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ABSTRACT

CHARACTERIZATION OF NOVEL MATERIALS FOR FUSED
FILAMENT FABRICATION

Al-duais, Abdullah Abdulrahman Naji
Master of Science, Mechanical Engineering
Supervisor: Assoc. Prof. Dr. Sezer Ozering
Co-Supervisor: Assoc. Prof. Dr. Feyza Kazang Ozering

June 2021, 77 pages

Fused filament fabrication (FFF) is a polymer additive manufacturing technology
that is suitable for a wide range of applications due to its low cost and ease of use.
This thesis investigated two types of novel materials for FFF use. First, a foaming
PLA filament is considered and the mechanical properties of 3D printed specimens
using this filament is characterized. The results show that the strength, modulus and
density of the foaming PLA can be tuned over a wide range of values by varying
FFF process parameters. The second part of the thesis explored the synthesis of ABS-
fly ash composite filaments. 3D printing of this composite is successfully
demonstrated and the mechanical properties are characterized.

Keywords: Fused Filament Fabrication (FFF), Polymer-Fly ash composite filament,

Foaming polymer filament, Mechanical properties, Printing parameters.



0z

ERIYIK FILAMENT iLE IMALAT YONTEMINE YONELIK YENILIKCI
MALZEMELERIN INCELENMESI

Al-duais, Abdullah Abdulrahman Naji
Yiksek Lisans, Makina Miihendisligi
Tez Yoneticisi: Dog. Dr. Sezer Ozering

Ortak Tez Yoneticisi: Dog. Dr. Feyza Kazang Ozering

Haziran 2021, 77 sayfa

Eriyik Filament ile Imalat (EFI), diisiik maliyet ve kolay iiretim 6zellikleri nedeniyle
bir¢ok uygulama i¢in uygun bir eklemeli imalat yontemidir. Bu tez kapsaminda iki
farkl1 yenilik¢i filament malzemesi ele alimmustir. ilk olarak kdpiiklenme kabiliyetine
sahip PLA filament incelenmistir. Bu filament ve bir 3B yazic1 kullanilarak {iretilen
yapilarin mekanik ozellikleri belirlenmistir. Yapinin dayanim, elastikiyet modiilii ve
yogunluk gibi o6zelliklerinin EFI {iretim parametrelerine bagli olarak genis bir
aralikta ayarlanabildigi tespit edilmistir. Tezin ikinci kisminda, ABS ve ugucu
kiilden olusan bir kompozit filament gelistirilmistir. Bu filamentin 3B yazici
aracilifiyla parga tretimi basarili sekilde gerceklestirilmis ve iretilen yapilarin

mekanik 6zellikleri belirlenmistir.

Anahtar Kelimeler: Eriyik Filament ile Imalat (EFI), Polimer-ugucu kil kompozit

filament, kopiiren PLA filament, Mekanik 6zellikleri, Uretim parametreleri.
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CHAPTER 1

INTRODUCTION

1.1  Fused Filament Fabrication (FFF)

The increasing demand for manufacturing high-quality products with low cost have
increased the competition among the different manufacturing societies. Researchers
worldwide seek to provide advanced technologies that can produce complex parts
fast, neatly and costly-efficient. On the other hand, to develop existing products to
serve a specific purpose, prototypes of the product’s solid model should be first
created to examine their final properties, known as rapid prototyping (RP) or 3D
printing. Additive manufacturing (AM) is another name for 3D printing since it
works according to the building of the physical model by selectively adding material
as thin layers. Many AM technologies now are available, like FFF, stereolithography
(SL), selective laser sintering (SLS), selective laser melting (SLM), laminated object
manufacturing (LOM), and others (Fountas and Vaxevanidis 2021).
FFF is one of the most used kinds of AM, particularly for polymers. It has the ability
to fabricate very complex parts efficiently at a low cost; Figure 1 shows a schematic
drawing of the main parts of this technology. Furthermore, FFF can be used
efficiently for prototyping applications since no mold preparation or solvent is
needed; it has also been widely used for custom fabrication (Zein et al. 2002).
Here are some of the most applicable areas for FFF (Chartier and Badev 2013),

e Fast and cost-efficiently fabrication of early-stage prototypes of product

development or end-use parts to be integrated immediately on a system.
e The fabrication of prototypes with specific characteristics to be tested in a

real-world environment.



e Cost-efficiently fabrication of some manufacturing tools like fixtures or jigs,

and
e Custom fabrications such as games or souvenirs, usually done by the
hobbyist.

Filament spool

Printing head

Nozzle

NS

/ Printed part

Build platform

Figure 1. A schematic drawing of the FFF technology.

In 2020 the number of publications on the FFF-printed parts' mechanical properties
(386) had increased by 600% compared to those publications in 2015 (55), Figure 2.
This sharp increase in research and publications has proved the great importance of
FFF in manufacturing societies; it also provides more comprehensive data for the

best mechanical performance.
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Figure 2. The publication number appears in the SCOPUS search engine regarding
the mechanical properties related to the FFF-printed parts to be searched within the

article title, abstract, and keywords.

111 Working principle of FFF

In FFF, the desired part to be printed is first designed as a 3D model by any CAD
package program, then exported as a stereolithography (STL) file to a slicing
program like Simplify 3D or Cura. The slicing program then formulates, in G-code
format, a processing plan to guide the 3D printing machine during the entire printing

process, Figure 3.
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Figure 3. Data Processing in FFF.

The fabrication of the parts then starts first by melting the polymer material into a
liquid state. After that, the material, which is in a molten state, is extruded as a thin
filament through a controlled nozzle, moves in the X-Y plane, into a table, moves in
the Z direction, where it solidifies. The bounding between the neighbouring fibres
then is occurring due to the partial melting of the existing fiber upon contact with the
incoming hot fiber to form a layer. Then, the plate moves in the Z direction to repeat
the same deposition process for printing the next layer. Finally, the successive layers
fuse to build the part layer by layer (Abeykoon, Sri-Amphorn, and Fernando 2020;
Wimpenny, Pandey, and Kumar 2017).



11.2 FFF parameters

Several parameters affect the final properties of the FFF-printed parts, and I will
discuss only those parameters that are completely relying on the processing
parameters. These parameters are the most investigated.

1.1.2.1  The nozzle temperature

Nozzle temperature is the temperature causing the melting of the polymer during the
printing process. It has been considered one of the most critical parameters that
significantly affect the printed parts' final properties. Nozzle temperature affects the
printed parts' microstructure; it also changes the crystallization level, which can
influence the final properties of the printed parts (Bakir, Atik, and Ozering 2021a;
Kaygusuz and Ozering 2019).

At low temperature, several studies have shown that the filament material will not
melt properly for providing the required viscosity for strong bonding between the
neighbouring fibers from one side and between the successive layers from the other
side. However, the higher the nozzle temperature is, the more time is required for the
melt material for cooling; such a delay in time affects the final parts' crystallinity
and, consequently, the final properties. Furthermore, at high nozzle temperature, the
melted material's overflow will increase the fusion between the adjacent fibers and
layers. However, it will affect the printed parts' dimensional stability since
neighbouring fibers or layers will overlap each other, weakening the printed parts'

final properties (Abeykoon et al. 2020).

1.1.2.2  The flow rate (%)

This parameter is also called the feed rate, and it describes the amount of material

extruded from the nozzle per unit of time. This parameter is crucial for fabricating



lightweight products; however, some of the final properties will be compromised at

a low flow rate, especially strength properties.

1.1.2.3  Theinfill ratio (%)

This parameter controls the gap between the neighbouring fibers. While fabricating
by FFF, manufacturers usually tend to use a low infill ratio to save time and material.
However, this gap will increase during a low infill ratio, leading to a faster failure of
the printed parts at a low load level; those gaps act as stress concentration areas and

deteriorate the printed parts' final properties.
This gap can be divided into three categories (Ahn et al. 2002),

e Positive air gap: this type saves more material; however, the bonding between
the neighbouring fibers is weak and greatly affects the final properties of the
printed parts. The concept of Ashby-Gibson of cellular structure can apply in
this type, Figure 4 (a).

e Zero air gap: this type is considered the ideal air gap since it provides a good
dimension accuracy with acceptable strength properties, Figure 4 (b).

e Negative air gab: this type makes the printed parts denser and more strength;
however, negative air gaps with higher values could decrease the dimensional

accuracy, Figure 4 (c).

(a) (b) (c)

. Successive
layers

+ Alr gap 0 Air gap - Air gap

Figure 4. Different air gaps configuration, (a) positive, (b) zero, and (c) negative.



1.1.24  The layer thickness

Layer thickness is defined as the distance travelled in the z-direction between the
adjacent layers. This parameter has more effect on the surface properties and printing
time. The surface roughness level increases with increasing the layer thickness;
however, less time will be used for the fabrication process. On the other hand,
printing with a small layer thickness will lead to a better 3D-printed surface quality

with consuming more printing time (Ayrilmis 2018; Wimpenny et al. 2017).

1.1.25 The raster orientation

Raster orientation represents the direction of the extruded filaments according to the
axis of the loading. This parameter is critical for evaluating the printed parts'
mechanical properties, Figure 5 (Ahn et al. 2002; Liu, Lei, and Xing 2019). In

general, there are three main raster orientations,

e Axial raster orientation, 0° with respect to the axis of loading: specimens
printed with this kind of orientation exhibit good strength properties since the
loading will be along the fibers; however, stress concentration will present in
the neck region where the vertical roads terminate.

e Vertical raster orientation, 90° with respect to the axis of loading: specimens
printed with this kind of orientation usually exhibit weak strength properties
since the loading will be between the bonding between the fibers, which is
somehow weak.

e 45° or -45° raster orientation: specimens printed with this kind of orientation
usually exhibit acceptable strength properties and avoid the axial specimens'

stress concentration.

Furthermore, several studies have also used a combination of two kinds of rasters for

better isotropic behaviour.



Figure 5. Different configurations of raster orientation, top view of 3D printer.



1.1.2.6  The printing speed

This parameter is defined as the nozzle speed in any direction during printing. High
printing speed cause poor melting properties of the filament extruded, which leads
to poor adhesion between neighbouring fibers and affects the final properties of the
printed parts. On the other hand, with low printing speed, the diameter of the
extruded filament will not be even and eventually affects the adhesion between the
neighbouring fibers; for that reason, manufacturers usually use 50-70 mm/s printing
speed (Abeykoon et al. 2020; Deng et al. 2018).

Many other parameters slightly affect the printed parts' final properties like infill
pattern, bed temperature, top and bottom layer, building orientation, etc. All these
parameters should be in good agreement for better final properties of the printed

parts.

1.1.3 Materials

One of the most powerful advantages of FFF is the wide range of thermoplastic
materials that it can handle. Polylactic acid (PLA) and acrylonitrile butadiene styrene
(ABS) are the most extensively researched thermoplastics for FFF. On the other
hand, many other thermoplastics have been used for FFF like nylon 6, thermoplastic
polyurethane (TPU), high-density polyethylene (HDPE), polyethylene terephthalate
(PET), and high-performance thermoplastics like polyether ether ketone (PEEK).
PLA and ABS are the most used polymers for FFF; most of the studies related to
FFF is considering PLA, ABS, or their composite; therefore | will discuss these two

polymers more comprehensively.

1131 PLA

Polylactic acid (PLA) is one of the most polymers used for FFF. The high
biocompatibility and biodegradability of PLA make it a great candidate for medical



and packaging products. Furthermore, PLA is an environmentally-friendly
thermoplastic, driven from renewable resources, that can be used as an alternative to
many widely-used petrochemical-based plastics (Garlotta 2001; Lim, Auras, and
Rubino 2008). There are three different types of PLA regarding the stereoisomers
that are forming the PLA, namely poly (D-lactide) (PDLA), poly (L-lactide) (PLLA),
and poly (DL-lactide). PLA enjoys high strength and modulus properties. However,
the extremely low elongation at break of PLA still the main drawback that limits its
usage. In general, the final mechanical properties of PLA can vary according to its

component isomers and thermal history (Farah, Anderson, and Langer 2016).

1132 ABS

Acrylonitrile butadiene styrene (ABS) is an amorphous thermoplastic polymer that
has been formed by the condensation polymerization, at different proportions, of
three different materials acrylonitrile, butadiene, and styrene. The final properties of
the ABS depend on the proportions of the three materials mentioned above, and with
a good combination of these items, it is possible to get an ABS version with some
advanced characteristics. ABS gets its strength from the acrylonitrile and its ductility
from butadiene elements; on the other hand, ABS's rigidity comes from the styrene
elements. ABS can be manufactured by different methods like injection molding,
blow molding, or extrusion processes. ABS has a low glass transition temperature of
105 °C, which make it a good choice for FFF. ABS is widely used in the electronic
and automobile industries. ABS enjoys excellent properties like high toughness and
rigidity, high dimensional stability, good chemical resistance, good impact
resistance, good insulating characteristics, and easy processing properties. However,
some drawbacks hinder its usage, like inherent flammability, low mechanical
strength, very sensitivity to environmental conditions, poor weathering resistance
properties, scratches easily, and low dielectric strength properties (Dromel and Singh
2021; de Oliveira et al. 2018; Olivera et al. 2016; Omnexus n.d.; Wu and Li 2014).

10



Table 1 shows the bulk mechanical properties of the most common materials used
for FFF (Wypych 2016).

Table 1. The bulk mechanical properties of materials used for FFF.

Elastic Yield Tensile Elongation
Polymer Modulus Strength Strength at Break
(GPa) (MPa) (MPa) (%)
ABS 1.9-2.7 35-58 25-65 8-20
PLA 2.7-16 66-77 52-72 4-6
Nylon 6 0.78-3.6 36-95 74-106 10-160
HDPE 0.5-1.1 21-31 13-51 250-1200
TPU 0.12-0.33 39-54 17-66 300-1500
PEEK 3.5-4.4 65-95 75-100 20-50

1.2 The mechanical properties of FFF-printed parts

The printing parameters greatly affect the final mechanical properties of the FFF-
printed parts. Selecting the right configuration of printing parameters is still the most
challenging issue that concerns the researcher worldwide. Parts made from the same
material and sharing the same geometry but different sets of printing parameters will
have completely different mechanical properties. Anisotropic behaviour of FFF-
printed parts is another issue that concerns the FFF society. FFF-printed parts with
0° raster orientation enjoy strength properties three times more than those of parts
printed at 90° orientations (Ahn et al. 2002). This anisotropic behaviour in the
strength properties due to the difference in printing orientation is critical; FFF-
printed parts will experience a fast failure at low load if they are subjected to a load
acting perpendicular to the raster orientation. Such a fast failure could restrict more
the feasibility of using FFF-printed parts, particularly for undefined load conditions
applications. Therefore, researchers usually tend to use different orientations to print

the same part to decrease FFF-printed parts' anisotropic behaviour.

11



Table 2 shows the mechanical properties of the FFF-printed parts (Bakir, Atik, and
Ozering 2021b; Bakir et al. 2021a; Banjanin et al. 2018; Guessasma, Belhabib, and
Nouri 2021; Wampol 2018). In general, FFF-printed parts' strength properties are
lower than those of other parts fabricated by different conventional methods. One
reason that justifies this reduction is the weak points that appear between the layers
of the FFF-printed parts; those points work as a stress concentration and reduce the
printed parts' strength properties. On the other hand, the wide range of the values of
the FFF-printed’s mechanical properties found in the literature review, Table 2,
justify the aforementioned statement about the great effect of the printing parameters

on the final properties.

Table 2. The mechanical properties of FFF-printed parts.

Elastic Tensile Elongation
Polymer Modulus Strength at Break
(GPa) (MPa) (%)
ABS 1.5-2.2 2.6-53 2.1-8.6
PLA 2.7-16 13.2-66.5 4-6
Nylon 66 0.8-1.42 11.5-19 62-74
HDPE 0.9 20.2 -
rTPU 0.7-1.73 14.2-47.7 1.4-199
PEEK 0.36-4 9.3-99 2.9-111

1.3 Polymer composite for FFF

Intrinsically, the use of pure polymer filaments for FFF is limited to their mechanical
properties. Most of the applications required FFF-printed parts with superior final
mechanical properties that pure polymer filaments cannot provide. Composite
polymer filament for FFF has addressed the previous problem efficiently and make

12



the possibility of shifting FFF from prototyping application to producing functional

parts used in different load-bearing applications.

Polymer composite is defined as the incorporation of fibers or particles into the
polymer matrix to provide the strength and stiffness required for the FFF-printed
parts. Regarding its constituents, the composite polymer contains two or more
different phases; first, the matrix phase, which is the primary phase that enjoys
continuous characters and holds the other phase, the dispersed phase. The dispersed
phase is reinforced in the primary phase in a discontinuous manner to ensure better
stress transfer between the two phases. Except for PLA, the matrix phase usually
enjoys high ductility with low strength properties. On the other hand, the dispersed
phase enjoys higher strength properties and known as the reinforcing phase.
Eventually, as a result of the combinations of the composite constituents, its final
mechanical properties will be different from those of any of its constituents (Wang
et al. 2017).

131 Fiber-reinforced polymer composite

Fiber-reinforced polymer (FRP) composite filament is a widely used way of
improving the FFF-printed parts’ mechanical properties. First, polymer pellets are
mixed with the reinforced fiber in a blinder; after that, mostly twin-screw extruder
extrudes the mixture, then a second extrusion process for the filament materials for

a better homogeneity if required.

Carbon and glass fibers are the most used fibers for FFF; they provide superior
properties for the FRP composite printed parts such as corrosion and wear resistance,
high strength-to-weight ratio and better dimensional stability. FFF-printed parts
made of short carbon fiber-reinforced ABS enjoy elastics modulus and tensile
strength 700% and 115% higher than those values of pure ABS parts at 40 wt.%
carbon fiber loading (Tekinalp et al. 2014). Continuous carbon fiber also has been

used as a reinforcing phase for the PLA matrix (Matsuzaki et al. 2016); results
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showed 599% and 435% improvement in the elastic modulus and strength of the
composite compared to the pure PLA FFF-printed parts. However, some

discontinuity and irregularity of the carbon fibers were observed in the printed parts.

Although carbon and glass fibers reinforced polymers composite provide a superior
mechanical property for FFF-printed parts, their huge impact on the environment is
still a concern. Nowadays, there is a trend to develop natural fiber reinforced polymer
composite for FFF using wood, bamboo, and vegetable fibers (Mohan et al. 2017).

1.3.2 Particle-reinforced polymer composite

Incorporating particles into the polymer matrix is another commonly used method to
improve the FFF-printed parts' final properties. The composite filament fabrication
process is the same method used for fiber-reinforced polymer composite filament
mentioned above. Several particles have been used as a filler for FFF, like glass bead
aluminium oxide and ceramic. Ceramics particles like hydroxyapatite were also
added to the PLA matrix with superior properties as a filament for medical
applications (Mohan et al. 2017; Wang et al. 2017). The addition of iron and copper
to the ABS matrix has shown a great improvement in the composite FFF-printed
parts' storage modulus (stiffness) compared to the pure ABS printed parts (Nikzad,
Masood, and Sharski 2011).

1.3.3 Nanocomposite

The unigue and outstanding mechanical and thermal properties of nanofiber and
nanoparticle make the addition of these nanoscale materials into the polymer matrix
promising for the FFF to fabricate high functional parts for different applications.
ABS-organic modified montmorillonite nanocomposite filament with filler loading
of 5% has shown an outstanding tensile strength of the printed specimens with 43 %
improvement than the pure ABS FFF-printed parts (Weng et al. 2016).

Nanocomposite filaments for FFF are consuming more attention nowadays.
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Researchers worldwide are looking to provide high strength nanocomposites

filaments that can be used to fabricate functional parts for load-bearing applications.

In general, several parameters affect the polymer composite's final properties,
including the shape, size, and distribution of the filler in the polymer matrix from
one side and the interfacial adhesion between the filler and the matrix from the other
side (Eirich 1978). The filler loading inside the polymer matrix is a critical issue that
can significantly change the printed parts’ mechanical properties. After a certain
limit, the filler material starts to aggregate inside the polymer matrix, causing low
strength properties (Bakir et al. 2021b). Furthermore, at high filler loading, filler
material aggregates in the FFF machine's printing head, causing a nozzle clog that
restrict the printing process. It was hard to make a continuous composite filament
with carbon fiber loading more than 40 wt.% into the ABS matrix due to the loss of
toughness (Tekinalp et al. 2014). Another critical issue is the formation of the voids
around the filler. These voids are acting as a stress concentration inside the polymer
matrix and deteriorate the final mechanical properties of the FFF-printed parts. One
way of addressing the previous problem is by using surface-treated filler; surface
treatment increases the compatibility between the two different phases resulting in
excellent interfacial adhesion characteristics between the filler and the polymer

matrix, thus better stress transfer properties.
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CHAPTER 2

TUNABLE MECHANICAL PROPERTIES OF FOAMING PLA PRODUCED BY
FFF

2.1 Abstract

Foaming polymers have drawn more attention in the last two decades in
both the scientific and industrial communities. This new generation of polymers
sheds new light on low density and multifunctional products used in several
industrial applications, particularly for medical and energy absorption products.
However, due to the high complexity of the foaming process, the applicability of
these products depends mainly on their mechanical properties, which in turn have a
high dependence on the processing parameters. FFF is one of the most AM
technologies used to fabricate prototypes and products from different kinds of
polymers. It provides an overall control on all the processing parameters to produce
parts with desired characteristics. This study investigates the effect of the processing
parameters, including (nozzle temperature, printing speed, flow rate, layer thickness,
and infill ratio) on the mechanical properties of low-density polylactic acid (LW-
PLA) produced parts by FFF. The results indicate that the nozzle temperature, flow
rate, and infill ratio have the most significant effects on the printed parts' mechanical
properties. Low nozzle temperature (230 °C), high flow rate (100 %) and high infill
ratio (100 %) significantly improve the mechanical properties of the printed parts.
On the other hand, layer thickness and printing speed have less significant effects
than the other parameters; they should be in a good adjustment with the other

parameters for better surface properties.
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2.2 Introduction

Polylactic acid (PLA) is considered one of the most polymers used for FFF. The high
biocompatibility and biodegradability of PLA make it a great candidate for medical
and packaging products (Garlotta 2001; Lim et al. 2008). Moreover, the high
biocompatibility and large surface area of PLA make the foaming form of PLA,
achieved by dissolving a blowing agent in the polymer matrix, further applicable in
the industry sector, especially for medical implant applications where the weight and
the porosity of the printed parts are of great importance (Khodaei, Amini, and
Valanezhad 2020; Li et al. 2019; Sanz-Horta et al. 2020). Low-density PLA (LW-
PLA) is one kind that is working according to foaming technology (Colorfabb n.d.).
Due to the high complexity of the foaming process, this new variation of PLA gets
easily affected by changing the processing parameters, which requires a better
understanding of the relation between the changing of the processing parameters and

the mechanical properties of the printed parts.

One of the most precious advantages of FFF, particularly for the scientific approach,
is the ability of FFF to produce parts with simple control, even at a local scale (Li
and Sun 2008), on all processing parameters. Such ease in the processing control can
give the manufacturer the chance to produce parts with the desired morphological,
thermal, and mechanical properties. In the last two decades, a massive number of
reported research have attempted to optimize the printing parameters of FFF for
better-printed parts. Particularly the printing parameters that have a direct effect on
the final properties of the printed parts such as nozzle temperature, layer thickness,
flow rate, printing speed, and infill ratio (Bakir et al. 2021a; Chacén et al. 2017,
Kaygusuz and Ozering 2019; Torres et al. 2016; Uddin et al. 2017).

This study aims to investigate the effect of the printing parameters such as nozzle
temperature, layer thickness, flow rate, printing speed, and infill ratio on the
mechanical properties of LW-PLA 3D printed parts. Several mechanical testing
techniques such as the tensile test, the compression test, and the shore hardness test

have been performed. Furthermore, differential scanning calorimetry (DSC), thermal
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gravimetric analysis (TGA), and scanning electron microscopy (SEM) have been
performed for comprehensive analysis of the thermal, structural and mechanical

behaviour of the printed parts.

2.3  Experimental Details

An open-source Ultimaker 2+ desktop 3D printer (Netherlands) based on FFF
technology was used to print all the specimens. The input material filament LW-
PLA, 2.85 mm in diameter, was purchased from Colorfabb, Netherlands, without
providing details about the production process. However, this kind of filament
usually achieved by first blowing an agent in the polymer matrix then followed by

an extrusion process (Choi et al. 2020; Lim et al. 2008).

All the dog bone-shaped specimens used for the tensile test were based on American
Society for Testing and Materials ASTM D 638 type 4 Figure 6 (a), one the other
hand, cylindrical specimens 25.4 mm in both diameter and height, Figure 6 (b), have
been used for the compression test. Furthermore, another rectangular specimen has
been printed for shore hardness measurement Figure 6 (c). All specimens were
printed with a raster orientation of (-45°,45°) with respect to the axis of loading; zero
top and bottom layer configuration was used for all specimens. All specimens also
were printed with a line raster type, except for the specimens used for investigating
the infill ratio effect was a grid raster type. Three identical specimens were
considered for each set in the tensile and compression tests. Table 3 summarises the

printing parameters that kept constant for the different tests in this study.
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(a) 19 (b)

J I

Figure 6. Schematic views of the specimen geometries. (a) Tensile specimen with a

STT

thickness of 3.2 mm, (b) compression specimen, (c) graded specimen for shore

hardness measurements. All dimensions are in mm.

A Zwick/Roell (Z2250), Germany, the universal testing machine, performed the
tensile and compression tests. During the tests, the temperature has been kept at room
temperature, and the displacement rate was 5 mm/min for both tensile and
compression tests. For shore hardness measurement, a JIS type A hardness tester was
used with a point of 0.79 mm diameter. The higher shore reading is for hard

materials, and it goes down to lower values for soft materials.

Table 3.Printing parameters common to all specimens in LW-PLA study.

Filament diameter (mm) 2.85
Bed Temperature(°C) 60
Infill Pattern +45
Inwall Layers 2 for specimens printed for infill

ratio investigation, 3 elsewhere

Top and bottom layers 0
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To get a clear insight on the effect of the printing parameters on the final properties
of LW-PLA 3D printed parts, | investigated, in a systematic way, the effect of nozzle
temperature, layer thickness, flow rate, printing speed, and infill ratio. Table 4
summarize the printing parameters investigated in this study with three identical

specimens for a set of a parameter.

A TA instrument DSC 250 (USA) performed the differential scanning calorimetry
(DSC) on the specimen and the filament. The samples were heated in the temperature
range between 50-250 °C, and the filament was heated in the temperature range
between 50-250 °C with a heating rate of 10 °C/min for all. The analysis was carried

out under a nitrogen atmosphere to prevent degradation.

A Perkin Elmer Pyris 1 (USA) performed thermogravimetric analysis (TGA), the
filament is heated in the range between 25-500 °C. The heating rate used was 10
°C/min in a nitrogen atmosphere to prevent degradation.

Scanning electron microscopy (SEM) was used in order to get insight into the
fracture morphology. SEM was performed by A QUANTA 400F (FEI- Hillsboro-
Oregon) field-emission SEM to analyze the fracture surfaces of the printed

specimens at 20 kV. Before imaging, specimens were coated by 10 nm Au-Pd.

The shore hardness specimen was printed at a flow rate varying between (20-100) %
in the z-direction, where the other parameters were nozzle temperature of 230 °C,
the layer thickness of 0.45 mm, the printing speed of 45 mm/s, and the infill ratio of
100%.
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2.4 Results and Discussion

24.1 Effect of Nozzle Temperature

Four different nozzle temperatures are investigated in the range of 215 —260°C. This
range is slightly beyond what the manufacturer recommends (245 — 260°C)
(Colorfabb n.d.). Figure 7 shows the stress-strain curves for each case. The results
demonstrate the good repeatability of measurements and the large influence of
nozzle temperature on the mechanical behaviour. The flow stress and the slope of
the elastic response show a monotonic increase with decreasing temperature. The
decrease in the elastic modulus of PLA FFF-printed specimens was also found in the
literature review with a reduction of 20 % by increasing the nozzle temperature from
215 to 230 °C (Abeykoon et al. 2020). Elongation at break remains relatively
constant and does not exhibit a clear trend with nozzle temperature.

40

215°C
30_”;\%/;/——53

245°C

\

Stress (MPa)
N
(=]

10 A

0 : T T
0 10 20 30
Strain (%)

Figure 7. The stress-strain curves for specimens printed at different nozzle

temperatures.

Figure 8 shows the average mechanical properties, density, and density-specific
mechanical properties as a function of nozzle temperature. Both tensile strength and

elastic modulus monotonically decrease with temperature. The nozzle temperature
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of 215°C yields a tensile strength of 33.2 MPa and an elastic modulus of 2.6 GPa.
When the nozzle temperature reaches 260°C, the strength and the modulus decrease

almost by a factor of three, and becomes 12.1 MPa and 0.96 GPa, respectively.

Elongation at break has a slightly decreasing trend with increasing nozzle
temperature. However, the variations are comparable to the standard deviation of the
data. Therefore, there is no statistically significant effect of nozzle temperature on
elongation at break. Density also monotonically decreases with increasing

temperature but at a lower rate compared to that of strength and elastic modulus.

Overall, the results show an extreme variation in mechanical properties with nozzle
temperature, which is a unique behaviour not observed in conventional filaments.
Previous studies in the literature show that the nozzle temperature affects the strength
through the level of fusion in between printed layers. The nozzle temperature directly
affects the available thermal energy at the interface of the incoming line of polymer
and the existing polymer, which directly translates to the quality and extent of fusion
between printed lines and layers. When the nozzle temperature is low, poor fusion
frequently results in lower strength and ductility. The nozzle temperature is also
known to affect the crystallinity of the printed part. For example, an increase in the
nozzle temperature increases the cooling rate and reduces the PLA crystallinity in
PLA-PHA blend filaments. However, the findings so far in the literature suggest that
this effect is mostly secondary compared to the level of fusion phenomenon

(Kaygusuz and Ozering 2019).

The foaming PLA’s mechanical properties exhibit a stronger dependence on the
nozzle temperature as the nozzle temperature directly influences the foaming
characteristics. Figure 9 demonstrates this behaviour — as nozzle temperature
increases, the gas bubble density increases. The rise in the extent of foaming is more
pronounced, especially when the nozzle temperature increases from 230 to 245°C.
The results are in agreement with the density measurements, which showed a
monotonic decrease with nozzle temperature. The increase in the extent of foam

reduced the solid volume fraction and the cross-sectional area fraction for load-
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bearing caused a reduction in tensile strength and elastic modulus. Another important
point is the fragile structure accompanied by the increase in the foam density in the
polymer matrix since the last will lead to more fragile walls surrounding the foams,
causing another reason for the poor strength properties. Furthermore, the microscope
images of Figure 9 shows excellent fusion between the rasters even for the lowest
nozzle temperature of 230°C. Therefore, | conclude that the variations in the

mechanical properties are primarily caused by the foaming behaviour.

Figure 8 (d) shows the specific strength and specific modulus, which are strength
and modulus values normalized by the respective density of the specimens. As the
nozzle temperature increases and the density decreases, the specific strength and

modulus decrease.

Two ways were used to measure the density; first, | cut a square piece of a specimen
then measured the volume and the weight of that specimen to get its density. Second,
| separately print only the gauge length, then measure the volume and weight, and
get the density. In both approaches, the density of a specimen printed at the same

printing parameters was the same.
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Figure 8. (a) The tensile strength and elastic modulus, (b) the elongation at break,

(c) the density, and (d) the specific properties of the printed specimens at different

nozzle temperatures. The error bar represents one standard deviation obtained from

testing three samples. The error bar at 260 °C Figure (a) is very small to be shown.
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Figure 9. Optical microscope images of the printed specimens as a function of

nozzle temperature.
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24.2 Effect of Filament Flow Rate

Filament flow rate defines the rate at which the feeder mechanism of the printer feeds
the filament into the printing head. Therefore, it is a parameter that ensures that the
correct amount of filament is provided for the continuous printing of lines. Figure 10
shows the mechanical properties of specimens printed at four different flow rates
(100, 75, 50, and 25 %) at two different nozzle temperatures (230 and 245°C). Both
tensile and elastic modulus follow the same trend with a sharp decrease by
decreasing the flow rate in both nozzle temperature sets. When the flow rate
decreased from 100 to 25 %, both mechanical properties' values decreased by more
than 60, and 80 % at 245, and 230 °C, respectively. To analyze the effect of this
parameter more comprehensively, it is better first to understand the foaming process
under different flow rates. For that reason, an SEM analysis was performed to
analyze the fracture surfaces of specimens printed at different flow rates 100, 50, and
25 %, at nozzle temperature of 230 °C, Figure 11. It can be clearly seen that at a high
flow rate of 100 %, there is more fusion between the successive layers leading to
better strength and tensile resistance properties (Aliheidari et al. 2017; Valerga
Puerta et al. 2019). Also, fewer foams have been detected. However, by decreasing
the flow rate to 50 %, the interlayer adhesion becomes weaker, and it becomes even
possible to see each individual layer Figure 11 (b). Furthermore, more and smaller
foams have been detected on the fracture surface, leading to more thin walls inside
the printed samples and eventually a faster failure at low loads. The effect of flow
rate becomes more severe at 25 % Figure 11 (c); the foams start to emerge inside of
each other, leading to the found low strength properties. Table 5 summarizes the
foams characterization at different flow rates (%).

The elongation at break follows a different path; at 230 °C nozzle temperature, the
elongation decreases sharply with decreasing the flow rate. However, at 245 °C, the
elongation slightly increases as the flow rate decreases until 50 % flow rate, then it
drops sharply at any further decrease in the flow rate. Furthermore, Figure 10 (c)

shows that by decreasing the flow rate, the samples' density decreases since less
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material will be used to print the samples at a low flow rate. Specific mechanical
properties are also presented in Figure 10 (d), indicating that the flow rate decrease
slightly decreases the specific properties at 230 °C. However, at 245 °C, the specific
properties kept almost the same regardless of the decrease in the specimen's density

with decreasing the flow rate.
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Figure 10. (a) The tensile strength and modulus, (b) the elongation at break, (c) the
density, and (d) the specific tensile strength and modulus of the printed specimens

at different flow rates at two nozzle temperatures at 230 and 245 °C.
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Figure 11. Cross-section SEM images of 3D-printed samples with a variable flow
rate of (a) 100 %, (b) 50 %, (c) and 25 %.
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Table 5. LW-PLA Foams characterization at different flow rate (%) based on SEM

images of Figure 11.

Flow Rate (%) 100 50 25
Foam Area (um?) 219.04 777.01 1251.31
Foam Area (%) 23.82 56.62 83.35

Foam area is calculated by using ImageJ software. An SEM image is uploaded to this software which
works according to contrast filtering; then, due to the variation in colour between the foams and the
walls surrounding the foams, it becomes easy to calculate the area that the foams occupy. Usually,

several SEM images for different spots of the same sample are used for more accurate calculations.

2.4.3 Effect of printing speed

Printing speed refers to the speed of the nozzle in any direction during printing.
Figure 12 (a)-(d) describes the samples' mechanical properties, specific properties,
and densities printed at different printing speeds at two sets of nozzle temperatures.
Results indicated that, at a low nozzle temperature of 230 °C, the tensile strength and
elastic modulus follow a fluctuation trend with slight improvement by 6 and 11 % at
37.5 mm/s then a decrease to their original values at 25 mm/s. However, the
variations are comparable to the standard deviation of the data, so there is no
significant effect on the printing speed on the strength properties at 230 °C. On the
other hand, the elongation at break decreased slightly with the decrease in the
printing speed; the printing speed has more effect on the surface properties than on
the printed parts' mechanical properties (Anitha, Arunachalam, and Radhakrishnan
2001; Zhao et al. 2020).

The slight decrease in the strength properties at 245 °C nozzle temperature with
decreasing the print speed can be attributed, to a great extent, to the effect of the
nozzle temperature more than to the printing speed effect. At low speed, the polymer
will be exposed more to the heat, which in turn leads to more foams inside the

polymer melt and eventually weakens the printed parts. Furthermore, the elongation
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at break has not been affected by the printing speed at this temperature. Moreover,
Figure 12 (c) shows that the density values do not get affected by the printing speed
at 230 °C. However, by increasing the nozzle temperature, the increase in the foam
inside the polymer melt leads to a decrease in the density of the samples by
decreasing the printing speed. Furthermore, Figure 12 (d) shows that the printing

speed has a minor effect on the specific properties that can be neglected.
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Figure 12. (a) The tensile strength and elastic modulus, (b) the elongation at break,
(c) the density, and (d) the specific tensile strength and modulus of the printed

specimens at different printing speeds at two sets of nozzle temperature.

244 Effect of infill Ratio

This parameter represents the distance between the adjacent rasters; several studies

have considered a 70- 80 % infill ratio, resulting in good tensile properties and saving
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more time and material (Samykano et al. 2019; Zandi et al. 2020). Figure 13 (a)-(b)
show the mechanical properties of samples printed at different infill ratios (%).
Results show that as the infill ratio decreases, both tensile strength and elastic
modulus decrease sharply with a reduction of 60 % for both values with decreasing
the infill ratio from 100 to 25%. Previous studies in the literature show that by
decreasing the infill ratio, the strength properties decrease sharply. The tensile
strength and the elastic modulus of the FFF-printed recycled polyethylene
terephthalate (rPET) filaments decrease by 21 and 17 % with decreasing the infill
ratio from 100 to 80 % (Bakir et al. 2021a).

Elongation at break has a fluctuation trend with decreasing the infill ratio. However,
the variations are comparable to the standard deviation of the data. Therefore, there
is no statistically significant effect of infill ratio on elongation at break. Figure 13 (c)
shows the densities that sharply decreased by decreasing the printed specimens' infill
ratio. On the other hand, the specific properties kept almost at the same values at any
infill ratio Figure 13 (d). Figure 13 (e) shows an image of tested specimens printed
for the infill ratio investigation. Specimens printed at 25 % infill ratio experince a
break out of the gauge length due to the high-stress concentration at that region, and
the results should be approached with caution. In spite of this problem, the obtained

results are in agreement with the general trends.
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Figure 13. (a) The tensile strength and elastic modulus, (b) the elongation at break,
(c) the density, (d) the specific properties, and (e) the image of the specimens
printed specimens at different infill ratios.
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2.4.5 Effect of Layer Thickness

The effect of layer thickness is investigated by printing specimens with four different
sets of layer thickness (0.2, 0.35, 0.5, and 0.7 mm) at two different nozzle
temperatures (230 and 245°C). Results show that the layer thickness has a relatively
smaller effect on the mechanical properties than the other parameters. The results
did not show any clear trends; therefore, I only provide some key values for this
parameter. For the nozzle temperature of 230°C, 0.5 mm layer thickness yielded the
highest tensile strength and elastic modulus, 33.3 MPa and 3.14 GPa, respectively.
On the other hand, 0.35 mm layer thickness provided the largest elongation at break
(30%). At the higher nozzle temperature of 245°C, 0.7 mm layer thickness yielded
the best results with a tensile strength of 22.5 GPa and an elastic modulus of 2.08
GPa. For density, in both nozzle temperatures, the change in the layer thickness does

not affect the density of the specimens, Figure 14.
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Figure 14. The densities of specimens printed at different layer thicknesses.

Figure 15 summarizes all specimens' tensile, modulus and specific strength as a
function of their densities printed at different printing parameters and tested by the
tensile testing machine. As the specimen density increases, the load-bearing capacity

will increase since the thickness of the walls surrounding the foam will increase.
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Figure 15. (a) The tensile strength - density, (b) the elastic modulus - density, (c)

the specific strength - density, and (d) the specific strength - the elastic modulus

figures of all specimens printed at different printing parameters.
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By applying the knowledge and concept of Gibson-Ashby (GA) (1) of foamed
materials, it becomes possible to drive a mathematical model that can predict a
mechanical property at any foamability degree (Gibson and Ashby 1997).
gt (2) 4 (1- ) s (2 ®
E is the elastic modulus, and subscript S and F refer to the fully solid and foamed
specimens. The fitting constant ¢ represents the portion of the strut in the foamed
material. Figure 16 (a) compares the experimental results and results | get by using
(1). According to the AG model, the constant ¢ is equal to 0.85, which agrees with
what was found in the literature review for polyurethane with 0.85 (Ramsteiner,
Fell, and Forster 2001) and 0.8 (Calvert et al. 2010). On the other hand, the tensile
strength also was found to fit the AG model with the same constant (¢=0.85)
according to (2), Figure 16 (b), where o is the tensile strength (Ramsteiner et al.
2001).
I = 0.4225 (”—F)l'5 +(1-9) (Y )

S

os Ps

All the mechanical properties for the solid calculation were taken from (Farah et al.
2016).
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2.4.6 Compression test

| only investigated the flow rate effect on the compressive properties for the
compression test, namely, maximum compressive strength and compressive
modulus. Figure 17 represents the compressive mechanical properties and
specimens' densities printed at different flow rates of 100, 75,50, and 25 (%) at 230
°C nozzle temperature. Results indicate that the compressive strength and modulus
decrease sharply by decreasing the flow rate, a reduction of 95% in both properties
was observed by decreasing the flow rate from 100 to 25 %. A low flow rate means
producing more and smaller foams leading to more thin walls inside the printed part
and eventually reducing the strength properties; it was also found in the literature
that high porosity deteriorates the compressive strength of the 3D printed parts
(Singh et al. 2019). When it comes to the density and the specific properties,
decreasing the flow rate is accompanied by decreasing the printed specimens’ density
and specific properties. Compressed specimens printed at different flow rates are

provided in Figure 18.

Energy absorption is one of the most applicable filed for foaming polymers; the
ability of the foaming structures to absorb energy and mitigate shock loadings relies
on its compression response. Experiencing compressive stress, polymer foams
undergo a linear-elastic deformation with stretching or/and bending of the cell walls.
At higher stress, these walls dissipating energy when they collapse and buckles. For
the closed-cell foam structure, the compression of the air traped inside the closed
foams forms a significant additional contribution to the energy absorption
characteristic of the closed-foam structure (Bishop and Smallman 2002); in other
words, the foaming density greatly affects the energy absorption behaviour of the
structure. Therefore, by considering the ability to tune the foam density of the LW-
PLA FFF-printed parts, one promising application is by fabricating a density-tuned
printed part with higher foam density where more energy dissipation is required.
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Figure 18. The image of compression specimens printed at different flow rates (%).

24.7 Shore hardness measurement

Shore hardness represents the resistance of a material to indentation. This study
investigated the shore hardness of a block with 50 mm x15 mmx40.5 mm
dimensions by fabricating this block with decreasing flow rate as the printer's
platform goes down in the z-direction. By reducing the flow rate, the surface quality
decreases with the appearance of more gaps on the surface that can affect the
reliability of the measurement; for that reason, | took five measurements at different
points for each flow rate set. Figure 19 shows the average shore hardness at a
different flow rate. Results indicate the increase in the softness as the flow rate
decreases with the softest part of 54.7 shore A at a 20 % flow rate. Specimens with
a higher flow rate enjoy denser interlayer structure with smaller gap size between the
successive layers, therefore more resistance for indentation.
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Figure 19. The shore hardness at a different flow rate. The error bar represents one

standard deviation obtained from measuring five different points.
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248 Thermal characterization.

2.4.8.1  Differential scanning calorimetry (DSC).

Figure 20 (a) shows the DSC of the filament and specimens printed at different
nozzle temperatures. The first heat curve will be considered since it provides a more

accurate thermal history of the polymer investigated.

Table 6 shows the results of DSC the glass transition temperature (Tg),
crystallization enthalpy (4H,.) and melting enthalpy (4H,) of the filament and the
specimens printed at different temperatures. The degree of crystallization (%X) is
calculated by (3), where (4H,,) is the melting enthalpy at 100 % crystallinity which
equals 93 Jg? (Branciforti et al. 2009; Moura et al. 2019). The low degree of
crystallinity of the filament asserts the mostly amorphous behaviour of the PLA
filament. However, this value is very low compared to the literature review (22 %)
(Kaygusuz and Ozering 2019). On the other hand, the increase in the nozzle
temperature reduces more the degree of the crystallinity by increasing the cooling
rate, which also found in the PLA crystallinity in PLA-PHA blend filaments.
Although the DSC’s values cannot give an absolute result of the degree of the
crystallinity, it gives an overview of the effect of the nozzle temperature on the
amorphous behaviour of the specimen (Kaygusuz and Ozering 2019). One way to
improve the low crystallinity of PLA is by applying post-processing annealing at a
temperature above the glass transition temperature and below the melting
temperature (Wach, Wolszczak, and Adamus-Wlodarczyk 2018). Overall,
introducing the blowing agent for foamability deteriorates the crystallinity degree of
the polymer. However, it does not affect the glass transition temperature since the
last keeps its value in the range 50-70 °C found in the literature review of neat PLA

(Basu et al. 2017; Zilberman 2005).
AHm—AHc,

%X =
0 AHmO

(3)
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Table 6. DSC test results of LW-PLA.

Tg AHcc AHm %X
(°C) Jg! Jg!

Filament 59.71 22.49 27.35 5.23
Specimen at 215 °C 60.99 18.99 23.17 4.50
Specimen at 230 °C 60.23 20.72 21.88 1.25
Specimen at 260 °C 58.51 22.84 20.08 _

Tg: The glass transition temperature, AH,.: crystallization enthalpy, 4H,, : melting enthalpy, and

%X: the degree of crystallization.

2.4.8.2  Thermal gravimetric analysis (TGA)

Figure 20 (b) shows the TGA analysis of LW-PLA. TGA characterizes material by
measuring the mass changing according to the change in the temperature. TGA
usually be used together with DSC to provide a comprehensive interpretation of a
material's thermal behaviour. The filament was heated to 500 °C under nitrogen
condition. In this range of temperature, the polymer's pyrolysis happened at 375 °C
with a loss of 94.4 % of the weight. This weight loss followed by another reduction
in weight at 440 °C with a total weight loss of 98.29 %. On the other hand, derivative
thermal gravimetric (DTG) is used to set the limits of the overlapping effects of
decomposition and evaporation. The inflection point, also known as the first
derivative peak temperature, is 383.11 °C which indicates the temperature at which

the maximum rate of weight loss change occurred.
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temperature, heat flow endo up, and (b) the TGA of the filament used.
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CHAPTER 3

DEVELOPMENT OF ABS-FLY ASH COMPOSITE FILAMENTS FOR FFF

3.1 Abstract

FFF is one of the most widely used additive manufacturing techniques for the
fabrication of polymeric parts. Earlier applications of FFF mostly utilized pure
polymers such as PLA and ABS. However, there has recently been an increasing
demand for composite FFF filaments to obtain superior mechanical and physical
properties. Fly ash (FA), a waste of coal power plants, is a promising alternative as
a filler material for developing composite filaments. Due to the massive amounts of
FA generated worldwide and associated environmental concerns, there has been an
increasing trend in the utilization of FA particles in the polymer industry, providing
a new route for FA recycling towards reducing FA’s impact on the environment.
However, there has been no study to date to investigate the same route for FFF use.
In this study, | incorporated 2 wt.% FA into an ABS matrix using a twin-screw
extruder and produced composite filaments for FFF. The specimens printed with the
composite filament were tested for their microstructural, mechanical, and thermal
properties through X-ray diffraction, tensile testing, differential scanning
calorimetry (DSC), and thermogravimetric analysis (TGA). Overall, the properties
of the composite specimens are not drastically different from those made of pure
ABS, except for the decrease in the elongation at break. The results demonstrate the
feasibility of using ABS-FA composites in FFF as a coloring agent that contributes

to the recycling of waste material at the same time.
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3.2 Introduction

The use of organic polymers in both the scientific and industrial sectors has been
dominant in the past few decades. To obtain further improvement in their
functionality and widen their application scope, the utilization of a second phase has
been addressed efficiently to prepare composite polymers (Sun et al. 2013). Usually,
it is possible to add one or more filler to the polymer matrix in order to enhance a
certain mechanical, physical, or thermal property to produce lightweight, corrosion
resistance, elevated temperature applicability, high strength, and cost-effective
products. Generally, several parameters affect a polymer composite's final
properties, including the shape, size, and distribution of the filler in the matrix of the
polymer from one side and the interfacial adhesion between the filler and the matrix
from the other side (Eirich 1978). Most powdered materials, with a low aspect ratio
and low cost, can be used as fillers. However, the tendency towards natural-deposited
fillers is grafting more attention. Of those kinds of fillers, the most widely used are
calcium carbonate, mica, quartz, talc, silica flour, and different kind of clays
(Guhanathan and Devi 2004). In recent years, the utilization of the FA as an

inorganic filler in the polymer composite has attracted more attention.
3.1 FA

FA is one of the byproducts of pulverized coal-fired power stations used to generate
electrical power. In general, coal consists of two parts combustible organic and
inorganic mineral matters; during the pulverized coal's burning, under high
temperature, in the boiler of the coal-fired power stations, only the combustible
materials are burned out. On the other hand, the non-combustible mineral part of the
coal, which occupies 10-50 wt.%, is converted to coal ash. The heavier part of the
coal ash, the bottom ash, falls to the bottom of the boiler and to be collected there.
The lighter part of the coal ash, 75-85 % of the total coal ash, that keeps suspended
in the flue gas is carried off to a cooler zone, then cooling and solidification processes

will occur to produce amorphous glassy ash particles before releasing the flue gas

46



into the atmosphere. After that, these ash particles will be collected as fly ashes by
using several separation techniques, including electrostatic precipitators (up to 99.9
% efficiency), fabric filters, baghouses, or cyclones (Chou 2012). Figure 21
represents the FA production and collection in a pulverized coal-fired power plant.

Boiler

FA hq&)er Precipitator
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Pulverizer Fly ash

Coal

Bottom ash

Figure 21. FA generation and collection in a pulverized coal-fired power plant
(Adapted from (Chou 2012)).

The continuous increase in demand for energy worldwide has led to an increase in
the reliance on coal-fired power stations leading to an increase in the FA produced
all over the world. Although the FA world wide’s high production, more than 700
million tons (MT) annually, FA's utilization is still a major concern, especially from
an environmental perspective. Only 25 % of the produced FA particles are utilized
in cement factories, structural fills, and mining applications. To get rid of the
unutilized quantity of FA, people tend to dump FA on open lands or oceans. Such an
inappropriate way of disposal leads to a catastrophic consequence on the
environment and human health. FA particles are very small and can easily be
suspended in the air, causing air pollution and posing some threats to human health
who are repeatedly exposed to FA; here are some hazards of FA (Blissett and
Rowson 2012; Dwivedi and Jain 2014; Joshi 1997; Yao et al. 2014).

e FA s considered a source of sand, air, and water pollution, with some heavy
materials presented in the FA like Ni, Sb, Cd, Cr, As, Pb, etc.
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e The fine FA particles can reach the lungs and accumulate there, causing some
respiratory health problems. More even the FA submicron particles can go
deeper into the lungs, raising the possibility of transferring the heavy metal
to the blood plasma through the cells' membrane.

e FA has negative effects on the communities near the thermal power plants
(TPP); suspended FA in the air can cause some reduction in the farms'

agricultural productivity.

Therefore, FA recycling is considered the best available alternative to many
environmental and economic benefits. Worldwide, four countries are responsible for
most of the production of FA, namely India, China, the USA, and Germany. Figure
22 represents the FA production (million tons/year) and utilization (million
tons/year) in different countries (Gollakota, Volli, and Shu 2019).
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Figure 22. FA production and utilization (million tones (MT) /year) in different

countries.
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3.11 Classification of FA

According to ASTM C618, there are two types of FA based on the coal's origin.

e Type F: This type of FA is the byproduct of burning bituminous or anthracite
coal; this type of FA enjoys pozzolanic characteristics.

e Type C: This type of FA is the byproduct of burning sub-bituminous or
lignite coal. Along with the pozzolanic characteristics, type C FA also enjoys

some cementitious properties.

Another important classification is based on the density and the size of the FA

particles.

e Cenosphere-hollow particles, less than 1 g/cm? in density, can be used to
prepare ultralight composites.

e Precipitator-spherical particles with a density between 2—-2.5 g/cm?® usually
used to improve the FA-polymer composite's mechanical properties,

including stiffness, wear resistance, and strength.

Some other sorts of FA classification are based on carbon content, SiO2 solubility,
SiO; reactivity, pozzolanic activity, etc.(K. Wesche 1991; Matsunaga et al. 2002;
Satheesh Raja, Manisekar, and Manikandan 2014).

3.2 Characterization of FA

3.2.1.1  The physical properties of FA

In general, FA consists of fine amorphous particles that have a spherical shape, either
hollow (cenosphere) or solid (precipitator). The main parameters that affect the shape
and size of the FA particles are the uniformity and the source of the coal, the
combustion uniformity, the pulverization degree, the level of the temperature and

oxygen during combustion, and the collection system used to gather the FA particles
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in the boiler. Furthermore, FA enjoys a porous hydrophilic surface, and the smaller

the FA particles are, the more reactive, since

e Smaller FA particles enjoy larger specific areas, in other words, better
bonding between the FA and the material matrix in the case of FA composite,
and

e The rapid cooling of small FA particles results in more disordered particles,

in other words, a more reactive structure.

Some physical properties are described in Table 7 (Ahmaruzzaman 2010; Anon
2002; lyer and Scott 2001; Satheesh Raja et al. 2014).

Table 7. General physical properties of FA.

Fineness (1 pm —1 mm)
Specific gravity (2.1-3)
Specific surface area (170 — 1000) m?/kg
Colour Gray*
Density (Less than 1 —2.5) g/lcm®
Particle shape Regular, Irregular

* The FA colour may vary from grey to black according to the amount of unburned carbon is
available.

3.2.1.2  The chemical properties of FA

In general, FA contains

e Some crystalline components like quartz, hematite, and mullite, and

e Some glassy components like silica glass and some oxides.

The main factors that affect the chemical and mineralogical component of FA

particles are the origin and the type of coal used. On the other hand, some other
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factors have some minor effects, such as the techniques used for handling, burning,

or storing (Akin, Magalhies, and Kazang 2020). FA consists mainly of

e Silicon dioxide (SiO.), the principal sources of the SiO: in the FA are the
clay minerals, and the quartz exists in the coal.

e Aluminium oxide (Al>O3), the principal sources of this content is the coal's
clay and organic compounds.

e Iron oxide (Fe203), the existence of iron-containing materials in the coal is

the main source of iron oxide.

Also, small concentrations of some alkali and metallic oxides may present. Table 8
describes the chemical composition of different types of FA (Ahmaruzzaman 2010;
Anon 2002).

Table 8. The chemical composition of different types of FA.

Component Bituminous Sub- Lignite
(wt.%0) bituminous
SiO: 20-60 40-60 15-45
Al203 5-35 20-30 10-25
Fe203 1040 4-10 4-15
CaOo 1-12 5-30 15-40
MgO 0-5 1-6 3-10
SOs 0-4 0-2 0-10
Na20 0-4 0-2 0-6
K20 0-3 0-4 0-4
LOI 0-15 0-3 0-5
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3.2.2 FA in the polymer industry

In recent years, the utilization of the FA as an inorganic filler in the polymer
composite has attracted more attention. FA causes some environmental problems and
has no direct use except for a small volume of a fraction used in cement factories,
structural fills, and mining applications (ACAA n.d.). However, FA becomes a very
attractive filler for the plastic industry in recent years due to its low cost.
Incorporating the FA in the polymer matrix will consume a volume fraction of the

produced FA and improve some of the composite's final properties.

Several polymers have been used as a matrix for the polymer-FA composite,
including PLA, ABS, High-density Polyethylene (HDPE), Polypropylene (PP),
Epoxy Resin (ER), E-Glass Fiber Reinforced Polymer (GFRP), and others. These
composites were fabricated by different manufacturing techniques like compression
molding, casting, and injection molding. The FA size was between 5- 300 um with
loading of 5-60 wt.%. In order to get the desired size and content of the FA particles,
several filtration techniques were used, namely grading techniques such as a series
of cyclones, magnetic separator to separate magnetic particles, froth floatation to
remove unburned carbon particles, high-energy planetary ball mill for nanoparticles,

and standard mesh sieves.

The addition of 5 um sized FA particles to PLA at 20 wt.% improved the tensile and
impact strength of compression-moulded specimens by 80% and 40%, respectively.
When the FA is surface treated (S-FA), these enhancements rise to 160% and 140%,
respectively. Such improvement in the mechanical properties is due to S-FA
particles' better surface properties leading to better bounding properties between the
FA particles and the polymer matrix, thus improving the composite's strength
properties. Any further increment of the FA/S-FA loading more than 20 wt.% leads
to aggregation o the filler particles in the matrix and deteriorates the composite's
strength properties (Xue, Bao, and Zhang 2016). Injection-moulded HDPE-FA
composite specimens with FA loading (10-40 wt.%) show similar strength properties

as those of the pure HDPE. However, the utilization of S-FA with the compatibilizer
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agent's addition improve the tensile strength and elastic modulus by a factor of 1.4
and 1.6 at 20 wt.% and 10 wt.% FA and compatibilizer loading (Deepthi et al. 2010).
The previous improvement in the HDPE-FA composite's elastic modulus was in
good agreement with what was found in the literature review, 140 and 170 %
improvement in the elastic modulus by the utilization of 30 wt.% FA and S-FA,
respectively, into the recycled HDPE (r-HDPE) matrix. However, a sharp decrease
in the tensile strength due to the crack propagation found around the FA/S-FA
particles (Atikler, Basalp, and Tihminlioglu 2006). One promising way of FA’s
utilization in the polymer industry is by the incorporation of FA into the PP matrix.
S-FA reinforced PP composite, fabricated by compression molding, shows a great
improvement in the elastic modulus by a factor of 3.7 at 60 wt.% S-FA loading with
a small sacrifice in the tensile strength, reduction of 15 %. Such a high S-FA loading
used in the composite with comparable results can make PP a good choice for
polymer-FA composite with high FA’s utilization (Pardo et al. 2010). Moreover,
flexural strength and modulus also get some improvement by the addition of FA
particles into the Polyester thermoplastic elastomer (TPE) matrix; both mechanical
properties show 155 and 300 % improvement with the increase of the FA loading in
the composite to 40 wt.% with better performance for smaller FA particles
(Sreekanth et al. 2009).

When it comes to the elongation at break, all studies in the literature review show a
drastic decrease with the addition of FA. This drastic decrease in the elongation
values becomes more severe with increasing the FA loading with bad interfacial
adhesion between the composite constitutes. FA particles interfere in the chain
mobility of the polymer matrix, causing a very brittle composite, Table 9 represents

a summary of some of the polymer-FA composites studied so far.
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Table 9. Polymer-FA composites.

Polymer

matrix

FA
Size

(pm)

FA
Loading
(wt.%0)

Key results

ABS

10-50

Elastic modulus increases by 30 % at 30 wt.% FA.
However, there was a reduction of 17 % in the
tensile strength value of the composite at the same

FA loading (Bonda, Mohanty, and Nayak 2012).

PLA

10-50

Tensile strength increases by 80 % at 20 wt.% FA,
further improvement was also observed by 160 %
by using surface modified FA particles.
Impact strength follows the same trend with better
performance at 20 wt.% FA with improvement of
45 and 140 % for the normal and surface modified
FA particles respectively (Xue et al. 2016).

HDPE

106

10-40

Tensile strength increases by 40 % at 20 wt.%
surface modified FA and by using10 %
compatibilizer agent (HDPE-g-dibutyl maleate).
Elastic modulus increases by 60 % at 20 wt.%
surface modified FA and by using 5 %
compatibilizer agent. Elongation at break
decreases drastically as the FA particles don’t
undergo elongation (Deepthi et al. 2010).

PP

110

0-60

Great improvement in the elastic modulus by a
factor of 3.7 at 60 wt.% surface modified FA
loading with a small sacrifice in the tensile
strength of 15 % (Pardo et al. 2010).
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3.2.2.1  Acrylonitrile-butadiene-styrene (ABS)-FA composite

ABS is an amorphous thermoplastic polymer that can be used widely in 3D printing
technologies since it has a low Tg temperature, 105 °C. ABS enjoys excellent
properties like (Dromel and Singh 2021; de Oliveira et al. 2018; Olivera et al. 2016;
Omnexus n.d.; Wu and Li 2014);

e High toughness and rigidity,
e High dimensional stability,
e Good impact resistance, and

e Easy processing properties.

However, there are some drawbacks that hinder its usage like

e Inherent flammability,
e Low mechanical strength,
e Very sensitive to environmental conditions, and

e Poor weathering resistance properties.

The most important mechanical properties of the bulk ABS are listed below, Table
10 (Wypych 2016).

Table 10. The mechanical properties of ABS.

Elongation at Break 8 —20%
Yield Strength 35 -58 MPa
Elastic Modulus 1.9-2.7 GPa
Tensile Strength 25 — 65 MPa

In the past few decades, several researchers have focused on the ABS-FA composite
to overcome some of the drawbacks of ABS from one side and to get rid of some
volume fraction of produced FA. The addition of FA particles into the ABS matrix

improves ABS's low thermal stability due to the FA's high degradation temperature
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compared to the pure ABS. It also improves the composite’s dynamic stiffness at a
high working temperature (Bonda et al. 2012; Bonda, Mohanty, and Nayak 2016).
On the other hand, the incorporation of FA particles into the ABS matrix has
improved the mechanical performance, excluding the elongation at break, of the
ABS-FA composite. The elastic modulus of ABS-FA composite with 30 wt.% FA/S-
FA loading, fabricated by compression molding, was 1.3 times more than its value
of the pure ABS specimens with a reduction of 17 % in the tensile strength values
(Bonda et al. 2012). Another study also reported the reduction of the tensile strength
by adding FA particles into the ABS matrix (Ramlan and Shuaib 2018); the main
reason for that reduction was the insufficient stress transfer between the matrix and

the filler due to the bad interfacial adhesion between them.

While preparing ABS-FA composite, there are some considerations for better
mechanical performance (Bonda et al. 2012, 2016; Matsunaga et al. 2002; Ramlan
and Shuaib 2018; Yang et al. 2006);

e FA particle size: small particles size improves the mechanical properties of
the composite. FA particles with large sizes usually create small gaps inside
the composite; those small gaps work as a stress concentration leading to a
premature failure. Another important point For precipitator FA particles, as
the size of the FA particles increases, the porosity will increase, reducing the
elastic modulus of the FA particles.

e FA loading: the improvement of the mechanical properties enhances with the
increase in the FA loading to a certain limit; beyond that limit, the mechanical
properties start to deteriorate due to the agglomeration of the FA particles
that weaken the composite.

e Surface modification of FA: S-FA particles have three times surface area
more than the unmodified ones (Yang et al. 2006); also, the surface
modification of the FA particles improves the adhesion between the FA

particles with the polymer matrix.
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Furthermore, the FA particles’ hardness gets affected by the crystalline phase of the

FA particles since the last enjoy better hardness characteristics.

3.2.3 Polymer-FA composite in FFF

The incorporation of FFF in ABS-FA composite has not been investigated yet. To
our knowledge, no one has already added FA particles into ABS for FFF. This study
aims to investigate the effects of the utilization of the FA particles on the mechanical
properties of the ABS-FA composite FFF-printed parts. The tensile test has
performed on the printed specimens to study the composite specimens' mechanical
properties comprehensively. The mechanical properties investigated in this study
were elastic modulus, yield strength and strain, and fracture strength and strain.
Furthermore, differential scanning calorimetry (DSC), thermal gravimetric analysis
(TGA), X-ray diffraction analysis (XRD), and scanning electron microscopy (SEM)
have been performed for comprehensive analysis of the thermal, structural and

mechanical behaviour of the printed parts.

3.3  Experimental details

An open source Flashforge Pro 3D printer printed all the dog-bone shaped

specimens.

3.3.1 Pure ABS and ABS-FA Filament preparation

FA particles were obtained from a commercial coal power plant in Turkey. The FA
was sieved by a 75 um mesh to eliminate the larger particles. The sieved FA was
dried in an oven at 70°C for 3 hours before mixing.; Figure 23 shows an SEM image

of the FA particles used in this study and the size distribution of the particles.
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Figure 23. (a) SEM image of the FA used in this study and (b) particle size
distribution histogram.

Novodur HD M203FC ABS pellets were purchased from Ineos Styrolution
(Germany) and were dried at 60 °C for 4 hours before mixing. A Thermoprism TSE-
16-TC twin-screw extruder (L/D = 24) with a co-rotating screw configuration mixed
ABS with the FA particles and produced the filaments with 2 wt.% FA. The screw
speed was 30 rpm, and the five-stage temperature profile from hopper to die was
190°C — 230°C — 230°C — 235°C — 240°C, respectively. The extruded filament was
cut into small pieces and extruded again to obtain better homogeneity and a more
accurate filament diameter. Several measurements over the length of the filament
yielded an average diameter of 1.75 + 15 mm. The same conditions were used for
extruding the pure ABS filament.
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I printed all the dog bone-shaped specimens, Figure 24 (a), for the tensile test based
on the ASTM D638-4 Standard Test Method for Tensile Properties of Plastics,
considering five identical specimens for the pure ABS and ABS-FA composite
filaments. Table 11 summarizes the printing parameters that are common to all

specimens of this study.

(a)
19.4 =,

19

Figure 24. (a) Dimensions of the tensile specimen. The specimen thickness is 3.2

mm. (b) Photographs of tested specimens of the pure ABS (white) and the ABS-FA
(grey).

Table 11. The printing parameters common to all specimens of this study.

Layer thickness (mm) 0.2

Printing speed (mm/s) 80

Infill density (%), Pattern | 100 (Lines)

Infill Line Directions +45
Nozzle diameter (mm) 0.4
Nozzle temperature (°C) 240
Bed temperature (°C) 80
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3.3.2 Mechanical testing

The universal testing machine Zwick/Roell (Z250), Germany, performed the tensile
test at room temperature with a 20 mm/min displacement rate. To get a clear insight
on the effect of the addition of FA particles on the mechanical properties of ABS, |
investigated, in a systematic way, the change in elastic modulus, yield, and fracture

properties.

3.3.3 Surface morphology characterization

An FEI QUANTA 400F field-emission SEM (Hillsboro, Oregon) examined both the
distribution of FA in ABS and the fracture morphology of the tested specimens. The

specimens were coated with 10 nm Au-Pd before imaging.

3.34 X-ray diffraction analysis

A Rigaku Ultima Diffractometer performed X-ray diffraction analysis on the

specimens over the 20 range of 5 — 40°, at a scanning speed of 2°/min.

3.35 Differential scanning calorimetry and thermal gravimetric analysis

A Perkin Elmer Pyris 1 (USA) performed thermogravimetric analysis (TGA); the
pure specimen and composite specimen were heated in the range between 25-750 °C
with a heating rate of 10 °C/min in a pure nitrogen atmosphere to prevent
degradation. A TA instrument DSC 250 (USA) performed differential scanning
calorimetry (DSC) on the specimens. | heated the pure specimen and composite
specimen in the range between 50-250 °C. The heating rate used was at 10 °C/min

in a pure nitrogen atmosphere to prevent degradation.
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3.4 Results and discussion
34.1 XRD results

Figure 25 shows the XRD results of ABS and ABS-FA samples. Pure ABS has a
broad peak at 26 = 19.5°. This wide peak and the shoulder at around 13.5° are in
agreement with the previous measurements on ABS samples (Wang et al. 2014). The
large full width at half maximum is indicative of the amorphous structure of ABS.
ABS-FA sample shows an almost identical XRD spectrum, indicating that FA
particles are well dispersed and the low FA loading does not influence the amorphous
character of the polymer. The data do not exhibit any reflections from the crystal
phases of the FA either. | attribute this to the low volume fraction of FA and the

detection limit of XRD measurements.
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Figure 25. XRD spectrum of pure ABS and ABS-FA composite specimens.
3.4.2 DSC and TGA results

Figure 26 (a) shows the DSC results of ABS and ABS-FA specimens. For pure ABS,
the results indicate a glass transition temperature (Tg) of 100°C and a broad

endothermic peak around 200°C. These results are in agreement with the literature,
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reporting Tg values and broad endothermic transition values around 103 — 107°C,
and 210 — 260°C, respectively (Billah et al. 2020; Oral, Ersoy, and Serhatli 2018;
Wypych 2016). Being an amorphous polymer, ABS does not exhibit a melting
temperature. Therefore, the endotherm present at around 200°C is indicative of the
melting or transformation of some constituents of ABS (Billah et al. 2020). The
addition of FA particles has no significant effect on the DSC response, apart from a
small shift in the glass temperature to 104 °C. This shift might be due to the reduced
chain mobility of the polymer, delaying the transition (Billah et al. 2020).
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Figure 26. (a) DSC data of ABS and ABS-FA. (b) TGA data of ABS and ABS-FA.

62



On the other hand, Figure 26 (b) shows the TGA results of the samples. Overall, the
results for ABS and ABS-FA are virtually the same, and the data of ABS is omitted
for clarity. Pyrolysis takes place at 500°C with a loss of 99% of the weight. The
derivative of the TGA curve indicates an inflection point (first derivative peak) of
454 °C for both specimens, which defines the temperature of maximum weight loss
rate. Previous studies show that higher FA loading can improve the composite's
thermal stability due to the high degradation property of the FA compared with the
polymer. The addition of 30 wt.% FA to ABS decreases the loss of weight by 25 %
compared to the neat ABS (Bonda et al. 2012). However, the almost identical results

in our case are attributed to the low volume fraction of the FA.

3.4.3 Mechanical test results

Figure 27 shows the stress-strain response of ABS and ABS-FA specimens. The
results are consistent, demonstrating the repeatability of the printing and the testing

procedures.

Table 12 shows the summary of the results. ABS has a fracture strength of about 32
MPa and an elastic modulus of 2 GPa. Previous measurements on FFF-produced
ABS specimens indicate a strength and modulus values in a wide range of 2.6-53
MPa and 1.5 — 2.2 MPa, respectively (Ahn et al. 2002; Bakir et al. 2021b; Banjanin
et al. 2018), showing that our findings are in general agreement with previous data.
The wide range of values in the literature is due to the strong effect of process
parameters such as nozzle temperature, raster orientation, and built orientation on
the mechanical properties, a phenomenon also observed for other filament materials
such as PLA and PET (Bakir et al. 2021a; Kaygusuz and Ozering 2019). The
alternating raster angle of £45° employed in this study is one of the most effective
raster patterns that provide a relatively isotropic and strong structure. Nevertheless,
the strength of the specimens of this study is lower than that of ABS produced by
injection molding, exhibiting values in the range of 40 — 50 MPa (Chen et al. 2007;
Rahimi, Esfahanian, and Moradi 2014).
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The addition of FA to ABS does not alter the mechanical properties significantly,
with the exception of elongation at break. There exists an approximately 50%
reduction in elongation at break values with the addition of the FA particles. The
primary reason for the reduction in ductility is the restricted chain mobility of the
polymer by the presence of the second phase. Previous work shows that surface-
modified FA particles can minimize this effect; a ductility reduction of only 24%
was reported at an FA loading of 30 wt.% (Bonda et al. 2012). Surface-modified FA
provides this improvement by generating a better interfacial adhesion between the
ABS matrix and the FA particles (Bonda et al. 2012). This results in a more efficient
stress and strain compatibility between the two phases and reduces the stress
concentrations due to the shearing at the interface. The analysis results show that
there is a need to increase the weight fraction of FA to obtain more significant
improvements in the mechanical properties. In our case, increasing the fraction of
FA resulted in very brittle filaments causing frequent clogging of the printing head.
A possible solution to this problem is using plasticizers to improve the rheological
characteristics of the filament.
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Figure 27. The stress-strain curves for the ABS (red) and ABS-FA (blue)

specimens.
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Table 12. Summary of the mechanical properties of ABS and ABS-FA specimens.

Material Elastic Yield Yield Fracture Fracture
Modulus Strength Strain Strength Strain
(GPa) (MPa) (%) (MPa) (%)
ABS-FA 2.0£0.1 37.7£1.2 2.4+0.0 32.7+0.8 6.5+2.7
ABS 2.0£0.0 37.9+1.1 2.4+0.1 31.8+0.8 12.8+4.6

Figure 28 shows an SEM image of the fracture surfaces of an ABS-FA specimen.

Figure 28 (a) exhibits micron-sized gaps in the polymer matrix. These defects,

attributed to the relatively poor rheological characteristics of the filament, act as

stress concentration sites leading to premature failure. The close-up view Figure 28

(b) shows several FA particles, demonstrating the weak bonding between the FA

particles and the ABS matrix, which constitutes another reason for the poor ductility.

Figure 28. SEM images of the fracture surface of the ABS-FA specimen. (a) and

(b) show two different regions of the same surface at different magnifications.
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CHAPTER 4

CONCLUSION AND FUTURE WORK

One of the most powerful advantages of FFF is the wide range of applications that
can be used for. One of these applications is investigating the applicability of adding
a filler into a pure polymer to improve some final properties of the composite. The
importance of utilizing composite has led to producing parts with superior final
properties that can be used for extremely critical situations. FFF provides an easy
way of prototyping applications with low cost and compatible surface quality that
can be used to investigate the final properties of the printed parts. Another powerful
tool of FFF is the ability to control the printing parameters to tune the final properties

of the printed parts to serve a specific purpose.

The first part in this thesis carried out to investigate LW-PLA 3D printed parts'
mechanical properties under different printing parameters shows that the nozzle
temperature, flow rate, and infill ratio have more significant effects on the
mechanical properties compared to the printing speed and the layer thickness, | can

summarize my findings as follow;

e Increasing the nozzle temperature from 215 - 260 °C deteriorates the
mechanical properties by a factor of 2.5. High nozzle temperature leads to
more foams that occupy the melted material leading to a fragile structure.

e A lower flow rate leads to more small foams inside the printed parts, which
in turn leads to more thin, fragile walls and eventually faster failure.

e As the specimen infill ratio increases, the load-bearing capacity will increase
since the thickness of the walls surrounding the empty spaces will increase

leading to better strength properties.
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e The printing speed and the layer thickness are more related to the surface
quality and the printing time. However, these parameters should be adjusted

carefully for better surface properties.

In general, the printing parameters significantly affect the mechanical properties of
3D printed parts, and to get the desired properties, an excellent optimization of these

parameters should be achieved.

Although foamed PLA polymer is a promising material that can be used especially
in medical and energy absorbing applications, its low mechanical properties should
get more attention in future research. Different technologies can be used to improve
this foaming polymer's strength; improving its low melt properties can be considered
as a promising method.

The second part of this thesis investigated FFF-produced ABS and ABS-FA
specimens' structural, thermal, and mechanical properties. The thermal and
mechanical properties of the composite did not change significantly by the addition
of 2 wt.% FA. The only exception was a drastic decrease in ductility by a factor of
two upon FA additions. The maintained properties of ABS-FA can be considered as
an indication of the feasibility of FA additions to ABS filament, especially for
coloring applications. On the other hand, for achieving any improvement in the
mechanical properties through the same route, | propose the following steps for

future work:

e Using surface-modified FA particles can enhance the structural integrity of
the composite. Silane coupling agent treatment compatible with the polymer
matrix can be a good choice for this purpose, effectively improving the
interfacial adhesion between the FA and the polymer matrix.

e Increasing the FA loading to beyond 10 wt.% and utilizing a suitable
plasticizer can provide strengthening and defect-free printed structures at the

same time.
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APPENDICES

A. Ashby-Gibson Model of Closed-cell Foam Structures

Gibson-Ashby model is able for estimating the relative modulus for closed-cell foam

structures,

Er _ 2, (PP\ 4 (1 — PE) 4 Po , (1-2:0p)
Egs =9 *(ps) +(1 (p)*(ps)-l_Es* (l—z—g)

Where E, v, and p are the elastic modulus, Poisson’s ratio, and density of the
material, and Po is the pressure of the cell gas. Subscript S and F refer to the fully
solid and foamed specimens, respectively. The constant ¢ represents the struts
portion in the foamed material. The third term is neglected since it is much smaller

than the other two terms as an order of magnitude.
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