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Despite their low cost and design flexibility, additively manufactured, short fiber
composites (SFCs) have low strength and stiffness compared to their continuous fiber
counterparts. In this study, we overcame this limitation by developing a vibration
integrated, auger extrusion system which allowed us the fabrication of SFCs at intricate
geometries with high mechanical performance. This thesis treats three main research
topics on the principle of using different short chopped fibers. First, short chopped
carbon fibers were used as reinforcement which were considered to be too short to
enhance mechanical strength of composites with unprecedentedly high strength (>400
MPa), stiffness (53GPa) and fiber volume (46%) up to now. We showed in this study
for the first time that, at high fiber volumes of these fibers, a transformation takes place
on load transport mechanism within the composites and higher levels of strength and
stiffness enhancement were obtained. This fictitious transformation giving rise of short
carbon fibers to act as if they are longer, helps effective transfer of tensile loads from
matrix to fibers and this results in unprecedented mechanical performance of these
material systems. Using these fibers also showed that the mechanical properties of the
additively fabricated thermoset composites match those of commonly used structural
metals. These properties show nearly isotropic behavior and therefore these composites
have great potential to find immediate applications where weight reduction and

component complexity are desired.



The second research goal in this work is to fabricate a thermoset-based Kevlar fiber
using direct write additive manufacturing. This was also performed by utilizing the
developed vibration integrated, auger extrusion system. This system enabled us to apply
highly viscous materials based on the presence of Kevlar fibers. We found out that
using 6.3% of Kevlar fibers into the epoxy matrix as volume percentage was possible
and printed successfully. We also found out that additively manufactured thermoset-
based Kevlar fiber with high mechanical performance such as low weight, high
strength, and high ductility can be achieved which have a great potential to open doors

for wide range of novel applications.

Our third aim was toward the additively manufactured syntactic foams composites. This
is due to their advantages over traditionally fabricated foams in terms of design
flexibility, in-field fabrication and the low investment cost. Unfortunately, current
additive manufacturing methods developed for thermoplastic syntactic foams suffer
from unavoidable porosity and low mechanical performance. likewise, in this topic, we
overcame these limitations by fabricating thermoset based syntactic foams using direct
write additive manufacturing which allowed us to fabricate buoyant syntactic foams
with unprecedented strength (>100 MPa) and modulus (1.2 GPa). The achieved
mechanical performance of these materials can be tailored by reinforcing the thermoset
foams via short carbon fibers. Additively manufactured thermoset based syntactic
foams with high scalability and tailored mechanical performance have great potential
to find immediate applications where weight reduction, mechanical performance and

component complexity are desired.
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CHAPTER 1: INTRODUCTION

Composites are reshaping the world we live in. In fact, composite materials possess
great mechanical performance compared to the traditional engineering materials which
allows for significant reduction in weight and cost for certain applications. Composites
can be manufactured by traditional fabrication methods or by newer means such as
additive manufacturing. Additive manufacturing has advantages over traditionally
fabricated composites in different aspects such as design flexibility, saving time, and
reducing the investment cost. In the same fashion, additive manufacturing (AM) has
paved the road to have a notable change in the generated processes that can help us in
producing complex products with specific characteristics in different areas of
application varying from aerospace, automotive, to biomedical. Moreover, AM of
composites has allowed researchers to develop, change, and expand the properties of
generic materials through introducing reinforcements.

This chapter reports a comprehensive view of composites and AM process of these
materials. Different AM processes, various material formulations, mechanical
performances and drawbacks of these material systems are considered. Emphasis is
paid in this chapter on identifying the potential of AM technology for fiber-reinforced

composites.

1.1. Composite Materials

Composite materials can be defined as a multi-material system consisting of two or
more constituents put together without any chemical reaction. It should be noted that
individual materials are used to create a new material which has new features that are

not a copy of any of the ingredients taken separately [1, 2].



The components are not soluble in each other, and can be classified into two major
phases, namely the reinforcing phase, and the matrix phase. The reinforcing phase is
embedded inside the matrix phase, and can be in different forms such as fibers,
particles, or flakes [3]. In contrast, the matrix material is in continuous form, as seen in

concrete, for example [4].

Detailed examinations reveal the critical roles of the matrix material. The matrix can
give the final shape to the composite part, keep the reinforcements in place, and transfer
the stress to the reinforcements. In addition to that, it can protect the reinforcing phase

from environmental issues such as chemicals, moistures, and degradation [5-7].

Although the matrix phase has an essential contribution to the debate, it commonly
suffers from the weakness in mechanical performance [8, 9]. On the other hand, the
reinforcing phase material is durable and can be used to strengthen the matrix [10, 11].
Enhancement on strength, stiffness, and fatigue resistance are some of the mechanical
properties achieved by using the reinforcing phases as reported in many research papers
[12-16]. For example, carbon fibers are utilized as a reinforcing phase to enhance the

epoxy resin matrix phase [17].

Composite materials do not only provide remarkable mechanical performance, these
materials also possess significant reduction in their weight, better corrosion resistance,
and more satisfying durability in different areas of applications such as aerospace,

marine, and automotive industries [18-23].

As we have provided insights on the matrix phase being used in composites, there are
two major categories of the matrix phase materials—specifically, thermoplastic and
thermoset. In general, a thermoplastic, or thermo melting plastic, is a plastic polymer

material that softens and melts at elevated temperatures and becomes solid as it cools



down. Thermoplastics may be reshaped because the bonds are weak due to the presence
of the van der Waals interactions in these materials. They are typically utilized to
fabricate components by different polymer processing methods such as injection
molding, compression molding, and extrusion. Typical examples of thermoplastics
include polyethylene, polystyrene, polyether—ether—ketone (PEEK), and polyphenylene
sulfide (PPS) [24-27].

On the other hand, in thermoset polymer or as know by resin, the molecules are
chemically joined together by cross-links. Cross-linking reactions are initiated by the
addition of compounds like curing agents, activators, and catalysts [28]. High
temperatures can drive the reaction process, and therefore, these polymers cannot be
reused once cross-links are formed on curing [29]. Furthermore, thermoset polymers
are insoluble and infusible after curing because the chains are rigidly joined with strong
covalent bonds. By comparison, they are used with several types of reinforcements,
mainly because of the ease of processing due to their low viscosity [30-32].

The main drawbacks of thermoset polymers are their limited storage life at room
temperature, their long curing cycle for solidification, and the long fabrication process
time [33, 34]. Thermosets possess a well-bonded three-dimensional molecular structure
after curing. In addition, instead of being melted as in thermoplastics, thermoset
material is decomposed at elevated temperatures. Since these materials can withstand
higher temperatures without melting and softening, they are more suited as matrix
materials for temperature resistance required advanced conditions in reinforced
composites [35]. Typical examples of thermoset include epoxies, polyesters, phenolics,

and polyamide [36].



This study will focus on the use of thermoset materials as a base resin (matrix) in
composites. As a result of the strong chemical bonds between reinforcements and resin,
high mechanical performance can be achieved by the created composite [37-39]. More

details on the strength enhancement concept will be explained in the upcoming sections.

1.2. Additive Manufacturing of Fiber-Reinforced Composites

In this section, the most recent academic studies on additively manufactured composites
will be reviewed. The desired reinforcements, contents, printing settings to fabricate
fiber reinforced composites, mechanical testing methods, and the achieved mechanical

properties will be outlined.

Additive Manufacturing (AM) or 3D printing is a fast-growing manufacturing
technology which allows fabrication of complex freeform geometries via layer by layer
deposition. In traditional subtractive manufacturing, different instruments or tools (i.e.
milling, drilling, grinding and turning) are used to cut away bulk material to generate
the desired 3D structure [40]. In contrast, AM has the ability to fabricate these 3D
structures by adding one layer at a time achieving greater complexity with a single
instrument in a reduced time and material [41]. As a result, AM has found numerous

applications especially in the 3D design and prototyping fields.

The design and manufacturing of lightweight composite materials are attracting
growing interest due to their immense potential to replace the traditional engineering
materials for structural applications. This interest has accelerated recently due to the
reduced weights in additively manufactured components, which can be enhanced with
topology optimization without sacrificing the structural performance. Additive
manufacturing technology allows for the fabrication of materials in complex

geometries. Therefore, components can be redesigned with this freedom of



manufacturability, and the reduction in weight can be further increased if low-density

materials are used in additive manufacturing [42-53].

Composites, as described before, are a chosen mixture of different materials with a
precise microstructure and shape. This combination leads us to have a unique
mechanical performance that are improbable to have with any of the ingredients alone.
The characteristics of any composite rely mainly on the properties of its elements, their
inside construction, and their volume/mass percentages. Usually, reinforcing material

plays a role in determining the strength and stiffness of any composite material [54].

The cooperation between the enhancement material and the matrix is considered to be
effective in the cases of the load-bearing system where the matrix cannot be without
the interface. The interface works as a tier and transports load between the matrix and
the reinforcing fibers. According to that, the mechanical properties of a composite are
governed by the interface. Enhanced creep resistance, stiffness, strength, and fatigue

represent desirable properties in the composite material systems [55].

Composites can be classified into fibrous composites, particulate composites or
nanocomposites according to the size of the reinforcement [56]. The reinforcements in
fibrous composites are in the form of fibers in which the length of the fiber is much
higher than its cross-sectional dimensions. Besides, the cross-sectional dimensions will
be in the order of microns, and length will be in the order of millimeters or centimeters

[57, 58].

Further classification of fibrous composites is possible as single layer composites or
multi-layer composites depending upon the number of layers. In the same way, fibrous
composites can also be classified depending on the length of the fibers as short fiber

composites and continuous fiber composites[59, 60].



In short fiber composites, the fibers can be mixed with the resin system, and the
composite product can be obtained by compression molding. This provides composites

of fibers with random orientation [61-63].

On the other hand, the length of continuous fibers can elongate to the entire size of the
component itself. This fiber type is regularly used in high-performance composites. It
has been well documented that mechanical properties like strength, modulus, and

toughness improve with increasing fiber length [64-68].

Investigations on failure have revealed that under loading, the cracks start at the fiber
ends and propagate along with the fiber-matrix interface where these ends are
considered as sources of stress concentration. Most high-performance composites are

typically strengthened with much longer fibers [69, 70].

Although the manufacturing of fiber-reinforced composites has been reported
traditionally by several methods, the additive manufacturing (AM) procedure was
mainly implemented to fabricate thermoplastic composites with short fiber
reinforcements [71-73]. Additive manufacturing of polymer composites reinforced
with continuous fibers, however, has several geometric and processing constraints,

including a minimal deposition length and minimal corner radius [74].

Manufacturing with short fibers allows considerably more freedom in the fiber
placement and material deposition, which results in more straightforward processing of
the material. Material cost and void content are also relatively lower in short fiber
composites, which make short fibers an attractive option for many AM applications.
Multiple studies exist in literature where chopped polymer , glass [75], and carbon

fibers [62, 72] were mixed with thermoplastic resins such as PLA and ABS.



Short fiber reinforced composites were fabricated by melting and extruding a
thermoplastic polymer matrix using the fused filament fabrication (FFF) additive
manufacturing method. In these studies, significant increase in tensile strength and
elastic modulus were observed compared to the neat, unreinforced thermoplastic matrix
with the addition of short fibers. Enhanced stiffness in these composites significantly
reduced the distortion and warping of the material during processing and allowed for

3D printing of larger-scale components in different applications.

Even though the mechanical performance has been improved in the fused filament
fabrication (FFF) method, thermoplastics commonly suffer from drawbacks that are
generally seen in the large porosities, the problematic inadequate adhesion within

layers, and the multistep process [76, 77].

Overcoming some of the limitations of the FFF of polymer-based material is possible
by utilizing the direct writing (DW) additive manufacturing methodology. This method
is based on using thermoset materials instead of thermoplastic materials [78]. This is
due to the fact that the adhesion between fibers and the polymer matrix in thermoset
composites is much higher compared to that of thermoplastic composites [79]. In
thermoset composites, it is a common practice to coat the fibers with a thin layer of
surfactant (a.k.a sizing) that chemically couples the thermoset matrix and the fiber,
creating a strong adhesion. In thermoset composites, the liquid resin can also wet the

fiber surface and facilitate the chemical adhesion process [80].

The direct writing system involves preparing highly viscous, printable materials in
paste form, which is obtained by modifying the fluid viscosity and yield strength using

rheology modifiers, such as nano clay.



Since material melting is not needed for printing, temperature resistant thermosetting
polymers with high structural performance are printable with this method without

fabricating a precursor filament [81].

Direct write additive manufacturing was introduced by Compton and Lewis [82] to
fabricate carbon-fiber-reinforced epoxy composites in 2014 and has been adopted by
several research groups to fabricate different thermoset matrices (epoxy [79, 83, 84],

cyanate ester [85], bismaleimide [86]) reinforced with short carbon [81, 87] fibers.

Researchers did not focus only on the type of additive fibers. Recent studies [88] also
investigated the effects of fibers' alignment on the mechanical properties in AM
thermoset composites. They found that 90% and 66% of the theoretical tensile modulus
and tensile strength, respectively, have been achieved successfully in composites with

a high degree of fiber alignment and low porosity in this study.

1.3. Limitations of Fiber-Reinforced AM Composites

As shown in Figure. 1.1, although thermoplastic composites could be fabricated and
3D-printed successfully with high volumes (~40%) of short fibers, the maximum tensile
strength of these composites was still low (<100 MPa). This was due to the porosity
between the print lines (unavoidable in the FFF process) and poor interfacial adhesion
between the fibers and the thermoplastic matrix. These processing issues limited the
strength and therefore applications of additively manufactured thermoplastic
composites. On the one hand, thermoset composites provide much higher strength due
to the excellent chemical coupling between the fibers and the thermoset matrix and their

lower porosity.

Additive manufacturing of these systems, however, is extremely difficult over 5% fiber

loading, which is required to achieve high levels of mechanical strength and stiffness.
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Figure. 1.1: Strength versus fiber volume fraction charts for the existing studies [71,
72, 81, 82, 89-91] on the short fiber reinforced thermoplastic and thermoset
composites.

Therefore, the main goal of this study was to develop the technology and identify the
material systems to additively fabricate short fiber reinforced thermoset composites.
Developing the AM technology for high-strength composite materials at low cost will
generate a tremendous impact on the adaptation of these materials to wider scales. To
achieve this goal, we aimed to overcome the challenges existing in direct-write additive
manufacturing of short fiber reinforced thermoset composites, which limit the fiber
volume fraction in these systems. In other words, we aimed to enhance the strength of
the composite material using the highest possible volume fraction of additive carbon

fibers.

In addition, we noticed that some fibers such as Kevlar have a unique combination of
low density, high strength, and high ductility compared to other fibers. However, the
application of Kevlar fibers during the printable ink preparation in the direct writing

process is cumbersome. This is because of the high flexibility of Kevlar fibers which
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make them very hard to break during the ink preparation process. As a result, there is a
limitation in the number of studies using short Kevlar fibers as reinforcements.
However, in this study, we intended to overcome this limitation by fabricating Kevlar
fiber reinforced thermoset composite samples using the DW method as our second

research goal.

1.4. Additive Manufacturing of Syntactic Foam Composites

Syntactic foam is defined as a composite material system which is prepared by filling
polymer, metal, or ceramic matrix with pre-formed hollow spheres [92-94]. Due to the
closed-form and lightweight of the hollow sphere constituents, these foams possess low
density and high specific strength properties. As a result, these materials find a range
of applications where low water absorbency, buoyancy, resistance to the long-term

hydrostatic pressure, and a high impact endurance are demanded [95, 96].

Glass microspheres (also known as micro balloons or glass bubbles) are the most
common constituents in syntactic foams. Glass microspheres have a diameter range of
10 to 300 um, and they are utilized in syntactic foams due to their higher compressive

strength compared to other microsphere types.

Syntactic foams filled with glass microspheres have been fabricated with conventional
manufacturing methods such as injection and compression molding, and their
mechanical properties have been investigated [97-103]. To fabricate syntactic foam
components at complex geometries without tooling, additive manufacturing possesses

great potential.

In addition to the unmatched design freedom, AM also offers low investment cost and
fast design-to application process benefits as well. AM of polymer matrix syntactic

foams was introduced recently using a fused filament fabrication (FFF) method [104,
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105]. In these studies, glass microspheres-filled precursor filament was initially
prepared, and this filament was used to fabricate syntactic foam parts in a layer by layer

fashion.

These studies showed the feasibility of AM of polymer matrix syntactic foams.
However, high porosity, low strength, weak adhesion between the layers and the
multistep fabrication process are the drawbacks of the FFF based manufacturing of
syntactic foams [75, 106]. In this research, our third goal was to investigate AM of
thermoset-matrix syntactic foams using the direct-write methodology for the first time
with the goal of fabricating these syntactic foams with high strength and temperature
resistivity, which cannot be achieved via thermoplastic matrices. In addition, this study
explores the tailorable mechanical properties of syntactic foams via addition of short
carbon fibers. Therefore, a novel methodology for the preparation of thermoset-matrix
syntactic foams and syntactic foam composites via DW manufacturing is reported in
this study, and the mechanical performance of these materials is compared against the

previously reported studies.

1.5. The Structure of This Dissertation

This thesis research focuses on additive manufacturing of thermoset-based polymer
matrix composites and understanding the effects of different types of fiber
reinforcements on the mechanical performance of the additively manufactured
composites. The composite materials consist of epoxy matrix and discontinuous fibers
used as reinforcements. The fibers types investigated in this study are Carbon and
Kevlar. As the last step in this thesis, additive manufacturing of ultra-lightweight
composites using syntactic foam materials will be introduced. In addition, carbon fibers

will be mixed with foam material to tailor the mechanical performance. Evaluation of
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these fibers and the criteria behind choosing them will be separately discussed in the
next chapters. The construction of this dissertation is divided into six chapters according

to the following arrangement:

* Chapter 1: (Introduction) - Concise explanation of the concepts of the composite
materials, including a review of the case of the art in composite additive manufacturing,
specifically in fiber-reinforced thermoset composite, challenges, and aims followed

throughout this project is provided.

e Chapter 2: (Materials and Methods) — In this part, materials and tools used in
fabricating the test specimens are presented. Also, methods used during the 3D printing
process are mentioned. Furthermore, a review and investigation of three different

mechanical test types will be explained precisely.

* Chapter 3: (Additive Manufacturing of Short Carbon Fibers Thermoset
Composites) — The first major goal of this thesis is discussed in detail in this chapter.
First, this chapter will examine the effects of the addition of chopped carbon fiber into
neat epoxy on specific mechanical properties of printed structures. Second, the effects
of adding different amounts of carbon fibers on the printing ink are presented via the
rheology measurements. Third, the performed mechanical tests are examined to
quantify the reinforcing ability of these fibers within the fabricated composite material.
Finally, hierarchical microstructures of the composites will be explored using scanning

electron microscopy.

The fracture surfaces will be investigated after performing the mechanical tests to
investigate the defects and artefacts such as porosity, infill, and material interdiffusion,

which are inherent drawbacks of the 3D printing process.
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* Chapter 4: (Additive Manufacturing of Ductile Kevlar Fibers Thermoset
Composites) — The second type from the chopped fibers is explained in this segment.
First, we will discuss the properties of Kevlar fibers. Second, since there are no
commercial chopped Kevlar fibers, the method used to produce short Kevlar fibers from
continuous commercial fibers will be presented. Third, in the same fashion, this chapter
will shed light on the addition of chopped Kevlar fibers and their effects on mechanical
performance. The amount of fibers that are added, their rheology, printing process, and

the hierarchical microstructural will be described.

Finally, mechanical tests included in the previous chapter are presented here again.
However, an investigation of the fatigue mechanical test, which is used for the first time

in AM of Kevlar fiber reinforced thermoset composite, will be shown in this chapter.

* Chapter 5 (Additive Manufacturing of Syntactic Foam Lightweight Thermoset
Composites) — This chapter will mainly concentrate on the fabrication of lightweight
materials. Glass microspheres this time are used to produce lightweight composites.
However, for the first time, we could apply this material in AM thermoset printing to
create specimens. Although we could generate lightweight samples; the mechanical
performance was not sufficiently strong. To solve this issue, the addition of short carbon
fibers to the glass microspheres is provided and explained to enhance some of the
mechanical properties. Both flexural and compression tests are performed to investigate

the mechanical properties. Also, the hierarchical microstructural will be presented.

* Chapter 6: (Conclusion and Future Work) — In this final chapter, the conclusions
of this work are manifested as well as proposals for the future work and the continuation

of the research.



CHAPTER 2: MATERIALS AND METHODS

This chapter will include a concise overview of the 3D printing process methods,
including the interest of using Direct Write (DW) additive manufacturing technologies
compared to the Fused Filament Fabrication (FFF). The core components of the printed
materials used in this study to overcome the current limitations in this field of research

will be explained in detail.

2.1. Comparison of FFF and DW Additive Manufacturing

FFF is one of the most well-known additive manufacturing methods for creating 3D
polymer parts. Thermoplastic polymers such as Polylactic Acid (PLA), Acrylonitrile
Butadiene Styrene (ABS), are commonly utilized in this method. These materials are
used in filament form which is inserted toward a heating element via a Bowden tube.
Extrusion can be performed by heating the filament to just above the melting
temperature. Therefore, the material will be liquid after melted and can be deposited in

small strips on the print bed, as shown in Figure. 2.1 below.

Filament Moving
Mechanism

Heated

Printed Extruder

Part

Fused Filament Fabrication (FFF)

Figure. 2.1: Schematic overview of how the material is deposited in FFF processes.
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The principle of the FFF 3D printing process is based on the movement of the print bed
or print head (or the nozzle) in the x-, y-, and z- directions. The primary function of the
print head is to deposit the layers of material. Once the first layer is formed, the print
bed/head will shift downward/ upwards, and a next layer can be deposited over the first
one until finishing the desired part. Typically, to ensure that the initial print layer has
sufficient adhesion to the print bed surface, the printing surface can be treated with a

glue or other adhesive substances before starting the fabrication process.

The advantages of the FFF method can be noted in different aspects. First, an extensive
diversity of materials is possible to use. Besides, these materials are easy to handle and
change during the printing process. Second, it has high resolution can fabricate samples
in a short period of time. Third, to enhance mechanical performance, reinforcements
such as particles, fibers can also be added into the thermoplastic matrix. Finally, the
low cost and the easy maintenance make it one of the best choices for researchers in

various fields of applications.

Despite these advantages, however, there are some deficits to this method. These
drawbacks are the low service temperature in thermoplastics and the voids between the
deposited strips during the printing process. In addition to the porosity, poor
interfacial adhesion between the reinforcements and the thermoplastic matrix limits

the mechanical performance and, therefore, the applications for this technology.

The process known as direct writing (DW) has significant advantages to eliminate some
of the drawbacks of thermoplastic printing described above. DW is similar to the FFF
method in terms of creating objects. The deposition of layers upon layers on the printed
surface can generate the final part. However, instead of the FFF process, which is based

on polymer melting and solidification, the direct-write technique is used for the additive
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manufacturing of liquid thermoset materials. Viscous pastes are prepared by mixing
liquid polymer resins with fiber reinforcements and rheology modifying nanoparticles.
These pastes have sufficient yield strength to be extruded into intended geometries.
Additionally, since material melting is not required for 3D printing, temperature-
resistant thermosetting polymers are printable with this method. As the last step of the
manufacturing process, the extruded material is cured via heat or light into solid

structures. Figure. 2.2 illustrates this method.

Deposited
Material

Direct Write (DW)

Figure. 2.2: Schematic overview of the DW processes.

It is found that the adhesion between reinforcements and the polymer matrix is much
higher in thermoset composites compared to thermoplastics, where these
reinforcements can be coated with a thin layer of surfactant which chemically couples
the thermoset matrix creating a strong adhesion. For example, in thermoset composites,
the liquid resin can wet the fiber surface and facilitate the chemical adhesion process.
It should, nevertheless, be borne in mind that the main parameters of printing in DW
method must be optimized to build up the required parts with high mechanical

performance.
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It is certainly true that there are lots of parameters which can be applied, but there are
some parameters being considered as the core of this printing process. These main
parameters include the print head velocity, layer height and width, and the viscosity of

the ink.

In this respect, it is found that when the print head velocity is too high, the deposition
of material will become discontinuous, resulting in weaker mechanical features and
lower overall quality. On contrast, when the velocity is too low, the deposited ink
material might overflow resulting in more poor mechanical properties. Researchers also
verified that minimizing the layer height in the z-direction can sharply increase the
printing resolution. In other words, the thinner the layers are, the higher the dimensional
precision of the part is. Therefore, the minimum layer thickness possible will generate
the most accurate parts. Lastly, the viscosity of the ink, which is determined by the

amount of additive reinforcement material, controls the process.

The physical properties of the prepared ink are important parameters during the printing
process. Inks with too low viscosity can be printable but the printed ink does not retain
shapes. On the other hand, printing highly viscous ink material requires high extrusion
pressures and can be very challenging. Therefore, viscosity should be maintained in a
certain range to perform the printing process. The following section will set out the
required tools, methods, and instruments which are used to fabricate the fabricate test

specimens.
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2.2. Direct Write Printing Process Tools

2.2.1 Geometry Design and Slicing Software

The specimens for mechanical testing are determined according to ASTM standards
(Standard Test Method for Flexural Properties of Polymer Matrix Composite
Materials). These samples were designed using Creo Parametric V5 2019 computer
aided design (CAD) software, and the ASTM standards were used to determine the

critical dimensions of the specimens.

CURA software was chosen to be the main slicing program in this thesis, where it can
serve as the interface linking the computer model and the printer. To understand the
working principal of CURA program, the part geometry that is created in Creo can be

transported as an STL file and imported into CURA.

In other words, this is the main connection between this software and the design
program. The STL file can also be transformed into G-Code through CURA. 3D
printers can understand the G-Code language created to perform the required tasks.
CURA software is has user-friendly graphical user interface and has numerous choices
for altering, or sometimes remodeling the STL-files, according to the users' coveted

stipulations to tailor the part and attain the aspired properties for the application.
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2.2.2. Delta Bot Hackka V1 3D Printer

A commercial FFF type of 3D printers was used in this research, namely, Delta Bot Hackka

V1 and Figure. 2.3 represents the actual image of this printer.

Figure. 2.3: Delta bot 3D printer[107]

Although it has a small size which is about 300 mm in width and 680mm in height
compared to other 3D printer families, this printer can surpass or emulates other
3D printers in their functionality and can do the same required missions. The
greatest benefit of this printer is its high speed, and high resolution that can reach

up to 100mm/s, and 0.005 mm respectively.

In conjunction with this, this printer is compatible with many slicing softwares such
as CURA, Slic3er, and others. Also, different material types such as ABS, PLA,

Nylon, and others can be used in this 3D printer.

FFF printers are specifically designed for fabricating thermoplastic materials. On

the contrary, this research focuses on the DW method, which concerns with
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thermoset materials. Initial questions we asked ourselves were the following: How
could we modify this printer to fabricate thermosetting polymers in our study? And
what are the following steps that have been used to make that is possible? Answers
for these questions are specifically presented in the following sub-section to

describe the modification process.

2.2.3. The Customized 3D Printing Setup

The few commercially available 3D printers that are designed to print thermoset
materials. However, these printers are either expensive or designed for additive
manufacturing of thermosets rather than thermoset composites. Therefore, a custom-

made 3D printing setup was designed in this study.

In a standard FFF printer, thermoplastic filaments are pushed through a gearbox into
the extrusion nozzle. Besides, the printer head is specifically designed to melt the solid
material at high temperatures. Since the thermoset materials need no melting, the
printhead needed replacement. Figure. 2.4 shows our customized system which will

be described it in the next paragraphs in details.

Extruder

-

f
i Piston —
. =

e — Material Supply

Printing Platform
Figure. 2.4: The Customized 3D printer Kit
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This 3D printing system is designed for the deposition of viscous materials such as
fiber reinforced composites. In addition, it supports printing at high speeds and can
be used with various nozzle diameter sizes from 0.1 mm to 3 mm. The 3D printing
system has two major components. The first part is the material container. In this
material supply system, viscous ink is pushed toward the extruder via a piston driven
by a stepper motor. Since the diameter in this container is large, the amount of pressure
needed to push the material is minimum, and consequently, high viscous inks are

pushed toward the extruder successfully.

The second part of the system is the extruder or material dispenser. In general, the
main function of the extruder is to dispense the material on the surface for 3D printing.
The weight of this part is small, and it is noted by its flexibility to be placed in four
various adjustments to outfit any printer. Highly viscous materials can be extruded as
a result of using a strong stepper motor connected to the extruder as shown in Figure.

2.5.

Stepper
Motor

Auger

Extruder i Material

. Inlet

Vibration

Motor
Material ‘

Outlet

Figure. 2.5: Extruder cross sectional view for the Direct Write system.
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As the stepper motor shaft rotates, the auger screw inside the extruder will rotate and
push the material downwards during the printing process. The rotation speed of this
motor was controlled and optimized through a control unit that is compatible with most
of the FFF 3D printers’ motherboards. In other words, the stepper motor speed can be
modified by adjusting the micro-steps/mm inside the G-code using the command M92
Exx, where xx represents any integer number. This number literally indicates the
number of micro-steps number per mm.

The rotation speed will increase by increasing the micro-steps numbers, and as a result,
the amount of the material that comes through the nozzle will increase. This extruder is
also equipped with multiple vibration motors, which simultaneously shake the nozzle
and extruder channel walls, avoiding material adhesion and fiber agglomeration. The
use of these motors significantly reduced nozzle clogging and provided consistent

material flow at high fiber loadings.

2.2.4. Thinky AR-310 Shear Mixer

It is challenging to separate, or mix, viscous inks using conventional mixers. For this
purpose, a high-shear mixer should be used to mix homogeneously viscous materials
(i.e., thermoset resins). In order to mix at high shear, several factors should be
considered in choosing a suitable mixer which can fit the purposes. Examples for that
are the diameter of the rotor, rotor speed, mixing time, and the distance between the
stator and the rotor. Based on what we explained above, and after investigations, we
decided to use Thinky AR-310 high-shear mixer as shown in Figure. 2.6. This mixer
is able to mix wide range of materials which are up to 350 grams in weight such as
ink, epoxy resin, solder paste, etc. Its high safety, lightweight, novel tilting design,
steady performance, easy operational, and easy maintenance address this mixer as the

first choice in our research.
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Figure. 2.6: Thinky AR-310 shear mixer [108]

2.3. Ink Preparation

The composite inks were prepared by mixing the epoxy resin (EPON Resin 826 from
Hexion), curing agent (hardener) from Sigma-Aldrich (1-Ethyl-3-methylimidazolium
dicyanamide), and Garamite-7305 nanoclay from BYK additives as a rheology

modifier.

Afterwards, chopped fibers were then added gradually to this mixture in different
amounts to observe their effects on the mechanical properties and printability. The
volume percent of these fibers within the composite varied from 2% up to 46%
according to each fiber type. On the other hand, as the presence of fiber content
increases in the composite ink mixture, the amount of nanoclay will gradually be
reduced to keep the viscosity at a similar level since. The nanoclay content

corresponding to the fiber amounts will also be explained in the next chapters.

The inks were subsequently shear mixed using a high shear mixer (Thinky ARE-310)
for 3 minutes at a speed of 2000 rpm to ensure homogeneity. After mixing the fibers,
epoxy matrix, and the clay rheology modifier, latent curing agent (hardener) from
Sigma-Aldrich (1- Ethyl-3-methylimidazolium dicyanamide) was added and mixed

for 1000 rpm for 1 minute as the last step of the ink preparation.
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2.4. General 3D Printing Process in This Research

As a first step in this research, we decided to fabricate samples based on the fact of
mixing only rheological nano clay powder to adjust the viscosity of the epoxy in the
ink preparation process. After adding 10% from the nanoclay as a weight percentage
from the resin, the mixtures then were subsequently shear mixed using (AR-310)
mixer for 3 minutes with a speed of 2000 rpm to ensure homogeneity as described in

the previous section.

In this step, the ink is ready to be deposited throughout the 3D printer used in this
research (i.e., Delta bot 3D printer). However, prior to the printing process, rectangular
prism-shaped test specimens, in accordance with ASTM D7264/D7264M— 07
standard, were designed in Creo Parametric V5. The specimens have a simple
geometry, and the customized 3D printing setup was used to deposit the ink through a
0.60 mm nozzle diameter using the 3D printer in the longitudinal direction (0°) as

shown in Figure. 2.7.
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Figure. 2.7: Nozzle path of a single layer during 3D printing



25

The printing speed was maintained at 40 mm/s, and throughout the printing process,
the temperature of both build plate and nozzle were kept at room temperature. The
build plate was covered with a 20 um thickness Teflon sheet for easy removal of the
parts after the curing process, which was carried out in an oven under a temperature

of 100° C for 15 hours. The resulted samples are shown in Figure. 2.8.

Figure. 2.8: 3D printed base ink samples

2.5. Mechanical Test Setup

A digital caliper was used in order to determine the width, length, and thickness of the
printed samples. The dimensions were checked to be inside the proper tolerances
commanded by the ASTM D7264/D7264M— 07 and/or ISO 604 standards for all
printed specimens. The results of the measured samples showed that the accuracy of
the printed parts was in the agreement with the designed specimens. Three different
mechanical tests were performed; flexural, compression, and fracture toughness. All
of these testes were accomplished using the INSTRON universal testing machine

[109] with a 100 KN load cell.
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2.5.1. Flexural Test

Because of the simplicity of three-point bending conditions, this research will focus on a three-
point flexural test, according to ASTM D7264/D7264M~— 07 standard. Generally, in this test,
the span length can be determined according to unrestricted support span-to thickness
ratios of 16:1, 20:1, 40:1, and 60:1 that can be applied. In other words, span length
relies on the thickness of the sample. In our experiments, 16:1 span-thickness ratio was
chosen as a reference to fulfill requisites of the test. Span length is also considered to
calculate the specimen’s length, where it is normally about 20 % longer than the span
length. Flexural strains ¢ and stresses o are computed according to ASTM

D7264/D7264M— 07 standard test as the following two equations:

65h

&= 2
L (2.1)
3PL

o= 2
2bh (2.2)

where 0 is the displacement, / is the beam thickness, and L is the support span in Eq.
(2.1). P is the loaded force, » and 4 are the width and the thickness of the beam

respectively in Eq. (2.2).

Failed samples were optically analyzed and if the failure did not occur at the center,
bending moment arm (L/2) in Eq. (2.2) was updated. The flexural modulus was

calculated based on the slope value in the strain-stress graph.

2.5.2. Compression Test

Likewise, this test is also adopted to measure some fundamental parameters such as the
compressive strength and Young's modulus. The test was performed using the universal

Instron machine in the accordance with ISO 604 standard.
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The behavior of the materials subjected to a compressive force exhibit a linear
relationship between stress and strain which can be translated according to Hooke's

Law in the following equation:

o= Ee (23)

Where E represents Young's Modulus value for under compression, and this value
explains the material’s deformation under the effective compressive loading prior to the
plastic deformation. To expand this point more, once a certain force threshold has been
reached, plastic deformation will befall where linear behavior stops. At this point (i.e.,
proportional limit), the measuring force is known as the yield point of the material. The
maximum achievable force at that point will provide the ultimate compressive strength

value.

2.5.3. Fracture Toughness Test

Fracture toughness is interpreted as an important phrase for measuring the material's
ability to resist the crack's extension especially when using composites in unidirectional
fibers. In other words, the more the material resists the crack, the higher the toughness
obtained. In this type of test, the direction of the applied load relative to the crack-
defect plane determines the type of three modes of loading that can be used in the
fracture mechanism. If the load is perpendicular to the crack plane, this is called Mode
I. Conversely, Mode II can occur by applying parallel load (in plane-shear) to the crack
plane. On the one hand, in Mode III crack is loaded out of its plane. Figure. 2.9

llustrates the three modes.
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Figure. 2.9: Modes of loading on the crack surface [110]

In this thesis, analysis of the generated fracture toughness samples was based on the
Mode I, according to the ASTM D5528-01 test. The reason behind choosing this Mode
is due to the geometry restrictions. To illustrate more, other modes require samples with
a large thickness. However, it is difficult to create samples with higher thickness using
thermoset materials because of the lack of immediate solidification that thermoset
materials have. Furthermore, after a certain height during the 3D printing, the structure
will collapse, and the thickness will not be sufficient to be considered in the standards.
In contrast, layer thickness in Mode I is reasonable and ranges from (3-5mm). The
constructed samples in Mode I have an initial crack length of 50 mm, and the most
common width and length were 25mm and 125mm, respectively. A standard compact

labeled part is shown in Figure. 2.10.
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Figure. 2.10: Actual representative image of fracture toughness Mode |
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It is clearly shown from Figure 2.10
Piano

that test specimens are fatigue pre- Hinges

cracked before doing the test. Pre-

cracking produces a sharp crack tip by I \ E\i.fr

Figure. 2.11: Piano hinges
in the fracture toughness test

adding the Teflon sheet in the middle
Load
plane of the printed layers to serve as

a delamination initiator.

During the test, vertical crack opening loads are applied to the sample by means of the
hinges (Figure. 2.11) at the end of the specimen. At each different load, displacement,
and crack propagation length are recorded until the maximum load that can break the
sample. Afterward, the amount of energy released according to the ASTM D5528 - 01
standard used in this test is calculated according to Eq. 2.4 to quantify the toughness

degree of this material.

Gr=>"— (2.4)

Where Gy is the released strain energy, and P, §, w, ¢ are the applied load, crack

propagation length, width, thickness, respectively.



CHAPTER 3: ADDITIVE MANUFACTURING OF SHORT CARBON FIBERS
THERMOSET COMPOSITES

Additively manufactured, short fiber reinforced polymer composites have advantages
over traditional continuous fiber composites, that include low cost and design
flexibility. However, these composites suffer from low strength and stiffness as
compared to their continuous fiber counterparts due to the limitation of low fiber
volume. In this chapter, this limitation was overcome for the first time by developing a
method that allowed fabrication of short fiber reinforced thermoset composites in
intricate geometries, with unprecedented mechanical performance, and high fiber

volume ratio.

3.1. Carbon Fibers Used in This Research

Milled carbon fibers with low aspect ratios were used in this study to facilitate
continuous extrusion at high fiber loadings. Existing studies [84, 90] on additive
manufacturing of short fiber reinforced thermosets utilized relatively long fibers with
high aspect ratios in the range of s = 46-234. This selection was consistent with the
fact that mechanical loads can be more effectively transferred via long fibers with high
aspect ratios and hence higher strengths can be achieved. Using high aspect ratio fibers
during material extrusion however leads to the fiber agglomeration, nozzle clogging
and printing defects at high fiber loadings. Therefore, in our study, we used milled
carbon fibers instead with very low lengths and aspect ratios (L=50 um, $=4.5). Two
types of carbon fibers were purchased from Mitsubishi Chemical Carbon Fiber and
Composites (MCCFC); sized fibers (K6371M) and unsized (K223HM) fibers to assess

the effect of sizing and the fiber-matrix adhesion on mechanical properties.

30
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Milled carbon fibers (50 microns in length) were added gradually to this mixture in
different amounts to observe their effects on the mechanical properties and printability.
The volume percent of these fibers within the composite varied from 2% up to 46%. As
the carbon fiber content was increased in the composite ink mixture, the amount of
nanoclay was gradually reduced to keep the viscosity at a similar level since the carbon
fiber addition also increased the viscosity of the ink. The nanoclay content
corresponding to the carbon fiber amounts of 0% (base ink), 2%, 5%, 13%, 21%, 28%,
36%, 46% were obtained as 10%, 9%, 8%, 4.5%, 3.6%, 3.3%, 1.9% and 1%,
respectively. The inks were subsequently shear mixed using high shear mixer (Thinky

ARE-310) for 3 minutes at a speed of 2000 rpm to ensure homogeneity.

3.2. 3D Printing Using Vibration Integrated Direct Ink 3D-Printing Setup

Achieving higher fiber loading over 5% by volume in the previous studies was not
possible since the viscosity of the composite ink increased significantly over this fiber
volume and therefore extremely high pressures were required to pump these viscous
inks through sub millimeter nozzle orifices. Extrusion process becomes even more
difficult as the fiber aspect ratio is increased which leads to fiber agglomeration and
nozzle clogging.

To extrude highly viscous composite materials, a custom-made direct write extrusion
setup was developed as mentioned in chapter two previously (Figure. 2.5). The
composite ink is filled into a barrel container with a 50 mm inner diameter and
transferred toward the extruder inlet port with a piston driven by a stepper motor. An
auger is then used to push this material through the nozzle. This displacement-
controlled, 2 step- printing system allowed us to extrude highly viscous composite inks
reinforced with high levels of fiber loading. In addition, the extruder is equipped with

multiple vibration motors, which simultaneously shake the nozzle and extruder channel
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walls, avoiding material adhesion and fiber agglomeration. The use of these motors
significantly reduced nozzle clogging and provided consistent material flow at high
fiber loadings (Figure 2.6).

Figure. 3.1 shows the effect of vibration on the consistency of flow and the porosity of
the printed test samples. The prepared composite inks were dispensed through the
tapered nozzles attached to a customized delta 3D printer where the printing speed was

maintained at 40 mm/s.
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Figure. 3.1: The effect of vibration on the quality of the composites reinforced with
36% carbon fibers by volume A) Top surface, B) Bottom surface.

Utilizing milled fibers as the reinforcement along with the displacement-controlled
extrusion system described above and integrating a vibration activated nozzle
unclogging system allowed us to significantly increase the fiber volume fraction in the
thermoset composites.

We could successfully fabricate specimens up to 46% fiber volume fraction with
consistent material flow. The material deposition was performed at high geometrical
resolution using 0.6 mm tapered nozzles except the highest carbon fiber loading (46%)
where slightly larger (0.84 mm) nozzle was preferred to keep the continuity of the

material flow.
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The curing process was performed at 100°C over the course of 15 hours. Performing
post-curing on the printed inks at 200° C for 2 hours did not result any change in
mechanical properties or morphology of the composites and therefore, was evidencing
that curing at 100°C for 15h was sufficient to achieve 100% curing of the thermoset
material.

Fiber content in the fabricated parts was determined using the mass fractions and the
densities of each constituent. Mass fractions (parts per hundred) are all known during
ink preparation process relative to the epoxy mass. Densities of epoxy, nanoclay, carbon
fiber and curing agents are 1.16 g/cc?, 1.98 g/cc?, 2.2 g/cc® and 1.06 g/cc?, respectively.
Using these density values and the mass fractions, the volume fraction of each

constituent and the total density of the fabricated composite specimens were calculated.

3.3. Mechanical Characterization

To assess the mechanical performance of the printed specimens, 3-point bending tests
were performed using Instron universal testing machine in accordance with ASTM
D7264/D7264M— 07 standard (Standard Test Method for Flexural Properties of
Polymer Matrix Composite Materials). At least four tests were performed for each set
to provide the repeatability and quantify experimental variability. In addition, a 16:1
span-to- thickness ratio was utilized where the span length was adjusted for each sample
to keep this ratio. In addition to printing in the longitudinal direction (print lines parallel
to the bending loads), transverse specimens (print lines perpendicular to the bending
loads) were fabricated in order to quantify the level of anisotropy in the additively
manufactured specimens. Three different fiber volume ratios were selected for the
transverse printing: low (5%), medium (20.2%), and high (36.1%). Compression tests
were also performed on the composites loaded with the maximum (46%) carbon fiber

amount to test to prove that compressive strength is significantly higher than the tensile
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strength and therefore, failure occurs only under tension during the 3-point bending
tests. ISO 604 standard (Plastics- Determination of compressive properties) was
followed in these tests which requires sample size of 10x10x4 mm for strength
measurements.

Fracture surfaces of the mechanical tested specimens were imaged using JOEL JSM-
6010 PLUS/LA Analytical Scanning Electron Microscope) (SEM). Prior to imaging in
SEM, samples were sputter coated with a thin (1-2 nm) layer of gold layer under 50 torr

for 30 seconds.

3.4. Results and Discussion

Viscosity measurements on the printing inks are given in Figure 3.2. This figure
indicates that the neat epoxy showed the minimum viscosity having the range of 15-41
Pa. s throughout the entire shear rate spectrum. Addition of the curing agent slightly
increased the viscosity of the epoxy, however, the nanoclay was found to be the major
rheology modifier enhancing the viscosity more than 3 orders of magnitude as shown
in this figure. Reduction of the nanoclay content as more carbon fiber was added into
the printing ink reduced the viscosity which further emphasized the effect of nanoclay
as the rheology enhancer on these inks. All inks showed different levels of shear
thinning behavior. Shear thinning was minimal in the neat epoxy ink and maximum in
all the of printing inks where nanoclay was added solely (base ink) or jointly with

carbon fiber into epoxy.
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Figure. 3.2: Variation of complex viscosity as a function of shear rate for the various
inks

Figure 3.3 shows the complex geometries printed using direct ink writing methodology,
which denotes the high dimensional accuracy of this technique. The ability of our
printing system to fabricate intricate geometries was intact even at the high fiber
loadings as evidenced by the similarity of the samples printed with low (2%) and high

fiber (46%) loading levels in Figure. 3.3 inset images.

High C-fiber
V/=45%

Penny Scale

{ Low C-fiber
V=2% )

Figure. 3.3: Images of the complex geometries printed with short fiber reinforced
thermoset composites. Figures on the right compares the same 3D model printed with
2% (bottom) and 45% (top) fiber loading. Inlet images are the close-up view images
to show the print quality in detail.
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Flexure strength and flexure modulus of the composites as a function of fiber loading
are given in Figure. 3.4, where composite strength and modulus increase quite linearly
as the carbon fiber amount is increased. To compare the mechanical performance of the
fabricated composites to the state-of- the-art published results, flexure strength and
modulus properties of 3D printed composites reported by Pierson et al.[84] are marked
in Figure. 3.4. As the figure indicates, a nearly 3-fold increase in strength and 5-fold
increase in modulus were observed as compared to this recent study where the
maximum strength and modulus were reported up to date for short fiber reinforced
composites.

The dramatic increase in strength and modulus in our study was mainly due to our
ability to increase the fiber volume level from 5% to 46% using the extrusion system
described above. The figure also shows that for the same amount of fiber loading (~5%),
a slightly lowered mechanical performance was achieved using milled fibers (§=4.5)
compared to those reported for significantly higher aspect ratios ($=63) reported by
Pierson et al. This comparison shows the great potential of milled fibers for the
fabrication of high strength composite materials and will be discussed further in the

upcoming paragraphs.
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Figure. 3.4: Flexure strength versus flexure modulus variation of additively
manufactured carbon-fiber reinforced composites as a function of fiber loading
levels.
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Fracture surfaces of the composite specimens were imaged using a scanning electron
microscope (SEM) following the mechanical testing. Figure. 3.5 represents SEM

pictures of the specimen reinforced with 46% carbon fibers by volume.

magnification image showing the porosity, B) High magnification image showing the
fiber orientation

These fractographs show that the fibers are densely packed at high fiber loadings and
that large porosities exist (Figure. 3.5A) within the composite specimens despite their
unprecedentedly high mechanical strength and modulus. In other words, if these
porosities or air bubbles are eliminated prior to the extrusion of the composite paste,
the mechanical properties can be further enhanced.

In addition, the fibers show some alignment in the printing direction (perpendicular to
the fracture plane). However, this alignment is significantly lower compared to those
reported in the previous studies on 3D-printed carbon fiber polymer composites,[72,
82, 84, 90] where fibers with higher aspect ratios were utilized. SEM images of the

composite specimens with different fiber volume fractions are shown in Figure. 3.6.
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The goal of 3D-printing short fiber reinforced composites at high fiber loading and high
strength (Figure. 1.1) was achieved in this study. Manufacturing composite structures
having high strength and stiffness (or modulus) at complex geometries will make a
tremendous impact on various applications, most notably in aerospace, defense, and
marine industries, because these materials offer lowered costs, ease of processing,
higher chemical resistance, and most importantly reduced weights under similar
strength requirements.

Figure. 3.7 represents the strength of the composite systems fabricated via direct write
additive manufacturing as a function of their densities. The properties of the commonly
used polymer materials (PLA, epoxy) and metals (aluminum and steel) are also marked

in the figure for comparison.
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Figure. 3.7: Comparison of strength versus density variation of the additively
manufactured composites with the conventional polymers and metals.

As the carbon fiber content is increased in the fabricated thermoset composites, the
composite density showed a linearly increasing trend. Composites reinforced with 27%
short fibers by volume had an equal strength to that of aluminum 6061 38 alloy, which
is commonly used for aerospace, automotive, and marine applications. The density of
this composite was, however, 45% lower than the density of aluminum. Therefore, the
replacement of 6061 aluminum parts with additively manufactured thermoset
composites can reduce their weights by nearly half.

More significant weight reduction can be achieved with higher fiber loading levels.
Composites reinforced with 46% carbon fibers exceeded the yield strength of hot rolled
steel 39 and matched the strength of annealed 4140 steel 40. Considering the densities
of steel (8.05 g/cm?) and the additively manufactured composite (1.6 g/cm?) of this
study, an 80% reduction in weight can be achieved if the steel parts are replaced with

composite systems.
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Elastic modulus of short fiber reinforced composites can be predicted by the well-
known Halpin- Tsai analytical model. Assuming that all fibers are aligned perfectly in
the printing direction, this model predicts the elastic modulus of the composite (EC) as

follows:

__(1+2sn.1) _ (Er/Em—1)
Ec =", Emwheren, =200 (3.1)

where s is the aspect ratio for the fibers, fis the fiber volume ratio, and E, and E,, are
the elastic moduli of the fiber reinforcement and matrix, respectively. Strength of the
short fiber reinforced composites (o) can also be predicted using models described in
[111, 112]. Unlike elastic modulus, critical aspect ratio (s.) plays a significant role for
estimating the composite strength. The ultimate strength of a material with aligned

fibers is calculated as:

O-m
fs ﬁ—i_ A=fons <s. o3 52)
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Oc =

where om and or are the matrix and the fiber (reinforcement) strengths, respectively. It
should be noted that these analytical models are oversimplistic since they assume
perfect alignment of the fibers in the longitudinal (printing) direction and neglect the
distribution of the fiber length. A more detailed model exists [113] which accounts for
the fiber orientation and size distribution. In addition, Halpin-Tsai model is more

suitable for tensile properties of short fiber composites.
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However, a recent study [84] has shown that flexural modulus are nearly identical to
tensile elastic modulus and flexural stress is slightly (10-15%) higher than that the
tensile strength for the short carbon fiber reinforced composites fabricated via direct
write additive manufacturing.

Therefore, the flexural properties may be used as alternative to the tensile properties to
understand the mechanical performance of these materials. Lastly, during 3-point
bending tests, both tensile and compressive loading modes exist.

To validate that the fracture occurs under tension rather than the compression and the
Halpin-Tsai equations (which are developed for tensile loading) are valid, compression
tests were performed on the composite with the highest fiber volume ratio (46%). These
tests revealed that compressive strength was 673.4+30 MPa which was much higher
than the tensile strength (401 MPa) for the same fiber content.

Therefore, the assumption of the tensile failure during the 3-point bending tests are
valid. Under these assumptions and considerations, Figure. 3.8 shows that the analytical
model described by the Equations 3.1 and 3.2 underpredicts the strength and the
modulus of the fabricated composites. In other words, composites fabricated in this
work are significantly stronger (~4 times) and stiffer (~2 times) than the expected
mechanical properties. Deviation between the predictions and the experimental data is
in fact larger, in reality, because the analytical model assumes perfectly aligned fibers
and, as the SEM images evidenced, the fibers are not well aligned in the longitudinal
print direction. Therefore, if the fiber misalignment is included in the analytical model,
the strength and modulus predictions would further reduce and the deviation between

the analytical model and the experimental data would be larger.
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Figure. 3.8: Comparison of the experimental data versus analytical model prediction
for A) elastic modulus and B) ultimate strength

Deviation between the predictions and the experimental data is larger for the case of
strength. This is because the strength predictions are formulated based upon the critical
aspect ratio for fiber reinforced composites. As Eq. 3.2 indicates, if the fiber aspect ratio
is below the critical value, fiber tensile strength does not contribute to the strength of
the composite. Critical aspect ratio depends on the fiber and matrix strengths and it was
calculated to be s. =80, which was significantly larger than the aspect ratio (s=4.5) for
the milled fibers used in this study.

Existing studies claim that, if the fiber aspect ratio is significantly less than the critical
value (s¢), the matrix deforms around the fiber such that there is virtually no stress
transference and little reinforcement by the fiber [114]. So, why are the additively
manufactured composites in this study much stronger than the predictions? How can
these noticeably short fibers, nearly 20 times smaller than the required aspect ratio,
reinforce the additively manufactured composites so effectively? Answers to these
questions certainly require further exploration and additional research; however, we can
obtain some clues about this peculiar behavior with more careful investigation of
Figure. 3.8. This figure is redrawn with a close-up view of the lower fiber volumes in

Figure. 3.9, below.
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Figure. 3.9: Effect of fiber loading on the reinforcement behavior of the carbon
fibers. Two distinct fiber reinforcement behavior (short fiber, long fiber) were
observed in A) modulus, B) strength.

As this figure indicates, the analytical model predictions and the experimental data
compare well at low fiber reinforcement levels and the fibers can minimally reinforce
the composite as expected from the milled, short fibers. Above 5% fiber volume
however, the strength and stiffness of the composites shift dramatically as a function of
fiber volume fraction. After this critical fiber loading (~5%), which is marked as the
transformation point on Figure. 3.9A, the fibers can reinforce the composite more
effectively as if they act like longer reinforcements with high aspect ratios.

In both the modulus and strength plots shown in Figure. 3.9, a shift from short fiber
behavior to longer fiber behavior was observed at the same saturation level (5%). This
may be explained by the enhancement of the load transmittal zone, or reinforcement
zone as shown in Figure. 3.10. The mechanical properties of the fiber-reinforced
composites depend not only on the properties of the fiber and matrix, but also on the
degree of load transmission from the matrix phase to the fibers. Interfacial adhesion
between the fiber and the matrix phases and the length (or aspect ratio) of the fibers
determine the level of load transmittance [114-117].

As shown in Figure. 3.10, under an applied load, the load transmittance from the matrix
to the fiber is carried out mainly by the lateral surfaces. Therefore, if fiber matrix

interface is weak (such as those in thermoplastic composites) or if the lateral fiber
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surface is small (short fibers with low aspect ratios), load transmittance cannot be
performed effectively. If the matrix is loaded with fibers above the
saturation/transformation concentration (5%) as described in Figure 3.8, blue
reinforcement zones might be overlapping and therefore fibers can distribute the force
collaboratively as if they act together as a single, but longer, fiber with high
reinforcement ability due to the strong cohesion in these zones. Below this threshold
fiber concentration (5%), however, the matrix can deform around the fibers causing a

reduction in strength and stiffness.
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Figure. 3.10: A) Schematic of load transfer between a short fiber and the polymer
matrix under tensile loading. Red dashed lines show the change of displacements due
to shear force between the matrix and the fiber. B) The proposed mechanism for the
short to long fiber transformation at high fiber loading levels. Blue reinforced regions
are only shown for the fibers with the overlapped reinforcement for clarity.

To show additional evidence for the short-to-long fiber transformation, we fabricated
composite specimens using unsized carbon fibers with the same length and aspect ratio.
Since there is no sizing or chemical coupling between the fibers and the epoxy matrix,

the interface between these phases is weaker and the reinforced zone is smaller in these
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composites. In other words, we would not expect overlapped reinforcement zones nor
short-to-long fiber transformation in these specimens.

As Figure. 3.11A indicates, the elastic moduli of these specimens were much lower
than those fabricated with the sized fibers. In addition, the well-established Halpin-Tsai
model well predicts the elastic moduli of these composite specimens for different levels
of (5-36% by volume) fiber reinforcement. This is clear evidence that the only
explanation for the higher elastic moduli of the composites prepared with sized fibers
or strong matrix-fiber interface is the extended lengths of these fibers, or a pseudo fiber
length transformation as described above. Similar to the elastic moduli measurements,
the strengths of composites with unsized fibers were significantly lower than the sized
fibers. Strength of these specimens, however, were higher than the predicted strengths

calculated by Egs. 3.1-3.2 as shown in Figure. 3.11B.
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Figure. 3.11: Comparison of the mechanical properties of the sized and unsized fiber
reinforced composites to the analytical models A) Flexure Modulus, B) Flexure
Strength.

Higher strength of these composites can be explained by the high mechanical bonding
between the fiber and the matrix phases provide high strength. To prove that mechanical
bonding/latching exist even in the unsized fibers, we performed SEM analysis of the

unsized fiber surface at high magnification.
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Figure. 3.12A shows that similar to the sized fibers, unsized fibers had highly rough
surfaces and this surface morphology significantly enhanced the adhesion to the epoxy
matrix and therefore the pullout strength of these fibers. Fracture surfaces of the
composites fabricated with unsized fibers in Figure. 3.12 B shows imprints of the fibers
pulled out from the matrix which also indicate the strong adhesion between the carbon
fibers and the epoxy matrix. This high adhesion was further enhanced in sized fibers

with the chemical adhesion.
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Figure. 3.12: A) SEM image of the unsized fibers showing highly rough surface, B)
Print marks of the unsized fibers on the fracture surface of the composite specimen
indicating the strong adhesion between the carbon fibers and the epoxy matrix

One of the key characteristics of additively manufactured fiber reinforced composites
is that they are highly anisotropic. Strength and stiffness of these materials are
significantly high in the printing direction while the mechanical performance is weak
in all other orientations. This anisotropy greatly benefits the strength-to-weight ratio of
fiber reinforced composites in the printing direction where fibers show maximum
alignment.

However, it also limits their applications where high strength of materials is necessary
in multiple loading directions. In order to assess the anisotropy of the short fiber
reinforced composites, we performed mechanical tests on the specimens printed in the

transverse orientation, where the weakest mechanical properties are expected.
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In transversely printed specimens, the print lines extend perpendicular to the loading

direction as shown in Figure. 3.13.

Transverse
Printed

Fracture
Surfaces

Printed

Figure. 3.13: Images of the specimens fabricated in the longitudinal and transverse
directions. Print lines are parallel to the bending stress (perpendicular to the fracture
surface) in longitudinal printing. Print lines are perpendicular to the bending stress
(parallel to the fracture surface in transverse printing).

Figure. 3.14 shows the comparison of the flexure modulus and the strength of the
specimens printed in the longitudinal and transverse orientations for three different fiber
volume contents. As the figure indicates, the transverse properties were slightly lower
than those measured in the longitudinal direction. The mechanical properties measured
in longitudinal and transverse directions differed by less than 20% for the highest fiber
loading (36%).

This anisotropy was far less than the previously reported [81] anisotropy level, where
transverse properties were significantly (~70%) lower than those in the longitudinal

direction.
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Figure. 3.14: Anisotropy in the mechanical properties of the composites printed in
longitudinal and transverse directions A) Flexure modulus comparison, B) Flexure
strength comparison.
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Representative SEM images of the transversely printed specimens are given in Figure.
3.15. This figure shows the fibers which are weakly aligned in the transverse direction.
Therefore, in both longitudinal and transverse printing directions, milled fibers with
low aspect ratio showed less alignment under shear stress compared to the longer fibers
preferred in the previous studies [84, 90] during the extrusion process and showed a

higher level of mechanical isotropy.

Figure. 3.15: SEM images of the fracture surfaces for the transversely printed
composite specimens. Fiber volume content is 36% by volume for the imaged
specimen.
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In addition to flexural and compression tests, we performed fracture toughness tests as
described in Chapter 2. As a quick review, this test was based on the ASTM D5528 -
01 Standard Test Method for Mode I. Three different sets according to fiber volume
content was chosen to investigate the mechanical performance, namely, 0% (no carbon
fiber), 15%, and 36%. All of the samples were printed in longitudinal direction (i.e. 0°),
and at least three samples were carried on in these experiments for each set. The average

amount of the released energy (Gy) resulted from this test is presented in Table 3.1.

Table. 3.1: Fracture toughness results in this study

Fiber Volume Content %  Energy Released (N/mm)

0% 0.62
15% 0.44
36% 0.41

Results shows that the fracture toughness decreased by the addition of carbon fibers
which is exactly the opposite results compared to the flexural and compression tests.
After the analysis, we found out that a continuation in this test is possible. After
reviewing some publications in the field, we realized that we could improve the fracture
toughness by twisting the orientation of the layers in the 3D printing process (i.e., not
depending on longitudinal direction only) to increase crack path and hence fracture
toughness. To perform this, we formed two configurations in the 3D printing process,
and we called them conf.1, and conf.2. To illustrate more, six different printing angles
were used to fabricate the specimen. Figure. 3.17 shows the twisted angles in conf. 1.

Likewise, Figure. 3.18 presents the conf.2 process.
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Using conf. 1 improved the fracture toughness by at least 35% compared to the
longitudinal direction at the same fiber content. Also, 15 Vy % of carbon fibers were
approximately enough to equate the energy released from the longitudinal direction as
illustrated in Table 3.2. Figure. 3.18 represents the bar chart the results in the test. Also,

Figure. 3.19 summarizes behavior of our created configurations after adding fibers.

Table 3.2: The energy released from different orientations

Fiber Content Longitudinal Conf. 1 Conf. 2
0% 0.62 N/A N/A
15% 0.44 0.59 0.47
36% 0.41 0.54 0.40
Gl (N/mm)
0.7
0.62
0.6 0.59
0.54
05 _—
0.44
041
0.4
0.3
0.2
0.1
0

Long. confl conf2
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Figure. 3.18: Fracture toughness test resulted values
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Figure. 3.19: Fracture toughness behavior in terms of printing direction and carbon
fibers contents

3.5. Chapter Summary

In this chapter, we achieved the goal of developing high-strength, short fiber reinforced
composites by direct write additive manufacturing. The compressive strength (oc =400
MPa), flexural strength (o#= 400 MPa), and the flexural modulus (E=53GPa) of the
fabricated composites far exceeded previously published results. This unprecedented
mechanical performance was obtained by the ability to increase the fiber volume
content from 5% to 46% with a customized direct write manufacturing system. Our
extrusion system allowed printing of highly viscous composite inks without flow
inconsistences and nozzle clogging issues.

Even at high fiber volume fractions, the results were unexpectedly high in comparison

to the established mechanical models. This was due to the fact that the fibers used in
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this study were milled fibers with low aspect ratios (much less than the calculated
critical aspect ratio). The analytical models, however, predict that effective strength
enhancement cannot be achieved using fibers having aspect ratios below the critical
aspect ratio.

Our experimental results indicate that these models can successfully predict the
experimental results at low fiber volume fractions. However, after a critical fiber
volume level (Vy=5 %), fibers can strengthen the composites much more effectively,
which may be explained by the overlapping reinforcement zones forming at close
vicinity to the fibers. Due to the strong cohesion within these overlapping reinforcement
zones, the load can be transferred collaboratively by multiple fibers. Therefore, a
pseudo-transformation from a short fiber to long fiber can explain the enhanced strength
of these materials systems at higher fiber loadings.

In addition to the improved mechanical performance of additively manufactured
composites in the longitudinal direction, mechanical properties were nearly as good in
the weakest, transverse direction. Considering the high strength and stiffness, material
isotropy, low cost and flexibility of fabrication, additively manufactured short carbon-
fiber reinforced composites will find a wide range of applications in the near future.
These materials have the potential to replace ubiquitous structural metals, such as
aluminum and low-strength steels, and therefore create tremendous weight savings. The
mechanical properties of these materials can be further enhanced by optimizing the
additive manufacturing parameters and reducing the defects due to a significant amount
of bubbles present in the existing specimens.

Compression tests evidenced eliminating these defects will significantly enhance the
mechanical performance of these composite structures. Voids may be created during

the mixing process in air or manual transfer of the mixed ink into the printing cartridge.
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These voids/bubbles can be eliminated by mixing the inks under vacuum and automated
ink transfer reducing the risk of bubble introduction into the printing material. These
strategies to further improve the mechanical properties of the composites will be further
investigated in our future studies. In addition, if the alignment of short fibers can be
improved by optimizing the printing process parameters, the improved fiber alignment
will further enhance the strength and modulus of the composite materials along the

longitudinal direction and maximize anisotropy.



CHAPTER 4: ADDITIVE MANUFACTURING OF DUCTILE KEVLAR
FIBER THERMOSET COMPOSITES

Kevlar fibers stand out as these uniquely reinforcements that combining low density,
high strength and high ductility. Additive manufacturing of short Kevlar fiber-
reinforced thermoset composites is however rather difficult as these fibers cannot be
broken down or milled unlike glass or carbon fibers due to their high flexibility. Despite
from the availability of continuous unidirectional Kevlar fibers, short Kevlar fibers are
not commercially available. This chapter evidences the robust developed method to
produce short Kevlar fibers, and explains in detail how these fibers are implemented in
the AM of reinforced thermoset composites for the first time. Consequently,
improvement of strength, modulus as well as the elongation at break using the Kevlar

fibers validating the unique mechanical performance of these composite systems.

4.1. Kevlar Fibers in This Research

Kevlar fibers used in this research are from “’Aramid Uni-web’’ Kevlar fibers family.
Uni-Web Aramid Fiber is an innovative fiber type reinforcement that consists of a ply
containing non-woven unidirectional aramid fibers. Web of polymer fibrils can
maintain fibers connectivity position by a fine web that rest on the surface. The fibril
or web system enables the fabric to be formed efficiently, cropped, or slice, providing
clear-cut edges. Consequently, it will remain to lie flat and straight and cannot move or

shift during the cutting process.
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The main reasons for using these fibers are common in their less dense, light weight,
high toughness, and high ductility that they have compared to other fibers. In addition
to that, Kevlar fibers are compatible with many matrix materials like epoxy resins and
is proper for usage in resin infusion manufacturing. These novel qualities give it an

extraordinary performance in composite reinforcements applications. Figure 4.1

represents a continuous sheet of these fibers.

Figure. 4.1: Aramid unidirectional Kevlar fibers [ 118] R

4.2. Preparation of Short Kevlar Fibers by Laser Cutting Process

The process of cutting continuous, unidirectional Kevlar fibers (Uniweb, ACP
Composites) with 15-micron diameter was carried out by using a laser cutter system
(Universal Laser Systems VLS 2.30). The cut fibers were then sieved in order to avoid
uncut parts of the Kevlar sheet and to remove the unseparated fiber bundles. The length
of cut fibers was selected to be 800 microns to minimize the burning effects of laser at
the cut regions (at each ends) of the fibers. JOEL JSM-6010 PLUS/LA scanning
electron microscope (SEM) was used to observe the morphology of the Kevlar fibers

after the cutting and sieving processes were completed. Prior to imaging process, a gold
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layer of (1-2 nm) thickness was sputter coated on the surface of the fibers. Figure 4.2A
represents the fibers after the cutting process showing the consistency of the fiber
lengths. This figure also shows the separated, single fibers as well as the fiber bundles
in which fibers are not completely separated. Figure 4.2B shows the close-up view of

the imaged Kevlar fibers.
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Figure. 4.2: SEM Image of Kevlar fibers used in this study.

4.3. Rheology Characterization

The preparation of Kevlar fiber based composite ink material was started similar to the
ink preparation method used in Chapter 3. The process has started by adding Garamite-
7305 nanoclay from BYK additives into epoxy resin (EPON Resin 826 from Hexion)
to be used as rheology modifiers. Following this step, cut Kevlar fibers were added into
the epoxy-nanoclay mixture systematically until reaching the maximum volume of
Kevlar fibers. As the Kevlar fiber content was increased in the composite ink mixture,
the amount of nanoclay was gradually reduced to keep the viscosity at a similar level
since the Kevlar fiber addition also increased the viscosity of the ink.

The nanoclay content corresponding to the Kevlar fiber amounts of 0% (base ink), 3.5%
and 6.3% were obtained as 10%, 7% and 5.5%, respectively. Finally, 5% (ppm of

epoxy) latent curing agent from Sigma-Aldrich (1- Ethyl-3-methylimidazolium
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dicyanamide) was added to the mixture. Planetary shear mixer (Thinky ARE-310) was
used for 3 minutes at a speed of 2000 rpm to obtain homogeneous ink mixture.

Rheological properties of all samples were characterized using a Discovery HR-2
Rheometer (TA Instruments, New Castle, DE). Testing geometry was set up on an 8
mm flat plate with a gap height of 500 um. Prior to each test, samples were subjected
to a 1-minute conditioning phase at a constant shear rate of 0.1 s™' followed by a 2-
minute rest period for reformation of the ink structure. Viscosity of the samples was
measured as a function of shear rate by sweeping through controlled shear rates (0.004-

19 s7).

4.4. 3D Printing of the Kevlar Ink Using Direct Write Method

Extrusion of the prepared ink was preformed through a 2 mm nozzle with a printing
speed of 40 mm/s using the same customized displacement controlled direct write
extrusion setup used in the previous chapter. This system allows the extrusion of highly
viscous composite inks loaded with high volume of fiber reinforcement. Nozzle
clogging at high fiber loadings was resolved by using the integrated vibration motors
which shake the nozzle and avoid clogging with accumulated fibers.

The build plate of the 3D printer was covered with a Teflon sheet before the printing
process in order to prevent the adhesion between the printed specimens and the build
plate and easy removal of the cured specimens. The printing process was performed at
room temperature, and the curing process of the printed specimens was carried out
inside an oven for 15 hours at 100°C. Specimens were 3D printed in rectangular prism

shapes according to the flexural test standards explained in next section.
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4.5. Mechanical Characterization

Mechanical characterization of the 3D printed specimens was assessed by performing
3-Point bending tests of both static and dynamic (fatigue) loading. Sample geometries
defined in ASTM D7264/D7264M— 07 standard (Standard Test Method for Flexural
Properties of Polymer Matrix Composite Materials) were used to run both test types.
Additionally, span-to-thickness ratio was kept 16:1 for all created samples, and to
ensure the validity of this ratio, the span length was tuned for each specimen before
executing the tests.

Figure 4.3 depicts the schematic for the fatigue test workflow which was performed on

a servo-hydraulic test machine and characterized by a maximum loading capacity of 10

kN.

Checking the
failure

Dynamic

Pass strength

Figure. 4.3: The workflow of fatigue characterization
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The system was tested under load control, applying a sinusoidal wave load with a
frequency of 7 Hz at a load ratio, R (Minimum Load/ Maximum Load), of 0.1. The
cyclic stresses are normally well below the yield strength of the material. Therefore, the
level of the maximum load for the first test was taken as 50 % of the average yield load
for each group and the tests were terminated after exceeding the 2 million cycles. If
specimen failed before the runout cycle, the load was decreased until the desired run
out cycle was achieved for the next specimens. If the specimen did not fail in 2 million
cycles, then the load level was increased gradually, and the dynamic testing was
repeated. This process (testing/load level increase) continued until the material failure
was reached. The material failure was defined as the point when the load on the
specimen dropped below the load level which is 25 % of the initial load value.

At least 4 samples were tested to quantify the standard deviation and validate the
repeatability of the mechanical tests. For all mechanical test measurements, student’s
T-test statistical analysis was performed to quantify the statistical significance between
the results. Significance was defined as the low p-value (p<0.05) according to the T-

tests.

4.6. Results and Discussion

Viscosity measurements on the printing inks are given in Figure 4.4. This figure
indicates that the neat epoxy showed the minimum viscosity having the range of 15-38
Pa. s throughout the entire shear rate spectrum. Addition of the nanoclay and Kevlar
fibers were both found to be very effective in terms of modifying rheology and
enhancing the viscosity by nearly 3 orders of magnitude as shown in this figure.
Maximum viscosity was observed in highly loaded Kevlar fibers (6.3%) in which

medium amount (7%) of nanoclay was used to optimize the viscosity.
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All inks showed different levels of shear thinning behavior. Shear thinning was minimal
in the neat epoxy compared to all other composite inks (epoxy/nanoclay or
epoxy/nanoclay/Kevlar) which showed significant level of shear thinning (nearly 3
orders of magnitude).

As described previously [119], shear thinning is a desired property used in direct ink
writing process in which viscous inks undergo a high level of shear within extrusion
nozzles and transform from highly viscous solid to low-viscosity liquid state. As the

material is extruded, it retains its shape transforming back to a viscous, solid state.
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Figure. 4.4: Rheology measurement of the ink used in this study.

Static flexural strength, and static flexural modulus results of the additively fabricated
Kevlar fiber reinforced composites at different fiber volume fractions (0%, 3.5% and
6.3%) are given in Figure 4.5A and Figure 4.5B, respectively. Both flexural strength
and flexural modulus showed gradual increase as the fiber content is increased within

the composite.
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Maximum strength of 108 MPa was achieved for the highest Kevlar volume content of
6.3% which marks %105 increase compared to the unfilled base ink as shown in Figure
4.5A.

Maximum flexural modulus was achieved to be 4.3 GPa for the flexural modulus at

maximum Kevlar content marking 39% increase in modulus compared to that of the

base ink.
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Figure. 4.5: Flexure strength and flexure modulus variation of additively manufactured
Kevlar-fiber reinforced composites as a function of fiber loading levels.

Flexural strain at break measurements of 6.3% Kevlar fibers exceeded that of the base

ink by 96% due to the higher ductility of Kevlar fibers as shown in Figure 4.6.
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Figure. 4.6: Strain variation as a
function of fiber loading levels.
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Unlike the stiffer glass and carbon fibers, Kevlar fibers significantly enhance the
ductility of the epoxy/nanoclay composite which can lead to unique applications of 3D-
printed composites such as those requiring high energy absorption, impact resistance

and high toughness.

SEM images of the fractural cross-sections of Kevlar composite specimens are shown
in Figure 4.7. These images display that Kevlar fibers have homogeneous distribution
within the composite, and they are well-aligned in the printing direction indicated by

the perpendicular orientation along the fracture surface.
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Figure. 4.7: SEM images of the fractured surface of Kevlar reinforced composites

In addition, it is clearly shown that Kevlar fibers demonstrate deformable, ductile
behavior in these images which can explain the dramatic enhancement in failure strain.
SEM figures also show that the direct write printing leads to strong adhesion between
the print layers in contrast to the FFF process since the different print layers are not
distinguishable in these images. High porosity, however, is visible in terms of different

sizes of voids which will be further evaluated in the next section.

Table 4.1 summarizes the static mechanical testing results for the short Kevlar
reinforced epoxy composites. In the table, previously reported flexure test results for

Kevlar/ABS [120] and Kevlar/Nylon [46] thermoplastic composites are also given.
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The comparison indicates that flexural strength and modulus are higher than the short
Kevlar fiber reinforced ABS studied previously. However, it must be noted that, in this
reference study, the printing was performed in two orientation (0°90°) which may

lower the strength and modulus in the longitudinal direction.

Comparison of our results with additively manufactured, continuous Kevlar reinforced
Nylon composites shows that continuous Kevlar leads to slightly higher strength and
modulus enhancement compared to short Kevlar/epoxy composites investigated in our

study.

Considering the much lower volume of Kevlar fibers (6.3%) compared to the
continuous Kevlar fiber reinforced composites (10%), and the fiber length is much
smaller (~800 microns), it is remarkable to achieve comparable mechanical properties.
This unprecedented mechanical performance of additively manufactured short Kevlar
fiber reinforcement might be due to the strong adhesion and wetting between the short

Kevlar fibers and the epoxy matrix.

In addition, although porosity is present, interlayer porosity is not shown in the
fabricated samples as assessed by the SEM images shown above which may play a role

in enhancement of static mechanical performance of these composites.
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Table 4.1: Mechanical performance comparison of Kevlar fibers in both thermoplastic
and thermoset matrices

Sample Name  Fiber Print Fiber Flexural Flexural Flexural
T Direction Volume  Strength Modulus Strain
ype Fraction
(Mpa) (GPa) (7o)
Base ink (This - 0° - 52.63+1.94 324+0.13 1.18+0.02
Study)
Kevlar/Epoxy Short 0° 3.5 7830+1.38 3.84+0.31 0.71+0.03
(This Study)
Kevlar/Epoxy Short 0° 6.3 108 £13.37 4.52+0.29 0.83+0.03
(This Study)
Kevlar/ABS Short 0°/90° 442 4550+0.66 1.62+0.04 N/A
[120]
Kevlar/Nylon Continuous 0° 10 125.80+£3.27 6.65 +0.23 N/A
[46]

To investigate fatigue strength of short Kevlar fiber-reinforced composites, rectangular

flexure test specimens were prepared which are similar to those used for static flexural

tests. Figure 4.8 A shows the fatigue strength measurements in terms of number of

cycles (S-N curve), and Figure 4.8 B represents the average values of the fatigue

strength measured at 2 million cycle for each set.
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Figure. 4.8: Dynamic fatigue strength of additively manufactured composites as a
function of number of load cycles.
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It was expected that the highest fatigue strength would be obtained from the reinforced
specimens that have the largest content of Kevlar fibers similar to what was observed
in static flexural tests. However, it was seen that the highest recorded fatigue strength
values were obtained in the 3.5% of Kevlar fibers samples, where a notable
improvement was observed for this set compared to the other sets. Standard deviation
shown in Figure 4.8B indicates that the increase of fatigue strength in 3.5% Kevlar fiber
reinforced composite compared to the base ink and decrease of this strength as more
fibers (6.3%) were added into the composite were statistically significant. Compared to
the base ink, 3.5% Kevlar reinforced specimens showed 43% increase in fatigue
strength. Increasing the fiber content to 6.3% resulted in 15 % decrease in the strength

compared to the 3.5% Kevlar reinforced composites.

So, why is the dynamic (fatigue) strength of the additively manufactured, highly loaded
fibers in this study weaker than the expectations? Why is the fatigue strength maximum
at medium level (3.5%) Kevlar fiber reinforcement? Although answers to these
questions certainly need more investigations and additional research, we can get have
some clues about this strange material behavior from the optical microscope images in

Figure 4.9.

Figure 4.9 shows 3 different sections of the polished cross-sectional surfaces of each
set (base ink, 3.5% Kevlar and 6.3% Kevlar). These images indicate that as the Kevlar
fiber volume is enhanced, porosity is enhanced as well. Figures 4.9 G-H show that

increase in porosity is significant at the high (6.3%) Kevlar concentration.
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Figure. 4.9: Optical microscope images of the dynamic fractured surface of Kevlar
reinforced composites in this study

Image analysis was conducted on the images in Figure 4.9 quantifying the porosity. The
porosity measurement values performed on the specimens used for the dynamic flexure
testing are provided in Table 4.2. According to this table, porosity increases from 1.39%
to 2.05% and finally 12.04% as the Kevlar volume fraction was enhanced from 0% to
3.5% and 6.3%. Therefore, the loss of the fatigue strength at highly loaded Kevlar
composites could be explained by the increase of the porosity in these specimens. Such
pores can act as crack initiation sites and result in premature failure in cyclic loading.
In static testing however, the high strength of Kevlar reinforcement surpassed the
adverse effects of these voids on the flexural strength and therefore static strength

continued increasing as more fibers were added within the composite as summarized in

Table 4.2.
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Table 4.2: Static and Fatigue flexural strength and the porosity of additively
manufactured composites

Sample Name  STATIC Flexural FATIGUE Flexural Porosity on the
Strength (Mpa) Strength (Mpa) fracture surface

(%)

Base ink 52.63 +1.94 3.24+0.13 1.39
Kevlar 3.5% 78.30 £1.38 3.84+0.31 2.05
Kevlar 6.3% 108 +£13.37 4.52+0.29 12.04

4.7. Chapter Summary

Kevlar fiber reinforcement provides unique advantages compared to glass and carbon
fibers due to their lightweight and high ductility. In this work, additive manufacturing
of short Kevlar fiber reinforced thermoset composites were examined.
Vibration-integrated; direct write additive manufacturing methodology was utilized to
fabricate Kevlar reinforced printing inks. Composite inks were fabricated by laser
cutting of continuous fibers and mixing the cut short fibers with epoxy and rheology
modifying nanoclay.

Custom-made direct write additive manufacturing setup allowed us to achieve the
highest volume (6.3%) of Kevlar reinforcement within thermoset composites up to date.
Static and dynamic mechanical properties of these composites were characterized by
performing flexure tests.

Enhancement in flexural strength, flexural modulus as well as failure strain were
obtained in Kevlar reinforced specimens compared to the base ink structure. Static
flexural strength and modulus of 108 MPa and 4.3 GPa were attained for 6.3% Kevlar

fiber reinforced composites, respectively.
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Dynamic test results showed that cyclic loading significantly reduced the flexural
strength of the additively manufactured samples. In addition, it was observed that
addition of 3.5% Kevlar fibers enhanced the fatigue strength but further addition of
fibers to 6.3% resulted in reduction in fatigue strength.

The lowered strength of 6.3% of Kevlar fiber reinforced samples can be explained by
the presence of higher defect density and porosity in these samples, and future efforts
are needed to further enhance the Kevlar loading and reduce the porosity to maximize
both the static and dynamic mechanical properties of additively manufactured, Kevlar
reinforced composites. In addition, manufacturing process needs enhancement to obtain
better separation of the Kevlar bundles which will further increase the mechanical
performance and help achieve the use of full reinforcement potential of the short Kevlar

fibers.



CHAPTER 5: ADDITIVE MANUFACTURING OF SYNTACTIC FOAM
LIGHTWEIGHT THERMOSET COMPOSITES

This chapter aims to investigate the AM of thermoset-matrix syntactic foams using
direct write methodology for the first time. Syntactic foams with high strength and
temperature resistivity which cannot be achieved via thermoplastic matrix were
obtained successfully. The effects of short carbon fiber reinforcement on the
mechanical performance of syntactic foams got a point of interest in further enhancing
the mechanical performance. Therefore, a novel methodology for preparation of
thermoset-matrix syntactic foams and syntactic foam composites via DW

manufacturing is reported in this chapter.

5.1 Ink characterization

The process of preparing syntactic foam printing material started by mixing epoxy resin
(EPON Resin 826 from Hexion) and glass microspheres (3M, K20) with a median
diameter of 60 pm and density of 0.2 g/cc3. Glass microspheres were added into epoxy
matrix in gradual amounts until the desired volume fraction was achieved. Glass
microspheres increased the viscosity of epoxy acting as a rheology modifier and the
printed composites retain their shape after deposition on the substrate. To enhance
mechanical strength, short carbon fibers (K6371M, 50 pm long, 11 um diameter
acquired from Mitsubishi Chemical Carbon Fiber and Composites, USA) were added

at desired amounts to the epoxy-glass microsphere mix.

As a control, base ink epoxy samples without carbon fiber or glass microspheres were
fabricated. Garamite-7305 nanoclay from BYK additives were used as rheology

modifiers instead of glass microspheres.
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For the preparation of each ink (base ink, glass microsphere ink and glass
microsphere/carbon fiber ink), a planetary shear mixer (Thinky ARE-310) was used for
3 minutes at a speed of 2000 rpm to assure the homogeneity of the resulted mixtures.
As the last step, latent curing agent (hardener) from Sigma-Aldrich (1- Ethyl-3-

methylimidazolium dicyanamide) was added and mixed for 1000 rpm for 1 minute.

5.2. Direct Write 3D Printing of the Syntactic Foam Inks

Depositing the syntactic foam ink material was performed using the same customized
displacement controlled direct write extrusion setup that was explained in detail in the
previous chapters. However, composite inks were dispensed this time through 640
microns tapered nozzles at printing speed of 40 mm/s.

Also, prior to the printing process, the build plate was coated with a Teflon sheet, which
prevented the adhesion between the specimen and the build plate and enabled easy
extraction of the cured parts. The printing process was performed under room
temperature, and the fabricated samples were cured inside an oven for 15 hours at 100
oC.

In addition to printing test samples for mechanical testing, specimens in triangular
lattice structures were also fabricated. Slic3r open source software was utilized to
convert solid prisms into triangular lattice structures by specifying 20%, 30% and 40%
infill densities. These slicing operations allowed fabrication of 3 different lattice

structures with varying triangular cell densities.
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5.3. Morphology and Density Characterization

Size and spheroidicity of the as received microspheres were observed using JOEL JSM-
6010 PLUS/LA scanning electron microscope (SEM). A thin (1-2 nm) gold layer was
sputter coated on the surface of the microspheres before imaging. Representative image

of the glass microspheres is shown in Figure 5.1.
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Figure. 5.1: SEM Image of glass
microspheres used in this study.

SEM was also used to image fracture surfaces of the specimens after mechanical tests
were performed. Density of the fabricated specimens were calculated by measuring the
specimen volumes and masses. At least four samples were analyzed for each set of

samples to validate the accuracy in density measurements.

5.4 Mechanical Characterization

Mechanical performance of the printed specimens was measured using Instron
universal testing machine performing both 3-Point bending and compression tests. 3-
Point bending tests were performed in accordance with ASTM D7264/D7264M— 07
standard (Standard Test Method for Flexural Properties of Polymer Matrix Composite

Materials). 16:1 span-to-thickness ratio was employed where the span length was
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adjusted for each sample to keep this ratio valid in 3-Point bending test. For
compression tests, ISO 604 (Plastics-Determination of compressive properties)
standard was followed. For both mechanical testing procedures, at least four tests were
executed for each set of samples to provide the repeatability and quantify the

experimental variability.

5.5. Results and Discussion

Figure 5.2 represents the three specimens fabricated for the flexure testing; base ink
(epoxy matrix and clay nanoparticles), syntactic foam (epoxy filled with glass

microspheres) and carbon fiber reinforced syntactic foam.

Glass/Fiber
Syntactic Foam

Syntactic
Foam

Base Ink

Figure. 5.2: 3D printed flexure test specimens

Average densities for all specimens are given in Table 5.1. Filling epoxy resin with
60% hollow glass microspheres reduced the epoxy density by nearly 40% achieving
0.71 g/cc? buoyant density in glass microsphere syntactic foams (GSF). Adding 15%
carbon fiber and 56% glass microspheres resulted the density of 0.83 g/cc® which was

14% higher compared to using only glass microspheres fillers.
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Table. 5.1: Density measurements of the fabricated solid and lattice specimens

Sample Name Glass Carbon Fiber (%) Density (g/cc?)
Microsphere (%)
Base ink 0 0 1.18 £0.02
Glass Syntactic 60 0 0.71 £0.03
Foam (GSF)
Glass/Fiber 56 15 0.83 £0.03
Syntactic Foam
(GFSF)

Flexural and compressive strengths of the syntactic foams are given in Figure 5.3A in
comparison with the nanoclay filled base ink. As the figure indicates, both flexural and
compressive strengths of the glass microsphere filled syntactic foams were lower than
those of the base ink. However, adding 15% carbon fiber in GFSF specimens enhanced
the compressive strength of the syntactic foams to nearly match that of the base ink.
This increase was more dramatic in flexural strength measurements where the flexural
strength of GFSF exceeded that of the base ink. Compressive strengths of all
composites were significantly higher than their tensile strengths since the defects such
as voids as well as glass microspheres create stress intensification and act as crack
initiation locations under tensional loading, thereby reducing their strength. Under
compression, the voids collapse without adversely affecting the fracture strength.

During flexure testing, specimens underwent both tension and compression and fail

earlier under lower loads compared to those under purely compressive loads.
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Figure. 5.3: Flexure strength versus flexure modulus variation of additively
manufactured carbon-fiber reinforced composites as a function of fiber loading levels.

Figure 5.3B shows the flexural and compressive modulus of the syntactic foam and the
base ink specimens. Similar to the strength, modulus of the GSF specimens were found
to be lower than the base ink and it was enhanced by the addition of carbon fibers.
However, modulus under compressive loading was significantly lower than the flexural

modulus of the syntactic foam.

Stiffer response of syntactic foams under tensile loading compared to compression was
reported in a previous study [121] where microsphere wall thickness and porosity were
found to be important parameters determining the compressive stiffness. Error bars in
the bar plots illustrates the standard deviation where Student T-test was used to perform
the statistical significance. All results showed significant variation according to T-test

(p<0.05).

Figure 5.4A and 5.4B show the SEM micrographs of the syntactic foams at different
magnifications after flexural testing was performed. It is clear from Figure 5.4A that,

voids exist in the printed thermoset syntactic foam.
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The voids in the printing ink might have formed during the mixing of the material or
manual transfer of this material from the mixer to the printing cartridge. Figure 5.4C

shows the SEM image of the fiber reinforced, thermoset syntactic foam. Short carbon

fibers are visible around the hollow microspheres.

A a |/~
SEI 5kV  WD8mm SSS0 3. M um m %650  Agopm ‘
B 4 A7 . : .

Figure. 5.4: SEM images of the fractured surface of A-B) glass syntactic foam (GSF)
and C) Fiber reinforced glass syntactic foam (GFSF)

5.6. Additive Manufacturing of Ultra-Lightweight Lattice Syntactic Foam
Structures

In Figure 5.5, the carbon fiber filled syntactic foam printed in triangular lattice structure
is shown which indicates the ability of the direct ink system to fabricate syntactic foams

in complex geometries.

Figure. 5.5: 3D printed, fiber reinforced lattice structure
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Lattice structures were fabricated using the carbon fiber reinforced syntactic foams
(GFSF) in triangular lattice orientation as shown above. Three lattice cell densities were
created by altering the infill density of in the slicing procedure as described previously.
Infill densities of 20%, 30% and 40% resulted in the densities of 0.42 g/cc?, 0.49 g/cc?

and 0.54 g/cc?, respectively in these ultra-lightweight structures.

To investigate mechanical properties of ultra-light syntactic foams, carbon fiber-
reinforced foam material was 3D printed into triangular lattice structure with different
cell densities. Figure 5.6A and 5.6B shows strength and modulus measurements of these
foams under compressive loading. Images on each bar in these figures represents the
sliced CAD model to show the relative cell densities under different infill amounts.
Figure 5.6A indicates that lattice structure becomes stronger as the infill ratio is
increased. Similarly, modulus data show the same increasing behavior as the cell

density and the infill ratio is increased.
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Figure. 5.6: A) Stress Comparison B) Modulus Comparison

The mechanical properties of all the solid and lattice structures obtained in flexural and
the compression tests are summarized in Table 5.2 below. It should be noted that only
compression tests were performed on the lattice structures since the compression is the
most common loading type for the components consisting of lattice structures such as

sandwich panels.
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Table. 5.2: Flexural and compressive mechanical properties of additively
manufactured composites.

Sample Name Flexural Flexural Copmressive ~ Compressive
Strength Modulus Strength Modulus
(MPa) (GPa) (MPa) (GPa)
Base ink 52.63+1.94 3.24+0.13 119.63 +3.77 1.73£0.03

Glass Syntactic  25.03 +3.06 1.54 £0.36 53.25+2.59  0.716 £0.01
Foam (GSF)

Glass/Carbon 58.87 £2.85 4.52+0.18 102.29 +3.11 1.21+£0.06
Syntactic Foam
(GFSF)

20% Infill- - - 2.04 +1.01 0.15+0.006
Lattice (GFSF-L)

30% Infill- - - 2.67+0.71  0.19+£0.0008
Lattice (GFSF-L)

40% Infill- - - 4.62+1.12 0.25+0.007
Lattice (GFSF-L)

To compare the compressive mechanical performance of the fabricated composites to
the previously published results on syntactic foams, Ashby charts are generated in
Figure 5.7. This figure indicates that mechanical strength and stiffness of the fabricated
syntactic foams are significantly (>5 folds) higher than those reported previously for
additively manufactured thermoplastic syntactic foams. This increase is more dramatic
in fiber reinforced thermoset syntactic foams in which fibers significantly increased

strength and stiffness of the foams.

Comparison of the carbon fiber reinforced thermoset composites investigated in this
study to the glass fiber reinforced epoxy syntactic foams [122] show that similar

compressive modulus values are achieved.
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However, additively manufactured carbon fiber reinforced syntactic foams have lower
density and higher strength compared to the glass fiber reinforced foams which were
cast into molds. Compressive modulus and strength of lattice syntactic foams are also
shown in Figure 5.7. For these structures, mechanical properties can be predicted using
well established scaling laws [119, 123]. Hence elastic modulus of the fiber reinforced
syntactic foam structures is written in terms of elastic modulus of the solid material
(GFSF) and the densities of the solid and the lattice material.

B _ 1) N
Es 3 \ps (5-1)

Similarly, strength of the lattice parts can be written as a function of solid material
strength and the densities of the solid and the lattice material. Strength modeling is
based on two distinct cell wall failure types as shown in Equations 5.2 and 5.3 below:

compression/tension or elastic buckling.

; : 9 _ l(p_L) (5.2)
Tension/Compression. o5 3\pg
1 2
Elastic Buckling: 9L — (p_L) (5.3)
) as  3\ps

Prediction of elastic modulus in Figure 5.7A is in well agreement with the
experimentally measured data. However, the analytical model overestimates the
strength of the lattice syntactic foams. This is mainly due to the defects of the syntactic
foams including the porosity, missing print lines and the discontinuous print lines as
shown in SEM images in Figure 5.8. It must be noted that the adverse effects of these
defects are more significant in the lattice structures compared to the solid specimens
since the effective surface area carrying the load is much smaller in the lattice

components and therefore the defects are more detrimental.
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Figure. 5.7: Ashby charts summarizing the mechanical property variation of the
syntactic foams under compressive loads, A) Elastic modulus, B) Strength

SEM micrographs of the triangular lattice in Figure 5.8 also indicate that there is an
overlap of the print lines at the intersection (joint) points of the lattice. This overlap is
a as result of the triangular pattern generated by the sliced CAD model, and it is

unavoidable using the current printing methodology.
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These overlapped roads at the joints may not be desirable for dimensional accuracy,
however, it may highly beneficial for the structural integrity of the lattice structures
since these points are the weakest locations and depositing extra material at the
junctions will help enhancement of the mechanical performance. as an evidence to this
strength enhancement, failure in the middle of the cell wall was observed rather than

the fracture of the junction as shown in Figure 5.8.

Discontjnuous Printlines

.

. 9 g
Void(

SEI 5kV  WD40mmSS50 . x12 500pm ==

S ————

Figure. 5.8: SEM micrographs of the triangular lattice structures A) Defects in the
printed lattice structure (Mag:12X), B) Fracture at the cell wall of the lattice
structure (Mag:27X)

5.7. Chapter Summary

This study explored the direct write additive manufacturing of lightweight thermoset
based syntactic foams in complex geometries. Compression and flexure tests performed
on the fabricated samples revealed that additively manufactured thermoset based

syntactic foams are significantly stronger and stiffer than the thermoplastic foams.

In addition, mechanical properties of these foams can be tailored by reinforcing these

foams with short carbon fibers to achieve the desired mechanical performance.

Lattice structures with reduced densities were successfully fabricated via direct write
additive manufacturing. However, strengths of these structures were found to be lower

than the expected values, due to the defects existing within the printed material. Voids
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are the main sources of this imperfections which affect the continuity of the printing
and the mechanical performance of the lattice structures. Voids may be created during
the mixing process or manual transfer of the mixed ink into the printing cartridge. These
voids/bubbles can be eliminated by performing mixing under vacuum and automated
ink transfer reducing the risk of bubble introduction into the printing material. These
strategies to further improve the mechanical properties of the solid as well as lattice

structures will be further investigated in our future studies.

Syntactic foams are unique material systems with reduced density, high impact
resistance and high specific strength. In this study, we outlined a novel methodology to
fabricate these materials in complex geometries. Scaling up of this technology to
achieve component scale fabrication and eliminating the existing defects by optimizing
the printing parameters and maximizing the mechanical performance will further
facilitate the adoption of these materials in wider range of applications in various fields

including marine, automotive and aerospace industies.



CHAPTER 6: CONCLUSION AND FUTURE WORK

This thesis summarizes the 3-year long research efforts on the additive manufacturing
of short chopped fibers thermoset composites. Delta bot 3D printer was modified to
print several types of composite specimens reinforced with deposited chopped fibers.
Two types of fibers were used. However, in the initial stages, the base ink material
(pure epoxy and clay with no fiber enhancements) was 3D printed successfully to have
it as a reference for mechanical performance comparison purposes after the addition of

fibers.

The pure epoxy was mixed with chopped carbon fibers from Mitsubishi company,
namely, pitch carbon fibers. The average size of the fibers is about 50 microns. The
main purpose of using these fibers is to enhance the strength performance of the
composite materials since these fibers are strong and stiff. In the state- of the- art
studies, it was found out that it is difficult to add more than 5% by volume from the
fibers to the additively fabricated ink mixture. However, a developed 3D printing
method was used to add 46% of these fibers as a volume fraction for the first time in
this research. Vibration integrated motors are used on the nozzle outlet to shake the
material during the 3D printing process in order to achieve this volume fraction.
Printing using 46% of these fibers gave us unprecedented high mechanical performance

(strength (>400 MPa), stiffness (53GPa)) compared to the previously studies.

In addition, second type of fibers were used to enhance ductility property of the
composite structures. To achieve that, Kevlar fibers from Aramid Uni-web Kevlar
fibers family were used. These fibers are less in dense, light in weight, and have high

ductility compared to other fibers. However, it was challenging to find commercial
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short chopped Kevlar fibers because they are not commercially available. Despite from
this, a method using laser cutting machine was developed to cut the continuous sheets
of Kevlar fibers. As a result, short chopped fibers were successfully produced with
consistent length of 800 um. Using our developed 3D printing technique, we could add
6.3% Vy from these fibers to enhance the ductility of the produced composites. The
ductility of the resulted composite has been increased by two folds compared to the

base ink material.

As a third goal in this research, syntactic foam materials were additively manufactured
in thermoset resin for the first time. We could add about 60% by volume of glass-
microspheres to produce ultra-lightweight composites. The mechanical performance of
these structures was better than the additively manufactured syntactic foam
thermoplastic composites. Using our extrusion set up, we could supply the syntactic
foam-based composite with 15% of carbon fibers as a volume fraction to even further

enhance the mechanical performance of the resulted structures.

The mechanical performance of all fabricated structures in this thesis was investigated
using three-point bending test, compression test, and fracture toughness test. Also,
Hierarchical microstructures of the additively fabricated specimens were imaged using
scanning electron microscopy to observe the artefacts such as porosity, infill and
material interdiffusion, which are inherent drawbacks of the 3D printing process.
Regarding the future work of this work, we can claim that existing studies have failed
so far to give sufficient consideration to 3D printed hybrid structures based on the
thermoset resins. It might be difficult for the first sight to create tall structures using
thermoset resins. This is due to the fact that thermoset resins do not have sufficient yield
strength to balance the gravitational forces and keep its shape after certain numbers of

3D printed layers.
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Thorough these drawbacks, however, some researchers started to develop some initial
ideas and methods to solve these issues, and I strongly recommend prolonging this
research trying to have a progress in this field (i.e., hybrid structures). A second point |
would like to mention as a further future work is the porosity issue. SEM images in this
research proved the existence of air voids. Despite from this fact, we exceeded the most
up to date recorded mechanical performance in additive manufacturing of short fiber
thermoset composites. What I see is the ability of this research to be extended
furthermore to find methods in order to eliminate the air voids from the fracture

surfaces. Consequently, the mechanical performance can be further enhanced.
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