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Production and Characterization of Fiber Reinforced
Polymer Composites by Additive Manufacturing
Method

Abstract

The production of polymer materials with additive manufacturing technology is an
important issue that is a trend today. Studies are carried out on the production of high-
performance polymer products with the additive manufacturing method. Currently, a
wide variety of polymers can be processed in the Fused Filament Fabrication (FFF)
method, one of the additive manufacturing methods. Pure polymers are generally
preferred in the FFF method. Some polymers used in the FFF method show low
mechanical properties, limiting their applications in the field of engineering. High-
performance polymers are expensive to produce and difficult to process with FFF due
to their high melting temperatures. For this reason, short fiber reinforcement was used
to pure polymers' strength properties. To carry out production in the FFF method, short
fiber-reinforced polymer matrix filaments were designed in the thesis study.
Polyamide has been determined as a matrix material due to its wide application area
and superior mechanical, thermal, and chemical properties. Designed filaments will be
able to replace expensive and difficult-to-process materials, products that can be easily
processed with standard FFF devices will be designed and testable products will be

produced. The increase in the variety of materials used in this field will increase the



industrial usage area of the products produced by the FFF method and it will be
possible to manufacture composite structures without injection molding, vacuum
infusion, or pressure molding. With fiber-reinforced polymer filaments, it will be
possible to produce low-cost products with complex geometries, especially in the

aerospace, defense, automotive, and medical industries.

The most important problem in the production of fiber-reinforced polymer composites
by the FFF method is the insufficient bonding of the layers and the formation of micro
interfaces. Elimination of these defects will increase the mechanical performance of
the final products produced by this method. In this context, carbon, glass, hybrid
(carbon/glass) fiber reinforcements, and polyamide 6 matrix filaments were designed
from the first stages of the thesis studies, and specimen production and
characterizations were made. The mechanical properties of different production
parameters examined with the FFF method process parameters were optimized. In the
second stage, nanocellulose was added to glass and carbon fibers to improve the
matrix-fiber interfaces and increase their mechanical properties. The same filaments
were produced using modified fibers, and specimen production with the FFF method
and characterizations were made. The designed hybrid composite structures are an
innovative approach and their maximum tensile strength values are increased by 3

times compared to pure PAG.

Keywords: Hybrid Composites, Polymeric Composites, Polyamide, Nanocellulose,
Fused Filament Fabrication, Additive Manufacturing



Fiber Takviyeli Polimer Kompozitlerin Eklemeli imalat

Yontemi ile Uretimi ve Karakterizasyonu

Ozet

Polimer malzemelerin eklemeli imalat teknolojisiyle liretilmesi gilinlimiizde egilim
olan 6nemli bir konudur. Eklemeli imalat yontemi ile ylksek performansli polimer
tiriinlerin iretilmesi konusunda ¢aligmalar yapilmaktadir. Mevcut durumda eklemeli
imalat yontemlerinden erimis filaman ekstriizyonu (FFF) yonteminde ¢ok cesitli
polimerler iglenebilmektedir. FFF yonteminde genel olarak saf polimerler tercih
edilmektedir FFF yonteminde kullanilan bazi polimerler diisiik mekanik 6zellikler
gostermekte, mihendislik alanindaki uygulamalar1 kisitlamaktadir.  Yiiksek
performansl polimerlerin liretilmesi ise oldukg¢a pahali ve erime sicakliklarinin yiiksek
olmasi sebebiyle FFF ile islenmesi zordur. Bu sebeple saf polimerlerin mukavemet
Ozelliklerini iyilestirmek amaciyla kisa lif takviyesi yapilmistir. FFF yonteminde
iretim gercgeklestirebilmek icin tez caligmasinda kisa lif katkili polimer matrisli
filamentler gelistirilmistir. Genis uygulama alani, listiin mekanik, termal ve kimyasal
ozellikleri sebebiyle poliamide matris malzemesi olarak belirlenmistir. Gelistirilen
filamanlar pahali ve islenmesi zor malzemelerin yerini alabilecek, standart FFF
cihazlar ile kolay islenebilen iiriin gelistirilecek ve test edilebilir tirlinlerin tiretilmesi
saglanacaktir. Bu alanda kullanilan malzeme cesitliliginin artmas1 FFF yontemi ile
tiretilmis Urlinlerin endiistriyel kullanim alanini arttirilacak ve kompozit yapilarin
plastik enjeksiyon, vakum infiizyon veya basingli kaliplama olmaksizin imal edilmesi
saglanacaktir. Lif takviyeli polimer filamanlar ile havacilik, savunma, otomotiv ve
medikal sektorleri basta olmak tlizere kompleks geometrili tirlinlerin diisiik maliyetli

olarak tretilmesine imkan saglanacaktir.



Lif takviyeli polimer kompozit filamanlarin FFF yontemi ile iiretilmesinde karsilasilan
en Oonemli problem, katmanlarin yeterli birlesmemesi ve mikro ara ylizeylerin
olusmasidir. Bu kusurlarin giderilmesi bu yontem ile Gretilen nihai Grinlerin mekanik
performanslarini arttiracaktir. Bu kapsamda tez calismalarmin ilk asamalarindan
karbon, cam ve hibrit (karbon/cam) fiber takviyeleri poliamide 6 matrisli filamanlar
gelistirilmis, numune retimleri ve karakterizasyonlar yapilmistir. FFF yontemi ile
farkli tiretim parametrelerinin mekanik 6zellikleri incelenmis ve proses parametreleri
optimize edilmistir. Ikinci asamada ise matris-fiber ara yiizeylerini iyilestirmek ve
mekanik ozelliklerini arttirmak amaciyla cam ve karbon fiberlere nanoseliiloz katkisi
gerceklestirilecektir. Modifiye edilmis fiberler kullanilarak ayni1 filamentler
gelistirilmis, FFF yontemi ile numune iiretimi gerceklestirilip karakterizasyonlar
yapilmustir. Gelistirilen hibrit kompozit yapilar yenilik¢i bir yaklagim olup maksimum

cekme mukavemeti degerlerinde saf PA6’ya oranla 3 kati artis saglanmustir.

Anahtar Kelimeler: Hibrit Kompozitler, Polimerik Kompozitler, Poliamit,

Nanoseliiloz, Erimis Filaman Ekstriizyonu, Eklemeli Imalat
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Chapter 1

1 Introduction

In this section, the definitions, advantages, and disadvantages of polymer materials
and their types, composite materials, fiber reinforcements, thermoplastic composite
production methods and additive manufacturing technologies are explained clearly.
Classification of polymers, the importance of thermoplastics for a sustainable and
clean world, the development of composite materials in human history, the place of
composite materials in our lives, and their sectoral usage areas are discussed. The
benefits of thermoplastic composites, types of reinforcing structures that make up
composite materials, fiber types, particles, and hybrid structures are explained. In
addition, the production methods of thermoplastic composite materials are briefly

explained.

Additive manufacturing technologies, which are one of the innovative production
methods of today, and fused filament fabrication (FFF) technologies, which are one of
the new generation production methods of polymer matrix composites, and their
innovative aspects are mentioned. The benefits of using fiber reinforced composite
structures in additive manufacturing technologies, which are being used extensively in
polymer production, are mentioned. Finally, the most used FFF method in the

production of polymers by additive manufacturing is explained.

1.1 Polymer

The fact is that most of the technological developments are achieved in parallel with
the developments in materials science. Engineering comes to life based on materials
science. Materials, which can have many different properties such as conductivity,

transparency, strength, thermal resistance, etc., direct the life of humanity in many



different areas of use. Regardless of the field, the usage limits of the products depend
on the materials rather than the design geometry. Polymeric materials, which have
been the subject of extensive research in recent years, find use in many new areas and
play a role in determining product performance (1). Polymers have a wide range of
applications, from simple parts in our daily life to complex industrial products (2). So
much so that it is difficult to imagine today's world without polymers. Polymer
materials have unique properties not found in conventional materials such as lightness,

flexibility, corrosion resistance, transparency, and easy processing (3).

Polymers are one of the materials first introduced by JJ Berzelius in 1833 (4). The
structures of polymers consist of long molecules, macromolecules in the form of
chains (2). Polymers are familiar plastics and rubber materials. They are mostly
organic compounds based on hydrogen, carbon and other non-metallic elements. (5).
Typically, polymers contain various additives. Additives are distinguished in the
following categories: antistatic agents, binding agents, fillers, extenders, flame

retardants, lubricants, pigments, plasticizers, supplements, and stabilizers (3).

Polymer materials are divided into four main groups depending on origin of source,
structure, molecular forces and mode of polymerization (2). Polymers can be
categorized for better understanding as shown in Figure 1.1.

— Natural polymers

— Based on origin of source —— Semi-synthetic polymers
— Synthetic polymers

— Linear polymers

— Based on structure ——  Branched chain polymers

— Cross-linked polymers

Elastomers

Polymers
]

= Fibers
= Based on molecular forces —
I~ Thermoplastics

L~ Thermosetting

— Addtion polymers

‘— Based on mode of polymerization —

L~ Condensation polymers

Figure 1.1: Classification of Polymers (2,6)



Although polymers are divided into 4 main groups, molecular forces are more
important in terms of industrial application. This group; It consists of 4 different
categories: elastomers, fibers, thermoplastics and thermosetting plastics.
Thermoplastic or thermosetting materials can be processed with different methods.
Table 2 contains some properties of thermoplastic and thermosetting materials and

examples of different polymer matrix materials used in industry.

1.1.1  Thermosetting Polymer

They are formed as a result of a chemical reaction with two steps. They are first
produced as chains of macromolecules such as reactive thermoplastics. In the second
stage, these macromolecular chains, which they have with the effect of temperature
and pressure, form a cross-link (3). The cross-linking of thermosetting polymers
strengthens the molecular bonds and makes the polymer durable. Thermosetting
polymers do not soften when heated, due to the cross-linking molecular bonds they
have. As these polymers are reheated, they do not become fluid, but rather decompose
with an increase in temperature (7,8). Thermosetting polymers, which are widely used

in the polymer industry today, have recycling problems (9).

1.1.2 Thermoplastics

Polymers that soften or melt when heated are called thermoplastic polymers. These
polymers are suitable to form flow with temperature increase (10). The
macromolecules that make up the thermoplastic polymers are bonded to each other by

weak van der Waals force (3).

When thermoplastic polymers are heated, the intermolecular forces are greatly
reduced, so the material begins to soften. With the increase in temperature, the material
becomes flexible and becomes a viscous liquid at high temperatures. It becomes solid
again when allowed to cool (3). This cycle can be repeated many times, which is an
advantage for recycling. However, of course, with more than one heating-cooling

cycle, the properties of thermoplastic polymers degrade (11).

Thermoplastic materials are divided into two groups according to the arrangement of
the macromolecules they have. These are called crystalline and amorphous structures.



In the crystalline structure, macromolecules are characterized in an ordered array,
while in the amorphous structure, the macromolecules are randomly arranged (12,13).
Polymers such as polyamide can have a high degree of crystallinity. However, it is not
possible to make a perfect crystalline thermoplastic because of the complex structures.
That's why it can be called semi-crystalline (14). The crystallization of polymers is
largely dependent on the thermal processes during their production and results from
the more intense aggregation of macromolecules. Crystal structure affects the
mechanical properties of polymers (15). The characteristic of crystal polymers are

given in table 1.1.

Table 1.1: Crystal Polymer Properties (15)

Characteristic Value
Hardness High
Coefficient of Friction Low
Impact resistance High

Ability to add reinforcements | High
Frictional resistance High

1.2 Polymeric Composite Materials

From the mud and straw used in the construction of adobe houses by human beings to
the carbon fiber-reinforced epoxy materials used in the construction of today’s aircraft,
composites are at many points in our lives (16). These engineering materials, which
are insoluble in each other, consist of more than one component, and have chemically
distinctive properties, are formed by matrix and reinforcement components.
Composite materials are called reinforced plastics when they are produced with a
polymer-based matrix. In the composite material, the matrix phase keeps the
reinforcement phase together and provides continuity. The reinforcement phase gives
the material extra properties such as conductivity, strength, and hardness. Polymeric
composite materials are frequently used in many engineering applications, especially
in the aerospace industry. The polymer matrix and reinforcing components that form
the composite structure transfer their advantageous properties to the final product it

creates, resulting in an excellent structural material.



Polymer matrix composites are divided into thermosetting and thermoplastic
according to the matrix type. Thermoplastics, which are solid at room temperature, can
be reformed with heat. However, thermosetting, which is liquid at room temperature,
degrades if it is reheated after curing. It has higher strength due to its thermosetting
cross-linked structure. Thermoplastics such as polyamide (PA), polypropylene (PP),
polyether ether ketone (PEEK), polyethersulfone (PES), and polycarbonate (PC)
provide superior fracture toughness, high hardness, and impact resistance, long shelf
life, and easy recyclability. Some of the polymer matrix types used in composites are

given in Table 1.2.

Table 1.2: Typical properties of resins (17)

Resin type Density Young's Poisson's Tensile Tensile
(gm/cm3) modulus ratio strength / yield failure
(GPa) (MPa) strain (%)
Polyester ® 1.21 3.6 0.36 60 25
Vinyl ester ¥ 1.12 3.4 - 83 5
Epoxy ¥ 1.20 3.2 0.37 85 5
Polycarbonate (PC) P 1.20 2.3 0.41 60 100
Polyethersulphone 1.35 2.8 0.42 84 60
(PES) P
Polyether-ether ketone 1.30 3.7 0.39 92 50
(PEEK) P
Poliamide 6 (PAG) 1,13 24 0.42 78 90

s) thermosetting, P thermoplastic

1.2.1  Thermoplastic Composites

Both thermoplastics and thermosetting polymers can be reinforced with different
reinforcing elements, thereby developing new materials with unique properties
(18,19). The properties and sample polymer types of thermosetting and thermoplastic

materials are given in Table 1.3.



Table 1.3: Polymer Matrix and Properties

Thermosetting Thermoplastic
High stiffness and strength Better impact resistance
a Adhesion properties Higher fracture toughness
‘é Moderate stiffness and strength
o
o
Epoxy Polyamide (PA)
Polyester Polycarbonates (PC)
Bismaleimide Polyethylene (PE)
) Vinyl ester Polyethylene Terephthalate (PET)
E’ Polyether ketone (PEK)
S Polyether ketone ketone (PEKK)

In Figure 1.2, thermoplastics used industrially are shown with their properties and

classifications. While some properties of thermoplastic polymers have limits, their

application limits are only up to the imagination of the designer. In addition,

reinforcement can be added to improve the strength properties (20). Reinforcements

can be made as discontinuous fiber, continuous fiber, particulate and structural.

High Performance
Polymers

Engineering
Polymers

Commodity
Polymers

Increasing Cost & Performance

High Temperature Application
Good Chemical Resistance

Good Chemical Resistance
General Purpose
Bearing & Wear

Good Chemical Resistance
General Purpose
Bearing & Wear

Increasing Difficulty of Forming

Figure 1.2: Thermoplastic Polymers

1.2.2

Fiber Reinforced Thermoplastic Composites

Fiber-reinforced thermoplastic composite materials are composite materials that

provide desired parameters such as high strength, high rigidity, low density, high

corrosion resistance, and lightness. They are used in many products in the automotive,
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aerospace, defense, and maritime sectors. In addition, considering that today's products
are tomorrow's garbage, recycling is an important parameter and humanity is facing it
more and more every day. The recycling advantages of thermoplastic matrices are

critical to green manufacturing.

Thermoplastic composite materials are expected to have improved structural
properties as well as the advantages of recycling. In composite structures where
recyclable thermoplastic materials are used as matrix material, different fiber

reinforcements are performed to improve the structural properties.

1.2.3  Fibers

It is possible to produce functional products by changing many properties with fiber
reinforcement. Reinforcement of thermoplastic polymers with fibers is a frequently
applied method. Different fiber types, different surface modifications, different
diameters and lengths can be used for reinforcement. The increase in fiber percentage
or fiber diameters and lengths do not affect the material properties linearly. It has
certain threshold values. In different production processes, the threshold values are

also different depending on the application areas.

Fibers can be in discontinuous (a) or continuous (b, c, d) form as seen in Figure 1.3.
Continuous fibers can be given different forms with different weaving types. In short
fiber reinforcements, fiber type, percentage, length, and diameter are variable. In many
cases different surface modifications can be applied. Fiber surface properties are
critical, especially for matrix fiber interface bonds. Short fiber reinforcements are often

used in conjunction with a thermoplastic matrix (15).

-
T
M
M

(a) Discontinuous fiber (b} Unidirectional (¢) Bi-directional td) Woven

Figure 1.3: Composite material reinforcement types (21)

Fibers used for reinforcement are divided into two as natural and synthetic according

to their sources. Natural fibers are produced from renewable resources, synthetic fibers



can be organic or inorganic, and are usually synthesized from petroleum-based
products. Natural fibers are named after their origin, regardless of whether they are
derived from plants, animals, or minerals (22). Compared with synthetic fibers, natural
fibers have disadvantages such as low resistance to moisture absorption, thermal

degradation and weathering, lower durability, poor interfacial adhesion (23).

Table 1.4: Fiber Types

FIBERS

Natural Fibers Synthetic Fibers
Animal Cellulose Mineral Organic Inorganic
Silk Jute Asbestos Aramid Glass
Wool Flax Polyethylene Carbon
Hair Hemp Polyester Boron

Kenaf Aramid

Wood

Cotton

Stalk

Bamboo

1.2.3.1.  Synthetic Fibers

Polymeric composites reinforced with synthetic fiber are widely used in automotive,
construction, sports equipment, household appliances, electronic components, defense
industry, aerospace industries, wind turbine blades, boats, etc. they are used in most
applications. Carbon and glass fibers are synthetic fibers that are used extensively for

reinforcement in polymeric composites.

Carbon fiber was started to be developed by DuPont in 1952, and patent applications
were made for the first time in 1959 and 1962 by a team led by Dr. Shindo at the Osaka
Research Institute on the production of carbon fiber from polyacrylonitrile (PAN)
fibers. Carbon fibers can be prepared from polymeric materials such as PAN, cellulose,
pitch and polyvinylchloride. However, PAN-based carbon fibers are dominant among
them, due to the fact that they have the best strength values and the production
technologies are developed in this area. Carbon fiber is one of the most resistant and
toughest materials commercially available. It can maintain its mechanical properties

even at high temperatures. Carbon fiber is a corrosion and fire resistant material. It
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represents prestige and luxury. Its main disadvantages are its high cost and complex

manufacturing process.

Figure 1.4: Carbon Fiber Image
Glass fiber was patented by Owens Corning in 1935 and commercial product was
produced by Ray Greene in 1942 with the first fiberglass sailing boat with epoxy
matrix (24). Glass fiber has a high strength to weight ratio and low production cost. It
also shows good chemical resistance. Glass fibers are classified as general purpose (E-
Glass) and special purpose (S-glass, D-glass, A-glass, ECR-glass). Most of the glass
fibers produced are E-glass. E glass (lime aluminum borosilicate) has relatively good
tensile and compressive strength, toughness, electrical property and low cost, but its

fatigue strength is poor.

b oy et i e
Figure 1.5: Glass Fiber Image
While the use of glass fiber in polymer matrix composites is 84%, natural fibers are
around 10% and carbon fiber is 6% (25). The high cost of carbon fiber limits its use.
The main reason for the widespread use of glass fibers is their low cost. Although
polyester and nylon thermoplastic fibers are widely used, they can also be used in
hybrid form with glass fibers when necessary (26). The fiber types are listed in Table
1.5. As a result, functional composite products can be produced with appropriate
design and material selection.



Table 1.5: Typical properties of fibers (17)

Fiber Density Young's Poisson's  Tensile Failure Relative
type (gm/cm3)  modulus ratio strength strain cost
(GPa) (GPa) (%)
Carbon  1.74-1.81 248-345 - 3.1-4.5 0.9-1.8 45-50
Fiber
E-glass 2.55 72 0.2 2.4 3 1
S-glass 2.5 88 0.2 3.4 3.5 8
Aramid 1.45 124 - 2.8 2.5 15

1.2.3.2. Cellulose Fibers

Natural fibers are derived from plants, animals, and minerals. Composite materials
with a wide variety of properties can be produced by combining these raw materials,
which can be converted into filaments, non-woven fabrics, paper, or yarn, with a
suitable matrix. Natural fibers are generally divided into three types: animal fibers,
plant fibers and mineral fibers (35). Cellulose is the main component of the type called
plant fiber. For this reason, they are called cellulose fibers. It is found in plant-based
materials such as cellulose, wood, cotton, hemp. The most important industrial
resource is wood (27). Cellulose acts as a reinforcing phase in plant structure and is
one of the most abundant biopolymers on earth. Cellulose can also be synthesized by
algae, tunics, and some bacteria (28). Despite its chemical simplicity, the physical and
morphological structure of natural cellulose in different plant species is also complex

and shows heterogeneous properties.
Natural cellulose fibers are an attractive option for several reasons:

e There is a huge resource in the world

e Less wear occurs in the production processes of natural fibers compared to
synthetic fibers

e They do not cause respiratory and other health problems that synthetic
fibers have

e Some natural fibers have very high strength values

In addition to the diversity of the fibers, the differences in their physical dimensions

also affect their performance. Especially with the emergence of nanotechnology,
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which is made possible by advanced microscope techniques, the use of various nano-
sized materials in polymer composites and other composites has been discovered and
applied. Among the many nanomaterials, nanocellulose has been one of the most
important to be presented as the “future of materials” and numerous publications,
including many research papers, have been published in the last two decades. The
addition of nanometer-sized materials into polymers for reinforcement is an innovative
field.

Cellulose particles that have at least one dimension at the nanoscale (1-100 nm) are
called nanocellulose. Depending on the manufacturing conditions affecting their size,
composition, and properties, nanocellulose can be divided into two main categories:
(i) cellulose nanocrystals (CNC) and (ii) cellulose nanofibrils (CNF). CNC and CNF
are very commonly used because they are produced by breaking down cellulose fibers
into nanoscale particles (top-down). Bacterial cellulose (BC) and electrospun cellulose
nanofibers (ECNF) are costly and not widely used because they are produced by
bottom-up of low molecular weight nanofibers. Regardless of the type, nanocelluloses
exhibit hydrophilicity, relatively large specific surface area, large surface chemical

modification potential (29).

1.3 Hybrid Composites

Hybrid composites are materials in which one type of reinforcing materials is
incorporated into two similar or different polymer matrix mixtures, or a particular
polymer matrix is reinforced with more than one reinforcing material (30). They are
multifunctional materials used in advanced structural parts and intended for more than

one characteristic benefit from the materials in their content.
Hybrid Composite materials can have the following forms (31);

a. Hybrid composite system with at least two reinforcing fibers
b. Hybrid composite system with fibers and micron-nano scale particles

c. Hybrid composite system containing at least two different nanomaterials

Hybrid nanocomposites are obtained by adding nano-sized filler in addition to fiber-

reinforced or nanoparticle-doped polymer matrix composites. Hybrid structures bring
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together the optimum properties of the materials that form the composition, ensuring
that the properties expected from the final products are met. Hybrid structures are

preferred for the reasons given in Table 1.6.

Table 1.6: Reason for using Hybrid Composite

Reducing the Cost
Improve the Interface
Determine Thermal Properties
Determine Conductivity Properties
Determine Mechanical Properties

Recent research has shown that the addition of organically modified nanoclays into
cured epoxy resins results in a 60% reduction in hydrogen permeability, improved
compatibility with liquid oxygen, and increased resistance to microcracking (72-74).
It has been found that the bio and/or synthetic nano additive improves the strength,
and thermal resistance and reduces the water absorption rate of hybrid composites.

1.3.1  Polyamide Matrix Hybrid Composites

Polyamide which has a crystalline structure is made up of recurring amide links, such
as —CO-NH-. Polyamides can be found in nature as polypeptides. Also, polyamides
can be seen commercially as nylon and aramids. The term nylon has been discovered
by Dupont in 1928 (32). But today, nylons are categorized into the aliphatic PAs while
aramids are classified in PAs containing aromatic diamines and aromatic dicarboxylic
acids (33).

The most widely used PA types are PA 6 and PA66 whose molecular structures are
shown in figure 1.6. The monomer of PA 6 is Caprolactum while the monomer of
PA66 is Hexamethylene Diamine/Adipic Acid. Polyamide 12, Polyamide 609,
Polyamide 6-10, Polyamide 6-12, Polyamide 46, Polyamide 1212 are some of the
polyamide types found in literature (32).

! Lo
—(CH,)s -( —(CHy)g—N (—((ll))l—(l

Figure 1.6: Molecular structure of PA6 (left) and PA66 (right)
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Polyamide, which is included in the classification of engineering polymers, has found
wide application in many different industries in recent years. Polyamide matrix
composites have thermal and chemical stability(34). In addition, thanks to their
mechanical properties, they have been used in different applications in many
transportation vehicles such as maritime, aerospace, and automotive. Polyamide is
among the most durable engineering polymers thanks to its high fatigue strength and

thermal resistance (35).

The composites reinforced with fiber or particles, in which polyamide is used as a
matrix material, have a wide range of applications. Today, the production of
functional, low-cost, hybrid composites with expected properties is among the topical
topics. In this context, there are many hybrid studies created with polyamides blended

with different polymers (36).

To increase the mechanical properties of polyamide matrix composites, many studies
have been carried out on the addition of different reinforcements. Reinforcement of
the polyamide matrix with fibers such as glass and carbon durable, thermal resistance
(up to 230 degrees (33)) and allows the production of composites with high fatigue
strength. It is an innovative application to create hybrid structures by adding different
fibers together to the polyamide matrix or adding nano additives together with the
fibers. Szakacs et al. conducted studies on hybrid composites with carbon nanotube
and microfiber doped PA6 matrix (37). In this study, it was observed that the
microfiber additive helped the homogeneous distribution of carbon nano tubes in the
polyamide. In addition, it was determined that the presence of carbon nanotubes
reduces residual deformation. In the study of Cho et al, hybrid composite production
was carried out by adding carbon fiber reinforcement coated with graphene oxide-
carbon nanotube to the PA66 matrix. It has been observed that the graphene oxide-
carbon nano tube treatment improves the interfacial bonding by forming hydrogen
bonds. This resulted in a 136% increase in tensile strength (37).

1.4 Thermoplastic Composite Production Methods

Thermoplastic matrix composites have many advantages and disadvantages compared

to thermosetting matrix composites.
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» Cooling is not required in thermoplastic matrix composites.
+ Parts can be shaped and joined by heating.

» Parts can be remolded and recycled.

The transition from the use of a thermosetting matrix to the use of thermoplastic has
brought innovations related to production processes. Control of the crosslinking
reaction is the basis of forming in thermosetting matrix composites. Therefore,
chemical reactions at all production stages affect the properties of thermosetting
composites. In thermoplastic matrix composite materials, rheological control is more
important than chemical reaction. Thermosetting polymers have a viscosity of less than
100pa.s, while thermoplastics have a viscosity of 500-5000 pa.s. The high viscosity
effect of thermoplastics has a critical importance in determining the production
method. This situation especially makes it difficult to realize the homogeneous

distribution of the fibers in the matrix.

There are several methods of combining matrix and fiber in thermoplastic composites.
These; melt impregnation, mixing, powder impregration and solvent impregnation.
After these methods used in compound preparation processes, fiber reinforced

thermoplastic matrix raw materials are produced.

Thermosetting matrix composites can be produced by a wide variety of methods
including autoclave molding, cold pressing, compression molding, hand lay-up,
hydraulic press, vacuum bagging, and infusion methods. (30), (36-38). Extrusion,
injection molding and thermoforming are widely used as manufacturing techniques in
thermoplastic composites (39,40). Other production methods are sputtering, filament

winding, pultrusion and additive manufacturing (41, 42).

Table 1.7: Processing methods for hybrid composites

Thermosetting Processing Thermoplastic Processing
Autoclave Molding Extrusion
Cold Pressing Injection Molding
Compression Molding Thermoforming
Hand-Layup Additive Manufacturing
Vacuum Bagging Prepreg
Vacuum Assisted Resin Transfer Molding
Spray Up
Filament Winding

Pultrusion
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Extrusion, injection molding, thermoforming, prepreg and additive manufacturing
methods are used in the forming processes of thermoplastic matrix composites. The
final product geometry is the most important component in selecting the process. In
addition, the production volume plays a critical role in determining the process. To
successfully manufacture a product, the process must be cost-effective and reliable.
The cost-effective component is highly dependent on production speed, consumables,
and infrastructure requirements. For reliability, all post-production parts are expected
to be of the same quality. The part should be able to be shaped in the desired geometry,
the tolerances are expected to be at the expected values during shaping and it is
expected to exhibit the mechanical properties determined during the design. Different

production methods are used in line with these requirements.

1.4.1 Extrusion Process

Extrusion is the most important and oldest transformation and shaping process of
thermoplastic polymers. After the polymerization process, the formulation or
production of the finished or semi-finished product is carried out. The development of
the single screw extrusion configuration, derived from the Archimedean screw
principle, began in rubber production in the 1880s and later in the production of
polymers in the 1940s. Today, it is widely used in the production of finished or semi-
finished products, which are then subjected to a second process. Extruders are the basis
of profile extrusion, film blowing, calendaring, blow molding and injection molding

processes.

Extrusion is the process of melting and homogenizing the raw material before passing
the molten polymer through a die or transferring it under pressure to a die. The screw
or screws rotating in the barrel with the controlled heated sections enable the polymer
to be transferred to produce the final product or semi-product with similar cross-

sectional geometry.

To produce thermoplastic composite raw material after polymerization, twin-screw
extruders are used in the compound preparation process by melt impregnation. The
twin-screw extrusion process was developed in the early 20th century alongside the
single-screw extrusion process. A twin-screw extruder, by definition, consists of two

parallel configurations of screws that rotate in a shape of eight in a barrel. Twin screw
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extruders are used in the formulation processes of polymers, joining polymers and
manufacturing complex materials with special applications.

Barrel Temperatures
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v
Torque Screw Barrel Temperature Material Temperature
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Figure 1.7: Twin-screw extruder

Single screw extruders, on the other hand, are used in the processes of passing the
access polymer through the molds or transferring the polymer into a mold by pressure
to produce profiles with similar cross-sectional geometry. With extrusion processes,
products with many production volumes can be produced. In the production of the
final product using single screw extrusion, it is carried out by pushing the molten

polymer through an equipment called a die that will give the final shape to the product.

Polymer Barrel
Screw Band heaters

| |

Extrudate

> > 'Water pump

Figure 1.8: Single Screw Extruder
1.5 Additive Manufacturing Technologies

Additive manufacturing, known as three-dimensional printing, is a production system
in which the material is combined layer by layer, unlike the forming processes by
reducing material from solid raw materials in traditional production methods. Additive

16



manufacturing is used in a variety of industries to quickly produce a prototype of a
system or part prior to final product or commercialization. Additive manufacturing
reduces the cost of production by shortening lead times and using a small number of
parts. A product in which three-dimensional computer-aided design (CAD) data is
created with additive manufacturing methods can be produced directly without the
need for tools, molds, and apparatus. In addition, additive manufacturing simplifies
the production processes of objects with complex geometries and provides design
freedom. Provides additive manufacturing methods, lightweight designs, assembly-
free parts, on-site manufacturing, direct production of directional materials, structural

internal supports, and personalized products (38,39).

Table 1.8: An overview of additive manufacturing

Advantageous

Limitations

Low-cost production depending
on production size

Nearly net shape production
Production of unique and
complex shapes

Reduced part assembly
necessity

Minimum material waste

Short time to market (reduced
lead time)

Green manufacturing capability
Lightweight production
possibility

Tooling and fixturing
elimination

Reduced scrap

High first time buy cost of AM
equipment, material, and
software

Low reliability regarding mass
production

Lack of global certification and
standardizations

Limited component size and
building volume

Low production speed compared
to the traditional manufacturing
process

Costly for high-volume
production

Limited material option
Defects, e.g. porosity, hot
cracking, warping
Unsatisfactory dimensional
accuracy

Compared to traditional manufacturing methods, many advantages make additive
manufacturing methods to be preferred. With additive manufacturing, lattice
geometries can be created and the potential to produce topology optimized designs is
very high. In this way, lighter and functional parts can be produced. Structures that
cannot be produced with traditional production methods or that can be produced with
several different sub-processes and require post-production assembly can be produced

integrated in a single operation with additive manufacturing. Contrary to processing
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with volume reduction in traditional methods, the use of lower volume raw materials
in additive manufacturing methods, where the part is produced layer by layer, provides
material savings. In addition to the advantages of additive manufacturing technology,
it also has some disadvantages and limitations. These are: High initial investment costs
and system prices, the need for post-production processes to improve the surface
quality of the final product, improve the mechanical properties of the final product
depending on the material and method, low precision, and limited dimensions of the

parts that can be produced depending on the machine dimensions.

1.5.1  Additive Manufacturing Methods

The production of objects drawn in the CAD program with additive manufacturing
was first carried out in the 1980s. These first models, produced for prototype purposes,
enabled the ideas developed by the engineers to become reality. With this developed
method, time and cost savings were achieved, and human-induced problems were
minimized (40). In addition, any shape that is difficult to process with traditional
methods can be produced by additive manufacturing. Although additive
manufacturing technologies are developing for the production sector today, they are
frequently used by scientists, doctors, and artists. In addition, with the developments
in the field of materials, additive manufacturing methods and the usability of the
products produced with these methods are increasing (41,42).

Numerous additive manufacturing methods are now available; They differ in the way
the layers are combined to form parts, the principle of operation and the materials that
can be used. Some methods melt or soften solid or powdered materials to produce
layers, while others use liquid materials. Additive manufacturing technologies are
classified by the International Standards Organization/American Society for Testing
and Materials Standards (ISO/ASTM 52900:2015) according to their working
principle, type of material used and energy type (43). Additive manufacturing methods
can be divided into three as solid, liquid and powder based on the raw material they

are used. These methods are summarized in figure 1.9.
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Figure 1.9: Material Based Additive manufacturing methods (41)

The ISO/ASTM 52900:2015 standard defines all commercially available additive
manufacturing processes in seven main categories. These categories are Directed
Energy Deposition (DED), Vat Photopolymerization (VP), Powder Bed Fusion (PBF),
Binder Jetting (BJ), Material Jetting (MJ), Sheet Lamination (SL), and Material

Extrusion (ME) (44). Considering the materials used in all these methods, the methods

in which polymeric materials can be used as raw materials are as in table 1.9.

Table 1.9: Polymer Based Additive Manufacturing Methods

Methods ASTM Materials Process
Classification
Stereolitografi (StL)
- . . v
Digital Light Processing (DLP) ohotono) :erization Liquid Polymerization
Continuous Liquid Interface Poly
Production (CLIP)
Polyjet
Material Jetting Liquid Polymerization
Multi-jet (MJP)
3D Printing (3DP) Binder Jetting Powder Binding (ink)
Selective Laser Sintering (SLS) Powder Bed Fusion Powder Melting
Laminated object facturi
aminated object manutacturing Sheet Lamination Solid Binding (heat)
(LOM)
Fused Filament Fabrication (FFF) Solid Melting
Material Extrusion
Direct Ink Writing (DIW) Liquid Melting
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There are advantages and disadvantages to the methods of additive manufacturing and
part production using solid, liquid, or powdered polymer raw materials. A wide variety
of thermoplastic polymer materials can be processed with additive manufacturing
methods. Some polymers used show low mechanical properties, limiting their
applications in engineering. High-performance polymers are expensive to produce and
difficult to process due to their high melting temperatures. Fiber and particle
reinforcement to thermoplastic polymers has been a method used for many years to
increase their various physical properties. Fiber-reinforced polymers are known to
exhibit superior mechanical properties when compared to pure polymers. Composite
material development using additive manufacturing methods is the focus of most
published research studies. Fiber reinforcement can greatly improve the properties of
polymer matrix composite parts produced by additive manufacturing.
Stereolithography (SL), laminated object manufacturing (LOM), fused deposition
modeling (FFF), and selective laser sintering (SLS) methods are currently used in the

additive manufacturing of fiber-reinforced polymeric composites.

1.5.2  Fused Filament Fabrication (FFF)

With intensive research and development in the fields of materials, processes,
software, and equipment, additive manufacturing technologies are used more
intensively, directly or indirectly, in the manufacture of equipment, functional parts,
and molds (45). More than 50% of the parts produced by additive manufacturing are
polymer materials (46). The most preferred additive manufacturing method in the
production of polymer products are fused filament fabrication (FFF), which is included
in the material extrusion heading (47). Significant advances have been made in the
FFF method since 2013 (48) (45). The FFF method is the most efficient and fastest
growing technology among other additive manufacturing technologies, thanks to its
low cost and printing capability (49). The raw material used in the FFF method is in
filament form (43). The FFF method is like conventional polymer extrusion processes,
except that the extruder is mounted vertically in a drawing system instead of remaining
fixed in a horizontal position. This extruder is expressed as a nozzle and the region to
be processed in each layer and the transition to the next layer is made according to the
3D Cartesian coordinate system (43,44,50). In the FFF method, the polymer fed as a
filament is melted by a heated nozzle. The filament is pushed into the nozzle by a gear
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wheel to generate extrusion pressure. Because the pressure is constant, the extruded
material flows at a constant rate and exits the nozzle of a fixed cross-sectional diameter
(48). The extruded material is in a semi-solid state when it leaves the nozzle (51).
Before solidification, it adheres to the previous layer, the material solidifies keeping

its shape and the process continues layer by layer (48).

Polymers are widely used as filament materials in additive manufacturing methods due
to their favorable mechanical properties (high strength/weight ratio, hardness, ductility
and durability) (52). Thermoplastic polymers such as acrylonitrile butadiene styrene
(ABS), polylactic acid (PLA), polycarbonate (PC), polyamide (PA),
Polyetheretherketone (PEEK) and Polyetherketoneketone (PEKK) are used as raw
materials of the FFF method (53)(50). The most preferred polymers in the FFF method
are ABS, PLA and PA (45,49,54,55).

Products printed from pure thermoplastics show lower mechanical properties in terms
of strength and functionality compared to many load-bearing parts. These
disadvantages limit the production of the parts to be used as the final product from
pure polymers by the FFF method. As a result, high-performance composite raw
materials need to be developed, especially for printing load-bearing parts with the FFF
method (56). In addition, there are new research areas for the development of
thermoplastic-based composites due to recycling and environmental problems of
thermosetting polymer matrix composites (57). Thermoplastics such as PLA, ABS,
PC, and PA processed with the FFF method produce solutions in certain areas in this
regard. The use of materials with fiber reinforcement in the thermoplastic matrix in the

FFF method is the focus of research in this field.

Figure 1.10: Hlustration of fused filament fabrication technique (58)
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Chapter 2

2 Literature Review

In this section, literature studies and recent commercial developments in Additive
Manufacturing (AM) technologies are discussed. The production of fiber-reinforced
thermoplastic composites by AM methods and the studies carried out specifically for
FFF are discussed. The advantages of the FFF method, the benefits of producing
materials with higher strength properties with this method, and the opportunities
offered by AM are explained. In addition, literature information on the importance of
reinforcing fiber selection and the effect of fiber-matrix interface on mechanical
properties has been shared. Finally, the motivation and goals in the production of
thermoplastic matrix fiber-reinforced hybrid composite structures developed with the

thesis study are summarized.

This thesis aims to develop new composite filaments to be used in structural
applications that can be processed with AM. When the information documents of the
commercially available ABS and PLA filaments used in the FFF method were
examined, it was determined that the tensile strengths vary between 20-65 MPa. In
addition, in the literature studies, it has been observed that materials with tensile
strengths ranging from 30 to 80 MPa have been developed in studies where PLA and
ABS polymers are reinforced with carbon and glass fibers. With the composite
filaments developed in the thesis study, products with high mechanical properties will
be produced. In this context, carbon, glass, and hybrid short fiber reinforced polyamide
matrix polymer composite filament material that can be processed by the FFF method
have been developed. In addition, nanocellulose was added to improve the matrix-fiber
interface. It is aimed that the developed filament has better mechanical properties than

PLA and ABS matrix composite filaments and pure Polyamide filament and can be
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easily processed with the FFF method. Thanks to the reinforced fibers, nano additives
and polyamide matrix used in the development of these new filaments, it will be
possible to produce complex shaped products with significant strength values.

Recyclable products will be produced thanks to the use of thermoplastic matrix.

With the increasing confidence and interest in AM methods, the design concept is
changing to make better use of this technology. While traditional manufacturing
methods use simple shapes and solid, linear lines to create parts, AM can produce
complex structures. There are many restrictions in producing parts with complex
geometry with conventional manufacturing methods. It is difficult to produce these
parts in one piece and without assembly with conventional manufacturing methods. In
addition, the geometrical structures of the topology optimized parts cause obstacles in
conventional manufacturing. With the use of the developed materials in AM methods
and the possibility of using them in certain areas, the restrictions will be removed.
With AM technologies, the factors limiting the design are overcome.

AM is a term formerly called rapid prototyping and now commonly referred to as 3D
Printing (43). AM is defined as "a layer-by-layer material manufacturing process for
making objects from 3D model data, unlike subtractive manufacturing methodologies"
(59). AM has been used since the 1980s for rapid prototyping in industrial applications.
With the developing production, software and material technology, it is now used for
prototyping as well as molding, short run production and mass production applications.
AM is versatile and flexible and also can be customizable, and personalized. Therefore
AM is suitable for industrial production in many industries (60). Today, AM methods
are changing all production methods. All-to-one processes have changed from one-to-
all. This manufacturing concept has influenced many components, from design
geometry to material selection. Compared with traditional methods, AM can shorten
the design cycle, provide efficiency, material flexibility, design flexibility, reduce

production costs, and increase competitiveness (61).

Preferred methods for producing polymer products with AM are indicated in chapter
1. In the AM of fiber-reinforced polymeric composites, SL, LOM, FFF, and SLS
methods are used today. The most popular process of shaping polymers with AM is
FFF (62). It can also produce fiber-reinforced polymeric composites.
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Figure 2.1: FFF Device

The FFF method is similar to conventional polymer extrusion processes, except that
the extruder is mounted vertically so that it moves in a cartesian system rather than
staying in a fixed horizontal position (43,44,50). In the FFF method, filament-shaped
polymer or polymeric composite raw material is fed from the nozzle to the production
table (bed table). To liquefy the polymer and feed it to the bed table in a fluid manner,
the nozzle is heated according to the melting point of the polymer. To extrude the
molten polymer or polymeric composite from the heat-controlled nozzle, the filament-
shaped raw material is pushed by a gear wheel that generates the extrusion pressure
(48). The extruded material is in a semi-solid state when it leaves the nozzle (51). It
adheres to the previous layer before solidification. The material solidifies keeping its
shape and the process continues layer by layer (48).

FFF systems, which are included in the Material Extrusion classification among AM
technologies, express the process of combining the materials whose temperature is
increased up to the melting point in the production of the physical model in layers (63).
The CAD data of the part to be produced is sliced in layers using various Computer
Aided Manufacturing (CAM) programs and the material is extruded in a controlled

manner with a nozzle heated to the solid sections in the relevant layer (41).
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Figure 2.2: AM Processes
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Although the variety of materials that can be used in AM technologies is increasing
day by day, it currently has a limited material variety compared to other methods.
Thermoplastics such as PLA, ABS, PC, and PA processed with the FFF method
provide solutions in certain areas. Products printed using pure thermoplastic with the
FFF method exhibit lower mechanical properties in terms of strength and functionality
than many load-bearing parts. These disadvantages limit the production of the parts to
be used as the final product from pure polymers by the FFF method. As a result, it is
necessary to develop new raw materials, especially for the production of high-
performance components carrying loads with the FFF method (56). The use of fiber-
reinforced polymeric composites in this area creates new opportunities. In addition,
there are new research areas for the development of thermoplastic-based composites
due to the recycling of thermoset polymer matrix composites and environmental

problems (57).
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Figure 2.3: FFF method diagram (64)

While early AM methods focused on producing rapid prototypes for functional testing
from pure plastic materials, AM can now be used to produce final products with
emerging technologies (43). Although AM has gained attention in the last three
decades, most of the reviewed published articles focused on the introduction of
machining techniques and the production of pure polymer materials. However, in the
last few years significant gains have been made in the development of fiber-reinforced

polymer composite filaments with improved performance.
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The variety of materials used in the AM method is increasing day by day and research
is carried out on new-generation materials. Today, AM methods are used in many
different industries, especially in the aerospace, defense, automotive and medical
sectors, to develop prototypes and even to produce final products. New AM processes

are being developed with studies in these areas.

— .

!' A .
Figure 2.4: (a) PLA Filament (b) TPU Filament

Reinforcing the polymer matrix with fiber is a widely used method in industries such
as aerospace, automotive, wind turbine, and medical (64). In addition, when the
literature is examined, it is seen that the production of fiber-reinforced polymer matrix
materials by the FFF method is a new research topic. Different research groups in this
field have studied the mechanical properties, manufacturing processes, and defects of

different polymer matrices.

Recently, more advanced 3D printing filaments have become available. Some of these
are powdered metals and wood-based filaments, highly flexible filaments
(thermoplastic polyurethane - TPU), shape memory filaments, and 3D printing
filaments reinforced with graphene, carbon nanotube, and carbon fibers combined with
PLA matrix. New advanced 3D printing filaments offer a wide range of mechanical,
thermal, and electrical properties as well as a wide range of surface properties (65). As
can be seen from the table, there are studies on short fiber reinforced PLA and ABS

matrix in the literature.

Zhong et al. research the processability and mechanical properties of short glass fiber
reinforced ABS matrix composites with FFF. They concluded that the composite
filaments prepared were compatible with the FFF method, compared to pure ABS, the
short glass fiber reinforced ABS composite significantly increased strength, reduced
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shrinkage and increased surface hardness. By increasing the ratio of glass fiber in the

composite filament, it increased the strength under linear load but weakened the

adhesion strength between the layers (66).

Table 2.1: Research on the usage of fiber-reinforced PLA and ABS matrix by the
FFF method's

Researchers  Matrix Fiber Tensile Research Focus Deficiencies
Material Strength
Zhong et al. ABS Short 58.6 Tensile strength Layers not merging
(66) Glass MPa
Fiber Surface hardness
Shofner et ABS Nano 37.4 Tensile strength Layers not merging
al. (67) Carbon MPa . .
: Dynamic mechanical
Fiber .
analysis
Tekinalp et ABS Short 65 MPa Tensile strength Pore formation and improvement
al. (68) Carbon . . of the interface
: Microstructure analysis
Fiber
Love et al. ABS Short 70.69 Thermal deformation Thermal size changes
(69) Carbon MPa G tric tol
Fiber eometric tolerances
Ning et al. ABS Powder 43 MPa Tensile- Flexural Pore formation
(64) Carbon strength
Fiber Microstructure analysis
Ning et al. ABS Short 323 Process parameters Effect of parameters
(70) Carbon MPa
Fiber
Anwer and PLA Nano 80 MPa Mechanical, Weak interface
Naguib Carbon morphological, thermal
(71) Fiber characterization
ivey et al. PLA Short 60.6 Effect of annealing and Annealing does not affect
(65) Carbon MPa carbon fiber additive mechanical properties
Fiber on mechanical Finding |
properties inding large gaps
Ferreira et PLA Short 534 Mechanical tests Fragility increased
al. (72) Carbon MPa . .
: Microstructure analysis
Fiber
of damages
Papon and PLA Nano 42 MPa  Microstructure analysis Agglomeration
H 73 Carb . . .
aque (73) :irb;n Tensile strength Gap formation depending on the
printing direction
Papon and PLA Powder 54.64 Microstructure analysis Weak interface at high carbon
Haque (56) Carbon MPa ratios
Fiber Fracture toughness

Shofner et al. research the processability and mechanical performance of vapor grown

carbon nanofibers reinforced ABS matrix composites with FFF. In specimens

containing 10% nanoscale fiber by weight, uniaxial tensile strength was observed to

increase by an average of 33%. It was determined that the increase in the tensile
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strength varies according to the printing parameters of the specimens and the degree
of melting between the layers. The results of tensile tests and dynamic mechanical
analysis have shown that nanoscale short carbon fibers provide additional stiffness and
strength, although they do not affect the viscous response of ABS. In addition, it was
observed that the transition between layers in the specimens and the fiber / matrix
interface is not ideal, therefore, the transition from ductility to brittleness (67).

Tekinalp et al research the FFF processability, microstructure, and mechanical
performance of short carbon fiber reinforced ABS matrix composites. They compared
the composites produced by conventional pressure molding with the FFF method.
They research the effects of process and fiber ratio on cavity formation, average fiber
length, and fiber orientation distribution, and consequently the effects of the final
specimens on tensile strength and modulus. As a result, it concluded that highly
dispersed and highly oriented carbon fibers composite filaments can be processed by
the FFF method. Tensile strength of specimens produced with FFF increased by 115%
and young’s modulus increased by around 700%. With the FFF method, specimens
with high fiber orientation (around 91.5%) could be produced in the printing direction.
In contrast, specimens produced by pressure molding have very low fiber orientation.
When the microstructure properties and mechanical properties are associated, it has
been demonstrated that the specimen produced with FFF shows relatively high
porosity compared to that produced by pressure molding, but the specimens in both
production methods show similar tensile strength and modulus. This phenomenon is
explained by fiber orientation, dispersion and pore form (68).

Love et al. to research the production of short carbon fiber reinforced ABS matrix
composites with different FFF devices and different fiber ratios in terms of thermal
deformation and geometric tolerance. They concluded that the addition of carbon fiber
provides rigidity in the manufactured part, significantly reduces twisting, increases
strength and stiffness (69).

Ning et al. examined the tensile and flexural properties of different sizes of carbon
fiber powder reinforced ABS matrix composites produced by the FFF method. The
effects of carbon fiber sizes and carbon fiber content on mechanical properties and
porosity were compared. Carbon fiber reinforcement increased tensile strength and

young's modulus, while reducing toughness, yield strength and ductility. In addition,
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carbon fiber reinforcement increased flexural strength and flexural modulus. The
highest porosity was found in the specimen containing 10 percent carbon fiber (64).
Ning et al. In another study, carbon fiber reinforced ABS filament has been processed
with different processing parameters by FFF method and examined its mechanical
properties. In this study, it has been determined that the printing pattern, printing
speed, layer thickness and nozzle temperature affect the mechanical properties of the

specimens (70).

Anwer and Naguib investigated the mechanical, morphological, and thermal
characteristics of PLA matrix composites with different ratios of carbon nanofiber
reinforced produced by FFF and injection method. In the specimens containing 15%
carbon reinforcement, it was observed that young's modulus increased by 50 percent,
carbon nano fiber additive did not significantly affect the glass transition,
crystallization occurred with carbon nano fiber additive. In addition, SEM morphology
showed that most fiber surfaces are not covered with the matrix, so the stress transfer

between the matrix and the fiber under high load is weak (71).

Ivey et al. made mechanical comparisons of specimens produced by FFF method using
pure PLA filaments and short carbon fiber reinforced PLA matrix composite filaments.
Post-production samples applied annealing at different temperatures and examined the
effects of this process on mechanical properties. Annealing was observed to increase
crystallinity in both specimens’ groups, but statistically significant effect of annealing
on mechanical properties was not observed. It has been determined that the addition
of carbon fiber to the PLA filament provides a significant increase in tensile properties.
In addition, it has been determined that carbon fiber reinforcement causes high gaps in
the material in microstructure analysis since the carbon fiber causes clogging of the

printing nozzle (65).

Ferreira et al. examined young’s modulus, Poisson ratio, shear modulus, and strength
properties of the 15 percent short carbon fiber reinforced PLA matrix composites in
the direction of printing and perpendicular to the direction of printing. Mechanical tests
were carried out in ASTM D638-10 and ASTM D3518-13 standards and damaged
surfaces were examined with SEM after the test. Different fiber orientations and fiber
lengths were observed, explaining the differences in strength properties with

microstructure analysis and evaluation of the data obtained. In this study, unlike other
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studies, shears properties were also examined. It was observed that with the carbon
fiber reinforcement, young's modulus increased 2.2 times in the printing direction, 1.25
times in the perpendicular direction to the printing direction, and 1.16 times in the
shear module. In addition, it has been determined that the elongation in carbon fiber
additive samples is reduced and the carbon additive makes the material more brittle.
In addition, it has been determined that the elongation in carbon fiber reinforcement
specimens is reduced and the carbon reinforcement makes the material more brittle
(72).

Papon and Haque examined the processability in FFF method, microstructure, and
mechanical performance of carbon nano-fiber reinforced PLA matrix composites. It
has been observed that at different ratios (0.5-1%) of carbon nanofiber reinforced PLA
composites, young's modulus and yield strength increase as the concentration
increases. It has been stated that the highest fracture and tensile strengths are in the
specimen of 0.5% and possibly agglomeration occurs in the specimen of 1%. In
addition, it was observed that the strain decreased compared to pure PLA. Papon et al.
examined the gaps between the layers with microstructure analysis. Two dominant gap
geometries, similar to the triangle and diamond configuration, were observed and it

was determined that the direction and size of the print played a role in this (73).

Papon and Haque investigated the relationship between the fiber content and fracture
toughness of PLA matrix composites reinforced with carbon fiber powder produced
by the FFF method and different nozzle designs. It has been determined that PLA
samples reinforced with carbon fiber powder show high fracture properties compared
to pure polymer. In microstructure analysis, it was observed that the design of the new
type of square nozzle significantly increased the bonding between the extruded
material lines and that homogeneous parts were produced. In high fiber ratios, no
improvement was observed in the fracture properties. It is stated that this is due to
weak interfacial binding between the fiber and PLA matrix, microcrack formation and

internal cavities (56).

All these literature studies show that important developments have been achieved in
recent years and the applicability of the FFF method in the production of functional
parts. In addition, studies on this subject have shown that PLA, a completely bio-based

thermoplastic polymer with many desirable properties such as easy processability,
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strength, hardness, and biodegradability, can be used in material processing with the
FFF method (74). However, its inherent brittleness and low thermal tolerance prevent
PLA from replacing traditional thermoplastic polymers such as PA, PC, and ABS for
high-strength applications (75). In addition, the use of unreinforced polymer filaments
with low elastic modulus and mechanical properties in the FFF method limits the use
of parts produced by this method in wider areas in industry and research environments
(65). Reinforcing with different types and proportions of fiber is an industrial method
used to strengthen polymer materials (71). Literature studies also show that fiber
reinforcement made to PLA and ABS materials for the FFF method increases their

mechanical properties and expands the area of use.

The major shortcomings encountered in the studies on fiber-reinforced polymer
filaments were noted as a void formation during processing with FFF, insufficient
bonding between matrix and reinforcement, and layer separation. In this case, it limits
the applicability of filaments in many areas and causes them to have lower properties.
Shofner et al. stated that more work can be done on process optimization and better
fiber/matrix bonding with the use of composite filaments with the FFF method, and
different matrices and fibers can be used (67), Tekinalp et al.stated that interfacial
bonding between the fiber/matrix can be improved by applying surface modification
to reduce the pore formation that occurs during printing and to reduce the fracture of
the fibers during printing (68), and Ning et al. stated that it can be worked on by
optimizing the processing parameters to reduce pore formation (64,70). These
statements can be defined as the next steps necessary for the processes of the FFF
method to reach their full potential. In the thesis study, these research outputs were

considered in determining the goals and objectives.

Figure 2.5: Unmanned Air Vehicle (UAV) propeller produced with FFF
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The application area is expanding with the use of engineering polymers in AM
methods instead of polymers with low mechanical properties such as PLA and ABS.
PA polymers, which are included in the classification of engineering polymers and
have a wide application area in many industries, especially in automotive, aerospace
defense, and space in recent years, have been commercialized for use in AM methods
by producing them as filaments. PA is a critical material for many applications thanks

to its mechanical properties and thermal and chemical stability.

When the studies on the strengthening of the PA matrix with fiber reinforcement are
examined, it is seen that there are very few short fiber-reinforced studies and there are
many issues that need to be studied. Continuous fiber reinforcement was observed in
most of the PA matrix composite filaments. As can be seen from the table, there are a

limited number of studies on the short fiber-reinforced PA matrix in the literature.

Melenka et al. Have studies on continuous Kevlar fiber reinforced PA matrix
composite filaments produced by AM. In their studies, the effect of Kevlar fiber ratio
on its elastic properties was researched. It was stated that the mechanical properties of

composites increased due to the increase in Kevlar fiber ratio (76).

Dickson et al. studied the tensile and flexural properties of nylon matrix composite
filaments reinforced with different types of continuous fibers (carbon, glass and
kevlar). They compared specimens produced with different filling patterns in the FFF
method. They observed that 3D printed laminated composites with isotropic filling

patterns had better tensile performance than concentric fill patterns (77).

Justo et al. conducted tensile, compression, and shear tests for glass fiber reinforced
and carbon fiber reinforced PA matrix composite filaments. They found that fiber
composites oriented in the direction of loading undoubtedly have higher mechanical

properties (78).

Peng et al. researched the mechanical properties of PA matrix composites reinforced
with both short and continuous carbon fibers and produced using the FFF process.
They examined filaments with continuous carbon fiber reinforced and short fiber
reinforced polyamide matrix by thermal, mechanical, and morphological analysis. The
short fiber reinforced product examined is a standard product belonging to the brand
Markforged. For this reason, there is no data on the effect of fiber ratios on the analysis.
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They observed that there is a good interface between the short carbon fiber and the PA
matrix (79).

Table 2.2: Research on the usage of fiber-reinforced PA6 matrix by the FFF method's

Researchers Matrix Fiber Tensile Research Deficiencies
Material Strength Focus
Melenka et PAG Continuous >80 MPa Tensile strenath Fiber rates
al. (76) Kevlar Fiber g
Dickson et PAG6 Continuous 216 MPa Infill geometry (better results
al. (77) Carbon Fiber 194 MPa  Tensile strength in isotropic filling pattern)
Continuous 150 MPa
Glass Fiber Flexural
Continuous Modulus
Kevlar Fiber
Justo et al. PA6 Continuous 600 MPa  Tensile strength Fiber oriented
(78) Carbon Fiber 500 MPa Compressive
Continuous In-plane
Glass Fiber shearing
Short Carbon )
Peng et al (M Fkll}er d) 37MPa m'\élri)chhoﬁggiilél Good interface between the
: arkeforge ' ;
(79) PAG . 515 MPa thermal short carbon flb_er and the PA
Continuous characterization matrix.
Carbon Fiber
Miguel PAG6 Continuous Compressive Fiber oriented
Araya-Calvo Carbon Fiber ~2 GPa Modulus
etal. (80) ~5 GPa Flexural
Modulus
Yunchao Jia FFF Process -
et al. (54) Pure PA6 - - parameters Shape Stability
For ultimate tensile strength
Basavaraj et Nvlon 618 ) ) FFF Process 0.1mm layer thickness, 300
al. (81) y Parameters orientation angle and 1.2mm
shell thickness
Claudio PAL2 Short Carbon 82 MPa FFF Process Superior strength and stiffness
Badini et al. Fiber parameters were observed in the direction
(82) PA11 (Windform®) of fiber alignment.

Miguel Araya-Calvo et al. carried out compression and flexural tests of continuous
carbon fiber reinforced PA6 matrix composites produced by FFF method. They
observed that the flexural data is larger than the compression data and the specimens
can accommodate greater loads in the flexural. They observed that the PA6 matrix
avoids fiber bucking effects. They stated that the uniform distribution of the fibers
improves the adhesion of the layers and increases the mechanical properties (80).

Yunchao Jia et al. Studied the warping of pure PA6-based FFF products after printing

due to the shrinkage stress caused by the crystallization of PA6. To solve this problem,
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they added maleic anhydride-grafted poly (ethylene locten) (POE-g-MAH) to PA6 to
disrupt crystallization and reduce shrinkage stress. In addition, hard polystyrene (PS)
with good fluidity was added. They observed that the product with 60% PA6 and 40%
POE-g-MAH content by weight provides the best shape stability. The filament used in
FDM must have sufficient hardness and good melt fluidity. For this reason, PS which
has rigid chain segments and low shear viscosity as the filler material was added to
improve the shape stability. Specimens containing 20% PS by weight were found to
exhibit the best shape stability (54).

C K Basavaraj et al. researched the production parameters of Nylon 618 filament by
FFF method. They compared the mechanical properties of specimens produced in
different layer thicknesses and orientations. For ultimate tensile strength 0.1 mm layer

thickness, 300 orientation angle, and 1.2 mm shell thickness (81).

Claudio Badini et al. Studied the short carbon fiber reinforced filament with a PA11
and PA12 matrix. Materials are produced in SLS and FFF methods. The mechanical
properties of the samples produced in different printing directions were compared.

Superior strength and stiffness were observed in the direction of fiber alignment (82).

Although researchers have studied various aspects of 3D-printed fiber-reinforced
composites, these studies mostly involve PLA and ABS matrices. In Peng et al.'s work,
there are structures in which short and continuous carbon fibers are used together with
the same fiber-different length. In studies with PA matrix, there are no studies in which
short fiber reinforced, different fibers together or nanoparticle reinforced fiber
reinforced hybrid composites are used.

The focus of most of the published research studies on composite material developed
for use in the FFF method is the mechanical characterization of printed fiber-reinforced
polymers by comparison with pure polymer material. Short fibers (56,65,66,68—70,72)
(83-85), nanofibers (67,71,73) (85) and continuous fibers (78,86,95-98,87-94) were
used. The fibers have been combined with thermoplastic matrix materials such as PA,
PLA, ABS, PPS, and PEI for most of the references cited (48). While research studies
have been conducted on continuous fiber reinforced composites with PA matrix
(87,88,98-100), studies involving short fibers are limited. A study on the effect of
change in short fiber ratios is not included in the literature. In addition, adding
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nanoscale reinforcement for interfacial improvement in short fiber-reinforced PA

matrix composites is a completely innovative approach.

The productive design approach revolutionizes with AM, allowing to creation of new
and complex shapes that can be optimized for budget, materials, production method,
stability, flexibility, durability, and many different factors (101). One of the most
fundamental issues of productive design is topology optimization. Topology
optimization includes designs based on reducing the amount of material used without
sacrificing the strength expected from the part, thus increasing the production speed
while reducing material costs and weight (102). AM methods provide important
advantages in this regard (103). With AM, each revision in part geometry can find
numerous applications as seen Figure 2.6. The composite filaments to be developed
will find wide usage areas thanks to their mechanical properties and will positively

affect the material parameters in topology optimization in application areas.

Figure 2.6: Topology optimized aerospace part produced with AM (structural bracket
element) (101)

The developed composite filaments can be used in many different industries. The most
interesting of these is the aerospace industry. Because innovations in AM in the field
of topology will provide significant weight reductions. In the aerospace industry, the
concept of payload refers to the load that the aircraft can carry, apart from the weight
of its components and fuel. Every load reduced from aircraft components turns into a
payload, increasing profitability and fuel savings (104). UAV technology, which is
one of the sub-sectors of the aerospace industry, is one of the important areas of today.
The UAV industry is an area that has become widespread with the interest of model
aircraft clubs and hobbyists after World War Il and features have been used for the
problems of daily life since the 2000s. The FFF method creates important advantages

for this area where mostly polymer materials are used. AM creates important
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advantages in the production of parts of UAVs with complex geometry (105). In this

way, the disposable load that UAVs can carry increases.

Thermoplastics, which create sustainable resources for the future of our world thanks
to their recyclability, are the most up-to-date subject of polymer composites' matrix
preferences (57,106-108). When the literature studies are examined, it is seen that
there are studies on the use of PLA and ABS matrix and fiber-reinforced filaments in
AM. However, studies with polyamide matrix fiber reinforcement are very few in the
literature. PA has higher mechanical properties than conventional matrix materials.
PAG, named Nylon 6, which is the most widely used among PA types, is translucent
or opaque white in color, thermoplastic, lightweight, has good toughness, and chemical
resistance, and good mechanical properties (14). PA6 is a thermoplastic polymer
widely used in many industries and many applications, such as food packaging,

household goods, the textile industry, and the electrical industry (109).

When the fracture surfaces of the fiber reinforced structures were examined by
scanning electron microscopy, it was observed that there were microstructures at the
matrix fiber interfaces, and it was determined that this had an effect on the mechanical
properties (110) (111)(70). To improve this situation, FFF application under pressure,
fiber coating (110), and thermal annealing (112) studies such as.
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Figure 2.7: Thermal Annealing (112)

Continuous Fiber Specimen Saturation Combination

== Matrix @ Continuous Fiber == PA845H Coating

Figure 2.8: Fiber Coating (110)
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Carbon-based nanomaterials (single, double, and multi-walled carbon nanotubes,
carbon black, and graphene) are widely used in nanocomposites due to their excellent
mechanical properties. The introduction of nanometer-sized materials into polymers
for mechanical reinforcement is a well-developed field of study. It can also be a
solution for microstructures at the interface in fiber-reinforced structures. The
production of carbon nanomaterials, their incorporation into nanocomposites, and their
disposal at the end of their useful life pose potential health and environmental
problems, as well as large surface volume ratios, the potential for harmful biological
interactions (113,114). On the other hand, adding alternative reinforcement materials
obtained from renewable resources such as nanocellulose to composite structures is an
innovative approach. In conjunction with renewability, nanocellulose offers

biodegradability, low cost, and significantly fewer potential health issues (115).

Nanocellulose offers high surface area (150-600 m2g-1) (116,117), high aspect ratio
and impressive mechanical properties ( elastic modulus of approximately 160 GPa
(118) and 300 GPa tensile strength (118). Because of these properties, there is growing
literature on the development of nanocellulose composites. Considerations regarding
the selection of nanocellulose/polymer couples and machining methods have been
reviewed in various studies (119)(120). In addition, there are many polymers
industries-related multinational companies working to improve existing products or
potentially use nanocellulose with new polymers. The interest of the companies

producing in this field in nanocellulose is increasing day by day.

The surface chemistry of nanocellulose is naturally composed of polar hydroxyl
groups and charged ionic groups resulting from the nanocellulose isolation process
(121). Therefore, there are numerous examples of the incorporation of nanocellulose
into various polar, hydrophilic polymers such as polyvinyl alcohol (PVA) (122), PLA
(123), polyethylene oxide (PEO) (124) and polyurethane (PU) (125). Difficulties in
making nanocellulose compatible with thermoplastic matrices have limited its use in
industrial applications. The poor compatibility between nanocellulose and
hydrophobic polymer matrices often causes agglomeration of the nanomaterial during
mixing (120). Strong intermolecular hydrogen bonding causes the self-self-aggregate
of nanocellulose in the mixing process with polar polymer matrices (120).

CNC(Cellulose NanoCrystal) compound with Polyethylene (PE) (126), polypropylene
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(PP) (127), polyvinyl chloride (PVC) (128), polystyrene (PS) (129)and polyamide 6
(PAG) (130) further studies are needed to further demonstrate and exploit the benefits

of nanocellulose reinforcement in such polymers.

Yousefian and Rodrigue succeeded in that spray-dried CNC particles were combined
with PAG using a thermal extrusion process at 220°C. They observed a 23% increase
in elastic modulus and an 11% increase in tensile strength with a 3% CNC additive by
weight. Heat treatment of composite materials is industrially essential. However,
nanocellulose is known to have a low thermal decomposition temperature, which limits
its use in thermal processing with polymers such as PAG6, which exhibit a relatively
high melting temperature (Tm ~ 220°C). Another study by Corréa et al . discussed the
thermal compatibility of CNC in melt mixing processes. Corréa et al. used PA6 as a
carrier polymer for the CNC. They showed that coating the freeze-dried CNC with
PAG in formic acid increased the thermal stability of the CNC and observed well-
dispersed nanocellulose crystals. Composites prepared by melting/combining coated
CNC and PAG affected the mechanical properties. The addition of 1% by weight CNC
to the PA6 matrix, and 45% in elastic modulus resulted in an increase. No change was
observed in the tensile strength. These studies demonstrated the potential of
nanocellulose additives to improve the mechanical properties of PA6. Studies on
optimizing their interactions in PA6 through chemical modification of nanocellulose
have not yet been performed. Numerous ways have been followed to replace
nanocellulose. Acetylation (131), esterification (132), etherification (133) and cationic
surfactants (133,134) are the most common modifications to increase adhesion
between nanocellulose and engineering thermoplastic polymers. Among the
modifications mentioned above, the esterification of nanocellulose is considered the
most effective. This modification has been indicated as an effective way to improve
both the thermal properties of nanocellulose and the mechanical properties of the
resulting composite (135). The main objective of this research project is to investigate
the effect of a hydrophobic coating on the nanocellulose surface on the mechanical

properties of the resulting hybrid composite filaments.

When PAG6 properties are examined, it has high mechanical properties compared to
other filament materials and durable parts can be produced. In addition, when the

features of the FFF devices in the market are examined, it is seen that the PAG is
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compatible with the FFF system. For this reason, PA6 material was determined as the
matrix material in the thesis study. It is aimed that the composite filaments to be
developed with the research are quickly processed with the FFF method and have
similar mechanical properties to their commercial competitors. It is well known that
short carbon fibers blended with thermoplastic polymers significantly improve the
strength of the polymer material and therefore have the potential to improve the
mechanical properties of the FFF part. Thus, hybrid composite structures reinforced

with carbon and glass and nanocellulose added to the PA6 matrix were produced.

It is seen in all research that AM methods are inevitable for design geometry, rapid
prototyping, and demounted production. With its technological infrastructure, AM
methods have a critical role in the transformation of Industry 4.0. New filament
materials, products with increased mechanical properties, developed to expand the
field of use of the FFF method and increase its effectiveness will be maintained for the
use of the AM method in a wider area with the filament to be developed.

The thesis study was carried out to gain the ability to produce thermoplastic matrix
composites with the FFF method and to ensure the production of durable parts. In the
first stage, glass, carbon, and glass/carbon hybrid reinforced PA6 matrix filaments
were developed to increase their mechanical properties. Thermal properties of fiber-
reinforced compounds were analyzed to determine production parameters by extruder
and FFF method. Characterization and thermal analysis of the developed filaments
were made. The structures in which carbon fiber, glass fiber, and carbon/glass fibers
are used as hybrids were produced with the FFF method in different parameters. Also,
the compounds were prepared by different fiber proportions and the effect of fiber
proportions was tested for mechanical properties. Optimization of FFF production
parameters was carried out by examining its mechanical and morphological properties.
One of the important factors affecting the mechanical properties in fiber-reinforced
structures is matrix fiber interface bonding. In this context, in the second stage, the
fibers were modified with nanocellulose to improve the interface. The same
compounds were produced again using modified carbon and glass fibers. Compounds
again were turned into filaments to be used in the FFF method. Specimens’ productions
were carried out by the FFF method using the optimized parameters in the first stage.

Mechanical test specimens were produced from PA6 filaments reinforced with
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nanocellulose-modified short fibers. The mechanical, thermal, and morphological
properties of the specimens were investigated. Hybrid composite filament production
was carried out, which can be used in the FFF method, which will enable the
production of qualified products, which will enable the production of products with
similar mechanical properties at a lower cost, and fiber-matrix interface improvement

with nano additives has been carried out.
Critical points in this study;

e Production of carbon and glass fiber-reinforced polyamide compounds
e Fiber orientation, homogeneous distribution of fibers

e Adding nanomaterials for the interfacial improvement of the fibers

e Production of filaments in suitable diameter tolerances

e Production of test specimens from filaments by the FFF method
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Chapter 3

3 Experimental

In this section, the properties of the PA6 polymer used as the matrix material, the
properties and effects of the carbon fiber and glass fiber reinforcements, and why
carbon and glass fibers are chosen as the reinforcement material are explained. In the
properties of nanocellulose used for interfacial improvement, the processes applied to
gain hydrophobic properties of nanocellulose and the stages of modifying the fiber

with nanocellulose are mentioned.

The working principles of the twin-screw extruders used in the compound preparation
processes, the short fiber additive ratios realized in the first stage, and the preparation
processes of the nanocellulose additive in the second stage are mentioned. It is
explained that the filament form needed for production by the FFF method is produced
with a single-screw extruder. Finally, the parameters used in the FFF method, the

effects of these parameters, and the production of specimens are mentioned.

3.1 Materials

3.1.1 PAG6 Polymer

PAG, also called nylon 6, is translucent or opaque white in color, thermoplastic, light,
has good toughness, resistant to chemicals and good mechanical properties (56), (66),
(43), (140). Compared to other materials used in the FFF method, PA6 has high
mechanical properties and durable parts can be produced (79). In addition, when the
features of the FFF devices on the market are examined, it is seen that the PAG is
compatible with the FFF system. PAG is preferred in many engineering applications,
especially in the automotive sector. PAG is a polymer matrix that creates opportunities
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for thermoplastic composites thanks to its physical properties. PAG6 is a thermoplastic
polymer widely used in many industries and applications such as food packaging,
household appliances, textile industry and electrical industry (109). For all these

reasons, PA6 material was determined as the matrix material in the thesis study.

The PAG polymer used as the matrix material in the thesis study is the Ultramid B40LN
product of BASF company. This product has a density of 1.13 g/cm3 and its relative
viscosity value is 4. This PA6 product was chosen because of its suitability for the
extrusion process and its superior chemical resistance and mechanical properties. The

dimensions of the cylindrical PAG pellets are between 2-2.5 mm.
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Figure 3.1: Ultramid B40LN PAG Pellet
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This product, which is used in extrusion processes, has suitable viscosity values for
filament production and production with FFF method. Relative viscosity value
between 3 and 8 is ideal for extrusion processing (138). Similar values are valid for

feeding sufficient material from the nozzle in the FFF method.

3.1.2 Carbon Fiber

In the thesis study, AC4102 chopped fiber product of Dowaksa company was used as
carbon fiber reinforcement in all compound productions. Chopped fibers have 1.76
g/cm3 density, 4200 MPa tensile strength, and 240 GPa tensile modulus values. Fiber
diameters are 7 p and lengths are 6 mm. It has been chosen because it is suitable to

produce PA6 compound, which carbon fibers have proper sizing for PA.
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3.1.3 Glass Fiber

As glass fiber reinforcement, PA2 e-glass product of Sisecam company was used. Due
to its low alkaline ratio, its electrical insulation is very good compared to other glass
types. Its strength is quite high. Water resistance is quite good. E-glass is generally
used in composites developed for humid environments. Due to these physical
properties and e-glass fiber was preferred. In addition, these e-glass fiber products of
Sisecam were preferred because they have special sizing for PA6 compound. The fiber

diameters are 11 and the length is 4.5 mm.
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Figure 3.3: Sisecam PA2short e-glass fiber

With the filaments to be produced using carbon and glass fiber products, specimen
production will be carried out in the FFF device. A special nozzle with a diameter of
0.6 mm was used in specimen production with the FFF device. For this reason, short
fiber lengths are very important in order not to cause clogging of nozzle. In addition,

Dowaksa AC4102 and Sisecam PA2 products were preferred for this reason.

3.1.4 Nano Cellulose

Nanocellulose is derived from cellulose, the essential component of plant cell walls
and the world's most abundant natural polymer. Composed of nanofibrils isolated from
cellulose fibers found in wood and grass, nanocellulose exhibits several properties that
make it an attractive and versatile biomaterial suitable for many uses. Nanocellulose
is a hydrophilic material. Nanocellulose offers high surface area (150-600 m2g-1)
(116,117), high aspect ratio and impressive mechanical properties (elastic modulus of
about 160 GPa, and 300 GPa tensile strength (118).

Nanocellulose produced by the University of Maine was used in the thesis study.

Nanocellulose in slurry form containing 11.5% nanocellulose and 88.5% water by
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weight was supplied from the University of Maine. Nanocelluloses are small, rod-like
particles obtained from wood pulp and the resulting is about 5-20 nanometers (nm) in
diameter and 150-200 nm in length. It has a density of 1.5 g/cm3 in its dry form and 1

g/cm3 in the form of aqueous gel. It is white in color and odorless.

Figure 3.4: Slurry Nanocellulose

The main purpose of this thesis study is to investigate the contribution of short fiber
reinforcement ratios and lean fibers and hybrid forms of these fibers to the mechanical
properties and the effect of nanocellulose surface modification on the mechanical

properties of the resulting composites in the specimens produced by the FFF method.

3.2 Short Fiber Reinforced PA6 matrix Composites

In the first stage of the thesis study, short fiber reinforcement was made to the PA6
matrix at the rates specified in table 3.1. To examine the effect of fiber additive ratios
on the mechanical properties of the specimens produced by the FFF method, PurePA6
control group and fiber reinforcements at 10% and 20% by weight were performed.

Table 3.1: Short Fiber Reinforcement Thermoplastics Composite Compounds

Compound No Code Matrix Fiber Fiber Ratio

1 PurePA6  Pure Polyamide (PAG) - -

2 PAGCF10 Polyamide (PA6) Carbon Fiber 10%

3 PA6CF20 Polyamide (PAG) Carbon Fiber 20%

4 PA6GF10 Polyamide (PAG) Glass Fiber 10%

5 PA6GF20 Polyamide (PAG) Glass Fiber 20%

6 PAGHF10 Polyamide (PA6) Carbon Fiber 5%
Glass Fiber 5%

7 PAG6HF20 Polyamide (PA6) Carbon Fiber 10%
Glass Fiber 10%
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When the cost of carbon fiber is compared with glass fiber, a rate of 3 times is
encountered. In addition, the cost per weight of glass fiber is cheaper than the
matrix material PA6. For this reason, glass fiber reinforcement is a parameter that
makes the compounds cheaper. In this context, the effect of glass fiber additives
on mechanical properties in hybrid form was investigated. Compound production
processes were carried out in a twin-screw extruder. The produced compounds
were brought into filament form with a single-screw extruder to be produced by
the FFF method. Finally, tensile, compression, and impact test specimens were
produced with the FFF method, and mechanical tests, thermal and morphological
analyzes were performed on the produced specimens. By using the findings
obtained after this study, the interface improvement phase was started. The

objectives of this study are;

« To ensure homogeneous distribution of reinforcing structures in composite
compounds,

» Toensure that the length of short fiber reinforcements in composite compounds
is less than 6 mm,

» To determine the necessary parameters to produce composite filaments and to
standardize the production,

» Determining the mechanical and morphological characterizations of the
composite filaments and determining the structural properties efficiently,

« Contributing to the literature on composite manufacturing with additive
manufacturing

» Toraise awareness about the performance improvements that these capabilities

can provide in related industrial products.

3.2.1 Short Fiber Reinforced PA6 matrix Composites

Compounding

Polymeric composites are greatly affected by applied force, deformation, temperature,

humidity, and time. The main feature of this behavior is the viscoelastic response. The

crystal structure of thermoplastic polymers provides higher impact strength compared

to thermosets (12). The wide range of fracture stresses in thermoplastics is due to large

variations in the amount of crystallinity. The crystal structure of the thermoplastic
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matrix changes drastically with the addition of reinforcement materials (139). To
ensure the flow of a thermoplastic matrix during manufacture, the matrix must be
heated to a temperature above its melting point. Increasing temperature decreases the
viscosity of the polymer, but degradation is inevitable at higher temperatures. For this
reason, performing the process at the appropriate temperature is critical for
thermoplastics.

Compounds were produced with twin-screw extruder in Eurotec company. Since the
homogeneous distribution of the fibers is a critical issue, Eurotec company, which is

experienced in polyamide production, was preferred.

PurePA6 and compounds with 6 different fiber ratios were produced with a twin-screw
extruder. Twin-screw extruders are classified according to screw rotation direction and
size configuration. Twin-screw extruders are called co-rotating if both screws rotate in
the same direction and counter-rotating if they rotate in opposite directions. To obtain
a homogeneous mixture, an extruder with a counter-rotating screw configuration was
used. A twin screw extruder unit with a diameter of 18 mm was used in the production

of the compound. Pre-drying was carried out at 80°C for 24 hours.

The screw system is the focus of the extrusion process and determines the
performance. The flow of the polymer is due to the action of the screw vanes, which
are in contact with the inner wall of the sleeve and enable the transfer of the polymer.
It is desirable that the transferred polymer does not stick to the screw and adheres to
the sleeve part. Adhesion of the polymer to the screw inhibits the progression of the
extrusion, while the adhesion of the polymer to the sleeve improves flow. In general,
a screw is divided into four different, but interconnected sections. These four sections
are, in order, the solids transport zone, the melting retardation zone, the mixing zone,

and the mold zone.

The parameters in compound production are as follows; the feeding zone is 25°C, the
melt retarding zone is 190°C, the mixing and conveying is 220°C and the die head

temperature is 225°C.

The prepared compounds were vacuumed and stored in their bags until the next
process. The purpose of this is that the polymeric matrix is not affected by moisture.
The target in the compound preparation process is to have a homogeneous fiber
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distribution and to prepare fiber-reinforced compounds at the rates determined by
weight. The fiber distributions were analyzed by SEM analysis and the results were
shared in the chapter 4. Reinforced fiber ratios by weight were confirmed by

Thermogravimetric Analysis (TGA) shared in same chapter.

Carbon Fiber Glass Fiber Carbon/Glass Fibers

W1t10%

W1t20%

Figure 3.5: Short Fiber Reinforcement Composite Compounds

3.2.2 Short Fiber Reinforced PA6 matrix Composites Filament

Extrusion

The control group PurePA6 and compounds with 6 different fiber ratios were shaped
into filament form with a single-screw extruder in EG Plastic Company. The filament
production was carried out in the SJ brand 35 mm diameter single screw extruder with
35:25 L/D ratio shown in Figure 3.6. Thermal properties (glass
transition/melting/crystallization/decomposition temperatures) were investigated by
Differential Scanning Calorimetry (DSC) to determine the extrusion parameters of the
composite compounds turned into filaments for specimens’ production in the FFF

method.
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Figure 3.6: Single-screw Extruder

Since the filament diameter of the device to be used in specimen production with FFF
is 2.85 mm, all products were produced in these dimensions. Line continuity and
diameter control in filament production was carried out with the laser measuring
instrument seen in figure 3.7. Filaments with a diameter of 2.85 mm were produced

with a tolerance of -/+ 0.15 mm.

Figure 3.7: Laser Measuring Gauge

In single screw extruders, it is desirable that the polymer does not stick to the screw
and adheres to the sleeve part. Adhesion of the polymer to the screw inhibits the
progression of the extrusion, while the adhesion of the polymer to the sleeve improves
flow. In general, a screw is divided into four different, but interconnected sections.
These four sections are respectively: the solids transport zone (Z1), the melting
retardation zone (Z2), the melting zone (Z3), and the mold zone. Thermal properties
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(glass transition/melting/crystallization/decomposition temperatures) of composite
compounds were investigated with DSC to determine the necessary parameters for
filament production by single screw extrusion. Considering the data shared in the

chapter 4, the parameters in Table 3.2 were determined for the extrusion process.

Table 3.2: Single Screw Extrusion Parameters
Single Screw Extrusion Zones Parameters
Z1°C Z2°C Z3°C DIE°C
PurePA6 Compound 200 220 220 180
W1t10% Compounds 230 235 225 220
W1t20% Compounds 225 230 220 210

Compounds

LD

Pure PA6 W1t10% Compounds

L)
o

W20% Compounds
Figure3.8: Single Screw Extrusion Parameters Setting Screens

Line continuity was ensured by winding 10% glass, 10% carbon, 10% hybrid
(carbon/glass), 20% glass, 20% carbon, and 20% hybrid (carbon/glass) fiber reinforced

filaments by weight on reels. Produced filaments are seen in figure 3.9.

Pure PA6 PA6CF10 PA6CF20 PA6GF10 PA6GF20 PAG6HF10 PAG6HF20

e ¥«

Figure 3.9: Composite Filaments

3.2.3 Short Fiber Reinforced PA6 matrix Composites
Production with FFF

The test specimens were produced with the FFF method using 7 different filaments
produced. Tensile, compression, and impact test specimens were produced to

determine and compare the mechanical properties of composite parts produced by the
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FFF method. The standards used for all tests are listed in table 3.3. Drawings of all test
specimens according to the dimensions in the relevant standards were made with the
AutoCAD Fusion360 CAD program. Parameters and part positioning required to
produce the drawn parts in the FFF device were carried out with the CURA CAM
program. The parts that were drawn in the CAD program and exported in "Standard
Triangle Language (stl)" format were converted into the "gcode™ file required to
produce the FFF device in the CAM program.

Table 3.3: Mechanical Test Standards

Test Designation Standard

Tensile ASTM D-638-14 Standard Test Method for Tensile Properties of
Plastics

Compression ASTM D-695-15 Standard Test Method for Compressive Properties
of Rigid Plastics

Impact (Charpy) ISO-179 Plastics — Determination of Charpy Impact
Properties

The Ultimaker 3 device in the Ege University Aviation Vocational School Composite

Laboratory was used to produce the specimens by the FFF method.

Figure 3.10: Ultimaker 3 FFF Device

All specimens were produced with the ultimaker CC printcore on the 0.6 mm diameter
sapphire tipped as seen in figure 3.11. Since carbon and glass fibers have abrasive
effects, a sapphire tip special nozzle is preferred. In addition, considering the lengths
of the fibers preferred in the preparation of compounds, 0.6 mm gives better

performance to prevent clogging.
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Figure 3.11: Ultimaker CC Printcore nozzle

There are many parameters used in production with the FFF method. of these
parameters, those affecting the mechanical property were chosen as variables for
optimization. To observe the mechanical effects in all specimens, the specimens were
produced at 100% infill rate and in materials flow. The printing speed determines the
amount of material to be extruded from the nozzle tip per unit of time. Bed temperature
is critical to ensure that the first layer in production adheres to the table. In the
experiments on different geometries, the most suitable parameters were determined as

in table 3.4. Print speed is fixed at 50mm/s and bed temperature at 80°C.

Table 3.4: Fixed Parameters for FFF manufacturing
Infill Percentage | 100%
Infill Pattern | -/+45 Degrees
Print Speed | 50mm/S
Flow Rate | 100%
Bed Temperature | 80°C

3.2.3.1 Tensile Specimens

To compare the tensile properties of the parts produced by the FFF method, specimens

were produced in ASTM D-638 Type 5 geometry as in figure 3.12.

R1274£008

Figure 3.12: ASTM D-638 Type5 Geometry

Tensile test specimens were all produced with the same infill pattern. Infill pattern was

selected as -/+ 45 in tensile test specimens. The effect of the infill pattern on the
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mechanical properties was discussed in the impact test. The visual of the -/+ 45

orientation in the tensile test specimen is indicated in figure 3.13.

Figure 3.13: Infill patterns geometry for tensile specimens (-/+45°)

To optimize the production parameters with FFF, the nozzle temperature and layer
thickness were taken as variables. The nozzle temperature was changed in the range
of 235-275 °C and the layer thicknesses were changed in the range of 0.1-0.3mm.
These two variables are the main parameters that affect the mechanical properties. All
tensile test specimens were produced in 15 different parameters. Production

parameters are in table-3.5.

Table 3.5: FFF Parameters
PARAMETERS NO LAYER HEIGHT (MM) NOZZLE TEMPERATURE (°C)

1 0.3 235
2 0.2 235
3 0.1 235
4 0.3 245
5 0.2 245
6 0.1 245
7 0.3 255
8 0.2 255
9 0.1 255
10 0.3 265
11 0.2 265
12 0.1 265
13 0.3 275
14 0.2 275
15 0.1 275

To observe the standard deviation values, 5 specimens were produced from each

material configuration and parameter.
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Figure 3.14: Pure PA6 Tensile Test Specimens
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Figure 3.15: PA6CF10 Tensile Test Specimens
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Figure 3.17: PA6GF10 Tensile Test Specimens
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Figure 3.18: PA6GF20 Tensile Test Specimens
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Figure 3.20: PA6HF20 Tensile Test Specimens

Tensile test specimens of 7 different composite materials produced in 15 different
parameters were tested by ASTM D638 standard. In the microstructural analysis, these
materials were expected to contain a maximum of 10% porosity and the tensile
strength of carbon, glass and hybrid fiber reinforced filaments was higher than the pure

ones.
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3.2.3.2 Impact Specimens

The highest tensile strength was obtained in parameter 15 in all of the specimens’
groups whose tensile test results were shared in the Results and Discussion chapter.
Impact test specimens were produced to examine the effect of the infill pattern by

considering the production parameters with the highest tensile strength.

To compare the impact properties of the parts produced by the FFF method, production
was carried out in the unnotched specimen geometry in the ISO 179 standard shown

as in figure 3.21.

Wicth (W)
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Figure 3.21: 1SO 179 Impact Charpy Geometry

Impact test specimens were produced with two different infill patterns. Specimen
production was carried out at the nozzle temperature and layer thickness parameters,

where the highest tensile strength was obtained. This is parameter 15.

Table 3.6: FFF Parameters for Impact Specimens

PARAMETERS NO  LAYER HEIGHT (MM) NOZZLE TEMPERATURE (°C)
0.1 275

15

The effect of the infill pattern on the mechanical properties was discussed in the impact
test. Two different impact specimens with 0/90 and -/+ 45 orientation were produced

from each composite compound. Images of infill patterns are shown in figure 3.22.

o === =

Direction ‘ 0° 90° -45° +45°
Infill Pattern ‘ 0°/90° -[+45°

Figure 3.22: Infill patterns geometries for impact specimens (0°/90°, -/+45°)

To observe the standard deviation values, 5 specimens were produced for each material

configuration and different infill patterns. One of each of the produced specimens is
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seen in figure 3.23. The specimens on the left are those with an orientation of 0/90,
and the specimens on the right have an orientation of -/+45.

PurePA6 PAG6CF10 PAG6HF10 PA6GF10

-
‘A

PA6CF20 PA6HF20 PABGF20

A i

Figure 3.23: Impact Charpy Test Specimens

3.2.3.3 Compression Specimens

The weakest axis of the parts produced by the FFF method is the z-axis. For this reason,
the tensile strengths in the z-axis are quite low (140). Compression test specimens were
produced to observe the effect of this disadvantageous situation in the tensile direction
in the compression direction. To examine the effect of different layer thicknesses on
the compressive strength at the nozzle temperature with the highest tensile strength,

the specimens were produced with parameters numbers 13, 14 and 15.

To compare the compression properties of the parts produced by the FFF method,
production was carried out in the specimen geometry in the ASTM D 695 standard
shown in figure 3.24.

h=25.4mm

-

Figure 3.24: ASTM D 695 Compression Test Geometry

Compression test specimens are produced in a single infill pattern as they have circular
cross-sections. Specimens’ production was carried out in different layer thicknesses at

the nozzle temperature where the highest tensile strength was obtained.
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Table 3.7: FFF Parameters for Compression Specimens
PARAMETERS NO LAYER HEIGHT (MM)  NOZZLE TEMPERATURE (°C)

13 0.3 275
14 0.2 275
15 0.1 275

To observe the standard deviation values, 5 specimens were produced for each material
configuration and different layer thicknesses. Produced specimens are shown in figure
3.25.

Numbers of Parameters

&
“
| W

=
w

PurePA6

PA6CF10

PAGCF20

“E.I!!

PA6GF10

PA6GF20

PAG6HF10

PAGHF20

FREEESRT

¥
U
w

Figure 3.25: Compression Test Specimens
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3.3 Modified Short Fiber Reinforced PA6 matrix

Composites

The studies in this part of the thesis study were carried out at the University of Alberta,
Edmonton, AB Canada with the support of TUBITAK 2214A. Nanocellulose was
added to the short fiber reinforced PA6 matrix polymeric composite materials which
improved at the first stage of thesis studies, to increase their strength properties and
improve their interfaces. In this context, all composite compounds produced in the first
stage were re-produced using nanocellulose-modified fibers. The surfaces of the fibers
used in the compound production were modified with nanocellulose. Compounds with

1% nanocellulose additive by weight are given in table 3.8.

Table 3.8: Modified Short Fiber Reinforcement Thermoplastics Composite

Compounds
Compound Code Matrix Fiber Fiber Ratio NC
No Ratio
1 PurePA6 Pure Polyamide - -
(PAG)
2 PA6CF10c  Polyamide (PA6) Carbon 10%
Fiber
3 PA6CF20c  Polyamide (PA6)  Carbon 20%
Fiber
4 PA6GF10c  Polyamide (PA6)  Glass 10% %1
Fiber
5 PA6GF20c  Polyamide (PA6)  Glass 20%
Fiber
6 PAG6HF10c  Polyamide (PA6) Carbon 5%
Fiber
Glass 5%
Fiber
7 PA6HF20c  Polyamide (PA6) Carbon 10%
Fiber
Glass 10%
Fiber

6 hybrid composite structures containing PAG6CF+nanocellulose,
PA6GF+nanocellulose, and PA6HF+nanocellulose with two different fiber
reinforcement ratios, 10% and 20% by weight, were created. There is no previous
study about producing short carbon, glass, and hybrid (carbon/glass) fiber reinforced
PA6 matrix specimens using the FFF. Developing a hybrid composite structure with

nanocellulose additive is an entirely innovative approach.
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At this stage of the thesis, carbon, glass, and hybrid (carbon/glass) fiber hybrid
composite compounds modified with PA6 matrix and nanocellulose were produced,
and filaments were produced using these compounds. In all these processes, the
characterizations of compounds and filaments were made. The tests of the parts
produced with these composite filaments were carried out and the production
parameters were determined. Pure PAG, carbon, glass, and hybrid composite structures
produced in the first stages of the doctoral thesis were compared with hybrid composite

structures modified with nanocellulose.

3.3.1 Modification of fibers with Nanocellulose

The nanocellulose product produced by the University of Maine, which is used in
interface improvement, is a slurry product containing 11.5% nanocellulose and 88.5%
water by weight. With this product, surface modifications of carbon and glass fibers

to be used in compound preparation were carried out.

Cellulose is a hydrophilic material. For this reason, it is very easily affected by
humidity. In their study, Hajian et al. suggested that esterification is the best method
to impart hydrophobic properties to cellulose (141). For this reason, nanocelluloses
were kept in a citric acid solution at 50 °C for 20 minutes, as stated in Hajian's study.
Hajian et al. used chloroform to reduce viscosity and to benefit the contact of cellulose
with the mixture and stated that the toluene solution had the same effect. In our thesis
study, nanocelluloses surfaces treated with citric acid were mixed mechanically with
glass in figure 5 (b) and carbon fibers in figure 5 (a) in a toluene solution. This process
was carried out to homogeneously coat the nanocellulose on the fiber surface.
Nanocellulose was added at a rate of 1% by weight. Sartorius brand precision balance
was used to determine the weight ratios.

i sartorivs

5000 g hax SANJEL CRD

Figure 3.26: Precision Balance
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By the additive ratios, 6 different compounds were produced with the fibers coated
with nanocellulose. Finally, before the compounding process, each composition was

kept in a vacuum oven at 80 degrees for 48 hours for drying.

Figure 3.27: After Drying Process (a) Carbon fiber (b) Glass Fiber

Fibers modified with nanocellulose were taken into vacuum bags and sent to
Eurotec Company for compound production. Compound preparation processes
were carried out in a twin-screw extruder. The prepared compounds were brought
into filament form with a single-screw extruder to be produced by the FFF method.
Finally, tensile, compression, and impact test specimens were produced with the
FFF method, and mechanical tests, thermal and morphological analyzes were
performed on the produced specimens. This study was compared with the results

obtained after the first stage.
The objectives of this study are;

» To ensure homogeneous distribution of reinforcing structures in composite
compounds,

» Toensure that the length of short fiber reinforcements in composite compounds
is less than 6mm,

» Determining the mechanical and morphological characterizations of the
composite filaments and determining the structural properties efficiently,

« To determine the effect of interface improvement on mechanical properties,

« Contributing to the literature on additive manufacturing and hybrid composite
manufacturing,

» Toraise awareness about the performance improvements that these capabilities

can provide in related industrial products.
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3.3.2 Modified Short Fiber Reinforced PA6 matrix Composites

Compounding

As in the first stage of the thesis, the compounds were produced in Eurotec Company
with a twin-screw extruder. Since the homogeneous distribution of the fibers is a
critical issue, Eurotec company, which is experienced in polyamide production, was

preferred.

Since the filament production will be carried out in a different single-screw device,
PurePAG6 pellets were used again in this study. Nanocellulose modified fibers and
compounds with 6 different ratios were produced with a twin-screw extruder. To
obtain a homogeneous mixture, an extruder with a counter-rotating screw
configuration was used. A twin screw extruder unit with a diameter of 18 mm was
used in the production of the compound. Pre-drying was carried out at 80°C for 24

hours.

The same parameters as in the first step in compound production were used. The
parameters are as follows; the feeding zone is 25°C, the melt retarding zone is 190°C,
the mixing and conveying is 220°C and the die head temperature is 225°C.

Carbon Fiber Glass Fiber Hybrid Fibers

(Carbon/Glass)
T T el

Wt20%

The prepared compounds were vacuumed and stored in their bags to protect them from

moisture until the next process. It was then shipped to the University of Alberta.
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3.3.3 Short Fiber Reinforced PA6 matrix Composites Filament
Extrusion

Filament production processes of the compounds with twin-screw were carried out in
the Multi-functional Composite Laboratory of the University of Alberta.

PurePA6, PA6CF10c, PAG6CF20c, PA6GF10c, PA6GF20c, PA6HF10c, and
PAG6HF20c compounds were dried in a Thermo Fisher Scientific Lindberg/Blue M
vacuum oven shown in figure 3.29 at 80°C -/+0.1°C for 24 hours before extrusion.

Figure 3.29: Vacuum Oven

All specimens were packed with vacuum packaging as seen in figure 3.30 to protect
them from moisture after drying. This process was carried out so that the dried
polymeric composite compounds do not encounter air during the waiting phase before

production with a single-screw extruder.

PAGCFXXc PA6GFXXc PAG6HFXXc

- A
2 g

W1t10%

W1t20%

Figure 3.30: Vacuumed Compounds

All compounds were melt-extruded using a Brabender™ single screw extruder
connected to the ATR Plasti-Corder drive system in figure 3.31 with a 3 mm circular
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cross-section die feeding a filabot brand cooling and reel winding system seen in figure
3.32. Since a 2.85 mm diameter filament was desired to be produced, a 3mm circular

cross-section die was used.

Figure 3.31: Single Screw Extruder

Cooling speed and reel speed settings are adjusted to provide a 2.85mm filament
diameter in Filabot brand air-cooled system and reel winding system. Since the
ultimaker3 device is used in the specimen production processes with the FFF method,
a filament with a diameter of 2.85 mm suitable for the use of this device was produced

and wound on spools.

Figure 3.32: filabot airpath for cooling and filament spool system

Filabot FB00073 filament spool and Filabot FB00626 air path were used to adjust the
produced filament's diameter. The schematic representation is as in figure 3.33.

Hopper
Nozzle e

Filabot™ FB00073 filament spooler

Roller

O Spool Produced fiber Brabender™ single screw extru§er]
Q i lals]a

O | Filabot™ FB00626 air path |

Heating Zones

Figure 3.33: Schematic representation of the single screw extrusion line

Thermal properties (glass transition/melting/crystallization/decomposition

temperatures) were analyzed by DSC to determine the extrusion parameters of the
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composite compounds, which were turned into filaments for specimens’ production in
the FFF method. In addition, the torque value of the single-screw extruder was
determined not to exceed 10Nm in the determination of the parameters. Single-screw

extruder process parameters are given in table 3.9.

Table 3.9: Single-screw extruder barrel temperature
Barrell  Barrel2 Barrel3 Die RPM
210°C 215°C 225°C  220°C 6

Extruder temperature setting screen is as seen in figure 3.34.

Torque
[Nm]
30 &=

Figure 3.34: Single-screw extruder parameters adjusting screen

All filaments produced with a single-screw extruder were placed in a vacuum bag to

protect them from moisture after production, as seen in figure 3.35.

PurePA6 PA6CF10c PAG6CF20c PA6GF10c PA6GF20c PA6HF10c PAG6HF20C

Figure 3.35: Filaments and VVacuumed filament spools
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3.3.4 Modified Short Fiber Reinforced PA6 matrix Composites
Production with FFF

Tensile, compression, and impact charpy test specimens were produced by FFF
method using filaments produced with single screw. Drawing files of the standards in
the first stage were used in all specimens’ productions. Production parameters were
not changed, and productions were carried out with the same gcode files. To accurately
compare the results obtained by using carbon, glass, and hybrid (carbon/glass) fiber
reinforced PA6 matrix filaments produced from the first stages of the doctoral thesis,
all productions were carried out using the same brand model device and nozzle with
the same characteristics. The Ultimaker 3 device in figure 3.36 was used in the

production of hybrid composite specimens with the FFF method.

Figure 3.36: Ultimaker 3 FFF device and Ultimaker CC Printcore nozzle

All specimens were performed with the ultimaker CC printcore on the 0.6mm diameter
sapphire-tipped figure 3.36, as in the first stage. A specially developed nozzle is used

to produce short fiber reinforced composite filaments.

3.3.4.1 Tensile Specimens

The nozzle temperature at which the highest tensile strength value was obtained among
the specimens produced in the first stage of the thesis was used. Speciemns with 3
different layer thicknesses (0.1-0.2-0.3 mm) were produced just to observe the effect
of layer thicknesses. For this reason, the parameters numbered 13, 14 and 15 in the
first stage were used. The FFF production parameters used in the second stage are

given in table 3.10.
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Table 3.10: FFF process parameters for Tensile Specimens

Layer height 0.1(13)-0.2(14)-0.3(15)mm
Nozzle Temperature 275°C
Bed Temperature 80°C
Infill percentage 100%
Infill pattern -/+45 degrees
Print Speed 50mm/s
Flow rate 100%
Nozzle Size 0.6mm

To observe the standard deviation values, 5 specimens were produced from each

material configuration and parameter. Images of hybrid composite samples containing

1% nanocellulose by weight are as in figure 3.37.

Code

PurePA6

PAG6CF10c

PA6CF20c

PA6GF10c

PA6GF20c

PA6HF10c

PAG6HF20c

Process Parameters

Figure 3.37: Tensile Test Specimens for second stage

Tensile test specimens of 6 different composite materials and one control group

PurePAG6 produced in 3 different parameters were tested in accordance with ASTM

D638 standard. In the second stage's tensile strength tests of the control group are same
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values were obtained in the first stage. The test results were shared in the Results and
discussion chapter. In the microstructural analysis, these materials were expected to
contain a maximum of 10% porosity and to have higher tensile strengths than

specimens without nanocellulose modification.

3.3.4.2 Impact Specimens

As in the first stage, impact test specimens were produced to examine the effect of the
infill pattern by considering the production parameters with the highest tensile
strength. To compare the impact properties of the parts produced by the FFF method,
production was carried out in the unnotched specimen geometry in the 1ISO 179

standard.

Impact test specimens were produced in two different infill patterns as before. The
effect of nanocellulose modification on impact resistance was compared. Specimens’
production was carried out at the nozzle temperature and layer thickness that called

parameter 15, where the highest tensile strength was obtained.

Table 3.11: FFF Parameters for Impact Specimens

PARAMETERS NO  LAYER HEIGHT (MM)  NOZZLE TEMPERATURE (°C)
15 | 0.1 275

The effect of the infill pattern on the mechanical properties was discussed in the impact
test. Two different impact specimens with 0/90 and -/+ 45 orientations were produced
from each composite specimen. To observe the standard deviation values, 5 specimens
were produced for each material configuration and different infill patterns. One of each
of the produced specimens is seen in figure 3.38. The specimens on the left are those
with an orientation of -/+45, the specimens on the right are those with an orientation
of 0/90.

PA6CF10c PAG6CF20c PA6GF10c PA6GF20c PA6HF10c PAG6HF20c

AN GRS A A

Figure 3.38: Impact Charpy Test Specimens
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3.3.4.3 Compression Specimens

Comparing the compression properties of the parts produced by the FFF method,
production was carried out in the specimen’s geometry included in the ASTM D 695

standard.

Compression test specimens are produced in a single infill pattern as they have circular
cross-sections. Specimens’ production was carried out in different layer thicknesses at

the nozzle temperature where the highest tensile strength was obtained.

Table 3.12: FFF Parameters for Compression Specimens
PARAMETERS NO LAYER HEIGHT (mm)  NOZZLE TEMPERATURE (°C)

13 | 0.3 275
14 | 0.2 275
15 | 0.1 275

To observe the standard deviation values, 5 speciemens were produced for each
material configuration and different layer thicknesses. Produced specimens are shown
in figure 3.39.

Numbers of Parameters

13 14 15
PAGCF10c n " ’
PA6CF20c ” ” “
PA6GF10c iﬁ ﬁ ii
PA6GF20c ﬁ» ﬁ ﬁ
PAGHF10c ‘ ” " j ”
PAGHF20c ” (Y ”

Figure 3.39: Compression Test Specimens
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3.4 Mechanical Tests and Analysis

3.4.1 Thermal Analysis

3.41.1TGA

TGA of hybrid composite pellet specimens was performed using TGA Q50 (TA
Instruments, USA) to measure their thermal stability (ie, their degradation
temperature). A heating rate of 10°C/min was used and the temperature range was 25—

800°C. Analysis was done in the air environment.

Figure 3.40: TA Intrusments TGA Q50 Device
3.4.1.2 DSC

DSC Q100 (TA Instruments, USA) device with modulated method was used to
measure the transition temperatures of all composite pellets. Modulation, -/+1.00°C
every 60 s. The heating rate was 10°C/min and the heating range was 25 to 260°C.
Modulated DSC was performed to obtain the glass transition (Tg) and melting (Tm)

temperatures of polymer composites.

Figure 3.41: TA Instruments DSC Q100 Device
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3.4.2 Mechanical Testing

3.4.2.1 Tensile

Tensile tests were carried out according to ASTM D638 standard with the ZwickRoell
Z050 device at the first stage. All specimens are mounted on hand-tightened clamp-
type handles. The tests were carried out at a constant displacement speed of 1 mm/min
until the specimens failed. Load, displacement, time, and strain were recorded at 10
hz.

Figure 3.42: Zwick/Roell Z050 Tensile Testing Device

Tensile tests according to ASTM D638 standard were performed on Instron 5966
device with a 10 kN load sensor at the second stage. All specimens are mounted on
hand-tightened clamp-type handles. The tests were carried out at a constant
displacement speed of 1 mm/min until the specimens failed. Load, displacement, time,

and strain were recorded at 10 hz.

£

Figure 3.43: Instron 5966 Tensile Testing Device
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3.4.2.2 Impact Test

Impact Charpy tests were performed with the CEAST Resil Impactor device, the
Instron model in Figure 3.44, according to the ISO 179 standard. The specimens were
produced and tested without notches. It was struck at a kinetic energy of 2 J and an
impact velocity of 2.9 m/s, taking into account an aperture length of 62 mm. Force-
displacement curves and dynamic parameters of the material in terms of absorbed
energy were recorded. The impact energy absorbed at the moment of fracture was
calculated as the area under the impact force-displacement curve from the peak of the
impact load to the first occurrence of zero loads after the maximum peak.

RESIL i

Figure 3.44: CEAST Resil Impactor Device
3.4.2.3 Compression Test

Compression tests according to ASTM D695 standards were performed with a 100 kN
load sensor in Instron 5966 device. The tests were carried out at a constant
displacement speed of 1.3 mm/min up to 2 mm of deformation, then at a constant
displacement speed of 5 mm/min. The samples were tested up to a load of 90 kN. Load,

displacement, time, and strain were recorded at 5hz.

Figure 3.45: Instron 5966 Compression Testing Device
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3.4.3 SEM

In the first stage of the thesis study, the unmodified nanocellulose composite samples
were examined under the scanning electron microscope (SEM). Microstructure were
performed with the SEM device at Dokuz Eylul University Izmir International
Biomedicine and Genome Institute. Microstructural analyzes were performed with a
Zeiss Sigma500 FESEM using the SE2 detector. Imaging of damaged surfaces after
the tensile test was performed at different magnifications under 1.5-3.0 kV EHT.
Before being placed in the microscope chamber, specimens were fixed on stubs with

double-sided carbon tape and sputter-coated with 5 nm gold.

Figure 3.46: Zeiss Sigma500 FESEM Device

In the second stage, SEM analyzes were carried out to observe the interfacial
improvements in the specimens modified with nanocellulose. Microstructure analyzes
were performed with the SEM device at the University of Alberta, NanoFab
Department. Microstructure analyzes of the specimens were performed with the Zeiss
EVO MA10 microscope using the SE1 detector. The damaged areas of the
nanocellulose-modified specimens were examined after the tensile test. Specimens
imaging was performed at different magnifications under 15kV EHT. Before being
placed in the microscope chamber, specimens were fixed on stubs with double-sided
carbon tape and spray-coated with gold for 120 seconds in the Gold Sputtering Unit
DESK 1.
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Figure 3.47: Zeiss EVO MA10
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Chapter 4

4 Results and Discussion

This section shares the thermal analysis results of prepared compounds, filaments, and
produced specimens with FFF. The effects of thermal analysis results on filament
production and part production with FFF and the control of additive ratios are

mentioned.

The results of the mechanical tests and morphological analysis of the produced
specimens were shared, interpreted, and evaluated. The hybrid structures in which
carbon fiber, glass fiber, and carbon/glass fibers are used together were compared and
the effect of fiber proportions on mechanical properties was investigated. In addition,
the importance of fiber interfacial bonding and the benefits of interfacial improvement

with nanocellulose added are stated.

4.1 Results

The use of unreinforced polymer filaments limits the wide application area of parts
produced by this method in industry and research environments (65). Providing
superior mechanical properties in the parts produced by the FFF method will increase
the number of final products produced by this method. In the production of fiber-
reinforced thermoplastic matrix composite, it is critical to determine the values such
as the orientation of the fibers in the matrix, not exceeding the decomposition
temperature of the polymer, the glass transition temperature (Tg) and melting
temperature (Tm) required in the forming processes. In this context, thermal analyzes
were carried out to control the correct fiber reinforcement by weight in the PA6 matrix
in the determined ratios, to maintain the homogeneity of the distribution of the fibers

in the matrix, to determine the appropriate temperature values in the twin-screw,
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single-screw, and FFF processes. Tensile, impact, and compression strengths of the
produced specimens were measured and the effects of fiber type, the difference in fiber
proportions, and surface modification on mechanical properties were investigated.
Finally, fiber distributions in the matrix and matrix-fiber interface bonding were
examined by morphological analysis, and microstructure images were obtained. In
addition, the diameter and length measurements of the fibers were carried out with
SEM.

4.1.1 Thermal Analysis

Thermal analysis is a branch of materials science that studies the changes in material
properties with temperature. With thermal analysis methods, changes in the properties
of a substance or its derivatives under a certain temperature program are examined,
mass changes can be measured, or the heat absorbed or released in the reaction is
measured. In this thesis, TGA and DSC analyzes were performed on the compounds,

filaments and specimens produced by the FFF method.

4.1.1.1 TGA Results

TGA is a technigue in which the mass of a specimen is monitored as a function of
temperature (thermal) or time (equilibrium) under a controlled temperature program
in a controlled atmosphere. With TGA analysis, the fiber proportion in each compound
was verified and the decomposition temperatures of the compounds were examined.
In the thesis study, two different fiber reinforcements, 10% and 20% by weight were
applied to the PA6 matrix. By TGA analysis, the weight ratios were controlled, and
the decomposition temperatures were determined. TGA analysis was carried out
separately for PurePA6 and all other fiber-reinforced materials used in the study in the
form of compounds, specimens in filament form, and specimens produced by the FFF
method. The differences in the decomposition temperatures of the materials that enter
the thermal cycle during the compound preparation, filament production, and FFF and

production stages were investigated.
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Figure 4.1: Pure PA6 Materials TGA Result
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Figure 4.2: PA6CF10 Materials TGA Result
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Figure 4.3: PA6CF20 Materials TGA Result
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Figure 4.4: PA6GF10 Materials TGA Result
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Figure 4.5: PA6GF20Materials TGA Result
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Figure 4.6: PA6HF10 Materials TGA Result
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Figure 4.7: PA6HF20 Materials TGA Result

4.1.1.2 DSC results

DSC analyzes were performed to determine thermal properties (Glass
transition/melting/crystallization/decomposition temperatures). The term differential
in the method is used because the examination of the changes in the specimen with
respect to the reference material (thermal change does not occur in the reference
material) takes place. DSC was performed to obtain the glass transition temperature
(Tg), crystallization temperature (Tc), and melting temperatures (Tm) of hybrid polymer
composites. The variation of the heat flow with respect to the temperature and the

measured Tg, Tc, and Tm values are shown in table 4.1.

DsSC

Heat Flow (W/g)

t — L . [ — o
-80 0 50 100 150 200 250 300
Exo Up Temperature (°C)

Figure 4.8: PurePA6 Specimens DSC Results
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Figure 4.9: PA6CF10 Specimens DSC Results
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Figure 4.10: PA6CF20 Specimens DSC Results
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Figure 4.11: PA6GF10 Specimens DSC Results
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Figure 4.12: PA6GF20 Specimens DSC Results
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Figure 4.13: PA6HF10 Specimens DSC Results
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Figure 4.14: PA6HF20 Specimens DSC Results
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4.1.2 Mechanical Testing

4.1.2.1 Tensile Test

In the first stage of the thesis study, tests of tensile test specimens produced in 15
different parameters were carried out with the FFF method. Tensile test specimens for
7 different material configurations were performed in accordance with ASTM D638.

The first stage specimens were tested with the ZwickRoell Z050 device.

140
120
100

80

60

Standard Force (MPa)

40

20

-20 0 20 40 60 80 100
Strain (%)

@® Pure PA6 PA6 CF20 PA6 GF20 PA6 HF20

Figure 4.15: Non-modified Specimens Tensile Test Results (Parameter 15)

Tensile test results for PA6 matrix specimens produced in different parameters were
used for parameter optimization. In the production of parts with the FFF method, there
are many different parameters that affect the mechanical properties, geometric
tolerances, production speed, weight, and the parts. Among these parameters, the layer
height, nozzle temperature, and infill pattern most affect the mechanical properties.
The effect of the infill pattern was examined with impact Charpy tests, and the effect

of nozzle temperature and layer thickness, and tensile strength data were analyzed.
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Table 4.2: PurePA6 Specimens Tensile Test Results
Parameters Unit

MPa

1

Specimens

2

1

27.64
30.16
31.60
31.27
32.44
38.72
33.58
35.20
39.39
34.20
38.20
41.59
34.31
38.88
44.54

3

2

24.61
28.41
28.35
28.38
31.94
37.45
32.87
33.65
35.79
30.40
34.86
41.14
31.43
35.47
43.00

4

5

3

30.68
31.91
34.85
34.16
32.95
39.99
34.28
36.74
42.99
38.01
41.54
42.04
37.19
42.30
46.09

6 7

4
24.75
29.66
30.33
30.57
30.90
35.12
29.77
31.86
38.94
31.33
34.78
40.05
31.24
38.58
43.73

8 9

5

30.06
33.20
33.35
34.53
35.33
39.22
34.85
35.90
40.94
37.80
42.01
44.93
34.76
41.76
47.96

10

11

Avr.

27.55
30.67
31.69
31.78
32.71
38.10
33.07
34.67
39.61
34.35
38.28
41.95
33.79
39.40
45.06

12

Max.
3.13
2.53
3.16
2.74
2.62
1.89
1.78
2.07
3.38
3.66
3.73
2.98
3.40
2.90
2.89

13 14

Min.
2.94
2.25
3.35
3.40
1.81
2.98
3.30
2.81
3.82
3.95
3.49
1.90
2.55
3.93
2.07

15

BPure PA6 27.5 30.6 31.6 31.7 32.7 38.1 33.0 34.6 39.6 34.3 38.2 41.9 33.7 39.4 45.0
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Figure 4.16: PurePA6 Specimens Tensile Test Results



Parameters Unit Specimens
1 2 3 4 5 Avr. Max. Min.
1 35.03 31.30 38.77 35.00 37.44 3551 326 4.21
2 36.50 32.96 40.04 35.67 40.23 37.08 3.15 4.12
3 37.95 34.04 4186 36.41 4149 3835 351 431
4 36.29 33.70 38.89 32.66 36.46 3560 3.29 294
5 39.69 38.86 40.52 38.33 39.72 39.42 1.09 1.10
6 40.01 38.47 4155 39.50 40.84 40.07 148 1.61
7 40.30 38.92 41.67 36.26 41.84 39.80 2.04 3.54
8 MPa 4079 3942 4215 4054 42.17 41.01 115 159
9 4243 4192 4295 40.68 43.80 42.35 1.44 1.68
10 40.67 36.64 44.71 39.71 41.19 4058 4.13 3.95
11 40.97 40.72 4121 3850 4500 4128 3.72 2.78
12 42.83 41.07 4458 42.06 43.07 4272 1.86 1.65
13 41,99 41.03 4296 37.92 4375 4153 222 3.61
14 43.66 41.19 46.13 42.02 44.62 4352 2.60 2.33
15 4515 4438 4591 4479 4762 4557 2.05 1.19
66
61 I
ik
56 I 1 3
51 I Q
g S I I ! I
s " d
< 41
&
o 36
2 2
% 21
E 1
- 11
6
1
-4
1 2 3 5 6 7 8 9 10 12 | 13 14 15

Table 4.3: PA6CF10 Specimens Tensile Test Results

PA6CF10 44.1 48.7 55.5 45.9 499 51.4 46.8 529 56.1 47.4 559 57.6 48.4 60.2 63.7

Figure 4.17: PA6CF10 Specimens Tensile Test Results
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Table 4.4: PA6CF20 Specimens Tensile Test Results

Parameters Unit Specimens

1 2 3 4 5 Avr.  Max. Min.
1 60.47 57.34 6359 59.33 6124 6039 320 3.05
2 62.97 6049 64.46 5994 64.10 6239 346 3.50
3 7786 7581 7991 7738 8109 7841 268 2.60
4 66.47 62.67 70.28 6496 6852 6658 3.69 391
5 79.30 76.94 8167 7891 8310 7998 312 3.05
6 89.17 88.68 89.65 8794 9153 8939 214 145
7 69.47 67.96 7098 66.97 6996 69.07 191 210
8 Mpa 87.61 8722 88.00 8371 89.12 8713 199 343
9 110.67 109.45 11190 108.90 111.06 110.40 1:50 1.49
10 70.37 67.86 7287 6738 7159 70.01 286 2.64
11 9248 8857 96.39 8957 9499 9240 399 3.83
12 120.16 118.39 121.93 119.40 124.07 120.79 3.28 2.40
13 8272 79.73 8571 8186 8449 8290 281 3.17
14 9593 93.02 9884 9245 9892 9583 3.09 3.39
15 125.29 12453 126.06 122.38 128.20 12529 291 2091

ultimate tensile strength (MPa)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

PA6CF20 60.3 62.3 78.4 66.5 79.9 89.3 69.0 87.1 110. 70.0 92.4 120. 82.9 95.8 125.

Figure 4.18: PA6CF20 Specimens Tensile Test Results
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Table 4.5: PA6GF10 Specimens Tensile Test Results
Parameters Unit Specimens

1 2 3 4 5 Avr. Max. Min.
1 35.03 31.30 38.77 35.00 37.44 3551 326 4.21
2 36.50 32.96 40.04 35.67 40.23 37.08 3.15 4.12
3 37.95 3404 41.86 36.41 41.49 3835 351 431
4 36.29 33.70 38.89 32.66 36.46 35.60 329 2.94
5 30.69 38.86 40.52 38.33 39.72 39.42 1.09 1.10
6 40.01 38.47 4155 39.50 40.84 40.07 148 161
7 4030 38.92 41.67 3626 41.84 39.80 2.04 3.54
8 MPa 4079 39.42 4215 4054 4217 41.01 1.15 1.59
9 4243 41.92 42.95 40.68 43.80 4235 1.44 1.68
10 40.67 36.64 44.71 39.71 41.19 4058 4.13 3.95
11 40.97 40.72 4121 3850 4500 4128 3.72 278
12 42.83 41.07 4458 42.06 43.07 4272 186 1.65
13 41.99 41.03 42.96 37.92 43.75 4153 222 361
14 43.66 41.19 46.13 42.02 44.62 4352 260 233
15 4515 44.38 4591 4479 47.62 4557 205 1.19

50
45
40

-0l
30
25

20

15

ultimate tensile strength (MPa)

10

5

0 L_| L_| L L_| L_| L_| L_| L_| L_|

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
BPAGGF10 35.5 37.0 38.3 35.6 39.4 40.0 39.8 41.0 42.3 40.5 41.2 42.7 415 43.5 455

Figure 4.19: PA6GF10 Specimens Tensile Test Results
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Table 4.6: PA6GF20 Specimens Tensile Test Results
Parameters Unit Specimens

1 2 3 4 5 Avr. Mak. Min.

1 49.79 49.41 50.16 49.47 50.97 49.96 1.01 0.55
2 5425 5421 5429 51.80 54.63 53.84 079 2.04
3 56.44 54.74 58.15 54.85 56.48 56.13 2.02 1.40
4 50.99 50.67 51.30 49.26 52.69 50.98 1.71 1.72
5 57.09 54.64 5954 54.68 57.40 56.67 2.87 2.03
6 50.18 57.59 60.78 57.50 61.64 59.34 2.30 1.83
7 51.36 49.64 53.09 50.82 52.95 51.57 1.52 1.93
8 MPa 5745 5504 59.86 56.96 59.18 57.70 2.16 2.66
9 61.19 5951 62.87 60.30 63.60 61.50 2.11 1.98
10 52.30 51.76 52.85 51.18 53.98 52.41 157 1.24
11 58.90 58.41 59.39 57.19 59.45 58.67 0.78 1.48
12 64.16 63.26 65.06 61.74 64.65 63.77 1.28 2.03
13 50.34 5822 60.47 59.06 60.24 59.47 1.00 1.25
14 60.39 58.68 62.10 58.90 61.52 60.32 1.78 1.64
15 64.88 62.47 67.30 64.36 66.59 6512 2.18 2.65

68

63 f
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48
43
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33
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23
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ultimate tensile strength (MPa)

13
8
3

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
BPA6GF20 49.9 53.8 56.1 50.9 56.6 59.3 51.5 57.7 61.5 52.4 58.6 63.7 59.4 60.3 65.1

-2

Figure 4.20: PA6GF20 Specimens Tensile Test Results
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Table 4.7: PA6HF10 Specimens Tensile Test Results
Parameters Unit Specimens

1 2 3 4 5 Avr.  Mak. Min.
35.69 33.56 37.81 33.09 38.89 3581 3.08 2.71
46.07 4549 46.64 4358 46.99 4575 1.23 2.18
4748 46.82 48.13 4583 48.06 47.27 0.87 1.43
39.05 39.02 39.09 37.68 42.96 39.56 3.40 1.88
47.78 46.14 49.43 4591 50.27 4791 237 2.00
50.75 48.98 52.52 48.84 51.02 50.42 210 1.58
4461 4098 48.24 4436 46.38 4491 3.33 3.94
MPa 5006 48.05 52.08 48.38 53.70 50.45 3.24 241
52.12 50.20 54.03 49.81 54.13 52.06 2.07 2.25
47.32 47.07 4757 4567 49.24 4737 186 1.71
52.23 50.54 5391 50.62 52.48 5195 1.95 1.41
55.01 52.71 57.32 51.96 56.70 54.74 258 2.78
48.01 46.36 49.66 44.89 50.32 47.85 2.47 2.96
53.60 51.99 55.21 50.12 55.25 53.23 2.02 3.12
59.06 56.01 62.11 58.06 60.66 59.18 2.93 3.17

el e e e
HRrELOREBowo~vooarwnr

63

58 % {+
53 {

A }§%'}%§ i
38 ;
33%

28
23

18

ultimate tensile strength (MPa)

13

8

3

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
@PA6HF10 35.8 45.7 47.2 39.5 47.9 50.4 44.9 50.4 52.0 47.3 51.9 54.7 47.8 53.2 59.1

-2

Figure 4.21: PA6HF10 Specimens Tensile Test Results
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Parameters

el ol
SRRk REBowo~v~ooarwn e

111
106
101
9%
91
86
81
76
71
66
61
56
51
46
41
36
31
26
21
16
11
6

1
-4

ultimate tensile strength (MPa)

@PA6HF20 52.1 59.2 77.5 64.3 67.7 78.3 65.7 75.6 96.6 68.8 75.9 100. 72.4 90.0 106.

Table 4.8: PA6HF20 Specimens Tensile Test Results

Unit

MPa

1

Specimens
1 2 3 4 5 Avr. Max. Min.
52.74 4938 56.11 48.94 53.66 5217 3.94 3.23
59.09 5586 6232 56.72 6245 59.29 3.17 343
7760 7443 80.76 73.65 8108 7750 358 3.85
63.75 62.62 64.88 6350 6691 6433 258 1.71
67.84 6481 70.88 66.38 6898 67.78 3.10 2.96
7789 7394 8184 7712 8092 7834 349 4.40
65.48 65.23 65.73 62.96 69.43 65.77 3.66 281
7585 7438 7731 7437 7610 7560 1.71 1.23
96.99 96.22 97.76 9356 9845 9660 1.86 3.03
68.95 66.42 7147 67.84 69.72 68.88 259 2.46
76.22 7475 7770 7228 7875 7594 281 3.66
100.18 96.76 103.60 99.52 101.66 100.34 3.26 3.59
7215 71.05 7325 70.03 7557 7241 316 2.38
90.03 86.08 9398 88.80 91.13 90.00 3.97 392
106.10 105.44 106.76 105.12 110.05 106.69 3.35 1.58
-
; h
i
{ { M - :
. o [ - ?
2 3 4 5 6 7 8 9 10 11 12 13 14 15

Figure 4.22: PA6HF20 Specimens Tensile Test Results
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The tensile tests at the second stage of the thesis study were also carried out according
to the ASTM D638 standard. Tensile tests were performed on Instron 5966 device with
a 10 kN load sensor. Tensile test specimens with 3 different layer thicknesses were
produced at the nozzle temperature at which the highest tensile strength was obtained
at the first stage. The tests of the specimens produced in parameters 13, 14, and 15

were carried out.

ALLTENSILE RESULTS
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Table 4.10: All Average Tensile Results (13-14-15 parameters)
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Table 4.11: PA6CF10c Specimens Tensile Test Results

Parameters Unit Specimens
1 2 3 4 5 Avr. Max.
13 79.71 78.65 78.15 80.00 79.13 79.13 0.87
14 MPa 91.00 93.78 92.10 91.62 92.13 92.13 1.65
15 96.04 95.81 97.94 96.47 96.57 96.57 1.38
100
_ 90
é 80
< 70
%D 60
T
g 40
% 30
£ 20
s 10
0 13 14 15
m PA6CF10c 79.13 92.13 96.57
H PA6CF10 48.47 60.28 63.78

Parameters Unit Specimens
1 2 3 4 5 Avr.  Max. Min.
13 91.96 9228 9241 9199 9216 9216 0.25 0.20
14 MPa 104.02 104.77 105.23 105.21 104.81 104.81 0.42 0.79
15 132.31 131.03 131.99 130.74 13152 13152 0.79 0.77

Figure 4.23: PA6CF10c and PA6CF10 Specimens Tensile Test Results
Table 4.12: PA6CF20c Specimens Tensile Test Results

Min.
0.98
1.12
0.76

135

115

95
7
5
3
1
13 14 15

-5

5] (V] (6]

ultimate tensile strength (MPa)

€]

B PA6CF20c 92.16 104.81 131.52
H PA6CF20 82.90 95.83 125.29

Figure 4.24: PA6CF20c and PA6CF20 Specimens Tensile Test Results
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Table 4.13: PA6GF10c Specimens Tensile Test Results

Parameters Unit Specimens
1 2 3 4 5 Avr. Max. Min.
13 71.86 7242 70.83 70.87 7150 7150 0.92 0.66
14 MPa 83.74 80.70 82.68 80.95 82.02 82.02 172 1.31
15 85.35 85.27 85.22 84.84 85.17 85.17 0.18 0.33
86
= 76
% 66
§, 56
£ 46
% 36
‘3 26
E 16
E 6
“ 13 14 15
B PA6GF10c 71.50 82.02 85.17
m PA6GF10 41.53 43.52 45.57

Figure 4.25: PA6GF10c and PA6GF10 Specimens Tensile Test Results
Table 4.14: PA6GF20c Specimens Tensile Test Results

Parameters Unit Specimens
1 2 3 4 5 Avr. Max. Min.
13 84.07 83.65 84.73 8233 83.70 83.70 1.04 1.37
14 MPa 89.96 89.89 89.57 89.72 89.79 89.79 0.17 0.21
15 99.86 98.03 98.95 99.11 98.99 98.99 0.87 0.96
100
_ 90
ié_ 80
< 70
2
o 60
g
.g 40
% 30
£ 20
. 10
0 13 14 15
B PA6GF20c 83.70 89.79 98.99
B PA6GF20 59.47 60.32 65.12

Figure 4.26: PA6GF20c and PA6GF20 Specimens Tensile Test Results

98



Table 4.15: PA6HF10c Specimens Tensile Test Results

Parameters Unit Specimens
1 2 3 4 5 Avr. Max. Min.
13 77.63 76.88 7758 77.24 77.33 7733 0.30 0.45
14 MPa 88.83 89.49 89.25 88.85 89.10 89.10 0.39 0.28
15 94.33 91.85 92.01 9245 92.66 92.66 1.67 0.81
90
3 80
% 70
§° 60
‘z 50
i 40
g 30
o
E 10
0 13 14 15
B PA6HF10c 77.33 89.10 92.66
H PA6HF10 47.85 53.23 59.18

Figure 4.27: PA6HF10c and PA6HF10 Specimens Tensile Test Results
Table 4.16: PA6HF20c Specimens Tensile Test Results

Parameters Unit Specimens
1 2 3 4 5 Avr.  Max min.
13 9214 9145 9151 90.69 9145 9145 0.69 0.75
14 MPa 96.74 98.18 9890 99.23 9826 98.26 0.97 1.52
15 116.54 118.27 119.13 119.39 118.33 118.33 1..06 1.79
120
§ 100
Eﬂ 80
'_z 60
Eow
,g 20
0
13 14 15
m PA6HF20c 91.45 98.26 118.33
B PA6HF20 72.41 90.00 106.69

Figure 4.28: PA6HF20c and PA6HF20 Specimens Tensile Test Results
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4.1.2.2 Impact Test

Impact test on unnotched Charpy test specimens was performed according to 1ISO179
standard. The tests were carried out with the Instron model CEAST Resil Impactor
device. Impact Charpy test specimens produced in two different infilled patterns were

tested in parameter 15, where the highest tensile strength was obtained at the first stage.

Table 4.17: Non-modified Specimens Impact Charpy Test Results

Code Infill Units Specimens Avr.  Min. Max.
Pattern one 2 3 4 5
Pure PAG -/+45 63.93 68.02 5850 60.11 61.68 62.45 58.50 68.02
0/90 5455 53.47 50.88 48.60 48.10 51.12 48.10 54.55
PA6CF10 -/+45 30.12 30.83 2756 27.79 28.77 29.01 27.56 30.83
0/90 3041 3273 2711 26.42 2240 27.81 2240 32.73
PA6CF20 -/+45 26.86 31.05 23.67 24.73 2455 26.17 23.67 31.05
0/90 26.90 25.18 23.30 2355 25.03 24.79 23.30 26.90
PA6GF10 -/+45 ki/m2 48.60 49.71 4434 4342 50.77 47.37 43.42 50.77
0/90 4455 4497 4192 43.00 4343 4357 41.92 4497
PA6GF20 -/+45 36.28 38.92 30.93 34.22 3411 3489 30.93 38.92
0/90 32.89 3433 3131 30.74 30.57 31.97 30.57 34.33
PAG6HF10 -/+45 37.81 4211 3451 3540 3341 36.65 3341 4211
0/90 35.88 35.63 32.64 32.89 3230 33.87 32.30 35.88
PAG6HF20 -/+45 32.62 38,57 31.28 30.69 2822 3228 28.22 38.57
0/90 31.35 31.14 2798 28.46 2791 29.37 2791 31.35
70.00
60.00
_ 50.00
§4o.oo
S 30.00
3
= 20.00
10.00 I I I
0.00
\X@ g\‘”g\ 2 \qo\ B2 \qo\ B2 \0)0\ B2 \qo\ o \o)o\ o \09\
(oy ‘o\ QY\ @\0 Qy\ ’19\0 Qy\ \9\0 N ,»Q\Q 0\ \/\Q Qy\ ,9®
& ‘\QV bé(» & (oé;» & S & S & & Ggg, IS 683, &
P \ SR A o N8 X T F O F T ¥

Compounds

Figure 4.29: Non-modified Specimens Impact Charpy Test Results
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Code

PAG6CF10c

PAG6CF20c

PA6GF10c

PA6GF20c

PA6HF10c

PA6HF20c

Impact (kJ/m 2)

Table 4.18: Modified Specimens Impact Charpy Test Results

Infill Units Specimens Avr.
Pattern one 2 3 4 5
-/+45 3245 3420 29.88 2891 29.40 30.97
0/90 30.89 30.85 27.70 27.96 25.73 28.63
-[+45 27.82 29.65 25.67 26.21 26.03 27.08
0/90 28.26 27.66 25.06 2353 26.82 26.26
-[+45 kym2 °1.99 5045 47.75 48.00 5352  50.34
0/90 48.52 4894 4589 46.97 47.40 4754
-[+45 40.29 4211 3586 38.75 37.71 3894
0/90 37.00 36.65 35.94 33.07 34.68 35.47
-[+45 41.70 43.67 37.68 3751 37.30 39.57
0/90 39.13 39.76 34.11 36.14 3555 36.94
-[+45 36.19 40.68 34.85 34.26 3261 35.72
0/90 36.11 36.78 32.74 33.22 3267 34.30

60.00

50.00

IS
o
o
o

w
o
o
S

20.00

10.00

Compounds

Figure 4.30: Modified Specimens Impact Charpy Test Results

4.1.2.3 Compression Test

Min.

28.91
25.73
25.67
23.53
47.75
45.89
35.86
33.07
37.30
34.11
32.61
32.67

Max.

34.20
30.89
29.65
28.26
53.52
48.94
4211
37.00
43.67
39.76
40.68
36.78

Compression tests according to ASTM D695 standards were performed in Instron

5966 device. All specimens were produced according to this standard and the

specimens' dimensions were proper to ASTM D695. All composites were tested with

compression force under 9000N and their properties about strain under compression

were compared. All composites were produced with 13,14, and 15 parameters by AM.
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Figure 4.31: Pure PA6 Compression Test Results
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Figure 4.32: PA6 wt10% CF reinforcement Specimens Compression Test
Results

102




COMPRESSION TEST RESULTS

o N ©
o O o

PABCF20_ (13)
——PABCF20c_ (13)
——PABCF20_(14)
——PABCF20c_(14)
——PABCF20_(15)

PABCF20c_ (15)

Stress [MPa]
N w B a1
o o (@n] o

[HEN
o
———— A

0
-5% 5% 15% 25% 35% 45%

Strain [%]

Figure 4.33: PA6 wt20% CF reinforcement Specimens Compression Test Results
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Figure 4.34: PA6 wt10% GF reinforcement Specimens Compression Test Results
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Figure 4.35: PA6 wt20% GF reinforcement Specimens Compression Test Results
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Figure 4.36: PA6 wt10% HF reinforcement Specimens Compression Test Results
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Figure 4.37: PA6 wt20% HF reinforcement Specimens Compression Test Results

The mechanical behavior of all specimens modified and unmodified with
nanocellulose under compression testing was observed. The force values of the
specimens produced in 3 different production parameters are converted to stress units

and the displacement under force is given in the graphics as strains.

4.1.3 Morphology

Microstructure analyzes of the specimens non-modified with nanocellulose were
performed with the SEM device at Dokuz Eylul University Izmir International
Biomedicine and Genome Institute. Damaged surfaces formed after tensile tests at
different magnifications under 1.5-3.0 kVV EHT on the Zeiss Sigma500 SEM device
were examined.
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Figure 4.38: Non-modified Carbon Reinforcement Specimens SEM Images
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Figure 4.39: Non-modified Glass Reinforcement Specimens SEM Images
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Figure 4.40: Non-modified Hybrid (Carbon/glass) Reinforcement Specimens SEM
Images

Microstructure analyzes of the specimens that were modified with nanocellulose
produced in the second stage of the thesis study were performed with the SEM device
at the University of Alberta, NanoFab Department. Microstructure analyzes were
carried out with the Zeiss EVO MA10 brand model SEM device.

The damaged areas of the nanocellulose-modified specimens were examined after the
tensile test. Damaged surfaces are gold-plated for inspection in the SEM device.

Specimens imaging was performed at different magnifications under 15kV EHT.

The interface region of the fibers modified with nanocellulose with PA6 matrix was
visualized by SEM. The effect of the interaction of nanocellulose modification with

carbon and glass fibers on mechanical properties was compared.

The distribution of carbon and glass fiber reinforcements in different weight ratios in
the matrix was examined. Specimens were analyzed by imaging made in different parts
of the pieces at different magnifications.
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Figure 4.41: Modified Carbon Reinforcement Specimens SEM Images
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Figure 4.42: Modified Glass Reinforcement Specimens SEM Images
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Figure 4.43: Modified Hybrid (Carbon/Glass) Reinforcement Specimens SEM
Images

4.2 Discussion

421 TGA

Although the recycling feature of the types of polymer materials in the thermoplastic
class provides a great advantage, the recycled forms of these polymer materials exhibit
lower mechanical properties than their original forms (142). Although the molecular
bonds of polymer materials and thermoplastic polymers are recycled and reused, each
heating process negatively affects the chemical and physical properties of
thermoplastics. Shaping the polymer granule raw material into filament with a single
screw extruder and then melting it again with a FFF device is an example of this
situation. In addition, adding a reinforcement element to the pellet polymer means
applying an extra heat treatment to the existing heat process with a twin screw extruder.
When the decomposition temperatures of different forms of all specimens were
compared, it was observed that the decomposition temperatures decreased slightly

after each heat treatment, that is, the decomposition started earlier.
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No significant degradation of the mass at elevated temperatures up to 380°C,
indicating that the pellets are stable below 380°C. In addition, the fact that no
degradation was observed up to 380°C in the TGA analysis results showed that the
barrel temperatures used in filament production were appropriate. All specimens
started to decompose at a temperature of about 380°C and it was observed that the
fiber proportions and type did not affect the degradation temperature. This indicates
that the nozzle temperature determined in the FFF printing parameters is lower than

the distortion temperatures measured in TGA and ensures the integrity of the materials.

As a result of degradation in fiber-reinforced specimens, mass accumulation was
observed as much as fiber reinforcement ratios. The ratios of the fibers in the
specimens to the remaining masses after degradation indicate that the specimens were
prepared in accordance with the ratios determined for reinforcement. It has also been

confirmed that fiber reinforcement is made in the correct proportions by weight.

4.2.2 DSC

When the DSC results are examined, it is seen that the Tg of all specimens decreases
in general. The reason for this is that the thermoplastic matrix deteriorates in each
extrusion process. The value of 45.98°C in PurePAG6 pellets decreased to 35.5°C in
filament form and 33.06°C after FFF production. Tg decreased after each heating
process. When the effect of fiber reinforcement on Tg is examined, it can be said that
glass fiber additive reduces Tg value more. The value, which was 45.98°C in PurePA6
pellets, decreased to an average of 36°C in carbon fiber-reinforced specimens and
30°C in glass fiber-reinforced specimens. Modification of the fibers with
nanocellulose did not cause a significant change in Tg values. The reason why glass
fibers lower the Tg value more may be because they have different thermal

conductivity coefficients.

When the crystallization temperatures (Tc) of the specimens are examined, it is seen
that there is a slight temperature increase in the filament form of all specimens. After
FFF production, crystallization temperatures decreased. This temperature change may

have occurred due to the porous structure of FFF production.
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Figure 4.44: Spaces Between Layers in FFF Printed Specimen

It is seen that the melting temperature of PurePAG is on average 219°C. Tm value did
not change after thermal processes or depending on fiber additive ratios. The

determination of twin-screw and single-screw parameters was based on 220°C.

Although the melting initiation temperatures of nanocellulose-doped PA6 GF20 and
PA6 CF20 specimens were slightly higher than pure PAG, the same parameters were
used in filament production from all pellets. Only the cooling and filament drawing

cycles were changed in order to meet the diameter tolerance.

Changes in Tg and Tc temperatures indicate that the thermoplastic matrix decomposes
depending on temperature. Although thermoplastic materials are recyclable, this

change in their thermal properties will also affect their mechanical properties.

It was observed that the nanocellulose modification process did not show a significant
change in Tg, Tc, and Tm values. Similar results have been reported previously (143).
The decrease in the Tg value means that fiber addition can improve the recovery

performance of the material (144).

4.2.3 Tensile Testing

When the effects of production parameters, different fibers, and different fiber ratios

on tensile strength in the specimens produced in the first stage of the thesis study;
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It was observed that the decrease in layer thickness in all specimens increased the
tensile strength. In addition, the increase in nozzle temperature also increased the
tensile strength values. The highest tensile strength was observed in all specimens at

0.1 mm layer thickness and at a nozzle temperature of 275°C.

With a 0.1 mm layer thickness nozzle temperature increase, PurePA6 specimens
increased by 42% from 31.69 MPa to 45.06 MPa, PA6CF10 specimens increased by
15% from 55.57 MPa to 63.78 MPa, PA6CF20 specimens increased by 60% from
78.41 MPa to 125.29 MPa, PA6CF10 specimens increased by 19% from 38.44 MPa
to 45.57 MPa, PA6CF10 specimens increased by 16% from 56.13 MPa to 65.12 MPa,
PAG6HF10 specimens increased by 25% from 47.27 MPa to 59.18 MPa, and PA6HF20
specimens increased by 38% from 77.50 MPa. to 106.69 MPa. The increase in nozzle
temperature creates advantages for the z-axis joining of the layers. In high-temperature
prints, the bonding between the layers is better since the amount of cooling is low.
Polymer bonds become stronger with increasing temperature.

With the change of layer thickness at a nozzle temperature of 275°C, PurePA6
specimens increased by 14% from 33.79 MPa to 45.06 MPa, PA6CF10 specimens
increased by 32% from 48.47 MPa to 63.78 MPa, PA6CF20 specimens increased by
51% from 82.90 MPa to 125.29 MPa, PA6GF10 specimens increased by 10% from
41.53 MPa to 45.57 MPa, PA6GF20 specimens increased by 10% from 59.47 MPa to
65.12 MPa, PA6HF10 specimens increased by 24% from 47.85 MPa to 59.18 MPa,
and PA6HF20 specimens reached 106.69 MPa with an increase of 47% from 72.41
MPa. The reduction in layer thickness increases the production time. At the same time,
more material is extruded per unit volume in the z-axis. This situation reduces the
hollow structure in the parts produced with FFF. SEM images confirm this. In addition,

there is a similar situation for different materials in the literature
PAG6HF20 specimens reached 106.69 MPa with an increase of 47% from 72.41 MPa.

Tensile strength 0.1mm layer thickness and 275°C nozzle temperature, which was
45.06 MPa in PurePA6 specimens, increased by 42% to 63.78 MPa in PA6CF10
specimens, increased by 178% to 125 MPa in PA6CF20 specimens, increased by 1%
to 45.57 MPa in PA6GF10 specimens, increased by 45% to 65.12 MPa in PA6GF20
specimens, increased by 31% to 59.18 MPa in PA6HF10 specimens, and PA6HF20
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specimens increased by 137% to 106.60 MPa. When the tensile strength effect of fiber
reinforcements applied to PurePA6 specimens was examined, it was observed that
carbon fiber reinforcement was more effective than glass fiber. In addition, the

increase in the additive ratio for each fiber type increased the tensile strength.

In the first stage of the doctoral thesis, when the mechanical properties of the produced
specimens were compared with the mechanical properties of the nanocellulose-

modified specimens;

The tensile strength value was 41.53 MPa in the PA6GF10 specimen without
nanocellulose modification produced by the FFF method with parameter 13, 71.50
MPa was observed with an increase of 72% in the PA6GF10c specimen.

The tensile strength value was 43.23 MPa in the PA6GF10 specimen without
nanocellulose modification produced by the FFF method with parameter 14, 82.02

MPa with an increase of 88% was observed in the PA6GF10c specimen.

The tensile strength value was 45.57 MPa in the PA6GF10 specimen without
nanocellulose modification produced by the FFF method with parameter 15, 85.17

MPa was observed with an increase of 87% in the PA6GF10c specimen.

While a 10% change was observed in PA6GF10 specimens depending on the layer
thickness at 275°C, an increase of 19% was observed in PA6GF10c specimens.

The tensile strength value was 59.47 MPa in the PA6GF20 specimen without
nanocellulose modification produced by the FFF method with parameter 13, it was
observed at 83.70 MPa with an increase of 41% in the PA6GF20c specimen.

The tensile strength value was 60.32 MPa in the PA6GF20 specimen without
nanocellulose modification produced by the FFF method with parameter 14, it was
observed 89.79 MPa with an increase of 49% in the PA6GF20c specimen.

The tensile strength value was 65.12 MPa in the PA6GF20 specimen without
nanocellulose modification produced by the FFF method with parameter 15, it was
observed 98.99 MPa with an increase of 52% in the PA6GF20c specimen.
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While a 10% change was observed in PA6GF20 specimens depending on the layer
thickness at 275°C, an 18% increase was observed in PA6GF20c specimens.

Nanocellulose modification showed very successful results in glass fiber reinforced
PAG6 specimens. Compared to the PA6GF10 specimens without nanocellulose, the
tensile strength values increased by 72 to 88% in the PA6GF10c specimens, which
were produced with nanocellulose modified and produced in different parameters. It
can be said that a very high tensile strength increase was achieved when compared
with PA6GF10 specimens that did not contain nanocellulose. Compared with the
PAGB6GF20 specimens without nanocellulose, the tensile strength values increased by
41 to 52% in the PA6GF20c specimens, which were produced with nanocellulose
additives and produced in different parameters. It can be said that a very high tensile
strength increase was achieved when compared with PA6GF20 specimens that did not
contain nanocellulose. It has been observed that the nanocellulose modification creates
a significant mechanical property difference. It can be thought that the amorphous
structure of the glass fiber increased the effect of the modification made with

nanocellulose.

The tensile strength value was 48.47 MPa in the PA6CF10 specimen without
nanocellulose modification produced by the FFF method with parameter 13, 79.13

MPa with an increase of 63% was observed in the PA6CF10c specimen.

The tensile strength value was 60.28 MPa in the PA6CF10 specimen without
nanocellulose modification produced by the FFF method with parameter 14, 92.13
MPa with an increase of 53% was observed in the PA6CF10c specimen.

The tensile strength value was 63.78 MPa in the PA6CF10 specimen without
nanocellulose modification produced by the FFF method with parameter 15, 96.57

MPa with an increase of 51% was observed in the PA6CF10c specimen.

While a 32% change was observed in PA6CF10 specimens, an increase of 22% was
observed in PA6CF10c specimens depending on the layer thickness at 275°C.

The tensile strength value was 82.90 MPa in the PA6CF20 specimen without
nanocellulose modification produced by the FFF method with parameter 13, 92.16

MPa with an increase of 11%was observed in the PA6CF20c specimen.
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The tensile strength value was 95.83 MPa in the PA6CF20 specimen without
nanocellulose modification produced by the FFF method with parameter 14, 104.81

MPa with an increase of 9% was observed in the PA6CF20c specimen.

The tensile strength value was 125.29 MPa in the PA6CF20 specimen without
nanocellulose modification produced by the FFF method with parameter 15, 131.52
MPa with an increase of 5% was observed in the PA6CF20c specimen.

While a 51% change was observed in PA6CF20 specimens, an increase of 43% was

observed in PA6CF20c specimens depending on the layer thickness at 275°C.

Nanocellulose modification showed successful results in carbon fiber reinforced PA6
specimens. Compared with the PA6CF10 specimens without nanocellulose, the tensile
strength values increased by 51 to 63% in the PA6CF10c specimens, which were
produced with nanocellulose modification and produced in different parameters. It can
be said that a very high tensile strength increase was achieved when compared with
PAGBCF10 specimens thatdid not contain nanocellulose. Compared to the PA6CF20
specimens without nanocellulose, the tensile strength values increased by 5 to 11% in
the PA6CF20c specimens modified with nanocellulose and produced in different
parameters. It can be said that a very low tensile strength increase was achieved when
compared with PA6CF20 specimens that did not contain nanocellulose. Compared to
the 10% by-weight carbon fiber reinforced specimens, the increase in the specimens
with 20% carbon fiber reinforcement was very low. Considering the amount of
increase in tensile strength caused by nanocellulose additive made to glass fiber
reinforced PA6 specimens, it can be said that there is a small increase in carbon fiber
reinforced PA6 matrix specimens. In addition, although nanocellulose modification
increased the tensile strength value and change rates in each parameter, the amount of
increase depending on the layer thickness decreased. Although the highest tensile
strength value was observed in the PA6CF20c specimen produced with parameter 15,
the highest tensile strength change rate was observed in the PA6GF20c specimen. This
may have the effect of increasing the use of low-cost fibers such as glass fiber instead
of expensive additives such as carbon fiber. The nanocellulose surface modification
made to the glass fiber, which is low cost even from the PA6 matrix material and
reduces the costs in proportion to its addition, has created a great change in tensile

strength.
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It was observed that the decrease in the layer thickness of nanocellulose modification
in glass fiber-reinforced specimens had a positive effect on the increase in tensile
strength. In this case, it can be said that the nanocellulose additive with a large surface
area provides higher bonding in the production of the material in dense layers and
positively affects the interface bonds between the layers. It has been observed that
higher mechanical properties are obtained by choosing low-layer thickness in

nanocellulose-doped PAG specimens.

In the carbon fiber reinforced PA6 matrix specimens, the nanocellulose additive
caused a significant increase in mechanical properties independent of the weight ratio,
while the effect of the nanocellulose modifier was low depending on the layer
thickness. This shows that the nanocellulose modification applied to the carbon fiber
material reaches saturation and the interface improvement that increases the tensile

strength is close to the optimum points.

The tensile strength value was 47.85 MPa in the PAG6HF10 specimen without
nanocellulose modification produced by the FFF method with parameter 13, 77.33

MPa with an increase of 62% was observed in the PA6HF10c specimen.

The tensile strength value was 53.23 MPa in the PA6HF10 specimen without
nanocellulose modification produced by the FFF method with parameter 14, 89.10

MPa with an increase of 67% was observed in the PA6HF10c specimen.

The tensile strength value was 59.18 MPa in the PA6HF10 specimen without
nanocellulose modification produced by the FFF method with parameter 15, 92.66
MPa with an increase of 57% was observed in the PA6HF10c specimen.

While a 24% change was observed in PA6HF10 specimens, a 20% increase was

observed in PA6HF10c specimens depending on the layer thickness at 275°C.

The tensile strength value was 72.41 MPa in the PA6HF20 specimen without
nanocellulose modification produced by the FFF method with parameter 13, 91.45
MPa with an increase of 26% was observed in the PA6HF20c specimen.
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The tensile strength value was 90 MPa in the PA6HF20 specimen without
nanocellulose modification produced by the FFF method with parameter 14, 98.26

MPa with an increase of 9% was observed in the PA6HF20c specimen.

The tensile strength value was 106.69 MPa in the PA6HF20 specimen without
nanocellulose modification produced by the FFF method with parameter 15, 118.33
MPa with an increase of 11% was observed in the PA6HF20c specimen.

While a 47% change was observed in PA6HF20 specimens, a 29% increase was

observed in PA6HF20c specimens depending on the layer thickness at 275°C.

The effect of surface modification with nanocellulose on carbon fibers on mechanical
properties was not as effective as the increase in glass fiber-reinforced specimens. This
may be the crystal structure of the carbon fiber and the surface modification made for
PAG6 compatibility with the carbon fibers used. Although the highest tensile strength
value was observed in the PA6CF20C specimen produced with parameter 15, the
observed change was not as high as in the PA6GF20 specimen when compared to the
PAG6CF20 specimen value without nanocellulose. Depending on the layer thickness,
the change in tensile strength decreased with nanocellulose modification. This shows
that the nanocellulose additive reaches saturation and the interface improvement,
which increases the tensile strength, is close to the optimum points. It has been
observed that the production parameters are quite effective on the mechanical

properties.

The variation in layer thickness is quite high in carbon fiber-reinforced specimens, it
is lower in glass fiber-reinforced specimens. The high thermal capacity of the carbon
during the bonding of the layers of the carbon fiber reinforced PA6 matrix may have
caused this. It can be thought that the low thermal capacity of the glass fiber causes
rapid cooling during the production of the layers and a lower effect on the joints

between the layers.

4.2.4 Impact Testing

When a sudden load is applied to a material, the maximum force that the material can

resist is defined as impact resistance. The effect of the high force applied to the

117



material in a short time is greater than the low force applied for a long time. In the first
stage of the thesis study, it is parameter number 15 where the highest tensile strength
values are obtained among the tensile test specimens produced in 15 different
parameters. The highest tensile strength was obtained in parameter 15 for all
specimens. All tensile test specimens were produced in -/+45 orientation as standard.
Anisotropic material production is possible with the FFF method (Parandoush and Lin,
2017). Direction-related features can be changed with production parameters. For this
reason, the effect of the change in the infill pattern on the mechanical properties was
investigated with the Charpy test. In this context, two different specimen groups were
produced in -/+45 and 0/90 orientation with the FFF method using 7 different
compounds. The specimens were produced and tested in accordance with the 1ISO179

standard.

It has been observed that the impact resistance of pure PAG is higher than the fiber-
reinforcement ones. Although the fiber reinforcement increases the tensile strength, it
decreased the impact resistance. It also caused a decrease in ductility and a brittle
structure. The increase in fiber proportion decreased the impact resistance. In ISO 179
Charpy specimens produced from both glass fiber, carbon fiber, and hybrid form
compounds, the impact strength of those with both orientations decreased with the
increase in fiber proportion. In all compounds, the impact resistance of the specimens
with the -/+45 orientation is higher than the ones with the 0/90 orientation. Similar
results were obtained with studies in the literature on the impact of resistance change
due to infill patterns (Galeja et al., 2020) .

When carbon and glass fiber reinforcements are compared, although carbon fiber-
reinforced compounds have higher tensile strength, their impact resistance is lower
than glass fiber-reinforced ones. This situation was observed similarly for the ones
with 10% and 20% fiber additive ratios and for the specimens produced in both
directions. It has been observed that the impact strength of hybrid additive compounds
is between glass fiber and carbon fiber. This is an indication that hybrid structures can

be used to optimize impact resistance.

The reason why glass fibers have higher impact resistance can be said to be more
flexible than carbon fiber. The reason why the increase in the fiber ratio causes a
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decrease in the impact strength is the decrease in the matrix material ratio and the poor

bonding under sudden load.

Table 4.19: Non-Modified and Modified Specimens Average Charpy Results

Non-Modified Fiber

Modified Fiber

Percent Increase

PABCF10 (-/+45)
PABCF10 (0/90)
PABCF20 (-/+45)
PABCF20 (0/90)
PABGF10 (-/+45)
PABGF10 (0/90)
PABGF20 (-/+45)
PABGF20 (0/90)
PABHF10 (-/+45)
PAGHF10 (0/90)
PABHF20 (-/+45)
PABHF20 (0/90)

29.01
27.81
26.17
24.79
47.37
43.57
34.89
31.97
36.65
33.87
32.28
29.37

30.97
28.63
27.08
26.26
50.34
47.54
38.94
35.47
39.57
36.94
35.72
34.3

6.8%
2.9%
3.5%
5.9%
6.3%
9.1%
11.6%
10.9%
8.0%
9.1%
10.7%
16.8%

When the Charpy results of the specimens containing nanocellulose-modified fiber

were examined, it was observed that the impact strengths increased slightly as an

indicator of interface improvement. The impact strength increase in glass fiber-

reinforced specimens is higher than in carbon fiber-reinforced specimens. It can be

said that nanocellulose surface modification is more effective on glass fibers.

4.2.5 CompressionTesting

In the first stage of the thesis, compression test specimens were produced by using the

parameters that produced the specimens with the highest tensile strength. The effect of

the change in layer thickness under the compression force was investigated. In this

context, 3 different layer thickness specimens were produced at constant nozzle

temperature.
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Table 4.20: Specimens Average Compression Results

Specimens Dis. Strain  Specimens Dis. Strain  Specimens Dis.  Strain
mm % mm % mm %

Pure PA6 (13) 12.64 | 49.77 | Pure PA6 (14) 10.25 | 40.37 | Pure PA6(15) 6.3 24.81
PA6CF10c (13)  8.48 33.37 | PA6GF10c (13) 10.43 | 41.07 | PA6HF10c (13) 6.3 24.8
PAGCF10 (13) 9.11 35.86 | PA6GF10 (13) 10.86 | 42.77 | PA6HF10(13) 8.35 | 32.87
PA6CF10c (14) 5.12 20.16 | PABGF10c (14) 6.5 26.6 PAG6HF10c (14) 4.44 | 17.48
PAGCF10 (14) 5.72 22.5 | PA6GF10 (14) 9.09 35.8 PAG6HF10 (14) 5.05 | 19.9
PA6CF10c (15) 4.24 16.7 | PA6GF10c (15) 4.89 19.24 | PA6HF10c (15) 291 | 11.45
PAG6CF10 (15) 4.35 17.13 | PA6GF10 (15) 5.83 22.96 | PAGHF10 (15) 3.55 | 13.97
PABCF20c (13)  7.36 28.98 | PA6GF20c (13) 6.6 25.97 | PA6HF20c (13) 4.98 | 19.61
PAGCF20 (13) 7.98 31.4 | PA6GF20 (13) 6.72 26.47 | PA6HF20 (13) 6.12 | 24.07
PA6CF20c (14)  4.15 16.34 | PA6GF20c (14) 5.93 23.35 | PA6HF20c (14) 2.78 | 10.95
PAG6CF20 (14) 5.19 20.43 | PABGF20 (14) 6.17 24.31 | PA6HF20 (14) 3.95 | 15.43
PA6CF20c (15) 1.32 5.2 PA6GF20c (15) 2.15 8.47 PAG6HF20c (15) 1.31 | 5.16
PAGCF20 (15) 2.38 9.38 | PA6GF20 (15) 4.75 18.47 | PA6HF20 (15) 2.06 | 8.13

By using all the filaments modified and unmodified with nanocellulose, specimens
were produced with the FFF method in parameters 13, 14, and 15. Compression tests
were performed on Instron 5966 device according to ASTM D695 standards. All

composites were studied under load up to 9000N.

A change in strain was observed in all specimens depending on the layer thickness
changing. The reduction in layer thickness reduced the amount of displacement under
compression load. The lowest strain values were observed at 0.1mm layer thickness.

Fiber surface modification with nanocellulose showed a positive effect in compression
tests as well as in tensile tests. Lower strain values were exhibited in the specimens

that were modified for each layer thickness.

The increase in fiber additive ratios had a positive effect for each fiber type and the
strain value decreased. Carbon fiber-reinforced specimens produced lower strain than
glass-reinforced specimens. The higher tensile and impact properties of carbon fibers
may be the reason for this. Hybrid fiber-reinforced specimens produced better results
under compression compared to carbon-reinforced specimens. It has been observed
that different fibers used together give more effective results in the compression
direction. The fact that the fibers have different lengths and diameters may have

increased the compressive strength.
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Fiber-reinforced specimens showed superior compressive strength compared to pure
PAG6 specimens. Fiber reinforcement increased the mechanical properties of the
specimens in the compression direction as well as in the tensile direction. The fiber
matrix interface improvement has also resulted in a positive result in the compression
direction. It has been observed that the fiber reinforcements in the pure polymer exhibit
a more rigid structure under force compared to the specimens without fiber

reinforcement.

4.2.6 SEM Analysis

In the thesis study, the weight ratios of fiber reinforcement determined for each
compound were verified by TGA analysis. On the other hand, it is critical that the fiber
distribution in the matrix is homogeneous in composite structures. In fiber-reinforced
composite materials, homogeneity in fiber distribution is required to provide consistent
properties over the entire area of the part (Goh et al., 2019). Thanks to the screw
configuration of the twin-screw extruder used, the successful homogeneous
distribution of the fibers was controlled by microstructure analysis. It was observed
that the fibers reinforced into the PA6 matrix in all compounds were homogeneously

dispersed. An example image is shared in Figure 4.45.

Figure 4.45: PA6HF20 Specimen SEM Image

Diameter controls of the fiber reinforcements added to the PA6 matrix were carried
out with SEM images. In the production of parts with the FFF method, the polymer is
extruded from the heated nozzle head. Tips of different diameters are used in the nozzle
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head, where polymer or polymeric composites are extruded. Nozzle tips with
diameters of 0.4-0.6-0.8-1mm are commonly used in the FFF method. In the thesis
study, specimen productions were carried out with a 0.6mm diameter special sapphire
nozzle tip. Fiber diameters are important to prevent nozzle clogging. In this context,
fiber products of Dowaksa and Sisecam were used in compound production. In
microstructural analysis, glass fiber diameters were measured as ~10u and carbon fiber

diameters were measured as ~8.

Figure 4.47: PA6CF20 Specimen SEM Image

In the first stage of the thesis study, a nanocellulose modification was applied for
interfacial improvement in order to increase the mechanical properties of the tested
specimens. When the mechanical properties of all specimens are examined, it is seen
that the modification of the fiber surfaces with nanocellulose has a positive effect. It
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has been observed by microstructure analyses that these processes are effective in their
adhesion in the matrix and fiber junction areas. 4.1.3. In the images shared in the

section titled, the effect of nanocellulose on interfacial bonding is seen in detail.

Fiber-reinforced composites, filament production with a single-screw extruder, and
FFF method production have a positive effect on the orientation of the fibers. Fiber
orientation has given anisotropic properties in the produced specimens. In the SEM

images, it was observed that the fibers were oriented in the tensile direction.

50 m Mag= 500X Signal A= SET EHT= 1500 kV
—

N
WD = 11.20 mm Photo No. = 2732 .h

Figure 4.48: PA6HF10c Specimen SEM Image

To produce load-bearing parts with the FFF method, high-performance composite
filaments must be developed. The main reason why polymer products produced with
FFF do not show high mechanical properties is the interface defects in the internal
structure that occur during production. In the thesis study, it was aimed and achieved
to produce hybrid composite structures with high performance in complex geometry
by the FFF method, without the disadvantages of traditional methods and by improving
the interface. When the SEM images were examined, it was observed that the fiber-
matrix interfacial bonds were quite good and the nanocellulose additive improved this.
The obtained tensile strength values are also the biggest indicator of this.
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Chapter 5

5 Conclusion

Thermoplastic composites are the focus of new-generation research and development
studies on sustainable materials, green composites, and circular economy concepts.
Thermoplastic materials have the advantage that they can be recycled up to a certain
cycle time. Heat and pressure are applied to produce and shape composites with a
thermoplastic matrix. The disadvantages of thermoplastics are that they have very high

expansion and contain high viscosity.

The most innovative forming method of thermoplastics is additive manufacturing
technologies. The most common among them is FFF technology. The main advantage
of the FFF method is the ability to directly transform a computerized 3D model into a
finished product without using any auxiliary tools. This facilitates the production of
complex geometric parts that are difficult to manufacture with conventional
manufacturing processes. Additive manufacturing devices will play an important role
in the transformation of industry 4.0 in terms of producing products in one piece
without the need for assembly, not producing any residual material, and containing

many new generation technologies.

Studies are carried out on the production of high-performance polymer products with
the additive manufacturing method. In addition, commercial products are coming to
the market in this area. Currently, pure polymers are used in the FFF method. In
addition to pure polymers, fiber-reinforced polymer filaments are also being
developed. The increase in the variety of materials used in this area will increase the
industrial use of the products produced by the FFF method. In addition, composite
structures will be manufactured without plastic injection, vacuum infusion, or pressure

molding. With fiber-reinforced polymer filaments, it will allow the production of

124



complex geometry products, especially in the aerospace, defense, automotive and

medical sectors, at low cost.

Being able to produce fiber-reinforced materials by additive manufacturing is the main
goal of a number of research in the 3D printing industry. Fiber-reinforced polymer
composites have been used for many years, but in recent years, their use has increased,
especially in the aerospace, defense, automotive, and medical industries. Conventional
composite manufacturing processes such as hand-lay out, resin transfer molding, and
automatic laying have many practical and financial problems that limit their use.
Processes such as manual laying and vacuum infusion are inexpensive, and easy to set
up, but labor intensive. There are variations in the properties of the parts depending on
the skills of the operators. Processes such as automated laying require the use of
expensive and short shelf-life pre-preg materials. Composite part production processes
with the FFF method will remove some barriers to traditional composite production
methods. Additive manufacturing methods do not require any molds or autoclaves
required by conventional processes. There is also the freedom to choose polymer and
fiber layers, and composite parts with complex geometries can be produced. Additive
manufacturing processes offer greater design and material freedom than traditional

composite manufacturing processes.

Existing filaments used in the FFF method have low elastic modulus and mechanical
properties. The use of unreinforced polymer filaments limits the wide application of
parts produced by this method in industry and research environments. In this context,
fiber reinforced PA6 matrix composites developed in the thesis study may offer
opportunities. The industrial usage area of the products produced by the FFF method
will increase thanks to the fiber reinforcement and the filaments reinforced with
nanocellulose modification. In addition, the low mechanical properties observed in the
specimens produced by the fiber-reinforced polymer matrix FFF method were
improved to a certain extent by modifying the fibers with nanocellulose. Moreover, it
has been observed that the production parameters of the FFF method are quite effective
on the tensile strength values. In addition, it has been seen that nanocellulose additive
can be used for interface modification and improves mechanical properties. Among
the material configurations developed in the thesis study, tensile strength values

reaching 130 MPa can be an alternative for many areas.
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The most significant disadvantage of the FFF method is that the layer mergers are
weak. For this reason, they exhibit lower mechanical properties under tensile force
when compared to the specimens produced by injection molding, etc. polymer
production methods. For this reason, their behavior under compression load and the
effect of the change in layer thickness on the strain value in the compression direction
were investigated. The values obtained in the compression test results constitute
meaningful data for comparing similar composites with different production methods.
In addition, it was observed that nanocellulose surface modification produced positive
results under compression force. One of the critical criteria of the design is the forces
under which the parts will work in the working environment. It can be thought that the
products that can use under compression load produced by additive manufacturing will

have good results and create new application areas.
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