highest elastic modulus was
obtained with 10.0 w% CNC/PA12; it was measured as 1726.7 MPa (+ 77.0 MPa), a 92% increase
with respect to neat PA12 extrudate. 15.0 w% CNC/PA12 resulted in a lower elastic modulus than
10.0 w% CNC/PA12. Rahimi and Otaigbe also observed the highest elastic modulus at 10.0 w%
CNC loading and reported that 20.0 2% CNC loading was detrimental to the mechanical properties

of nanocomposites.

Table 4.2. The statistical analysis of the mechanical properties of nanocomposites

_ ‘ Yield Strength (MPa)  Elongation-at-Yield
CNC w% in PA12  Elastic Modulus (MPa)

(%)
0 900.9+17.2¢ 17.7+1.1¢ 2.12+0.29%
0.5 1061.9+58.24 19.8+1.0¢ 2.08+0.16%
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1.0 1210.8 £98.2°¢ 22.6£1.8° 2.06+0.09?

2.5 1327.7+95.0° 24.6%3.0% 2.04+0.14°
5.0 1540.0£34.0° 27.6£1.0° 1.99+0.08?
7.5 1620.1£96.0° 28.3+0.8° 1.98+0.13%
10.0 1726.7+77.0* 28.5+1.4° 1.80+0.06"
15.0 1579.2+131.2° 25.542.0 1.77+0.08°

The superscripts (a,b,c,d, and ¢) demonstrate the statistically significant differences (p<0.005),
as determined via one-way ANOVA analysis and two tail T-test. The superscripts are ordered
alphabetically, and the largest mean comes first in the alphabet. Yield strength and percent

elongation-at-yield were determined at 0.2 % offset.

The statistical analysis of the yield strength of nanocomposites at CNC loading between 0 —15 w%
is also shown in the third column of Table 4.2. The yield strength was determined at 0.2 % offset
elongation. The lowest yield strength is observed in neat PA12 extrudates with 17.7 MPa (StDev
=+1.1 MPa). The addition of 0.5 w% CNC increases the yield strength significantly to 19.8 MPa
(StDev =+£1.0 MPa). The average yield strength increases up to 10.0 w% and reaches its maximum
value of 28.5 MPa (StDev = +1.4 MPa). The total increase in the yield strength from 0 to 10.0 w%
corresponds to 61.0 %. Although the maximum yield strength is observed at 10.0 w%, there is no
significant difference in yield strengths at 5.0, 7.5, and 10.0 w% CNC loadings. The yield strength
for the CNC loading of 15.0 w% composites is lower than the yield strength of 10.0 w% CNC

loading by 10.5%.

The elastic modulus and yield strength improvement are primarily due to the load transfer from

the matrix to the nanoparticle and the low polymer chain mobility. Uniform dispersion and non-
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agglomerated particles provide the highest efficiency for load transfer as they increase the surface-
to-volume ratio and polymer particle interaction regions. Further, the existence of nanoparticles
restrains the polymer chain movement and lowers the plasticity of the polymer matrix. Non-
uniform dispersion and agglomerated particles, on the other hand, would decrease the efficiency
of load transfer from matrix to particles. Higher particle loadings than an optimal point become
detrimental to nanocomposites' elastic modulus and yield strength, which is a clue of
agglomeration. This negative effect is observed at 15.0 w% CNC/PA12 in this study. CNC loading
of 15.0 w% for observing the adverse impact is high compared to existing literature. Wu et al. [44]
observed that the yield strength of nanocomposites starts to decrease at 3.0 w% CNC in
poly(butylene succinate). Marmir et al. [41] observed a decrease in the yield strength after 2.0 w%
CNC. Gwon et al. [45] reported a reduction in elastic modulus and yield strength after 5.0 w%
CNC in polypropylene. Obtaining high mechanical properties at high CNC loadings in this study

demonstrates the production method's exceptional benefits.

Percent elongation-at-yield has a different behaviour than the nanocomposites' elastic modulus and
yield strength. It decreases with increasing CNC loading as opposed to the increase of the elastic
modulus and yield strength. The elongation-at-break values of nanocomposites are given in the
fourth column of Table 4.2. The neat PA12 extrudate has the highest value of percent elongation-
at-yield with 2.12 % (StDev = £0.29 %). Although the average elongation-at-yield constantly
decreases, elongation-at-yield at 0, 0.5.1.0, 2.5, 5.0, and 7.5 w% CNC loadings are statistically
equivalent. CNC loading of 15.0 w% has the minimum elongation-at-break value of 1.77 % (StDev
==+0.08 %). It is seen that 15.0 w% CNC decreased in elongation-at-break by 16.5 % with respect
to neat PA12. Increasing CNC loading is expected to lower the chain movement and make the

polymer stiffer and more brittle. We see that in the trend of elongation-at-yield. Further,
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agglomeration of CNC could behave as stress concentration points. These stress concentration
points lead to the early yielding of the polymer matrix. Many studies [46][47][48] suggest similar

trends for elongation-at-yield or elongation-at-break.

4.1.15 Model Implication based on TEM Images

A previously developed analytical model was based on synthetically developed fiber dispersion
and application of 3-phase Mori-Tanaka (free fiber, agglomerate, and matrix phases). In this study,
instead of synthetic fiber dispersion, three TEM images from five different CNC loadings (1.0,
2.5, 5.0, 10.0, and 15.0 w% CNC/PA12) were processed, and fractions of each phase were
determined. Figure 4.14 shows TEM images at CNC loadings of 1.0 w% (a), 2.5 w%, (b) 5.0%
(c), 10.0 w% (d) and 15.0 w% (e). Light gray colour in TEM images corresponds to the matrix
material, and dark gray/black colour corresponds to the CNC fibers as they were stained. The black
regions at higher concentrations, e.g., 10 w% CNC/PA12 are more obvious than low ones, e.g.,
1.0 w% CNC/PA12. This appearance difference is not only due to the higher CNC loading but
also due to the particle agglomeration. The agglomeration can be understood from the size of black
particles. The black regions in the TEM images of 15.0 w% CNC/PA12 are bigger than the black
regions in 1.0 w% TEM images, which gives clues about the agglomeration of CNC in
nanocomposites. The process of retrieving necessary data for model implication was completed

via image analysis described in Section 0.
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Figure 4.14. The raw TEM images at CNC loadings of 1.0 w% (a), 2.5 w% (b), 5.0% (c), 10.0

w% (d) and 15.0 w% (e). These images were processed for model implication.

Figure 4.15 shows the image processing results for a TEM image of 5.0 % CNC/PA12. Figure
4.15-(a) demonstrates the raw TEM image of 5.0 w% CNC loading in the PA12 matrix. The image

is in gray-scale and has bright white regions from thin matrix areas and dark fiber-regions from
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CNC. This image needs to be converted into a black and white image for detailed analysis. Figure
4.15-(b) shows the TEM image's cropped, black and white version. The black spots in Figure 4.15-
(a) seem white, and the rest of the TEM image in Figure 14-(a) appears black. In the next step,
agglomerated fibers are detected based on the critical distance. When the distance between the
closest fibers is shorter than a CNC's diameter, they are counted as connected/agglomerated fibers.
The matrix between these fibers is also considered to belong to the agglomerated region. Figure
4.15-(c) shows agglomerated regions and free fibers in black and white colours. Fibers with a
smaller size than the maximum size of CNC are thought to be free fiber. The free fibers were
removed from Figure 4.15-(c) to observe agglomerated regions without free fibers. Figure 4.15-
(d) shows agglomerated regions without free fibers. Figure 4.15-(e) shows the coloured version of
Figure 4.15-(c) to understand the agglomerate detection system better. Agglomerated regions
belonging to the same agglomerate are painted in the same colour. We also need to know the fiber
concentration in each agglomerate. Thus, fibers within agglomerates are extracted and shown in

Figure 4.15-(f). This image analysis was performed for each image that is given in Figure 4.14.

(2) (b)
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09

Figure 4.15. Step by step Image processing results of 5.0 w% CNC/PA12 for model

implication.

The data extracted from image analysis was used to predict the elastic modulus of nanocomposites.
Because there were three images for each CNC loading, we predicted three elastic moduli for each
CNC loading. The predictions and the experimental results of each CNC loading are displayed in
Figure 4.16. Figure 4.16 also has one TEM image from each CNC loading for the reader to relate
images with the experimental results. The model predictions track the experimental results
relatively well. Except for 10.0 w% CNC loading, two out of three predictions match the
experimental results and one out of three is close to the experimental results. The average

prediction for 10.0 w% CNC loading is off approximately by 20% of the experimental results.
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Figure 4.16. Model predictions and experimental results along with TEM images of certain

CNC loadings.

The discrepancies between model predictions and the experimental results can be due to the low
number of images. We only processed three images for each loading due to difficulties in TEM
sample preparation and assumed that TEM images were representative. The higher number of
images would provide a better picture of the dispersion state and predictions closer to the
experimental outputs. Further, image processing brings inevitable data loss while converting raw
images to black and white. This data loss is mostly due to the high local differences in brightness
and contracts, auto local threshold algorithm and manual data cleaning. These variances result in

discrepancies between model predictions and the experimental results.

Another reason for differences between predictions and experimental results could be related to
geometrical assumptions and image processing. We assumed that the size and orientation of fibers
were uniform, but in reality, these are found in distribution form. The size and orientation

distribution could be incorporated into the model for a better prediction. It is important to note that
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these distributions are not easy to obtain for every nanocomposite system, and assumptions might

be needed.

The model can be applied to various nanocomposite systems to predict their elastic modulus.
TEM/SEM images or the dispersion state of particles in a matrix are required to obtain reliable
outcomes. Agglomerates’ effects on nanocomposite’s elastic modulus can be captured with this

model for high particle loadings.

4.4 Conclusion

In this study, we explored an innovative production method that possibly eliminates filament
production step for extrusion-based 3D printing and provide well-dispersed nanoparticles in
polymer matrices. In this method, first the solvent mixing, and then the melt mixing were
performed, and a small pellet extruder designed as a 3D printer head was used to reinforce a

polymer with nanoparticles.

The proposed production method was studied by investigating the effects of CNC on the
mechanical and crystallographic properties of PA12. PA12 extrudates at CNC loading of 0 — 15
w% were uniaxially pulled for mechanical testing. The elastic modulus and yield strength of
nanocomposites increased with increasing the CNC loading up to a certain point and then
decreased. The elastic modulus and yield strength were increased with respect to the neat PA12 by
90% and 61% respectively with the addition of 10 w% CNC. Percent elongation-at-yield showed
a different behaviour than the trend of the elastic modulus and yield strength, and it is constantly
decreased with increasing CNC loading. It is shown that while the addition of CNC strongly

changed the mechanical properties of nanocomposites, it did not have a strong impact on the
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crystallinity of PA12. Therefore, it can be concluded that CNC is the solely contributor to the

mechanical properties of the PA12.

Detailed TEM analysis was performed to apply a previously developed model. The model was
developed to predict the elastic modulus of nanocomposites based on synthetically dispersed
particles in a computer setting. In this study, instead of synthetic dispersion, TEM images were
processed to predict the elastic modulus of the nanocomposites CNC/PA 12 nanocomposites. The
data retrieved from images were incorporated into the 3-phase Mori-Tanaka model. The

predictions showed good agreement with the experimental results.

This work introduces a significant method in the development of novel 3D nanocomposite
production method, highlights the reinforcing potential of CNC for PA12, and verifies a
previously developed model. The proposed production method can be used with different polymer
matrices and modified for extrusion-based additive manufacturing e.g., direct 3D printing, where

no filament production is needed.
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Chapter 5

A Study on Filamentless Extrusion-Based Additive
Manufacturing of Cellulose Nanocrystals Reinforced

Polyamide 12

5.1 Introduction

Extrusion-based additive manufacturing (EBAM) is a promising tool to produce prototypes, low-
volume end-use products and customized parts such as patient-specifical biomedical devices. It is
also one of the most used additive manufacturing methods because of its low cost and simple
operation technique. In a common EBAM process, a thermoplastic filament is fed into the heating
element and then extruded through a nozzle. The extruded material is deposited onto the heated
bed while the nozzle and/or bed move in the x-y plane and/or in the z-direction to fabricate the
parts layer-by-layer. 3-dimensional (3D) parts are formed as a result of these movements and the

deposition process.

Developing additive manufacturing technologies and the demand for multifunctional materials
inspired researchers to work on polymer nanocomposites produced by 3D printing[1,2]. For
example, Kim et. al.,[3] produced flexible piezoelectric polymer nanocomposite with BaTiO3; and
poly(vinylidene fluoride) using fused deposition modelling (FDM). They utilized solvent mixing

and filament production before FDM processes. Francis and Jain,[4], produced silicate reinforced
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acrylonitrile butadiene styrene (ABS) using FDM. They first created a master bench and then
produced filaments for better dispersion of silicate in ABS. Hunian et. al.,[5], used an aerosol-
based 3D printing method to add nano-titania into poly-lactide-co-glycolide. They noted that well-
dispersed nanoparticles showed better biological and mechanical responses than nanocomposites
with agglomerated nanoparticles. In another study, Chen et. al., [6] used FMD to create porous
polylactic acid/nano-hydroxyapatite scaffolds. They produced the filaments by melt extrusion and
then used these filaments to perform 3D printing. Well dispersed nanoparticles provided the
desired compressive strength and good biocompatibility[6]. Dul et. al., [7] 3D printed multi-wall
and single-wall carbon nanotube ABS for electromechanical devices. Before the 3D printing
process, they melt compounded carbon nanotubes with ABS using a twin-screw extruder which
provides better dispersion compared to a single screw extruder. These studies show that promising
nanocomposites can be 3D printed for various applications when good dispersion of nanoparticles

in polymer matrices is obtained.

Many researchers mix nanoparticles with polymers during filaments production for extrusion-
based 3D printing [4,8—13], at the same time, they also try to maximize nanoparticle dispersion in
the polymer matrix [4,8—13]. Melt mixing leads to inevitable nanoparticle agglomeration due to
nanoparticles' interactive forces[14—18] and the high viscosity of the polymer [19-22]. Thus,
filament production with melt mixing is difficult to obtain well-dispersed nanoparticles unless a
special mixing element is used. Further, the requirement of filament production challenges the
research where only a small amount of reinforcing agent or polymer is available. Therefore, these
studies point out the need for a new production method that can provide well-dispersed

nanoparticles and eliminate filament use.
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In this study, we demonstrate an innovative direct 3D printing method to produce nanocomposites.
The method includes solvent mixing and the melt extrusion of powder/pellets. This method
eliminates the need of forming and using a filament and provides flexibility to adjust reinforcement
volume fraction easily. The feasibility of the method was studied with bio-based cellulose
nanocrystals (CNC) reinforced polyamide 12 (PA12) nanocomposites. To the authors’ best
knowledge, PA12 is 3D printed with CNC for the first time. The effect of CNC loading on the
mechanical properties of PA12 is also reported. While this study cultivates scalable and adjustable
3D printing applications for CNC and PA12 nanocomposites, it promotes the direct printing

method for other nanocomposite systems.

5.2 Experimental Method

5.2.1 Materials

Extrusion grade PA12 was purchased in the form of pellets from Arkema Inc under the product
name of Rilsamid AESNO MED. PA12’s melting range was given as 160 — 175 °C in the technical
data sheet. Its density or molecular weight was not reported in the technical data sheet; however,
its chemical name is provided as Azacyclotridenecan-2-one. Wood pulp-derived CNC was
purchased from Celluforce in the form of a spray-dried powder. Formic acid, CH202, (98+% pure),
was obtained from ACROS Organics in liquid form. A commercial silicone baking mat and a
coffee grinder were used to prepare powders. V4 pellets extruder was purchased from Mahor XYZ
Industrial Additive Manufacturing. The pellets extruder was adapted to the ADIMLab 3D printer

to produce dumbbell specimens.
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5.2.2 Preparation of CNC/PA12 mixture

Solvent casting was used to prepare CNC/PA12 mixtures at CNC loadings of 0 — 10 w%. We
followed the 20 w/v solid to the liquid ratio for each CNC loading. CNC was dispersed in formic
acid because formic acid can dissolve both CNC and PA12. Crest ultrasonic bath sonicator was
used for 30 minutes at room temperature to disperse CNC. Once the colour of the solution was
transparent and no agglomerated CNC was seen, the PA12 pellets were added to the vial according
to the designated CNC loading level. The sealed vials were heated to 68 °C and stirred at 150 rpm
for 6 hours on Slicogex hotplates in aluminum quarter reaction blocks. The vials were vibrated
using a vortex mixer from Fisher Scientific every hour for approximately 30 seconds. It took 4-6
hours to dissolve PA12. Once PA12 pellets were invisible to the human eye, the solution was cast
onto the silicone baking mat to obtain CNC/PA12 mixture ribbons. The cast-mixture remained in

the fume hood for 24 hours for drying.

5.2.3 Direct 3D printing

Pure PA12, formic acid-treated pure PA12, and 1, 5, and 10 w% CNC loaded PA12 dog-bone
specimens were produced using the direct 3D printing method. The direct 3D printing method uses
either pellets or powder. Except for pure PA12, the dog-bone specimens were produced from
powder. For this production method, the cast CNC/PA12 mixture was removed from the silicone
mat and put into a grinder to obtain the powder form of the mixture. The powder was loaded into
a vacuum oven at 100 °C with a pressure of 20 — 25 inHg for 24 hours to remove any remaining

moisture in the powder.

The V4 pellets extruder was modified and adapted to ADIMLab 3D to produce specimens. Figure

5.1 shows the modified 3D printer. The print head of the ADIMLAB 3D printer was replaced with
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a V4 pellets extruder. Since the size of the 3D printer head and the pellets extruder were different,

the location of the printer’s control switches was changed for appropriate printing.

Temperature
controller

!: Power unit

| 24
\ gxtruder
—  Printer
bed

Printer '
controller

Figure 5.1. In-house direct extrusion-based 3D printer.

We used 3 controllers to print specimens: the controller of the extruder heating, the controller of
the extruder motor and the controller of the 3D printer. The pellets extruder could be heated and
rotated separately from than 3D printer with the in-house Arduino-based code and controllers.
Independently, movements of the 3D printer in x, y and z directions were controlled by the 3D
printer controller and the G-code generated from Ultimaker Cura software. In a typical 3D printing
process, the 3D geometry is designed using a CAD program and then moved to a 3D printing slicer
software. The slicer software, such as Ultimaker Cura and Simplify 3D, enable users to alter the
3D printing settings such as print structure, print speed, and percent fill via its slicing GUI. Once
everything is set up, the software slices the geometry and provides a G-code. In this study, G104
and G109 lines were removed manually before printing as the heating of the extruder was

controlled separately.
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Since the print head was controlled separately, a few parameters were set differently than the
default printing settings. Table 5.1 shows the changed print parameters and corresponding default

values suggested in Ultimaker Cura software.

Table 5.1. 3D printing parameters

Print Parameters Default value  Values in this study
Nozzle size 0.8 mm 1.0 mm
Layer height 0.1 mm 0.2 mm

Initial layer height 0.3 mm 0.2 mm
Wall thickness 0.8 mm 1.0 mm
Skin Overlap 5% 25 %
Infill density 20 % 100 %
Infill patter Grid Line
Infill line directions [] [0]
Infill overlap 10 25%
Build plate temperature 60 60
Print speed 60 mm/s 20.0 mm/s
Initial layer travel speed 60 mm/s 20.0 mm/s
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Brim width 8.00 mm 5.0 mm

Specimen geometry was designed according to ASTM-638 Type V specimen with 2 mm thickness.

Figure 5.2 demonstrates the isometric view of the sliced 3D printing model.

Figure 5.2. Isometric view of the sliced 3D printing model.

5.2.4 Uniaxial Testing

The dog-bone specimens were uniaxially tested according to ASTM-638 using Instron 5565
system. The grip distance was set to 25.4 mm. The speed of the test was 1 mm/min to ensure that
the specimens rupture within 0.5 to 5 minutes of testing time. Strain measurement was completed
with the Digital Image Correlation method and stress was calculated from the load data collected
from the Instron system. The load was recorded every 0.5 seconds. The recorded data was divided

by the cross-sectional area to obtain stress.

The stress-strain curves were formed to calculate the elastic modulus, 0.2% offset yield strength
and 0.2% offset yield strain of the specimens. The elastic modulus of the specimens was calculated
by dividing the stress difference by the corresponding strain difference in the linear portion of the

stress-strain curve. The stress at which the strain exceeds by 0.2% extension of the initial portion
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of the stress-strain curve was reported as the 0.2% offset yield strength. The strain corresponding

to 0.2% offset yield strength was reported as the 0.2% offset yield strain.

5.2.5 Strain Measurement-Digital Image Correlation

The strain in the specimens was measured using a 2D digital image correlation (DIC) technique.
Before uniaxial testing, the surfaces of dog-bone specimens were prepared for DIC measurement.
Figure 5.3 shows a photo of a dog-bone specimen painted for DIC measurement. The front and
back surface of the specimens was first painted black. Then, a white speckle pattern was created
on the front surface with a mixture of white paint and reducer. An airbrush at 20 mmHg pressure
was used to create this white speckle pattern. The high contrast speckle pattern is necessary for an

accurate 2D DIC strain measurement.

Figure 5.3. A dog-bone specimen was painted for DIC measurement.

Images of the dog-bone specimens were recorded at a rate of 2Hz with a high-resolution Basler
acA3800-10gm camera and Pylon camera software. The camera was equipped with Tamron AF
70-300mm £/4.0-5.6 Di LD Macro lens. Figure 5.4 shows the testing and strain measurement setup.
The light source and camera were positioned such that no shade occurred on the sample. Image
acquisition and uniaxial testing were started simultaneously to synchronize the load cell and image
acquisition data. The collected data were processed using Digital Image Correlation Engine (DICe)

to calculate strain values. We used DICe’s default settings. The analysis model was set subset-
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based full-field and the subset size was set to 33 pixels. The subset size was adjusted such that it
contained 3 speckles. Once image processing was completed with DICe, Paraview software was
used for the strain analysis. Paraview software can provide strain values of each pixel on the

images over time.

Load cell

Figure 5.4. Uniaxial testing machine with strain measurement setup.

5.3 Results and Discussion

5.3.1 Specimen Appearance

CNC reinforced PA12 specimens were produced using a novel direct extrusion-based 3D printing
method. This method involves three main steps: Solvent mixing of PA12 and CNC in formic acid,
powder making by solvent casting, and pellets extrusion with the 3D printer to obtain the dog-
bone specimens. The photos of the 3D printed CNC — PA12 specimens at CNC loading of 0 — 10

w% are given in Figure 5.5. Figure 5.5 (a) and (b) have no CNC in PA12 because two different
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pure PA12 specimens were produced as a reference point: PA12 specimens from the pellets and
PA12 specimens from powder. The process of PA12 specimens from the PA12 pellets did not
include PA12 dissolution in formic acid. The PA12 pellets were directly fed into the pellets
extruder. The process of PA12 specimens from powder, on the other hand, includes PA12
dissolution in formic acid and obtaining powder. The obtained powder, then, was fed into the

pellets extruder.

(2) (b) (©) (d) (e)

Figure 5.5. 3D printed specimens: the neat PA12 from pellets (a), the neat PA12 from powder

(b), 1.0 W% CNC-PA12 (c), 5.0 w% CNC-PA12 (d) and 10.0 w% CNC-PA12 (¢).

Specimens’ colour became gradually darker brown as the CNC loading increased from 0 to 10
w%. in PA12. Similar to our observation, the colour change was observed in CNC-PA6 and CNC-
PA12 studies[23][24]. Peng et. al.,[24], related this colour change to the degradation of CNC and

noted that this colour change is expected at high-temperature melt mixing processes of CNC.
Direct 3D printing was conducted between 260—270°C. This temperature range could seem high

for PA12 melt extrusion; however, short barrel length and time, and the presence of CNC coerce

us to increase the temperature. Higher CNC loadings needed higher processing temperature, which
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could be a reason to observe the darkest colour at 10 w% CNC. Further, degradation was also
related to the amount of CNC in the composite. As the concentration of degraded dark colour CNC
increases, overall composite colour is expected to be darker, which confirms the darkest colour of
10.0 w% CNC-PA12 specimens. Besides CNC degradation, a slight yellow effect was observed
when formic acid was involved in the process. Specimen chemistry was analyzed using the FTIR
method in a previous study and no difference was observed between neat PA12 specimens from

pellets and powder.

5.3.2 Digital Image Correlation

Digital image correlation was performed to calculate strain in the specimens. While DIC could
measure the strain at any point on the specimen surface, an average strain was computed to
determine the bulk strain measurement of the specimens and to form stress-strain curves. A similar
averaging method was used by Kier et al. [25] and Melenka and Carey [26] to determine the
effective strain of the specimens. Since strain within the gauge distance was the region of interest,
a rectangular area within the gauge distance was isolated in Paraview for the analysis. Figure 5.6
(a) shows an acquired image of a specimen to be analyzed for DIC and Figure 5.6 (b) shows the

rectangular pink region that is isolated for the averaging purpose.
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Figure 5.6. An image acquired by a high-resolution camera for DIC analysis (a) and a
screenshot from Paraview software showing the area where the averaging process was
applied (b).

While we were expecting to observe total deformation during test time, image acquisition was
stopped at the point where the paint was not able to elongate as much as the specimens did. Figure
5.7 shows a photo of a specimen during the test where paint failed to elongate and large cracks
were already formed on the paint. Since it was impossible to track speckles after the crack
formation on the paint, strain values were extrapolated from the initial deformation zone at high

deformations.
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Figure 5.7. A specimen during mechanical testing.

5.3.3 Mechanical Results

Figure 5.8 exhibits the elastic modulus, yield strength and percent elongation-at-yield of the
nanocomposites at various CNC loadings. Most specimens fractured layer by layer, thus
elongation at break and ultimate tensile strength were not reported here. The elastic modulus of
the specimens increases with increasing CNC loading. This trend in elastic modulus shows that
CNC reinforces the PA12; however, the yield strength of the nanocomposites does not show the
same trend. The yield strength increases with the addition of 1.0 w% CNC and then decreases at
5.0 and 10.0 w% CNC. As opposed to the elastic modulus and yield strength, the elongation-at-

yield constantly decreases with the addition of CNC to PA12.

We observed a similar trend in elastic modulus, yield strength and elongation-at-yield in a previous
study where filaments were produced at different CNC loadings. A drop in the yield strength was
observed at 15.0 w% in the previous study; on the other hand, the drop was observed at 5.0 w%
CNC in this study, which could be due to the faults in 3D printed specimens. Further, yield

strength and elastic modulus values of the 3D printed specimens were observed to be lower than
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filaments. This difference is again related to the low bonding quality of layers, and possible voids

between the layers.
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Figure 5.8. Bar charts of elastic modulus (a), yield strength (b) and percent elongation-at-yield.
Yield strength and percent elongation-at-yield was determined at 0.2% offset (c).

The second column of Table 5.2 shows the statistical analysis of the elastic modulus at various
CNC loading levels. The lowest elastic modulus was calculated as 897.7+236.9 MPa for the neat

PA12 produced from pellets. Interestingly, powder making process enhanced the elastic modulus
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of the neat PA12 specimens to 986.2+158.3 MPa. The improvement was amplified with the
addition of CNC. The addition of 1.0 w% CNC resulted in a 17.3 % improvement in elastic
modulus with respect to the neat PA12 produced from powder. The addition of 5 w% CNC
increased the average elastic modulus of 1.0 w% CNC-PA12 specimens by 9 %. The highest
average elastic modulus was observed at 10.0 w% CNC as 1338.9+140.4 MPa. It is 49.2 % higher
than the neat PA12 from pellets and 35.8 % higher than the neat PA12 from the powder. The
substantial increase in elastic modulus can be related to the good dispersion of CNC as a solvent
mixing process was involved in this study. Nicharat et. al. observed a similar improvement for
non-modified CNC. They also noted that improvement is much better when CNC is modified. In
their study, modification of CNC results in a higher aspect ratio, which could be the main reason

for a higher elastic modulus.

The statistical analysis of yield strength is provided in the third column of Table 5.2. The maximum
average yield strength was observed at 1.0 w% CNC; however, it was not significantly different
than the neat PA12 produced from powder. It was surprising to observe that the difference in yield
strength values was not significant as the elastic modulus of nanocomposites. In our recent study,
the trend of yield strength was similar to the trend of the elastic modulus. The main difference in
this study is that the tested specimens were 3D printed as opposed to the extrudate in the previous
study given in Chapter 4. Because the yield strength of a material can be defined as maximum
stress that can be tolerated before a permanent shape change and since 3D printed specimens are
produced layer by layer, any weak bonded layer can result in material yielding easier. Thus, the

reinforcing effect of CNC in yield strength may not be as strong as the elastic modulus.
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Table 5.2. The statistical analysis of the mechanical properties of the nanocomposites.

CNC w% in PA12 Elastic Modulus (MPa) Yield Strength (MPa) Elongation-at-Yield (%)

0 from pellets 897.7£236.94 21.7+1.2° 2.90+0.13?
0 from powder 986.2+158.3¢ 24.1£1.2° 2.51+0.11°
1.0 1157.2+73.3° 24.7+0.8% 2.37+0.10P
5.0 1276.7+96.7% 22.540.5° 1.95+0.09¢
10.0 1338.9+140.4° 22.942.0 1.94+0.21¢

The superscripts (a, b, ¢, and d) show the statistically significant differences (p<0.005), as
determined via one-factor ANOVA analysis and two tail T-test. The superscripts are ordered
alphabetically, and the largest mean comes first in the alphabet. Yield strength and percent

elongation-at-yield were determined at 0.2 % offset.

The percent elongation-at-yield decreased with increasing CNC loading in this study. The
statistical analysis of percent elongation-at-yield is shown in the fourth column of Table 5.2.The
highest elongation at break was observed for the neat PA12 and the lowest elongation at break was
observed at 10.0 w% CNC addition. The addition of CNC is expected to make the polymer stiffer.
Stiffer material would show a lower elongation at yield or elongation at break. Further, CNC
addition may worsen the adhesion of 3D printing layers which could create stress concentration

points. These points could result in early yielding points.

A previously developed model is used to predict the elastic modulus of 3D printed specimens.

Figure 5.9 shows the comparison between model predictions and experimental results. The model
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predictions were calculated in the previous study (provided in Chapter 4) based on the TEM images
of extrudates for particular CNC loading and reported here to examine the validity of the model in
the case of 3D printing. Since three images were used for each CNC loading, three predictions

were calculated for each loading.

Experimental results of 3D printed specimens are directly compared to the previous model outputs
because the mechanical behaviour of 3D printed specimens is expected to be similar to the
mechanical properties of extrudates given in the previous study (provided in Chapter 4). We
speculate that the orientation and dispersion of the particles would stay the same in the case of 3D
printing because 3D printed specimens were designed in such a way that the lines were oriented
in the [0] direction. Although the orientation and the dispersion are expected to be similar, 3D
printing specimens have inevitable defects between each layer and between printing lines. These
defects are expected to result in lower mechanical properties in the 3D printed specimens compared
to extrudates. The discrepancy between the model predictions and experimental results could be
mainly related to these defects. While predictions are close at the CNC loadings of 1.0 and 5.0
w%, the highest discrepancy was observed at 10.0 w% CNC PA12 specimens. The average model
prediction is 26% higher than the experimental results of 10.0 w% CNC PA12 nanocomposites.
This higher difference could also be related to changes in the layer adhesions due to CNC loading.
The model can be improved by incorporating the effects of layer adhesion, which might depend

on various factors including nanoparticle loadings.

158



1800

& 1600 - v
£

5 1400- v +

: +

o

<]

= 1200 *

(2]

= B Exp. Results

2 10004 v Model Pred. 1
w Model Pred. 2

W Model Pred. 3
800 -

0 2 4 6 8 10
CNC Loading [w%]

Figure 5.9. Model predictions and experimental results.

Future work is necessary to improve the mechanical properties of 3D printed specimens in this
work. This study is a proof-of-concept study showing that CNC and PA12 could be printed
efficiently using a novel 3D printing method. The method parameters could easily be optimized to
obtain better mechanical properties. For example, lowering the nozzle size and changing the infill
line directionality would decrease the defects and provide better adhesion between layers. With
studied parameters, the addition of CNC improved elastic modulus significantly; however, resulted
in a slight increase in the yield strength. Thus, the parameters and method in this study could be
used for stiffness-critical applications. Engineers should give importance to their yield strength in

their design not to allow unexpected plastic deformation in their parts.

5.4 Conclusion

Nanocomposite production using EBAM has gained significant attention due to its promising
properties of nanocomposites for customized and/or low-number high-end products, particularly

in biomedical and sensory applications. A common EBAM production uses a filament as the build
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material which can result in nanoparticle agglomeration and require a high amount of material.
These two can be challenging for advanced nanocomposite production at the lab scale. In this
study, we developed an innovative direct extrusion-based 3D printing technology that uses pellets
and/or powder as the build material. This method promotes well dispersion of nanoparticles as it
includes solvent mixing and allows researchers to work with a small amount of material for
prototyping and customized parts. Further, it gives the ability to control nanoparticle concentration

as opposed to the limited commercially available filament options.

A commercial 3D printer was customized and equipped with a pellets extruder that was run
separately using Arduino. Heating and extrusion were controlled with an in-house controller unit,
and movements in the x,y and z-direction were controlled with the commercial 3D printer and

Ultimaker cura software.

The modified 3D printer was used to explore the effects of CNC on the mechanical properties of
PA12. The dog-bone PA12 specimens at CNC loading of 0 — 10 w% were produced and pulled
uniaxially for mechanical analysis. The elastic modulus of nanocomposites was substantially
improved with 10 w% CNC addition, while the yield strength was slightly improved at 1 w% CNC.
The elongation at yield, on the other hand, decreased with increasing CNC loading. The average
elongation at a yield of 10 w% CNC-PA12 lowered by 33% with respect to the neat PA12. It is
shown that the developed technology can be used for stiffness-critical applications, but the 3D

printing parameters need to be optimized for high-strength nanocomposites.

This work introduces an innovative direct extrusion-based 3D printing application and shows for
the first time that PA12 can be 3D printed with CNC reinforcement. The printing parameters can
be optimized for better mechanical properties and the suggested technology can be improved

further for different polymer-nanoparticle systems. Lastly, this work provides a promising
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alternative for 3D nanocomposite production where the nanoparticle or polymer materials are

limited or costly for research-level studies.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

Polymer nanocomposites offer advantages over traditional composite materials as nanomaterials
could confer extraordinary properties to the polymer matrix at low concentrations. Realizing the
full potential of polymer nanocomposites requires a comprehensive understanding of
nanocomposite behaviour via predictive models. In this study, an accurate analytical model was
developed to predict the elastic modulus of polymer nanocomposites, and an innovative extrusion-
base direct 3D printing method was investigated for nanocomposite prototyping for customized
products. CNC reinforced polyamide nanocomposites were produced to verify the model and study

the feasibility of the 3D printing method.

The stiffness of polymers can be improved with the addition of nanoparticles; however, in practical
applications, this improvement does not show a linear trend, and the stiffness can decrease at
nanoparticle loadings that are higher than the optimum level. In literature, this behaviour is mostly
related to the agglomeration of nanoparticles. The existing analytical models do not account for
the agglomeration of nanoparticles or lack clear definition of the state of the agglomerated

particles. In this study, a novel approach where the three-phase Mori-Tanaka model is coupled
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with the Monte-Carlo method is applied to capture the effects of agglomeration on the elastic
modulus of nanocomposites. The three phases are agglomerate, free particles and matrix phases.
A computational environment is used to have randomly dispersed particles and define each phase
of the composite. After particles are dispersed in computational setting, in-house code uses a
machine learning method to detects agglomerated particles based on the distance between them.
The hierarchical clustering method is used, and the “critical distance” parameter is introduced to
classify agglomerated particles. This agglomerate detection system in this study is another novelty
that this thesis contributes to the literature. Once each phase is detected, the Mori-Tanaka is used
to predict elastic modulus, and the Monte-Carlo is used to obtain statistically meaningful
information. TEM analysis was performed to investigate the alignment of CNC in the matrix and
the morphology of the CNC. The collected information was implemented into the model. The
model predictions showed great agreement with experimental results compared to conventional

analytical models.

Later, a parametric study of the developed model was conducted to highlight the effect of
agglomeration and the model parameters on the elastic properties of nanocomposites. The
parameters studied in this work are the aspect ratio, critical distance, particle orientation,
agglomerate property, and dispersion state of particles. The critical distance and agglomerate
property parameters are the dominating factors for the elastic modulus of the nanocomposite,
particularly at high nanoparticle loadings. The higher critical distance parameter results in more
agglomeration and the agglomeration property prevail over nanoparticles’ contribution o the
elastic modulus of nanocomposites. It is concluded that the value of critical distance would depend
on the material system. Further, it is observed that aligned particles provide higher stiffness

compared to randomly oriented particles at any nanoparticle loading. The proposed systematic
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study exhibited the capabilities of the model to capture the elastic modulus of nanocomposites,

particularly CNC reinforced PA6 nanocomposites.

Thirdly, an innovative method toward filamentless extrusion-base additive manufacturing is
explored for nanocomposite production. The solvent mixing and casting method are combined to
obtain nanoparticles-loaded polymer powder. This powder is directly fed into a small extruder that
is designed as a 3D printing head. The feasibility of the method is studied by observing the effects
of CNC on the mechanical and crystallographic properties of PA12. While the addition of CNC
substantially increased the elastic modulus and yield strength of PA12, the crystallinity of PA12
stayed approximately around 22 %. The elastic modulus of nanocomposite at CNC loading of 10.0
w% 1s increased by 92% with respect to neat PA12. On the other hand, the elongation-at-yield is
constantly decreases and reaches its lowest point at CNC loading of 15 %. This decrease is related
to agglomerate formation based on TEM images and tt is concluded that the change in the
mechanical properties of the nanocomposites is mostly related to the presence of CNC rather than
the crystal structure of PA12 according to XRD results. Detailed TEM analysis is conducted to
incorporate the particle dispersion into the model. In-house image processing code is developed in
MATLAB to detect agglomerated regions, free particles and the matrix. The data obtained from
image analysis is used in the model to predict the elastic modulus of CNC-PA12 nanocomposites.
Excellent agreement is obtained between the predictions and the experimental results. This
agreement verifies the applicability of the proposed model. In conclusion, this part of the study
provides a great method for nanocomposite production, shows the reinforcing potential of CNC in

PA12, and verifies the model.

Lastly, an FDM printer is modified, and small pellet extruder is attached to the printer for

filamentless 3D printing. Reproducible EBAM printing. A substantial increase, 49 %, in the elastic
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modulus with respect to neat PA12 and a slight increase, 5.5 %, in the yield strength of
nanocomposites are observed at a CNC loading of 10.0 w%. The low increase in the yield strength
of nanocomposites can be related to low adhesion between printing lines or voids as they are
possible stress concentration points which leads to material deformations easier. Nevertheless, this
work showed the feasibility of the direct extrusion-based 3D printing method and the reinforcing
effect of CNC in engineering polymers particularly in PA12. The printing parameters can be

optimized, and this method can be applied to other nanocomposite systems for customized parts.

6.2 Future work

This thesis contributes to the modelling of polymer nanocomposites, the development of an
innovative 3D printing method and the characterization of CNC-Polyamide composite systems.

The recommendations for further investigation are listed below:

e The model development was performed in a 2D computational setting and the 3™
dimension of the nanofibers was included in the Mori-Tanaka model. Although an
excellent agreement between predictions and experimental results was obtained, the 3D
computational setting could be more robust for any material system.

e Aspect ratio and orientation of particles were averaged and assumed to be constant in this
work; however, they are in range and can be represented by a distribution. In the future,
the distribution of parameters could be included for more accurate model predictions.

e (Critical distance and agglomerate property are the key model parameters for an accurate
prediction. The critical distance parameter is considered to be specific to material systems
as the interaction between the nanofiller and the matrix is expected to change the critical

distance. A detailed literature survey can be conducted to find the correlation between
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critical distance parameters and material systems. There is limited knowledge of
agglomerate properties in the literature. Theoretical work on agglomeration could be
performed to understand agglomeration response under mechanical load for composites.
Particles were dispersed randomly using uniform and lognormal distribution functions to
examine their effect on agglomeration and nanocomposites’ elastic modulus. Image
analysis on TEM and SEM images that already exist in literature can be conducted and
machine learning methods can be implemented to establish a relationship between particle
dispersion and production method.

The solvent mixing and evaporation processes could be improved for better nanoparticle
dispersion. A better mixing method or different solid to solvent ratio could be studied.
The proposed 3D printing can be improved further by developing a system to recycle and
reuse the chemical solvent. Varios nanocomposite systems should be worked to validate
the feasibility of the study.

PA12 extrudates with aligned CNC reinforcement showed great improvement in
mechanical properties. The extrudates diameter of the nanocomposites was limited to 1
mm due to small extruder. Alignment of CNC in larger diameters could be challenging and
further investigation is needed to have an industry-scale application if wanted.

The yield strength of the 3D printed CNC-PA 12 specimens was not increased as expected.
The reason could be the low adhesion between layers. A method can be developed to test
layer adhesion so that printing can be improved. Another reason could be the high diameter
nozzle size and [0] print direction. These settings could have formed voids and defets in

the specimens. A further study is needed to determine the causes and fix the problems.
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e Parameters of the developed innovative 3D production method can be fine-tuned to obtain
the best mechanical results. Once all parameters are optimized, different material systems

can be used to show the feasibility of the production method for different systems.
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A. The Copyright Permission related to Chapter 1

The copyright permission for Figure 1.2 is provided in this section.
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the total amount actually paid by User for the relevant License. User assumes full liability for the actions and omissions
of its principals, employees, agents, affiliates, successors, and assigns.

12) Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS." CCC HAS THE RIGHT TO GRANT TO USER
THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL
OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT
LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL
RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS, OR OTHER
PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER
UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO
GRANT.

13) Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope
of the License set forth in the Order Confirmation and/or the Terms, shall be a material breach of such License. Any
breach not cured within 10 days of written notice thereof shall result in immediate termination of such License without
further notice. Any unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may
be liquidated by payment of the Rightshelder's ordinary license price therefor; any unauthorized (and unlicensable) use
that is not terminated immediately for any reason (including, for example, because materials containing the Work
cannot reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment
of less than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.

14) Additional Terms for Specific Products and Services. If a User is making one of the uses described in this Section
14, the additional terms and conditions apply:

a) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom
handouts). For photocopies for academic coursepacks or classroom handouts the following additional terms apply:

i) The copies and anthologies created under this License may be made and assembled by faculty members
individually or at their request by on-campus bookstores or copy centers, or by off-campus copy shops and
other similar entities.

ii) No License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of
the Work or to edit or in any other way modify the Work (except by means of deleting material immediately
preceding or following the entire portion of the Work copied) (ii) permit "publishing ventures" where any
particular anthology would be systematically marketed at multiple institutions.

iii) Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Confirmation
arising from data provided by User), any use authorized under the academic pay-per-use service is limited as
follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of
essays, poems or articles;

C) use is limited to no more than the greater of (a) 25% of the text of an issue of a journal or other periodical
or (b) two articles from such anissue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than
one institution of learning;

E) in the case of a photocopy permission, no materials may be entered into electronic memory by User
except in order to produce an identical copy of a Work before or during the academic term (or analogous
period) as to which any particular permission is granted. In the event that User shall choose to retain
materials that are the subject of a photocopy permission in electronic memory for purposes of producing
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identical copies more than one day after such retention (but still within the scope of any permission
granted), User must notify CCC of such fact in the applicable permission request and such retention shall
constitute one copy actually sold for purposes of calculating permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way
modify the Work (except by means of deleting material immediately preceding or following the entire portion
of the Work copied).

iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall
have the right to audit such books and records at any time during User's ordinary business hours, upon two
days’ prior notice. If any such audit shall determine that User shall have underpaid for, or underreported, any
photocopies sold or by three percent (3%) or more, then User shall bear all the costs of any such audit;
otherwise, CCC shall bear the costs of any such audit. Any amount determined by such audit to have been
underpaid by User shall immediately be paid to CCC by User, together with interest thereon at the rate of 10%
per annum from the date such amount was originally due. The provisions of this paragraph shall survive the
termination of this License for any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves,
learning management systems, academic institution intranets).  For uses in e-coursepacks, posts in electronic
reserves, posts in learning management systems, or posts on academic institution intranets, the following additional
terms apply:

i) The pay-per-uses subject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-based content, which
grants authorizations to import requested material in electronic format, and allows electronic access to this
material to members of a designated college or university class, under the direction of an instructor
designated by the college or university, accessible only under appropriate electronic controls (e.g.,
password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of
photographs or other still images not embedded in text, which grants not only the authorizations
described in Section 14(b)(i)(A) above, but also the following authorization: to include the requested material
in course materials for use consistent with Section 14(b)(i)(A) above, including any necessary resizing,
reformatting or modification of the resolution of such requested material (provided that such modification
does not alter the underlying editorial content or meaning of the requested material, and provided that the
resulting modified content is used solely within the scope of, and in a manner consistent with, the particular
authorization described in the Order Confirmation and the Terms), but not including any other form of
manipulation, alteration or editing of the requested material;

() Posting e-reserves, course management systems, e-coursepacks or other academic distribution for
audiovisual content, which grants not only the authorizations described in Section 14(b)(i)(A) above, but
also the following authorizations: (i) to include the requested material in course materials for use consistent
with Section 14(b)(i)(A) above; (ii) to display and perform the requested material to such members of such
class in the physical classroom or remotely by means of streaming media or other video formats; and (iii) to
"clip" or reformat the requested material for purposes of time or content management or ease of delivery,
provided that such “clipping” or reformatting does not alter the underlying editorial content or meaning of
the requested material and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular authorization described in the Order Confirmation and the Terms. Unless
expressly set forth in the relevant Order Conformation, the License does not authorize any other form of
manipulation, alteration or editing of the requested material.

ii) Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: (i) include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way modify
the Work (except by means of deleting material immediately preceding or following the entire portion of the
Work copied or, in the case of Works subject to Sections 14(b)(1)(B) or (C) above, as described in such Sections)
(i) permit "publishing ventures" where any particular course materials would be systematically marketed at
multiple institutions.
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iii) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent
contradiction in the Order Confirmation arising from data provided by User), any use authorized under the
electronic course content pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of
essays, poems or articles;

C) use is limited to not more than the greater of (a) 25% of the text of an issue of a journal or other periodical
or (b) two articles from such anissue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than
one institution of learning;

E) electronic access to material which is the subject of an electronic-use permission must be limited by
means of electronic password, student identification or other control permitting access solely to students
and instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person,
upon gaining electronic access to the material, which is the subject of a permission, shall see:

o a proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,
o astatementto the effect that such copy was made pursuant to permission,

o a statement identifying the class to which the material applies and notifying the reader that the material
has been made available electronically solely for use in the class, and

o astatement to the effect that the material may not be further distributed to any person outside the class,
whether by copying or by transmission and whether electronically or in paper form, and User must also
ensure that such cover page or other means will print out in the event that the person accessing the
material chooses to print out the material or any part thereof.

G) any permission granted shall expire at the end of the class and, absent some other form of authorization,
User is thereupon required to delete the applicable material from any electronic storage or to block
electronic access to the applicable material.

iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same
university or college class, require separate permissions under the electronic course content pay-per-use
Service. Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use
completed no later than the end of the academic term (or analogous period) as to which any particular
permission is granted.

v) Books and Records; Right to Audit. As to each permission granted under the electronic course content Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall
have the right to audit such books and records at any time during User's ordinary business hours, upon two
days' prior notice. If any such audit shall determine that User shall have underpaid for, or underreported, any
electronic copies used by three percent (3%) or more, then User shall bear all the costs of any such audit;
otherwise, CCC shall bear the costs of any such audit. Any amount determined by such audit to have been
underpaid by User shall immediately be paid to CCC by User, together with interest thereon at the rate of 10%
per annum from the date such amount was originally due. The provisions of this paragraph shall survive the
termination of this license for any reason.

c) Pay-Per-Use Permissions for Certain Reproductions (Academic photocopies for library reserves and
interlibrary lean reporting) (Non-academic internal/external business uses and commercial document
delivery). The License expressly excludes the uses listed in Section (c)(i)-(v) below (which must be subject to
separate license from the applicable Rightsholder) for: academic photocopies for library reserves and interlibrary
loan reporting; and non-academic internal/external business uses and commercial document delivery.
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i) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a
transitory basis;

ii) the input of Works or reproductions thereof into any computerized database;
i) reproduction of an entire Work (cover-to-cover copying) except where the Work is a single article;
iv) reproduction for resale to anyone other than a specific customer of User;

v) republication in any different form. Please obtain authorizations for these uses through other CCC services or
directly from the rightsholder.

Any license granted is further limited as set forth in any restrictions included in the Order Confirmation and/or in
these Terms.

d) Electronic Reproductions in Online Environments (Non-Academic-email, intranet, internet and
extranet). For "electronic reproductions”, which generally includes e-mail use (including instant messaging or other
electronic transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including
any display or performance incidental thereto), the following additional terms apply:

i) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days
for any use on the Internet, 60 days for any use on an intranet or extranet and one year for any other use, all as
measured from the "republication date" as identified in the Order Confirmation, if any, and otherwise from the
date of the Order Confirmation.

ii) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation
(after request by User and approval by Rightsholder); provided, however, that a Work consisting of photographs
or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution
modified without additional express permission, and a Work consisting of audiovisual content may, if necessary,
be "clipped" or reformatted for purposes of time or content management or ease of delivery (provided that any
such resizing, reformatting, resolution modification or “clipping” does not alter the underlying editorial content
or meaning of the Work used, and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular License described in the Order Confirmation and the Terms.

15) Miscellaneous.

a) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms,
and that Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace
the prior terms and conditions in the order workflow and shall be effective as to any subsequent Licenses but shall
not apply to Licenses already granted and paid for under a prior set of terms.

b) Use of User-related information collected through the Service is governed by CCC's privacy policy, available online
at www.copyright.com/about/privacy-policy/.

c) The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural
person or an organization of any kind) the License or any rights granted thereunder; provided, however, that, where
applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or
substantially all of User's rights in any new material which includes the Work(s) licensed under this Service.

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties,
including, where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms contained in any
writing prepared by or on behalf of the User or its principals, employees, agents or affiliates and purporting to
govern or otherwise relate to the License described in the Order Confirmation, which terms are in any way
inconsistent with any Terms set forth in the Order Confirmation, and/or in CCC's standard operating procedures,
whether such writing is prepared prior to, simultaneously with or subsequent to the Order Confirmation, and
whether such writing appears on a copy of the Order Confirmation or in a separate instrument.

e) The License described in the Order Confirmation shall be governed by and construed under the law of the State of
New York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, suit, action, or
proceeding arising out of, in connection with, or related to such License shall be brought, at CCC's sole discretion, in
any federal or state court located in the County of New York, State of New York, USA, or in any federal or state court
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whose geographical jurisdiction covers the location of the Rightsholder set forth in the Order Confirmation. The
parties expressly submit to the personal jurisdiction and venue of each such federal or state court.
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B. MATLAB Code related to Chapter 2 and 3

10/08/22 9:44 PM cC:\Users\eyup\D...\startSimulation.m
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FILENAME : startSimulation_m VERSION : 1.1.0

TITLE

startSimulation AUTHORS :Eyup Can Demir
Daniel Aldrich

DEPENDENT FILES

<none>

DESCRIPTION

Monte Carlo Simulation for Composite Fibres, original work done

by Eyup Can Demir. This work has been adapted from the criginal
program, written in Python, to MatLab allowing the progam to
benefit from vectorization and parallel programming.

PUBLIC FUNCTIONS :

NOTES

<none>

This program uses System commands, therefore is only able to run
on Windows machines.

This program deletes and creates files in a folder (Data) in the
same folder as this program, because of this the user is solely
responsible for any lost data due to this.

COPYRIGHT :

Copyright (c) 2020 Eyup Can Demir, Daniel Aldrich

Permission is hereby granted, free of charge, tc any person
obtaining a copy of this software and associated documentation
files (the "Software"), to deal in the Software without
restriction, including without limitation the rights to use,
copy, modify, merge, publish, distribute, sublicense, and/or
sell copies of the Software, and to permit persons to whom the
Software is furnished to do so, subject to the following
conditions:

The above copyright notice and this permission notice shall be
included in all copies or substantial portions of the Software.

THE SOFTWARE IS PROVIDED "AS IS", WITHOUT WARRANTY OF ANY KIND,
EXPRESS OR IMPLIED, INCLUDING BUT NOT LIMITED TO THE WARRANTIES
OF MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE AND
NONINFRINGEMENT. IN NO EVENT SHALL THE AUTHORS OR COPYRIGHT
HOLDERS BE LIABLE FOR ANY CILAIM, DAMAGES OR OTHER LIABILITY,
WHETHER IN AN ACTION OF CONTRACT, TORT OR OTHERWISE, ARISING
FROM, OUT OF OR IN CONNECTION WITH THE SOFTWARE OR THE USE OR
OTHER DEALINGS IN THE SOFTWARE.

CHANGES :
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1.1.0 - Added An Output for the Dendrogram Data

I

I
1.0.0 - Added Matlab 2App to Interface with This Functiocn

I

function [] = startSimulation(varargin)

import Simulation.*

% <Purpose of this function>

oo
oo
o
o
o
o
o
o
o
o
o
o
o
o
o
©
o
o
o
©
o

o
o oe

©

o
o
ol
o
o
o
o
ol
o
o
o
o
ol
o
o
o
o
o
ol
o
o

generalData (1)
generalData (2)
generalData (3)
generalData (4)
generalData (D)
generalData (6)
generalData (7)
generalData (8)
generalData (9)
generalData (10)
generalData(1l1l)
generalData (12)

o P o P P d° o o o ® o O ol P ol A P N o o O A O o® o o o P o N o @ o o o o® o o o

number can range from 0 (Free Fibre) to

agglomerateData — contains all the data that is specific to an individual
agglomerate.

generalData — contains all the run generic information including
information on the average/general properties for the
agglomerates found within the run.

fibreData - contains the (x,y) points for each fibre as well as
the number associated with its agglomerate. This

n' (The

number of Agglomerates in the run).

agglomerateData is an n x 6 matrix where n denotes the number of
agglomerates in the specific run. The 6 columns are broken down as

follows:

agglomerateData (n,l) - Number of Fibres in the Agglocmerate
agglomerateData(n,2) - Area of the Agglomerate
agglomerateData (n,3) - Fiber Fraction within the Agglomerate
agglomerateData (n,4) - x Location of the Centroid
agglomerateData (n,5) - y Locaticon of the Centroid
agglomerateData (n,6) - Radius of the Agglomerated Area

generalData is a 1 x 12 vector of data, which is broken down as follows:

Number of fibres in the Rectangular Volume Element
Elastic Modulus as found by the Mcri-Tanaka Method
Matrix Volume Fractiocn of the RVE

Number of Free Fibres (Non-Agglomerated Fibres)
Fibre Volume Fraction of the Free Fibres of the RVE
Fraction of Fibres that are Non-Agglomerated
Number of Agglomerated Fibres in the RVE

Average Fibre Volume Fraction of an Agglomerate
Volume Fraction of Agglomerates in the RVE

Total Area of Agglomerates in the RVE

Agglomerate Elastic Modulus

Number of Agglomerates in the RVE
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generalData (13)
generalData (14)
generalData (15)
generalData (16)
generalData (17)
generalData (18)
generalData (19)
generalData (20)
generalData (21)
generalData (22)
generalData (23)

generalData (24)

a® o o o o ol® o o o ol° o ¢ oP

generalData (23)
generalData (26)

the run. The co
agglomerate gro

fibreData (m,1)
fibreData (m,2)
fibreData (m, 3)

ol o @ o d® ol° o° ol ol o

2z
5%

%2222222232882380202s
SRR EREE LSS5 %%
s = varargin{l};
totRun = varargin{2};

fibRad = varargin{3};
fiblLen = varargin{4};

minFibFrac = varargin

intFibFrac = varargin
maxFibFrac = varargin

Ef = varargin{8}; %

o0

nuF = varargin{9};

Em = varargin{l10};

3
5
=
T

nuM = varargin{ll};

fibreData i1s an m x

- Seating Positions

- Fibre Radius

- Length of Fibres

— Minimum Fibre Fractiocn

— Increment for the Fibre Fractiocon
- Maximum Fibre Fraction

- Fibre Elastic Modulus

- Fibre Poisson's Ratio

- Matrix Elastic Modulus

— Matrix Poisson's Ratio

— Is Uniform Distribution Enabled
- Lognormal 'Mean'

- Lognormal 'Standard Deviation'

- Fiber Alignment on/off

3 matrix of data where m is the number cof fibres in
lumns contain the (x,y) data pcints and the
uping, which are broken down as follows:

- x position of fibre

- v position of fibre
- Agglomerate Group number (0 represents Free Fibre)

% number of run for monte-carlo

radius cf fiber

o
T
o
©

length cf fiber
{5}: % min fiber percentage (loading%)
{6}: % steps for fiber percentage
{7}: % max fiber percentage (loading%)
Young's Modulus of Fibres

Poisson's Ratio of Fibres

Young's Modulus of Matrix
Poisscn's Ratio of Matrix

progressBar = varargin{l2}; % Level of Progress Bars to Display
runParallel = varargin{l13}; % Enable Parallel Mocde
unibDistr = varargin{l4};

agMethod = varargin{l5};

fibAlign = varargin{lé};

mu = varargin{l7}; % Determines shape of the lognormal distribution
sigma = varargin{l8}; % Determines shape of the lognormal distribution
disForAgglo = varargin{l9}; % Critical distance to form agglcmerate
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saveDir = varargin{20}; % Location of the folder to save the
initialData(l) = s:
initialData(2) = fibRad;
initialData(3) = fibLen;
initialData(4) = minFibFrac;
initialData (5) = intFibFrac;
initialData(6) = maxFibFrac;
initialData(7) = Ef:
initialData(8) = nuF;
initialData(9) = Em;
initialData (10) = nuM;
initialData(ll) = uniDistr;
initialData(l2) = mu;
initialData(13) = sigma;

if strcmpi(fibAlign, "Random’')
initialData(14) = 0;

else
initialData (14) = 1;

end

if exist (saveDir,
system(sprintf

na

,saveDir));
end
I

system(sprintf( 'mkdir "%s"',saveDir));

tie

fibArea = pi*fibRad”"2; % area of fiber 2D
%$fibvol = fibArea*fiblen; % volume of fiber for 3D

rveWidth = s+2*fibRad;

rveArea = (rveWidth)"2; % area of RVE in 2D
%rveVol = (rveWidth)"3; % volume of RVE in 3D
s = rveWidth - 2*fibRad; % seating pocsitions

M = genStiffnessMat (Em, nuM);
F = genStiffnessMat (Ef, nuF):;

fibFrac = minFibFrac:intFibFrac:maxFibFrac;
fibNum = floor (rveArea*fibFrac/fibArea);

if runParallel
runParallel = inf;
else
runParallel = 0;
end

if ~isa(progressBar, 'matlab.ui.dialog.ProgressDialog'}

207



5 of 7

\Users\eyup\D...\startSimulation.m

44 PM C:

10/08/22 9

[1:

progressBar

end

LOOP

N

MATD

ol
ol

length (fibFrac)

fibFrac (i)
numberOfFibres

=1

for i

;

ii

.

£ibNum (1)

i',round(ii*1000));

3

0
"', ,saveDir,curfibFrac))

(i-1) /length (fibFrac)

totRun, runParallel)

sprintf('fibFrac%

curfibFrac

7

mkdir

system(sprintf ("'

i

progressBar.Value

=1

(3

parfor

SIMULATION

MONTE-CARLO

ol
o

= zeros (1,26);

generalData

initialData;

26) =

generalData (13

numberQfFibres;
zeros (generalData(l),3);

generalData (1)
fibreData

i

4.3

%031

sprintf( 'run

currun

generateRandomFibres (s, generalData(l), fibRad,

el 2])
uniDistr,mu,sigma);

fibreData(

N

CALCULATIORN

ERATION

AGGLOM

ol@
ol

[clusterlables, uniquelables, fibresInCluster, l1inkageData]

’

2),disForAgglc)

P B

genCluster (fibreData (

sum(fibresInCluster==1);

generalData (4)

i

- generalData (4)

length (uniqueLables)
uniquelables (fibresInCluster>1)

generalData (12)

;

orderedAgglo

zeros (generalData(12), 6) ;

agglomerateData

unique (~prod(clusterLables~=orderedAgglo',?2) .

[~r~,ic]

’

.*clusterLables)

if generalData (4)

ie-1;

t#3)

fibreData (

else

;

3) = ic

r

fibreData (

end

ions

%$Free fiber Calcula
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generalData(5) = fibArea*generalData (4)/rveArea;
generalData(6) = generalData (4)/generalData(l);

2

% Creating Space for Each Aggomerate Data
if generalData (12)

% I have list named as "pcs" shows the position of each fiber in atating ¥

ae —

They are assigned uniformly and each element of it shows the position ¥
of fibers.

Now I labelled them in clusters but I do not know their position.

o0 d\o

I need to find position of "same" labeled fibers to find area of ¥
agglomerates or fiber

% fraction in agglomerate.

for k = l:generalData(l2) %length (orderedigglo
[rows,~] = find(fibreData(:,3)==k); % I find the which position is¥

labelled same.

agglomerateData(k,4:5) = mean(fibreData(rows,1:2));

% I find centroid of agglomerate

agglomerateData(k, 6) = max (calculateDistance( ...
fibreData(rows,1:2), ...
agglomerateData(k,4:5)));

agglomerateData(k,2) = pi* (agglomerateData (k,6)+fibRad)"2;
agglomerateData(k, 1) length(rows);

end

agglomerateData (:,3) = agglomerateData(:,1).*fibArea./agglomerateData(:, ¥
2):

generalData (8) = sum(agglomerateData(:,3)) / generalData(l2);

generalData (7) = sum(agglomerateData(:,1l));

% TODO: Check if this can be replaced with sum(aD(:,2))

generalData (10) = generalData(7) *fibArea/generalData (8);

generalData (9) = generalData(l0) / rvelArea;

% TODO: Check if this IF-Statement is possible to enter
if generalData(l0) >= rvelArea

generalData (8) = di;

generalData (10) = rveArea;
1;

generalData (92)
end
VIInA = generalData(8);
AspectRatioc = fibLen/ (2*fibRad);
switch agMethod
case 'Halpin Tsai'
generalData(ll) = HalpinTsai (Ef,Em,V{fInA,AspectRatio);
case "IROM'
generalData(ll) = IROM(Ef, Em,VEIna);

end

end
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Fa = generalData(ll);

Va = generalData(9):

VEif = generalData(53);
Vm = 1 - (VELf + Va);

generalData (3)
generalData (2)

Vm;
MoriTanaka (Ef,Ea, Em,Vff,Va, Vm,
nuM, M, F, fibLen, fibRad, fibAlign);

saveData (saveDir, curfibFrac, currun, ...

generalData,agglomerateData, fibreData, linkageData)

end
end
toc
end

210



10/08/22 9:45 PM C:\Users\...\manualStartSimulation.m 1 BE

% s = varargin{l};

% totRun = varargin{2}; % number of run for monte-carlo
% fibRad = varargin{3}; % radius of fiber

% fibLen = varargin{4}; % length of fiber

s = 1000;

totRun = 2;
fibRad = 2.5;
fibLen = 200;

% minFibFrac = varargin{5}; % min fiber percentage (locading%)
% intFibFrac = varargin{6}; % steps for fiber percentage
% maxFibFrac = varargin{7}; % max fiber percentage (locading%)

minFibFrac = 11.31051753/100;

intFibFrac = 0.1;

maxFibFrac = 0.12;

% Ef = varargin{8}; % Young's Modulus of Fibres

% nuF = varargin{9}; % Poisson's Ratio of Fibres

Ef = 150000;

nuF = 0.35;

% Em = varargin{l0};% Young's Modulus of Matrix

% nuM = varargin{ll};% Poisscn's Ratio of Matrix

Em = 911;

nuM = 0.35;

% progressBar = varargin{1l2}; % Level of Progress Bars to Display

% runParallel = varargin{l3}; % Enable Parallel Mcde

progressBar = 1;

runParallel = inf;

% uniDistr = varargin{l4};

% agMethod = varargin{l153};

% fibAlign = varargin{lé};

% mu = varargin{l7}; % Determines shape of the lognormal distribution
% sigma = varargin{l8};: % Determines shape of the lognormal distribution
unibistr = 0;

agMethod = "ROM";

fibAlig = "Aligned";

mu = 2;

sigma = 0.5;

% disForAgglo = varargin{l9}; % Critical distance to form agglomerate

disForAgglo = 5;

intDisForAgglo = 1;

maxDisForAgglo = 20;

% saveDir = varargin{20}; % Locaticn of the folder to save the Data
saveDir = fullfile(getenv( 'tmp'), 'Data');

for disForAgglo = disForAgglo:intDisForAgglo:maxDisForAgglo
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for mu = 2:0.2:5
for sigma =1
sub = sprintf('cr%041 mu%04i sig%04i',round(disFcrAgglo*100), ...
round (mu*100), round(sigma*100));
saveDir = fullfile(getenv( 'tmp'), "'Data’', sub):
startSimulation(s, totRun, fibRad, fiblLen, minFibFrac, intFibFrac, ¥
maxFibFrac, Ef,
nuF, Em, nuM, progressBar, runParallel, uniDistr, agMethod, fibAlig, mu, sigma, ¥
disForAgglo, saveDir)
end
end

end
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function [dist] = calculateDistance (xyl, xyn)
dist = sgrt(sum((xyl-xyn)."2,2));
end
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function [dist] = calculateSquareDistance(xyl, xyn)
dist = sum((xyl-zyn)."2,2);
end
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function [clusterlables,uniquelables,fibresInCluster,linkageData] = genCluster (pos, ¢
disForRAgglo)

linkageData = linkage (pos, "single', 'euclidean');

clusterlLables =

cluster (linkageData, '
[uniquelables, ~, ic]

%$nClusters =

cutoff’ ,disForAgglo; "Criterion® ;'
unique (clusterLables);
length (uniquelables);
fibresInCluster =

distance');

accumarray(ic, 1) ;
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function [fibPositions] = generateRandomFibres (rveWidth,nFibres, rFibre,mode, mu,

sigma)
import Simulation.calculateSquareDistance
if nargin <6
sigma = 1;
if nargin < 5
mu = 0;
if nargin < 4
mode = true;
end
end
end

flag = 0;

% Data Validation
nFibres = floor (nFibres);

% Space Preallocation

fibPositions = zeros(nFibres, 2):;
distanceThresh = (2*rFibre)."2;
for fibre = 1l:nFibres

while true
if mode || fibre==1
xy = rveWidth*rand(1,2);
else
while true
d = lognrnd(mu, sigma, 1);
theta = 2*pi*rand;
®y = [d*cos(theta),d*sin(theta)]+xy:
if ~any([xy>rveWidth,xy<=0])
break;
else
xy = rveWidth*rand(1,2);
break:;
end
end
end

distance = calculateSquareDistance( ...
fibPositions(l:fibre, :),xy);

if (fibre == 1) ||
fibPositions (fibre,:) = =y
break;
else
xy = rveWidth*rand(1,2);
break;

o0 o o

end

end
end

~any (distance < distanceThresh)
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functicn [Mat] = genStiffnessMat (E, nu)
% Calculate the material stiffness constants
const0 = (E*(l-nu))/((l+nu)*(1l-2*nu));

constl = constO*nu/(l-nu);
const2 = const0*(1-2*nu)/ (2*(1l-nu)):

% Generate the Stiffness Matrix

Mat = const0 constl constl 0 4] 0
constl const0 constl 0 Q 0
constl constl constO 0 4] 0
0 0 0 const2 0 0
0 0 0 0 const2 0
0 0 0 0 Q0 const2 1;
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function [Ea] = HalpinTsai(Ef,Em,ViInA,AspectRatio)
fi = 2,*AspectRatio;
nul (Ef./EBm - 1)./(Ef./Em + fi);
nut = (Ef./Em - 1)./(Ef./Em + 2);
Ea = Em.*(3./8.*((1+fi.*nul.*VfInA)./(l-nul.*VfInA))+ ...
5./8.% ((1+2.*nut.*VfInA) ./ (l-nut.*VEInd)));

end
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function [Ea] = IROM(Ef,Em,VfIna)
Ea = 1./(VfInA./Ef+(1-VfInA)./Em);
end
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function [vec]

= mat2vec (mat)

vec = zeros(l,12);
vec(ly = mat(l,1);
vec (2) mat (2,2);
vec (3) mat (3,3) :
vec (4) mat (1,2):
vec (5) mat{(2,1):
vec (6) mat(1,3):
vec (7) mat(3,1);
vec (8) mat (2, 3):
vec (9) mat (3,2);
vec (10) mat (4,4);
vec (11) mat (5,5):
vec (12) = mat(6,6);

221



10/08/22 9:47 BPM C:\Users\eyup\Documen...\MoriTanaka.m

1 o 3

function
fibalign) %

[Ecll] = MoriTanaka(~, Ea, ~, Vff, Va, Vm, nuM,
Ef and Em not used

import Simulation.genStiffnessMat
import Simulation.mat2vec

import Simulation.vecZmat

if strcmp (fibAlign, 'Randcom')
alignment = 0;
else
alignment = 1;
end
nuA = 0.35;
= genStiffnessMat (Ea, nud);

b=l

= fiblLen;
2*fibRad;
= 1/d;
= a®2;
((a/(a2-1)"1.5))* (a*(a2-1)"(1/2)-acosh(a)):
1/ (1-nuM) ;
1-2*nuM;
1/(a2-1);

[\%]

("o B o RN To TN I VB o T
I

Sf 1111

0.5%b* (¢ + e* (3*a2-1)- (c+3*e*a2) *q);
Sf 2222 = (3/8) *b*e*a2+0.25%b* (c-(9/4) *e) *g:
Sf_3333 = Sf_2222;

SE 2233 = 0.25%b* (0.5%e*a2- (c+0.75%e) *g) ;

Sf 3322 = Sf 2233;

Sf 2211 = -0.5*b*e*aZ + 0.25*b*(3*e*a2-c)*g;
Sf_3311 = Sf_2211;
SE 1122 = -0.5*b* (cte)+0.5%b* (ct1.5%e) *g;

sf 1133 = sf_1122;

Sf 2323 = 0.25*b* (0.5%e*a2 + (c-0.75*e)*g);
%8f 3230 = .gf 2393

Sf 1212 = 0.25*b* (c-(a2+1) *e-0.5* (c-3*e* (a2+1) ) *qg):
sf 1313 = sf_1212;

sf 3131 = sf 1313;

Sf = zercs(6,6):;

% Matrix form:

sf(1,1) = sf_1111;

sf(1,2) = sf 1122;

Sf(1,3) = Sf_1133;

sf(2,1) = 8f_2211;

sf(2,2) = sf 2222;

sf(2,3) = sf 2233;

5f(3,1) = sf_3311;

5f(3,2) = s5f_3322;

sf(3,3) = sf_3333;

sf(4,4) = 2*sf_1212;

sf(5,5) = 2*sf 2323;

sf(é,6) = 2*sf 3131;

M

’

F,

fibLen,

fibRad, ¥
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Sa 1111 = (7-5*nuM)/(15*(1-nuM));
Sa_2222 = sa_1111;

Sa 3333 = sa 1111;

Sa_1122 = (5*nuM-1)/(15*(1-nuM));
Sa 1133 = sa 1122;

Sa_2211 = Sa_1122;

Sa_2233 = sSa_1122;

Sa_3311 = sa_1122;

Sa_ 3322 = sa_1122;

Sa_1212 = (4-5*nuM)/(15*(1-nuM));
%Sa_ 1221 = Sa 1212;

Sa_ 2323 = Sa_1212;

%$Sa 2332 = Sa 1212;

Sa_3131 = sa_1212;

%$Sa 3113 = Sa 1212;

% Eshelby tensor (using engineering strains)
Sa = zeros(6,6);

$Matrix form:

sa(1,1) = sa 1111;
sa(l,2) = sa 1122;
sa(1,3) = sa 1133;
sa(2,1) = sa 2211;
Sa(2,2) = Sa 2222;

sa(2,3) = Sa 2233;
sa(3,1) = sa 3311;
sa(3,2) = Sa 3322;
sa(3,3) = Sa_3333;
Sa(4,4) = 2%sa 1212;
sa(5,5) = 2*Sa 2323;
sa(6,6) = 2*sa_3131;

Ta dil = inv(I+(Sa* (M\(A-M))));
Tf dil = inv(I+(SE* (M\(F-M)))):

%Random Average Tensor
if alignment ==
R = eye(l2);

else
R = (1/120)*([ 24 o4 0 16 16 0 0 0 0 0 0 64
24 9 45 6 6 10 10 5 5 20 40 24
24 9 45 6 6 10 10 5 5 20 40 24
8 8 0 12 32 20 0 40 0 0 0 -32
8 8 0 32 12 0 20 0 40 0 0 -32
8 8 0 12 32 20 0 40 0 0 0 -32
8 8 0 32 12 0 20 0 40 0 0 -32
8 3: 415 2 2 30 30 15 15 -20 -40 8
8 3 5 2 2 30 30 15 15 -20 -40 8
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%

E

8 3 b 2 2 -10 -10 -5 =5 20 40 8

8 8 0 -8 -8 0 0 0 0 40 20 28

8 8 o -8 -8 0 0 0 0 40 20 28]1):
nd

Averaging of the agglomerates

_Ta dil = (A*Ta dil); %#ok<MINV>
Averaging of FTa dil

_Ta dil vec = mat2vec(A Ta dil);
_Ta dil aver vec = (R* A Ta dil vec');
_Ta dil aver = vecZmat (A Ta dil aver vec);

Avearging Ta dil

a dil vec = mat2vec(Ta_dil);

a dil aver vec = (R* Ta_dil wvec');

a dil aver = vecZmat (Ta dil aver vec);
Avearing Fiber

_Tf dil = (F*Tf_dil); %#ok<MINV>
Averaging of FTa dil

TE di vee i=inat2Veci(E T dil).;

_Tf dil aver vec = (R* F Tf dil vec');

_Tf dil aver = vecZmat(F Tf dil aver vec);

Avearging TLf dil

f dil vec = mat2vec(Tf dil);

f dil aver vec = (R* Tf dil vec'):;

f dil aver = vecZmat(Tf dil aver vec);

TO = inv(Vm*I +VEf*Tf dil aver + Va*Ta dil aver);

c = (Vm*M + VIf*F Tf dil aver + Va*A_Ta_dil_aver)/(Vm*I +VELL*TL dil aver + ¥

Va*Ta_dil_aver);

end

s
E

o
T

1

com = inv(Ec):;
cll = 1/(Scom(1,1));

nuC= Ec(1,2)/(2*Ec(4,4)+Ec(1,2)

ucC *
SEcl I=(Ec (1l LYy=2*nuC*Ec(1,2));
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function [cancel,figh] = multiWaitbar( label, varargin )

o

d® o dP ol o o° ol o o A ol o P of A o of A o o P O o A P o0 N P ol P o ® o o A O° o of o® o o O of o O° o P o N o P ok

multiWaitbar: add, remove or update an entry on the multi waitbar

multiWaitbar (LABEL, VALUE) adds a waitbar for the specified label, or

if it already exists updates the value. LABEL must be a string and
VALUE a number between zero and one or the string 'Close' to remove the
entry Setting value equal to 0 or 'Reset' will cause the progress bar
to reset and the time estimate to be re-initialized.

nultiWaitbar (LABEL, COMMAND, VALUE, ...) or
multiWaitbar (LABEL, VALUE, COMMAND, VALUE, . ..)

passes one or more command/value pairs for changing the named waitbar
entry. Possible commands include:

'Value' Set the value of the named waitbar entry. The
corresponding value must be a number between 0 and 1.
'Increment' Increment the value of the named waitbar entry. The
corresponding value must be a number between 0 and 1.
"Celer” Change the color of the named waitbar entry. The
value must be an RGB triple, e.g. [0.1 0.2 0.3], or a
single-character color name, e.g. 'r', 'b', 'm'.
'Relabel’ Change the label of the named waitbar entry. The
value must be the new name.
"Reset! Set the named waitbar entry back to zeroc and reset its
timer. No value need be specified.
'CanCancel’ [on]|off] should a "cancel”™ button be shown for this bar
(default 'off').
'CancelFcn' Function to call in the event that the user cancels.

'ResetCancel' Reset the "cancelled" flag for an entry (ie. if you
decide not to cancel).

'Clecse’ Remove the named waitbar entry.

'Busy' Puts this waitbar in "busy mode" where a small bar
bounces back and forth. Return to normal progress display
using the 'Reset' command.

cancel = multiWaitbar (LABEL,VALUE) also returns whether the user has
clicked the "cancel" button for this entry (true or false). Two
mechanisms are provided for cancelling an entry if the 'CanCancel'

v 1

setting is 'on The first is just to check the return argument and if
it is true abort the task. The second is to set a 'CancelFcn' that is
called when the user clicks the cancel button, much as is done for
MATIAB's built-in WAITBAR. In either case, you can use the

'ResetCancel' command if you don't want to cancel after all.
multiWaitbar ('CLOSEALL') closes the waitbar window.
Example:

multiWaitbar( 'CloseAll' );
multiWaitbar( 'Task 1', 0 ):

mul tiWaitbar( "Task 2% 0.5 'Celor'; 'B"' };
multiWaitbar( 'Task 3', 'Busy'):

multiWaitbar( 'Task 1', 'Value', 0.1 ):

multiWaitbar( 'Task 2', 'Increment', 0.2 );

multiWaitbar( 'Task 3', 'Reset' ); % Disables "busy" mode
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multiWaitbar( "Task 3', 'Value', 0.3 );
multiWaitbar( "Task 2', 'Close' }:
multiWaitbar( "Task 3', 'Close' );
multiWaitbar( "Task 1', 'Close' );

Example:
multiWaitbar( "Task 1', 0, 'CancelFcn', @(a,b) disp( ['Cancel ',al ) ):
for «1i=1:100
abort = multiWaitbar( 'Task 1', ii/100 ):
if abort
% Here we would normally ask the user i1f they're sure
break
else
pause( 1 )
end
end
multiWaitbar( "Task 1', 'Close' )

Example:

multiWaitbar( "CloseAll' ):

multiWaitbar( "Red...', 7L "Coler"; [6.8 0.0 017 )i
multiWaitbar( *Orangez: s*; 015 "Color®; [L:i0 004 Q0] )
MULEIWaTEBEE (¢ M Yell oW <" s 30 "C0LoE", [0.9 0.8 02T 9:
multiWaitbar( '"Green...', A/ s "Colertys [0:2 049 031 )z
multiWaitbar( "Blue...', 3 "Coler". [E.A 0.5 0.8] )
multiWaitbar( Yindige et p 21, "Colerly [E4 01 Bx5] )5
MulEiWaitBarti( "V let v« T, "Goler!,. [0.8 0.4 0.91 3

Thanks to Jesse Hopkins for suggesting the "busy" mode.
Author: Ben Tordeff
Copyright 2007-2020 The MathWorks, Inc.
persistent FIGH;

o o o o® o ° A of P @ A o AP N o o o® P O P o N O o o P ¢ o® o o o

cancel = false;
% Check basic inputs
error ( nargchk( 1, inf, nargin ) ): %#ok<NCHKN> - kept for backwards compatibility
if ~ischar( label )
error( 'multiWaitbar:BadArg', 'LABEL must be the name cf the preogress entry (i. ¢
e. a string)' ):
end
% Try to get hold of the figure
if isempty( FIGH ) || ~ishandle( FIGH )
FIGH = findall( 0, 'Type', 'figure', 'Tag', 'multiWaitbar:Figure' ):
if isempty(FIGH)
FIGH = iCreateFig():
else
FIGH = handle( FIGH(l) ):
end
end
% Check for close all and stop early
if any( strcmpi( label, {'CLOSEALL', 'CLOSE ALL'} } )
iDeleteFigure (FIGH) ;
figh = [1;
return;
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end

if nargout>l
figh = FIGH;

end

% Make sure we're on-screen

if ~strcmpi( FIGH.Visible, 'on' )
FIGH.Visible = 'on';

Make sure the timer is still valid - it can be found and deleted
externally.
if ~isvalid( getappdata( FIGH, 'BusyTimer' ) )
setappdata( FIGH, 'BusyTimer', iCreateTimer (FIGH) );
end
% Get the list of entries and see if this one already exists

entries = getappdata( FIGH, 'ProgressEntries' );
if isempty (entries)

idz = []:
else

idx = find( strcmp( label, {entries.Llabel} ), 1, 'first' );
end
bgccl = getappdata( FIGH, 'DefaultProgressBarBackgroundColor' });
% If it doesn't exist, create it
needs_redraw = false;
entry added = isempty(idx);
if entry added
% Create a new entry
defbarcolor = getappdata( FIGH, 'DefaultProgressBarColor' );
entries = i1AddEntry( FIGH, entries, label, 0, defbarcolocr, bgcol ):
idx = numel ( entries );
end
% Check 1f the user requested a cancel
if nargout
cancel = entries(idx) .Cancel;
end
% Parse the inputs. We shortcut the most common case as an efficiency
forcegppdate = false;
if nargin==2 && isnumeric( varargin{l} )

entries (idx) .LlastValue = entries (idx) .Value;
entries (idx).Value = max( 0, min( 1, varargin{1l} ) )
entries (idx).Busy = false;
needsgppdate = true;

else
[params,values] = iParselnputs( varargin{:} );
needs_update = false;

for ii=l:numel( params )
switch upper( params{iil} )
case 'BUSY'
entries (idx) .Busy = true;

needsgupdate = true;

entries (idx) .LastValue = entries (idx) .Value;
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entries (idx).Value = max( 0, min( 1, values{ii} ¥
entries (idx) .Busy = false;
needs_update = true;
case {'INC', 'INCREMENT'}
entries (idx) .LastValue = entries (idx) .Value;
entries (idx).Value = max( 0, min( 1, entries(idx).Value + values{ii} ¥
) )i
entries (idx) .Busy = false;
needs_update = true;
case {'COLOR', 'COLOUR'}
entries (idx).CData = iMakeColors( values{ii}, 16 ):
needs update = true;
force_update = true;
case {'RELABEL', 'UPDATELABEL'}
% Make sure we have a string as the value and that it
% doesn't already appear
if ~ischar( values{ii} )
error( 'multiWaitbar:BadString', 'Value for ''Relabel'' must be ¥
a string:™ );
end
if ismember( values{ii}, {entries.Label} )
error( 'multiWaitbar:NameRlreadyExists', 'Cannot relabel ank
entry to a label that already exists.' }:
end
entries (idx) .Label = values{ii};
if ~isempty(entries(idx) .CancelButton)
set ( entries (idx) .CancelButton, 'Callback', @(src,evt) ¥
iCancelEntry(src, values{iil}) )-
end
needsiupdate = true;
forceiupdate = true;
case {'CANCANCEL'}
if ~ischar( values{ii} ) || ~any( strcmpi( values{ii}, { 'on','off'}l¥
) )
error( 'multiWaitbar:BadString', 'Parameter ''CanCancel'' must ¥
be a 'Yen™ @ “TefE™ Y )y
end
entries (idx) .CanCancel = strcmpi( values{ii}, ‘'on' );
entries (idx) .Cancel = false;
needs_redraw = true;
case {'RESETCANCEL'}
entries (idx) .Cancel = false;
needsiredraw = true;
case {'CANCELFCN'}
if ~isa( values{ii}, 'function handle' )
error( 'multiWaitbar:BadFunction', 'Parameter ''CancelFcn'' must ¥
be a valid function handle.' ):
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end

entries (idx) .CancelFcn = values{ii};

if ~entries(idx) .CanCancel
entries (idx) .CanCancel = true;

end

needs redraw = true;

case {'CLOSE', 'DONE'}
if ~isempty(idx)
% Remove the selected entry
entries = iDeleteEntry( entries, idx ):
end
if isempty( entries )
iDeleteFigure( FIGH );
% With the window closed, there's nothing else to do
return;
else
needsiredraw = true;
end

% We can't continue after clearing the entry, so jump out
break;

otherwise

(B

error( 'multiWaitbar:BadArg', 'Unrecognized command: , paramsy

{ii} ):

end
end
end
% Now work out what to update/redraw
if needs_redraw
setappdata( FIGH, 'ProgressEntries', entries );
iRedraw( FIGH ):
% NB: Redraw includes updating all bars, so never need to do both
elseif needs update
[entries(idx),needs_redraw] = iUpdateEntry( entries(idx), force update );
setappdata( FIGH, 'ProgressEntries', entries );
% NB: if anything was updated onscreen, "needs redraw" 1s now true.
end
if entry added || needs redraw
% If the shape or size has changed, do a full redraw, including events
drawnow () ;
end
% If we have any "busy" entries, start the timer, otherwise stop it.
myTimer = getappdata( FIGH, 'BusyTimer' );
if any([entries.Busy])
if strcmpi(myTimer.Running, 'off')
start (myTimer);
end
else
if strcmpi(myTimer.Running, 'on')
stop (myTimer) ;
end
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function [params, values] = iParselnputs( varargin )
% Parse the input arguments, extracting a list of commands and values
idzx = 1;
params = {};
values = {};
if nargin==
return;
end

if isnumeric( wvarargin{l} )

params{idx} = 'Value';
values{idx} = varargin{l}:;
idx = idx + 1;

end

while idx <= nargin
param = varargin{idx};
if ~ischar( param )

error( 'multiWaitbar:BadSyntax', 'Additicnal properties must be supplied as ¥

property-value pairs' });
end
params{end+l,1} = param; %#ok<AGROW>
values{end+1,1} = []; %#ock<AGROW>
switch upper( param )

case {'DONE', 'CLOSE', 'RESETCANCEL'}
% No wvalue needed, and stop

break;

case {'BUSY'}
% No wvalue needed but parsing should continue
idx = idx + 1;

case {'RESET','ZERO', 'SHOW'}

-3

% All equivalent to saying ('Value', 0)

params{end} = 'Value';

values{end} = 0;

idx = idx + 1;
otherwise

if idx==nargin

error( 'multiWaitbar:BadSyntax', 'Additional properties must be ¥

supplied as property-value pairs' );

end
values{end,1l} = varargin{idx+1};
idx = idx + 2;
end
end

if isempty( params )
error( 'multiWaitbar:BadSyntax', 'Must specify a value or a command'

function fobj = iCreateFig()

% Create the progress bar group window
bgcol = get (0, "DefaultUIControlBackgroundColor'):

)i
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f = figure(
'Name', 'Progress',
'"Tag', 'multiWaitbar:Figure',
HCaliek? ; bgcol ;
'MenuBar', 'none',
'"ToolBar', 'none',
'WindowStyle', 'nermal', ... % We don't want to be docked!
'HandleVisibility", "eoff',
'IntegerHandle', 'off',
'"Visible', 'off',
'NumberTitle', 'off' );
% Resize and centre on the first screen
screenSize = get(0, 'ScreenSize');
figsz = [360 42];
figPos = ceil ((screenSize(1,3:4)-figsz)/2):
fobj = handle( £ );
fobj.Position = [figPos, figSz];
setappdata( fobj, 'ProgressEntries', [] ):
% Make sure we have the image
defbarcolor = [0.8 0.0 0.11;
barbgcol = uint8( 255*0.75*bgcol );

setappdata( fobj, 'DefaultProgressBarBackgroundColor', barbgcol ):

setappdata( fobj, 'DefaultProgressBarColor', defbarcoclor );
setappdata( fobj, 'DefaultProgressBarSize', [350 16] ):
setappdata( fobj, 'MaxEntryRows', 10 );

e oo

existing ones
delete( timerfind('Tag', 'MultiWaitbarTimer') ):
myTimer = iCreateTimer(f):

setappdata( fobj, 'BusyTimer', myTimer });

a0 o\

avoid excessive redraws
fobj.ResizeFcn = @iRedraw;
fobj.CloseRequestFcn = @iCloseFigure;
end % iCreateFig

function t = iCreateTimer (fig)

t = timer (
'"TimerFcn', @(src,evt) iTimerFcn(fig),
"Pariod', 0.02;
'"ExecutionMode', 'FixedRate',

'"Tag', 'MultiWaitbarTimer' ):

function cdata = iMakeCeclors( baseColor, height )

% Creates a shiny bar from a single base color

lightColor = [1 1 1]:

badColorErrorID = 'multiWaitbar:BadColor';

badColorErrorMsg = 'Colors must be a three element vector [R G B]

g

T

character (''r'', "!

T o o,
if ischar(baseColor)
switch upper (baseColcr)

case 'K'

Create the timer to use for "Busy" mode, being sure to delete any

Setup the resize function after we've finished setting up the figure to

or a single ¥
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baseColeor = [0.1 0.1 0.17;
case 'R'

baseColor = [0.8 0 0];
case 'G'

baseColor = [0 0.6 0];
case 'B'

baseColor = [0 0 0.8];
case 'C'

baseColor = [0.2 0.8 0.9];
case 'M'

baseColor = [0.6 0 0.86];
case '¥°'

baseColor = [0.92 0.8 0.2];
case 'W'

baseColor = [0.9 0.2 0.9];
otherwise

error ( badColorErrorID, badColorErrorMsg );

end
else

if numel (baseCclor) ~= 3

error ( badColorErrorID, badColorErrorMsg );

end

if isa( baseColor, 'uint8' )

baseColor = double( baseColor ) / 255;

elseif isa( baseColor, 'double' )

if any(baseColor>l) ||

error( '

8 te 1 inelusive.! );
end

else

multiWaitbar:BadColorValue',

any (baseColor<0)

error ( badColorErrorID, badColorErrorMsg );

end
end
% By this pcint we should have a double precision 3-element
cols = repmat ( baseColor, [height, 1] );
breaks = max( 1, round( height * [1 25 50 75 88 100] / 100 )

cols (breaks (1), :
cols (breaks (2), :
cols (breaks (3), :
cols (breaks (4), :
cols (breaks (5), :
cols (breaks (6), :

0.6*baseColer;

= baseColor;
= min( baseColor*1.2,
= min( baseColor*1.4,

)
)
)
)
)
)

= min( baseColor*l.6,

y = l:height;

cols(:,1) = max( 0, min( 1, interpl( breaks, cols(breaks,l),
cols(:,2) = max( 0, min( 1, interpl( breaks, cols(breaks,2),
cols(:,3) = max( 0, min( 1, interpl( breaks, cols(breaks,3),
cdata = uint8( 255 * cat( 3, cols(:,1), cols(:,2), cols(:,3)
end % iMakeColors

function cdata = iMakeBackground( baseCclor, height )

% Creates a shaded background
if isa( baseColor, 'uint8' )
baseColor = double( baseColor ) / 255;

= lightColocr - 0.4*(lightColor-baseColor);

1.0 );
0.95 ) + 0.05;
0.9 ) + 0.1;

v

e

)

Yr
¥y
Yr
)

cto

)

E «

‘pehip!
'pechip’

'pechip!

'Color values must be in the range ¥
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end
ratio = 1 - exp( -0.5-2* (1:height) /height }';
cdata = uint8( 255 * cat( 3, baseColor(l)*ratio, baseColor (2)*ratio,

*ratio ) );

end % iMakeBackground

function entries = iAddEntry( parent, entries, label, value, color,
% Add a new entry to the progress bar

% Create bar coleoring

psize = getappdata( parent, 'DefaultProgressBarSize' );

cdata = iMakeColors( color, 16 );

% Create background image

barcdata = iMakeBackground( bgceclor, psize(2) );

2

% Work out the size in advance
mypanel = uipanel( 'P
):
labeltext = uicontrol( 'Style', 'Text',
'String', label,
'Parent', parent,
*HorizonkalAlignment®, "Lefk' ):
etatext = uicontrol( 'Style', 'Text',

rat+

Steing®, ™
'Parent', parent,
'HorizontalAlignment', 'Right' );
progresswidget = uicontrcl( 'Style', 'Checkbox',
TELEIngt, T
'Parent', parent,
'Position', [5 5 psize],
'CData', barcdata );
cancelwidget = uicontrol( 'Style', 'PushButton',
*String®; "
'FontWeight', 'Beold',
'Parent', parent,
*Positien", [5 5 16 16],
'Chata', iMakeCross( 8 ).,
'Callback', @(src,evt) iCancelEntry( src, label ),
*Wisikle” ; "efE" )
newentry = struct (
'Label', label,
'Value', wvalue,
'LastValue', inf,
'Created', tic(),
'LabelText"', labeltext,
'ETAText', etatext,
*ETHSErsngT, "

'Progress', progresswidget,

ProgressSize', psize,
'Panel’', mypanel,
'BarCData', barcdata,
'CData', cdata,
'BackgroundCData', barcdata,
'CanCancel', false,
'CancelFcn', [],

Parent', pareni; '"Units', '"Pixels'; 'BorderType',

baseColor (3) ¥

bgcolor )

'beveledout'¥
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'CancelButton', cancelwidget,
'Cancel', false,
'Busy', false );
if isempty( entries )
entries = newentry;
else
entries = [entries;newentry];

end
% Store in figure before the redraw

setappdata( parent, 'ProgressEntries', entries );

if strcmpi( get( parent, 'Visible' ), 'on' )
iRedraw( parent, [] );

else
set ( parent, 'Visible', 'on' );

end

end % iAddEntry

function entries = iDeleteEntry( entries, idx )

delete( entries (idx).LabelText );

delete( entries(idx).ETAText );

delete( entries(idx).CancelButton );

delete( entries(idx).Progress );

delete( entries(idx).Panel );

entries(idx,:) = []:

end % iDeleteEntry

function entries = iCancelEntry( src, name )

figh = ancestor( src, 'figure' });

entries = getappdata( figh, 'ProgressEntries' );

if isempty(entries)
% The entries have been lost - nothing can be done.
return

end

idx = find( strcmp( name, {entries.label} ), 1, 'first' );

% Set the cancel flag sc that the user is told on next update
entries (idx).Cancel = true;
setappdata( figh, 'ProgressEntries', entries ):
% If a user functicon is supplied, call it
if ~isempty( entries (idx).CancelFcn )
feval ( entries(idx) .CancelFcn, name, 'Cancelled' );

function [entry,updated] = iUpdateEntry( entry, force )
Update one progress bar

e o

Deal with busy entries separately
if entry.Busy
entry = iUpdateBusyEntry(entry);
updated = true;
return;
end
% Some constants

markeriweiqht = 0.8;
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% Check if the label needs updating

updated = force;

val = entry.Value;

lastval = entry.LastValue;

% Now update the bar

psize = entry.ProgressSize;

filled = max( 1, round( val*psize(l) ) );
lastfilled = max( 1, round( lastval*psize(l) ) ):

We do some careful checking so that we only redraw what we have to. This

% makes a small speed difference, but every little helps!
if force || (filled<lastfilled)

% Create the bar background

startIdx = 1;

bgim = entry.BackgroundCData(:,ones( 1, ceil (psize(l)-filled) )}, :):

barim = iMakeBarImage (entry.CData, startIdx, filled):;
progresscdata = [barim,bgim];

% Add light/shadow around the markers

markers = round( (0.1:0.1:val)*psize(l) ):

markers (markers<=startIdx | markers>(filled-2)) = [];

highlight = [marker weight*entry.CData, 255 - marker weight* (235-entry.CData)];

for ii=l:numel( markers )
progresscdata (:,markers(ii)+[-1,0],:) = highlight;
end

% Set the image into the checkbox
entry.BarCData = progresscdata;

set ( entry.Progress, 'cdata', progresscdata ):
updated = true;

elseif filled > lastfilled
% Just need to update the existing data
progresscdata = entry.BarCData;
startIdx = max(l,lastfilled-1);
% Repmat 1s the cbvicus way tec f£ill the bar, but BSXFUN

T
% faster. Indexing is obscure but faster still.

progresscdata(:,startIdx:filled, :) = iMakeBarImage (entry.CData,

filled);

% Add light/shadow around the markers
markers = round( (0.1:0.1:val)*psize(l) );
markers (markers<startIdx | markers>(filled-2)) = []:

i3

often

startIdx, ¥

highlight = [marker weight*entry.CData, 255 - marker weight* (235-entry.CData)];

for ii=l:numel( markers )
progresscdata(:,markers(ii)+[-1,0],:) = highlight;

end

entry.BarCData = progresscdata;
set ( entry.Progress, 'CData', progresscdata );

updated = true;

% As an optimization, don't update any text if the bar didn'
-3
%

percentage hasn't changed

=

move and

the
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decval = round( wval*100 );

lastdecval = round( lastval*100 );

if ~updated && (decval == lastdecval)
return

end

% Now work out the remaining time

minTime = 3; % secs

if val <= 0

% Zero value, so clear the eta
entry.Created = tic()

elapsedtime = 0;
etaString = '';
else
elapsedtime = round(toc( entry.Created )): % in seconds

% Only show the remaining time if we'wve had time to estimate
if elapsedtime < minTime
% Not enough time has passed since starting, so leave blank
etaString = '';
else
% Calculate a rough ETA
eta = elapsedtime * (l-val) / wval;
etaString = iGetTimeString( eta );
end
end
if ~isequal( etaString, entry.ETAString )
set( entry.ETAText, 'String', etaString ):
entry.ETAString = etaString;
updated = true;
end
% Update the label too
if force || elapsedtime > minTime
if force || (decval ~= lastdecval)
labelstr = [entry.Label, sprintf( ' (%d%%)', decval )];
set ( entry.LabelText, 'String', labelstr );
updated = true;
end
end
end % iUpdateEntry
function eta = 1GetTimeString( remainingtime )

if remainingtime > 172800 % 2 days

(] 1

eta = sprintf( , round(remainingtime/86400) );

%d day

w

else

-3

if remainingtime > 7200 % 2 hours

]

eta = sprintf( %d hours', round(remainingtime/3600) );

else
if remainingtime > 120 % 2 mins
eta = sprintf( '%d mins', round(remainingtime/60) );
else
% Seconds
remainingtime = round( remainingtime );
if remainingtime > 1

re v

eta = sprintf( %d secs', remainingtime );
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elseif remainingtime == 1
eta = "1 @==et;
else
eta = "'; % Nearly done (<lsec)

end
end

end

function entry = iUpdateBusyEntry (

Update a "busy" progress bar

o ole

Make sure the widget is still OK

if ~ishandle (entry.Progress)
return

nd

Work out the new position.

0]

Since

the position wvaries from 0 up to

a® de o

this with judicious use of "mod"

entry.Value = mod(entry.Value+0.01,
val = entry.Value;
if val>0.9

o

% Moving backwards

val = 1.8-val;
end
psize = entry.ProgressSize;
startIdx = max( 1,
endIdx = max( 1, round(
barlength = endIdx - startIdxz + 1;

o

% Create the image

the bar is 0.1 long and needs to bounce,
0.9 then back down again. We achieve
with 1.8.

1.8);

round( val*psize(l) ) ):
(val+0.1)*psize (1) )} ):

bgim = entry.BackgroundCData(:,ones( 1, psize(l) ),:):

barim = iMakeBarImage (entry.CData,
bgim(:, startIdx:endIdx, :)

o

% Put it into the widget

= barim;

entry.BarCData = bgim;
set ( entry.Progress, 'CData', bgim
end % iUpdateBusyEntry

function barim = iMakeBarImage (strip,

0.4;
shadow2 weight 075
barlength = endIdx - startIdx + 1;

shadowl weight

% Repmat is the cbvious way to fill the bar,
o
%

faster;

1, barLength);

);

startIdx, endIdx)

but BSXFUN is often

Indexing 1s obscure but faster still.

barim = strip(:,cones(l, barlength),:);

o

if startIdx <= 2 && barLength>=2
barim:(s;dy
barim(:;2;

end

% Add shadow to the end of the bar

if endIdx>»=4 && barLength>=2

% Add highlight to the start of the bar

:) = 255 - shadowl weight* (255-strip);
:) = 255 - shadowZ weight* (255-strip);

barim(:,end, :) = shadowl weight*strip;
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barim(:,end-1,:) = shadow2 weight*strip;

function iCloseFigure( fig, evt ) %#ok<INUSD>
% Closing the figure just makes it invisible
set( fig, 'Visible', 'off' );

end % iClcseFigure

function iDeleteFigure( fig )
% Actually destroy the figure
busyTimer = getappdata( fig, 'BusyTimer' );
if isvalid( busyTimer )
stop( busyTimer );
end
delete( busyTimer );
delete( fig )
end % iDeleteFigure
function iRedraw( fig, evt )} %#ok<INUSD>
entries = getappdata( fig, 'ProgressEntries' );
fobj = handle( fig );
p = fobj.Position;
% p = get( fig, 'Pecsition' );
border = 5;
textheight = 16;
barheight = 16;
panelheight = 10;
maxRows = getappdata( fig, 'MaxEntryRows' );
N = max( 1, numel( entries ) );
Nrows = min (maxRows, N);
Ncols = ceil(N ./ Nrows):
% Check the height is correct
heightperentry = textheighttbarheight+panelheight;
requiredheight = 2*border + Nrows*heightperentry - panelheight;
if ~isequal( p(4), requiredheight )
p(2) = p(2) + p(4) - requiredheight;
p(4) = requiredheight;
In theory setting the position should re-trigger this callback, but
in practice it doesn't, probably because we aren't calling "drawnow".
set( fig, 'Position', p )
end
width = floor((p(3) - Ncols*2*border) ./ Ncols);
setappdata( fig, 'DefaultProgressBarSize', [width barheight] );
for ii=1:numel ( entries )
col = ceil(ii./Nrows)-1;
row = ii - col.*Nrows - 1;
xpos = beorder + (width+2*border).*col;
ypos p(4) - border - heightperentry.*row;

set ( entries(ii).Panel, 'Position', [xpos-border ypos+panelheight/2- ¢
heightperentry width+2*border heightperentry] ):
set ( entries(ii).LabelText, 'Position', [xpos ypos-textheight width*0.75 ¢
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textheight] ):

set( entries(ii) .ETAText, 'Position', [xpostwidth*0.75 ypos-textheight width*0. ¥
25 textheight] ):

ypos = ypos - textheight;

if entries(ii).CanCancel
set ( entries(ii).Precgress, 'Position', [xpos ypos-barheight max(l,width- ¥
barheight+1l) barheight] ):
entries(ii) .ProgresssSize = max(l, [width-barheight barheight]):

set ( entries(ii).CancelButton, 'Visible', 'on', 'Position', [p(3)-border-¥¢
barheight ypos-barheight barheight barheight] ):
else
set ( entries(ii).Precgress, 'Position', [xpos ypos-barheight width+1 ¥
barheight] );
entries(ii) .ProgressSize = [width barheight]:
set ( entries(ii).CancelButtcn, 'Visible', 'off' ):
end
entries (ii) = iUpdateEntry( entries(ii), true );

end
setappdata( fig, 'ProgressEntries', entries );
end % iRedraw
function cdata = iMakeCross( sz )
% Create a cross-shape iccon of size sz*sz*3
cdata = diag(ones(sz,1),0) + diag(ones(sz-1,1),1) + diag(cones(sz-1,1),-1);
cdata = cdata + flip(cdata,2);
% Convert zeros toc nans (transparent) and non-zeros to zerc (black)
cdata (cdata == 0) = nan;
cdata (~isnan(cdata)) = 0;
% Convert to RGB
cdata = cat( 3, cdata, cdata, cdata );
end % iMakeCross
function iTimerFcn(fig)
% Timer callback for updating stuff every sc often
entries = getappdata( fig, 'ProgressEntries' });
for ii=1:numel (entries)
if entries(ii) .Busy
entries(ii) = iUpdateBusyEntry(entries(ii));
end
end

v

setappdata( fig, ProgressEntries', entries );

3

end % iTimerFcn
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function [Ea] = ROM(Ef,Em,VfInA)
Ea = VfInA.*Ef + (1-V£InA).*Em;

end
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function saveData (saveDir,curfibFrac,currun, ...
generalData,agglomerateData, fibreData, linkageData)
save ( [saveDir,sprintf ( "\\%s\\%s',curfibFrac,currun}], ...
'generalData', 'agglomerateData', "fibreData', 'linkageData’','-v6')

end
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function [mat] = vecZmat (vec)

mat = zeros(6,6);

mat (1,1) = vec(1l):
mat (2,2) = vec(2);:
mat (3,3) = vec(3):
mat (1,2) = vec(4);
mat (2,1) = vec(5);
mat (1,3) = vec(6);
mat (3,1) = vec(7):
mat (2,3) = vec(8);
mat (3,2) = vec(9);
mat (4,4) = vec(10);
mat (5,5) = vec(11l);
mat (6,6) = vec(12);
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