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ABSTRACT

NUMERICAL AND EXPERIMENTAL INVESTIGATION OF
MECHANICAL PROPERTIES OF PARTS MANUFACTURED VIA
CARBON FIBER REINFORCED MATERIAL EXTRUSION

Siire, Akincan

M.S., Department of Mechanical Engineering
Supervisor: Assoc. Prof. Dr. Ulag Yaman
Co-Supervisor: Prof. Dr. Mehmet Ali Sahir Arikan

August 2024, [I02] pages

With the improvements in manufacturing technology, it is possible to produce light
parts with complex geometries with additive manufacturing today. This brings critical
advances in many industrial fields, such as aerospace, defense, and automotive, where
the weight of the parts is crucial. A new material extrusion process, continuous fiber
fabrication (CFF), has been developed by an industrial company, namely Markforged,
which enables the design of composites with fiber reinforcement in the material ex-
trusion process. CFF process includes two types of reinforcements: isotropic and
concentric. In isotropic reinforcement, the parts’ interior is reinforced continuously
with fibers, while concentric reinforcement allows the strengthening of the design lo-
cally, such as reinforcement of outer shells or regions around the holes where high
stresses are usually encountered. The latter one, concentric reinforcement, is inves-
tigated in the scope of this thesis. One of the challenging problems regarding CFF
is the mechanical performance measurement of the parts under certain loading cases.
Although testing is usually the preferred way of evaluating mechanical performance,

it is not always possible or feasible. Hence, finite element analysis (FEA) should



be considered as an alternative way of measuring the mechanical responses of the
parts. However, one should be meticulous about the accuracy and validity of numeri-
cal analysis. Even though there are many studies in the literature about the evaluation
of the mechanical performance of CFF parts with FEA, there are many discrepancies
between research. Hence, in this thesis, a finite element modeling strategy for parts
manufactured with CFF is developed, and the modeling technique is verified with
tests.

First, required material characterizations are performed in order to obtain material
properties for selected materials. Then, three specimens having different loading con-
ditions, tensile, bending, and eccentric loads, are designed and manufactured. Later,
specific load cases are created, and tests are performed. Finally, corresponding nu-
merical models for tests are prepared, and FEA simulations are run to validate the
numerical modeling approach. The validation criterion is based on the force and dis-
placement of the parts for their elastic behavior. The results of the numerical models
and tests are in good agreement with each other for lower displacement values since
FE analyses are done with linear and elastic material properties. For higher displace-
ments, where the mechanical response of the parts is plastic, there are discrepancies
between numerical analysis and test results. The sources of errors are discussed in

the thesis in order to develop better mathematical modeling techniques in the future.

Keywords: Additive Manufacturing, Continuous Filament Fabrication, Composite

Materials, Finite Element Analysis, Material Characterization
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KARBON FIBER ILE GUCLENDIRILMIS MALZEME EKSTRUZYON
YONTEMI ILE URETILMIS PARCALARIN MEKANIK
OZELLIKLERININ NUMERIK VE DENEYSEL OLARAK INCELENMESI

Siire, Akincan
Yiiksek Lisans, Makina Miihendisligi Boliimii
Tez Yoneticisi: Dog. Dr. Ulas Yaman
Ortak Tez Yoneticisi: Prof. Dr. Mehmet Ali Sahir Arikan

Agustos 2024 ,[102] sayfa

Imalat teknolojisindeki gelismelerle birlikte, giiniimiizde eklemeli imalat ile karmagik
geometrilere sahip ve hafif parcalar tiretmek miimkiindiir. Bu teknoloji, par¢a agirli-
ginin hayati 6nem tasidig1r havacilik, savunma ve otomotiv gibi bircok endiistriyel
alanda kritik ilerlemeler saglamaktadir. Markforged isimli bir endiistriyel sirket tara-
findan malzeme ekstriizyon prosesinde fiber takviyeli kompozitlerin tasarlanmasini
miimkiin kilan yeni bir malzeme ekstriizyon prosesi olan siirekli fiber imalat1 (SFI)
gelistirilmistir. SFI siireci iki tiir giiglendirme icerir: izotropik ve esmerkezli takviye.
Izotropik takviyede, parcalarin i¢ kismu siirekli fiberlerle giiclendirilirken; esmerkezli
takviye ile parcalarin dig kabuklarinin veya gerilmelerin yiiksek oldugu delik etrafi
bolgelerin lokal olarak giiclendirilmesine olanak taninir. Bu tez kapsaminda esmer-
kezli giiclendirme yontemi incelenmistir. SFI ile ilgili zorlu problemlerden biri de
parcalarin mekanik performansinin 6l¢iilmesidir. Her ne kadar mekanik performansi
degerlendirmenin genellikle tercih edilen yolu test olsa da, parcalarin test edilmesi

her zaman miimkiin veya uygulanabilir degildir. Bu nedenle sonlu elemanlar analizi
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(SEA), par¢alarin mekanik cevaplarini 6l¢cmenin alternatif bir yolu olarak diisiiniilme-
lidir. Ancak sayisal analizin dogrulugu ve gegerliligi konusunda titiz davranilmalidir.
Literatiirde SFI parcalarinin mekanik performansinin sonlu elemanlar analizleri ile
degerlendirilmesi konusunda cok sayida calisma bulunmasina ragmen arastirmalar
arasinda birgok farklilik bulunmaktadir.Bu nedenle bu tezde, SFI ile iiretilen parcalar
icin sonlu elemanlar modelleme stratejisi gelistirilmis ve modelleme teknigi testlerle

dogrulanmistir.

Ik olarak malzeme karakterizasyon testleri ile secilen malzemeler icin gerekli mal-
zeme Ozellikleri elde edilmistir. Cekme, egme ve eksantrik yiikleme gibi 3 farkli yiik-
leme kosullarina numuneler tasarlanip tasarlanip tiretilmistir. Ardindan belirli yiik
durumlar1 olusturularak testler gerceklestirilmistir. Nihayetinde, testlere tekabiil eden
sayisal modeller hazirlanip, sayisal modelleme yaklasimini dogrulamak i¢cin SEA si-
miilasyonlar1 kosulmugtur. Bu tezde kullanilan dogrulama kriteri, parcalarin elastik
davrandig1 bolgedeki deformasyonlara karsilik gelen kuvvetlerin kiyasina dayanmak-
tadir. Sonlu elemanlar analizleri dogrusal ve elastik malzeme 6zellikleriyle yapildi-
gindan, daha diisiik deplasman degerleri icin sayisal model ve testlerin sonuglar1 bir-
biriyle iyi uyum gostermektedir. Parcalarin mekanik tepkisinin plastik oldugu, yani
daha yiiksek deformasyonlara sahip bolgelerde sayisal analiz ve test sonuglar ara-
sinda farkliliklar bulunmaktadir. Gelecekte daha iyi matematiksel modelleme teknik-

lerinin gelistirilmesi amaciyla tezde hatalarin kaynaklar tartigilmistir.

Anahtar Kelimeler: Eklemeli imalat, Siirekli Fiber Imalati, Kompozit Malzemeler,

Sonlu Elemanlar Analizi, Malzeme Karakterizasyonu
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CHAPTER 1

INTRODUCTION

1.1 Motivation and Problem De nition

Many engineering applications require high strength and low-weight products. Com-
posite parts are usually preferred in the defense, aerospace, and automotive industries
where low-weight and high strength are needed. Although stress-critical components
are generally manufactured using traditional methods, AM may provide ef cient so-
lutions. Traditional manufacturing techniques bring numerous disadvantages for en-
gineers, which can be listed as design limitations considering the part's manufactura-
bility, the requirement of special molds, well-trained technicians, etc. All these disad-
vantages create a need for more ef cient manufacturing methods. At this point, AM
may be considered as an option. Since it particularly gives design exibility to en-
gineers in designing lighter products with high mechanical performance, eliminates
the requirement for molds, and offers faster and cheaper solutions for prototyping
purposes, AM is considered as an alternative manufacturing technique for compos-
ites. Many specialized AM techniques have been developed and commercialized to
manufacture composites using AM. However, AM brings some limitations also. It
is unsuitable for mass production, and the mechanical performance of parts is still
guestionable. The need to measure the mechanical performance of any part is satis-
ed in two ways: Testing and Finite Element Analysis (FEA). Even though testing
always gives more reliable results than simulations, testing every part for any load-
ing conditions is not always possible. Moreover, testing requires special xtures and
equipment, which brings extra cost and time consumption. However, FEA is faster,
and the behavior of mechanical parts can be calculated under any loading condition.

For composite materials manufactured with traditional techniques, FEA approaches

1



are veri ed with tests and there are many studies in the literature for performance
evaluation, hence, the modeling methodology is well-de ned. However, for the com-
posite parts that are manufactured using AM, there are still questions about numerical
modeling. Stated approaches are mostly part-speci ¢, and there are discrepancies be-
tween results in the literature. Therefore, this thesis study about numerical modeling
and experimental validation of carbon ber reinforced material extrusion has been

conducted to develop an FEA approach for the CFF parts.

1.2 Proposed Methods and Models

Additive Manufacturing (AM) is a brand-new technology for manufacturing lighter
parts with high mechanical performance and complex geometries. Continuous Fiber
Fabrication (CFF) is an AM process capable of manufacturing composites made of
thermoplastics (as matrix) with ber reinforcements. In this thesis, the numerical
modeling approach of parts manufactured with CFF is researched. Three different
types of specimens, namely tensile, bending, and eccentric, were manufactured using
the CFF method for different loading scenarios. Finite Element Analysis (FEA) of
loading cases are prepared and solved, then results are compared with experiments in

order to verify the accuracy of modelling technique.

1.3 Contributions and Novelties

The contributions of this thesis are as follows:

Tensile specimens with different ber orientations (0,45,90 degrees) are man-
ufactured and tested to determine the material properties of carbon ber rein-

forcement.

Tensile specimens made of white nylon with solid in Il are manufactured and

tested to determine material properties of matrix material white nylon.

Tensile specimens having triangular in Il with carbon ber reinforcement are
designed, numerically modeled, and tested to evaluate the accuracy of the mod-

eling technique under tensile loading.

2



Bending specimens having triangular in Il with carbon ber reinforcement are
designed, numerically modeled, and tested to evaluate the accuracy of the mod-

eling technique under bending loading.

Eccentric specimens having triangular in Il with carbon ber reinforcement
are designed, numerically modeled, and tested to evaluate the accuracy of the

modeling technique under combined bending and tensile loading.

The results of tests and analyses for three specimens are compared. Possible

sources of errors between numerical solutions and tests are discussed.

1.4 Limitations of the Thesis

The modeling technique developed in this thesis is only valid for the loading in the
elastic regime since the plastic behavior of white nylon and carbon ber is highly
complex and requires numerous tests. Moreover, the validation of the numerical
model is based on displacements and corresponding forces because strains cannot

be measured inside the part where cracks start to propagate.

1.5 The Outline of the Thesis

In Chapter 2, related works in the literature are reviewed, and the inaccuracies

in the state of the art for this topic are discussed.

In Chapter 3, material characterization procedures and results for carbon ber

and white nylon are provided.
In Chapter 4, the design and fabrication of CFF test specimens are presented.

In Chapter 5, rst, the numerical modeling approach for CFF parts and stages

of numerical modeling for test specimens are covered.

In Chapter 6, tests of specimens are shared. Then, the test results are compared

with numerical analysis results and possible causes of errors are discussed.

In Chapter 7, results and ndings are brought to a conclusion.






CHAPTER 2

BACKGROUND AND LITERATURE REV |IEW

In this chapter of the thesis, related literature reviews and the state of the art of the
topic are given in four sections, namely Fundamentals of Additive Manufacturing
2.1, Additive Manufacturing of Composite Parts 2.2, Material Characterization of
Additively Manufactured Composite Part 2.3, and Numerical Modelling of Additively

Manufactured Composite Parts 2.4.

2.1 Fundamentals of Additive Manufacturing

AM is one of the most popular topics in the eld of manufacturing. The main dif-
ference from conventional manufacturing technologies is that parts are created layer
by layer in AM, and, as the name implies, the process is additive. In contrast, parts
are made from the raw material in a subtractive manner in conventional machining.
This technology was found in 1986 by Charles Hull[1]. However, since 2010, many
patents have expired, and many people have started using and developing the technol-
ogy. Compared to conventional manufacturing technologies, AM has numerous ad-
vantages, including the capability of manufacturing more complex geometries, mass
and cost reduction, the requirement for fewer process steps, post-machining, assem-
bly, etc. However, it also has plenty of drawbacks to conventional machining, such
as surface nish quality, allowable materials, size limitations, and anisotropy in me-

chanical properties.

Although various types of AM processes exist, the basic procedure to make the nal

product is the same for all, as shown in Figure 2.1.



Figure 2.1: Additive Manufacturing Process Chain[2]

First, a 3D model of the object should be designed. Then, the part should be con-
verted into Standard Tessellation Language File (STL) format to tessellate and slice
the part to create multiple layers. The next step is uploading the STL le to the printer.
The machine is set up with printing parameters, and the model is ready to be printed
layer by layer. Finally, post-processing operations, such as extra polishing, cleaning,
and coating, may be applied if needed [3]. According to ASTM 52900, [4], addi-
tive manufacturing can be divided into seven main types, considering the production
method:

Material Jetting

Binder Jetting

Material Extrusion

Powder Bed Fusion

Sheet Lamination

Directed Energy Deposition

Vat Photopolymerization

This chapter will discuss only the material extrusion process in detail since this

method is preferred for manufacturing the parts in this thesis.

2.1.1 Material Extrusion

Material extrusion technique, also called Fused Filament Fabrication (FFF) or Fused

Deposition Modelling (FDM), is one of the most widely used and researched additive
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manufacturing technology because of its simplicity, versatility, and cost-effectiveness
[5]. It works by extruding the lament, which is liquidized with supplied heat and
becomes semi-solid, to create a layer. After extrusion, the material solidi es in order
to have the desired shape and bound to the previous layer.

Material Extrusion is frequently used when functional prototypes are needed. More-
over, it enables designers to change and customize their designs freely since the pro-
cess allows manufacturing complex geometries. Compared with the conventional
methods, the cost could be lower, and manufacturing time could be drastically de-
creased. These bene ts make the material extrusion process suitable for rapid proto-

typing and small-batch production.

Figure 2.2: Material Extrusion System Working Principle [6]

The part should rst be designed using a CAD software in FFF processes. Then,
the proper software, which should be capable of communicating and transferring the
model to the printer, slices the part. The term slicing is obtaining 2D layers from
the 3D model and creating tool paths ( G-code) to manufacture the whole part layer
by layer. Tool paths must be created for each layer; then, the G-code should be
transferred to a 3D printer. Once the printer receives the tool path, it prints the part. As
seen in Figure 2.2, the lament is placed into a lament holder. Using a pinch-roller
system, the solid lament is pushed through to a lique er reservoir section, where
heat is given to liquidize the material. After liquidizing, the material is pressurized,

and extrusion from the nozzle starts. The nozzle can move in x-y (horizontal plane),
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and it follows the path provided in the G-code. Once the nozzle nishes printing a
layer, it goes down in the z-axis, and the same procedure applies to the next layer.

This process continues until all the layers are printed.

2.2 Additive Manufacturing of Composite Parts

Composite materials generally consist of two or more different materials combined to
obtain better properties such as lower weight, higher strength, etc. In general, a com-
posite part includes a matrix material, which is generally a thermoplastic, thermoset,
or elastomer, and is responsible for bonding the reinforcement material, transferring
the load to reinforcement, providing chemical resistance, and giving the desired shape
to the mechanical part; and reinforcement material, which is better in terms of me-
chanical properties, stiffer, having higher elastic and shear modulus, and strength [7].
For many applications where lightweight and high strength is needed, such as de-
fense, aerospace, biomedical, etc., composites are mostly preferred [8]. However, the
production of composite parts is highly challenging. When a part is used repeatedly,
a mold is usually used to produce composites. However, manufacturing a mold is
highly pricey and time-consuming for prototyping purposes. Also, the manufacturing
of composites is highly labor-dependent; generally, it is done manually. Since AM
offers design exibility and requires no mold, etc., using it to fabricate composites
is very ef cient and handy. Moreover, AM is a multi-directional manufacturing pro-
cess, enabling the enforcement of the part for a speci ¢ direction where the load case
is critical. While the designer has less concern about the manufacturability of the part
with AM, mechanical parts with lighter weight and higher strengths are possible.

Although, for producing 3D printed composites, Selective Laser Sintering and Direct
Energy Deposition are used, Fused Filament Fabrication is the most preferred additive
manufacturing method [8].

Composite AM varies considerably in terms of production technique, matrix material,
reinforcement type, etc. In this thesis, different types of 3D printed composites are

classi ed considering the type of reinforcement such that: [9]
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Particle Reinforcement
Nano ller

Fiber Reinforcement

In the next section, particle reinforcement and reinforcement with nano llers will be
mentioned brie y. Fiber reinforcement will be explained in detail in the following

sections.

2.2.1 Particle Reinforcement

Particle reinforced composites are very popular because the lament is easily mixed
and reinforced, has fewer voids than other techniques, and has better surface proper-
ties [10]. In particle reinforced composites, particles carry the load, and the matrix
transports the load.[11]

Chung et al. [12] used glass beads as a ller material with varying volume fractions
of 0-30% in a functionally graded material to enhance tensile modulus and strength.
Reinforced composites are used to increase load carrying capacity and in many other
applications. Kalssom et al. [13] added micro diamond particles in composite mate-
rials to obtain higher thermal conductivity to transfer heat better in a heat sink printed
with SLA 3D printing. Moreover, Hwang et al. [14] bene ted metal particle re-
inforcement in order to obtain better dimensional properties. Their work aimed to
reduce the coef cient of thermal expansion to reduce the thermal strains induced in
additive manufacturing. In short, particle reinforced composites are used in many
applications and have the potential to be used in various elds because they elimi-
nate many disadvantages of 3D printing, such as warping, distortion, mechanical and

thermal performance, etc.

2.2.2 Nano ller

Nano ller reinforced composite materials also offer many improvements in different
material properties, such as high strength, good thermal and electrical conductiv-

ity, and good optical properties [15]. Various types of AM processes may be uti-
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lized to manufacture Nano ller composites. SLS and FDM are the most common
types, and SLA is also used when the material is not opaque so that UV lights can be
passed through the material to be activated with energy [16]. Figure 2.3 summarizes

nano ller reinforcement in the FDM process. Research in this area mainly focuses

Figure 2.3: Nano ller Reinforced FDM Process Principles [17]

on carbon-based materials like graphene, carbon nanotubes, etc., as nano ller rein-
forcement. Nadernezhad et al.[18] investigated the effects of different process param-
eters like layer thickness, in |l pattern, and orientation for the additive manufacturing
of nanotube reinforced PLA material in terms of mechanical and thermal aspects and
showed the improvement in properties. Plymill et al. [19] is researched for carbon
nanotube reinforced PLA extrusion in terms of mechanical and thermal aspects. They
showed that reinforcement increased ultimate tensile strength and Young's modulus,
about 40% increase in Young's modulus for only 1% weight percentage reinforced
material. Bai et al. [20] examined the effect of nanotubes on the mechanical per-
formance of the parts manufactured with the selective laser sintering (SLS) method.
They obtained a result that, for 0.2% weight percentage of carbon nanotube reinforce-

ment, resulted in a 17% enhancement in Young's modulus.

2.2.3 Continuous Fiber Reinforcement

Material extrusion is the most common technology for continuous ber reinforcement

[21]. Hence, Continuous Fiber Reinforcement (CFR) is not only a way of reinforcing
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3D printed composites but also a unique FFF technique called Continuous Filament
Fabrication (CFF) that is commercialized. This technology has been developed in
order to enhance the mechanical performance of plastic parts by utilizing different
reinforcement materials in various forms such as Carbon Fiber, berglass, kevlar, etc.
The part's strength considerably relies on the ber orientation and volume fraction
of ber to plastic material [22]. In this technology, the basic principle of creating an
object is similar to the FDM process, rst creating a 3D design, slicing it into layers,
and 3D printing of the part.

However, unlike the traditional and usual FDM techniques, in CFF, two separate pools
are used to supply different materials; one is responsible for matrix material and plas-
tic, and the other is responsible for reinforcement lament supply. Two different
approaches are commonly used in this technology. One and the older one is that
both materials meet in one extrusion head. Since the melting point of the plastic
part is lower than the reinforcement material, when the nozzle is heated, the plastic
part becomes molten and deposits along the reinforcement material to create a layer
that solidi es rapidly to stick to the previous layer [23]. The representative process

schematic is given in Figure 2.4.

Figure 2.4: CFF with One Extrusion Head [23]

The other, and the newest technology, is commercialized by the company Markforged
in 2014, in which two separate nozzles are used to deposit material; one is responsible

for plastic extrusion, and the other is for reinforcement material. This technique is
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more specialized than the one with a single nozzle because, with two separate nozzles,
one has the opportunity to reinforce any layer and oppositely not reinforce any layer;
in this way, overall material cost can be reduced. Although there are two separate
nozzles in Markforged systems, they do not work simultaneously, bringing a slower

process. The schematic of the Markforged printer is given in Figure 2.5

Figure 2.5: CFF with Two Extrusion Head [24]

In CFF, matrix and reinforcement materials behave like traditional composites. Ma-
trix is the base material responsible for sticking reinforcement and protecting it from
exterior effects like corrosion, degradation, etc. On the other hand, reinforcement
ber enhances mechanical properties like load capacity, stiffness, etc. Markforged
offers two types of reinforcements. One is concentric Il reinforcement, which can
reinforce the plastic outer walls and the regions around the holes with reinforcement
material. The rest of the part consists of in Il as a usual FFF part. This technique
is proper when the part is under bending and impact loads. Concentric ber rein-
forcement enables designers to reinforce the part locally so that the overall weight
can be minimized and regions having more stress can be reinforced. The other type
is isotropic reinforcement, where the part is reinforced with directional bers having
different ber angle orientations. Fiber angles can be changed in every layer so that
one can achieve the unidirectional strength [25]. A comparison of the two reinforce-
ment types is given in Figure 2.6. Moreover, a detailed view of a tensile specimen

reinforced concentrically by kevlar material is presented in Figure 2.7.
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Figure 2.6: Concentric vs isotropic reinforcement [25]

Figure 2.7: Concentric ber reinforcement [26]

Markforged offers many CFF materials to be used for matrix and reinforcement pur-
poses. Some offered materials are White Nylon, Onyx (nylon with chopped Carbon
Fibers) for matrix (base) material, and kevlar, Carbon Fiber, and berglass for rein-

forcement materials. Regarding mechanical performance, the most critical parameter
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is selected materials, and according to Markforged, Carbon Fiber is as strong as Alu-
minum 6xxx series materials. They claim Carbon Fiber has 60 GPa of Young's mod-
ulus and 800 MPa tensile strength [27]. The mechanical performance comparison for
different materials is given in the datasheet provided by Markforged and shown in

Figure 2.8a and 2.8b for matrix and reinforcement materials, respectively.

(a) Comparison of matrix materials

(b) Comparison of reinforcement materials

Figure 2.8: Comparisons of materials provided by Markforged data sheet [27]

14



In addition to the used material, process parameters like nozzle temperature, nozzle
diameter, layer thickness, geometry of the part, building orientation, and environmen-
tal conditions (since, in general, matrix materials are made of polymers and sensitive

to moisture and UV lights) affect the mechanical performance of the printed part [28].

According to Ning et al., [29], printing speed has a low in uence on the tensile

strength of the printed part, but for better inter-laminar bonding and ner surface
nish, low-speed rates should be used — however, a de cient printing speed results
in a longer process time. Qiao et al. [30] discussed the effect of in Il pattern and

percentage on mechanical properties for PLA material in their work, and they con-
cluded that maximum bending force before failure increases with increasing in |l

percentage. They compared three different in Il patterns, namely grid, honeycomb,
and gyroid, depicted in Figure 2.9, and obtained that honeycomb and gyroid in |l

patterns have better mechanical properties than simple grid patterns.

Figure 2.9: Different in Il patterns [30]

Atatreh et al. [31] compared the tensile properties of 17-4 PH steel with triangular
and solid in Il. They proposed that tensile strength drops 42 % when triangular in I

is used, but the total mass also reduces to 34 %. Their samples are provided in Figure
2.10.
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Figure 2.10: Solid vs triangular [31]

Moreover, Huit et al. [32] did tedious work about how different in Il types affect the
elastic modulus and tensile strength of White Nylon parts reinforced by berglass,
Carbon Fiber, and Kevlar. For all types of in Il, Carbon Fiber has the highest elastic
modulus and tensile strength compared to others when tested with the same in |l ra-
tios and patterns. Also, the conclusion of this work suggests that rectangular in Il has
a higher elastic modulus and tensile strength than hexagonal in Il, followed by trian-
gular in . In another study, Naranjo et al. [33] also investigated the same subject,
the effect of in Il pattern on continuous and chopped Carbon Fiber reinforced White
Nylon. They concluded that triangular in Il performs better mechanical performance

( better elastic modulus and tensile strength). Hence, different results are present in

the literature on this eld.

Chacon et al. investigated the effect of printing parameters on mechanical properties
in their work [34]. They examined the impact of three build orientations, namely
at, on edge, and upright, given in Figure 2.11, layer thickness, and feed rate, on the

mechanical properties of PLA material.

For the same layer thickness and feed rate, they obtained similar results for elastic
modulus for on-edge and at orientations but lower elastic modulus for upright ori-
entation. Upright specimens show inter-layer failure with lower strength and elastic
modulus, while on-edge and at specimens exhibit trans-layer failure with higher
tensile strength and elastic modulus. For the same feed rate, layer thickness affects
changes with build orientation. For upright specimens, tensile strength increases with

layer thickness; however, layer thickness has almost no signi cant effect on mechan-
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ical performance for on-edge and at build orientations. The impact of the feed rate
also depends on the orientation of the part. For the upright samples, tensile properties
improve with the increasing feed rate, while at and on-edge orientations have minor

signi cance.

Figure 2.11: Build orientation and layer thickness [34]

As mentioned in the previous paragraphs, many factors affect the mechanical proper-
ties. In conventional FFF printers, slicers (the software that slices the part into layers)
require some printing parameters as user input. However, Markforged has its own
slicing software as an online website (eiger.io). The slicer does not allow the manipu-
lation of many printing parameters. It only allows a few settings that are independent
of material, such as required roof and top layers, number of wall layers, and layer
height. The nozzle temperature, feed rate, and layer thickness parameters are not
changeable by users.

The required roof and top layers settings are the number of layers of the solid plastic
to be used in the top and bottom layers of the part to ensure the hold the part on the
printer bad [35].

The number of wall layers is the number of pure plastic shells that enclose the part
entirely. More walls make it easier to stick the reinforcement material, but they also
reduce the area that can be reinforced [35].

The layer thickness is nothing but the thickness of a single layer. It depends on the

material to be extruded [35].
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Figure 2.12: Eiger software settings

2.3 Material Characterization of Additively Manufactured Composite Parts

In order to understand the mechanical behavior of a material, required material char-
acterization tests must be done for any type of material ( metal, composite, polymer,
etc.). However, required tests are changeable and should be determined according
to speci ¢ material models. For instance, for isotropic materials like aluminum and
steel alloys, having Young's Modulus and Poisson's ratio is enough to characterize
the elastic stress-strain law for the particular material since it is assumed the material
obeys Hooke's law; however, for hyperelastic materials, which do not obey Hooke's
law, required tests change with the selected materials. Hence, the types of character-
ization tests vary depending on the material model used. As the number of terms to
de ne the stiffness matrix of the material increases, the number of tests increases. In
this section, only characterization tests of CFR are investigated.

Hence, rst, one should decide which material model best re ects the mechanical be-
havior of a part. There is a lot of research in the literature on the material modeling of
CFR parts. A research done by Galati et al. [36] to characterize the CFR composite
part where the matrix material is White Nylon and reinforcement material is kevlar
and Carbon Fiber. To emulate the mechanical behavior of the part, they decided to
model the reinforcement material as a transversely isotropic material. A transversely

isotropic material has the same elastic modulus in two directions, and the other di-
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rection has a different elastic modulus, so it has a plane of symmetry about an axis
that is perpendicular to the plane of isotropy. Therefore, they calculated longitudi-
nal elastic modulug& ,, transverse elastic modul&, and in-plane shear modulus

Gy, for Kevlar. For the matrix material White Nylon, they just chose isotropic ma-
terial model since the overall stiffness of the part is dominated by Carbon Fiber. For
the characterization of reinforcement materials, they manufactured tensile specimens
having different ber orientations 0, 45, and 90 degrees for kevlar and Carbon Fiber
as given in Figure 2.13 and zig-zag 45-degree orientation for White Nylon since it is

decided to modeled as isotropic material.

Figure 2.13: Fiber orientations for tensile testing [36]

The test is done according to ASTM D638 tensile testing standard. Results of the tests
suggest that White Nylon has an elastic modulus of 0.69 GPa, Poisson's ratio of 0.39,
and a shear modulus of 0.25 GPa. For the Carbon Fiber, 35 GPa of elastic modulus
in longitudinal directionEy, 7.5 GPa of elastic modulus in transverse directgn

4 GPa of shear modulus;,, and 0.15 of Poisson's ratio are found. Klift et al. also

tested White Nylon [37] for its elastic properties and found the elastic modulus as
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2.8 GPa. Abadi et al. tested tensile specimens with different volume fractions ( ratio
to volume of matrix material to reinforcement material) to nd the volume averaged
stiffness of the reinforced composites using lamination theory. Their test specimens
are similar to ones that Galati et al. used [36], where bers are printed along 0,45,90
degrees. However, the results of the two studies [36] and [38] are con icting since
Abadi et al. [38] found the elastic modulus of White Nylon as 0.38 GPa, elastic mod-
ulus of the Carbon Fiber in the longitudinal direction as 85 GPA and in the transverse
direction 26 GPa. Hence, for the elastic properties, although there are many studies

in the literature, the results have a lack of agreement with each other.

2.4 Numerical Modelling of Additively Manufactured Composite Parts

To evaluate the mechanical performance, which can be de ection under a speci c
loading case, yield stress or fracture, etc., of a mechanical part, two options are gen-
erally preferred: testing and nite element analysis. Testing a part under desired
load conditions is not always feasible because it could be too expensive, xtures and
testing machines could be needed, and load cases can vary. Because of all these
disadvantages, engineers usually bene t from nite element simulations. However,
setting up a correct and realistic nite element model requires many input parameters
to be predetermined by material characterization tests. A ne mathematical model in
terms of accuracy, solution time, and physics should be re ected as it is in actual load
conditions. Due to all these facts, one should be very careful when constructing the
nite element model of a mechanical part.

For the 3D printed composites, there are numerous studies in the literature about their
nite element analysis. However, there are many techniques to model this kind of
part, and all of them have their own advantages and disadvantages. One technique is
called as embedded elements. It is a homogenization technique where two indepen-
dent mesh elements of bodies, called as embedded and hosts, are overlapped. The
term embedding implies constraining nodes of embedded part to host elements kine-
matically, that is, the displacement of embedded parts will be calculated according to
displacements of host parts with some weighting functions [39]. This technique can

be applied to model composites in an FEA environment. It allows model reinforce-
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ment by means of long bers (embedded parts) separately from the matrix (host); the
schematic is given in Figure 2.14. In the end, a unit volume is obtained with homog-
enized elastic material properties, using the input material data for reinforcement and

matrix, as well as geometries.

Figure 2.14: Modelling composites with EE technique [40]

Avanzini et al. [40] conducted a study using the EE technique. They used material
properties from literature to model a tensile specimen that is concentric reinforced
with notches, given in Figure 2.15a. They made tensile tests and FEA simulations to
compare the load-displacement behavior of the specimens and claim a slight overes-

timation in stiffness compared to tests as given in Figure 2.15b.

(a) Design of notched tensile specimen (b) Test-analysis comparison

Figure 2.15: Design and test-analysis comparison of notched tensile specimen [40]
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The discrepancy in results is due to the nature of the EE technique. According to the
Abaqus User's Guide, the EE technique brings some drawbacks and limitations, such
that this technique adds model arti cial stiffness and rotational degrees of freedom at

a host node, which is unconstrained [41].

Another approach is followed by Zmindak et al. [42] to model CFR parts. They
used shell elements to model the rectangular tensile specimens consisting of materials
Onyx (as matrix) and Carbon Fiber (reinforcement) with 0,45,90 degree orientations.
The assumptions are linear elastic and orthotropic material properties with no air
gaps or cracks. The layers are modeled as perfectly bonded, which neglects the inter-
layer shear strengths. The material properties are directly taken from the data sheet
provided by Markforged. The results of tests and simulations are in good agreement,
the difference in deformation is less than 1 percent. Ghebret et al. [43] used a similar
approach to model exural and tensile test simulations of specimens made of Onyx
and Carbon Fiber. The material properties are taken from the literature to model
orthotropic lamina; however, the results are not correlated with the tests. Galati et
al. [36] also use a similar approach to model the tensile specimens concentrically
reinforced by kevlar, using shell elements and bonded contacts. They compared force-
displacement curves of numerical analysis and experiments as given in Figure 2.16
and results are matching.

Figure 2.16: Comparison of numerical and experimental results [36]
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2.5 Closure

AM enables engineers to design and produce parts with complex geometries and re-
duced weights compared to traditional methods. However, challenges remain regard-
ing the mechanical performance of these parts. A commercially available solution
involves designing parts with continuous bers, where thermoplastics are reinforced
with various bers. FEA is a useful tool for evaluating the performance of continu-
ous ber-reinforced composites. Although numerous studies have explored FEA for
such parts, most have focused on simple loading scenarios, such as tensile loading,
revealing limitations in the current state of the art. Additionally, there are numerous
material modeling approaches, but no well-de ned or universally accepted technique
has been established. In terms of numerical modeling, while many approaches exist,
only a few studies have been validated with experimental tests, and their results often
raise questions about accuracy. Therefore, developing a robust nite element strategy
for continuous ber-reinforced composites could signi cantly enhance the literature
and provide valuable insights for future advancements in continuous ber reinforce-
ment technology.

In the Table 2.1 all the mentioned state of the art on ber-reinforced composite parts

are summarized.
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Table 2.1: Summary of the state of the art

Effects of Process Parameters on Mechanical Properties

Process Parameter

Description

Reference

Printing Speed

Printing speed has a low in uence on the tensile stren
of the printed part, but for better inter-laminar bondi

and ner surface nish, low-speed rates should be use

gth [29]

ng
d.

Effect of In Il Pattern

Maximum force before failure increases with increas
in Il percentage. The honeycomb in Il pattern provide
highest stiffness to the part. Triangular in Il perform
better mechanical performance than gyroid and sim

in Il patterns.

ngB0] -[33]
S

S

ple

Building Orientation

For the same layer thickness and feed rate, elastic n
ulus is similar for on-edge and at orientations but it

lower for upright orientation.

nod-[34]

is

Layer Thickness

For upright specimens, tensile strength increases
layer thickness; however, layer thickness has almos
signi cant effect on mechanical performance for on-ed

and at build orientations.

with [34]
I no

ge

Feed Rate

For the upright samples, tensile properties improve w
the increasing feed rate, while at and on-edge orien

tions have minor signi cance.

ith [34]

ta-

Table 2.2: Material characterization of AM composites

Material Characterization of AM Composites

Materials Description Reference
White Nylon, Kevlar and Carbon Fiber Transversely Isotropic for Kevlar and Car- [36]
bon Fiber. Isotropic for White Nylon.
White Nylon Isotropic Material. [37]
White Nylon Carbon Fiber Orthotropic for Carbon Fiber, isotropic far  [38]
White Nylon.
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Table 2.3: Numerical modeling of AM composites

Numerical Modeling of AM Composites

Modeling Technique

Description

Reference

Embedded Elements Material properties are taken from literature. Tens

specimen is modeled with embedded elements. Fqg
displacement curves are obtained and compared with
periments. Results of numerical model are stiffer than

experiments.

ile [40]

rce-

ex-

the

Shell Elements

Onyx and Carbon Fiber materials are used. Linear elastic [42]

and orthotropic material model is utilized. Rectangu
tensile specimens are modeled and tested. Results of

are in agreement with tests.

lar

FEA

Shell Elements

3-point bending and tensile test simulations are [

formed; however, tests are not performed.

er- [43]

Shell Elements

Tensile specimens are modeled and numerical results ard36]

compared with tests. Tests and simulations are correlg

ated.
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CHAPTER 3

MATERIAL CHARACTERIZATION OF CONTINUOUS FILAMENT
FABRICATED PARTS

In this chapter, the steps for material characterization are explained. Material model-

ing, testing, and results of the tests are given.

The main purpose of CFF is to achieve parts with a high strength-to-weight ratio while
making use of the exibility of AM in design. However, mechanical parts should be
veri ed before they are used in real applications. As discussed in Chapter2, veri -
cation can be done in two ways: testing and numerical simulation. To get reliable
results in a numerical model, the correct material model and properties are a must.
Hence, this chapter is devoted to explaining material characterization stages.

The scope of the thesis is the modeling of CFF parts in FEA for the elastic regime.
Generally, these parts are made from two materials, a matrix material, and a reinforce-
ment material, just like traditional composites. Hence, a matrix and a reinforcement
material are chosen as White Nylon (as matrix) and Carbon Fiber (as reinforcement).
These materials are selected because although they are investigated in the literature,
there is no well-accepted material model and properties for these materials. More-

over, they are relatively cheaper and reachable than alternatives.

According to Markforged, one of the pioneer companies of CFF technology, White

Nylon is a thermoplastic that is smooth, non-abrasive, and easily painted. Moreover,
it is compatible with various reinforcement materials such as Fiber glass, Carbon
Fiber, Kevlar, etc. It builds the skin of the specimen by enclosing the part. White

Nylon constitutes most of the volume of the designed part since it is not only the skin
but the in Il material [44].
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Carbon Fiber is highly used in many applications, including automotive, defense,
aerospace, etc. However, the so-called Carbon Fiber used in continuous ber printing
differs from that used in classical composite material technologies. Its physical and
mechanical properties are distinct both from the traditional Carbon Fiber and ordinary
FDM materials. Carbon Fiber used in CFF process is not actually melted or extruded
like plastics. However, instead, it is laid down intact through the nozzle. According to
Markforged, Continuous Carbon Fiber laments are coated with thin plastic coating,
which melts during process in order to adhere to the matrix [45]. The most remarkable
feature of continuous Carbon Fiber is its strength, heat resistance, and durability.
While short bers create discontinuities, which result in transferring load to matrix
material and limit the part's strength, long continuous bers are good at carrying loads
and minimizing the load transfer to the matrix material. As a result, the partis capable
of carrying higher loads than the parts with short bers.

Although many lament manufacturers, including Markforged, share the technical
data sheets for the laments, material properties are found to be different when real
parts are tested as discussed in Chapter2. These changes arise from numerous reasons

in additive manufacturing, such as:

Applied heat and pressure during the process
Inter-layer adhesion

Process parameters like nozzle temperature, number of layers etc.

In general, technical data sheets do not include the effect of the above parameters
when they share material properties. Hence, to understand the behavior of the mate-
rials, characterization tests are a must for White Nylon and Carbon Fiber.

White Nylon and Carbon Fiber material properties should be carefully obtained to set
a realistic FE model. Therefore, material characterization tests should be carefully
chosen. After the literature review, it is concluded that reinforcement materials show
highly orthotropic material behavior in the elastic region. Moreover, White Nylon is
modeled as an isotropic material in many papers for simplicity since its stiffness is
relatively low compared to Carbon Fiber. On the other hand, Carbon Fiber is modeled

as an elastic lamina, and material directions are given in Figure 3.1.
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Figure 3.1: Material directions

Direction 1 is the printing direction ( ber direction), and the material behaves much
stiffer in this direction than in directions 2 and 3. Direction 2 is the transverse di-
rection according to direction 1, and direction 3 is the out-of-plane direction. Since
the analysis has been decided to be set up with shell elements, out-of-plane material
properties are not of interest.

For the decided material models, isotropic for White Nylon and orthotropic for Car-
bon Fiber, the required material parameters and tests to obtain those parameters are
listed in Table 3.1

Table 3.1: Summary of material characterization tests

Property  Description Test Type

E; Young's modulus in direction 1 Tensile test@f CFF

E, Young's modulus in direction 2 Tensile test®® CFF

Gio Shear modulus in 1-2 plane Off-axis tensile tes#6f CFF
12 Poisson's ratio in 1-2 plane Tensile testOfCFF

Ewnite nyilon - YOung's modulus for White Nylon  Tensile test

white Nylon  P0OiSson’'s ratio for White Nylon Tensile test

In the following sections, characterization tests will be discussed.
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3.1 Characterization of White Nylon

As mentioned in the previous section, White Nylon is modeled as an isotropic elas-
tic material. Hence, Young's ModuluShite nyion @Nd Poisson's Rationyon should

be determined from tensile tests. For tensile tests, rectangle specimens having di-
mensions of 250 mm x 15 mm x 1 mm are used. In this test the purpose is not to
measure the yield and ultimate tensile strengths but to measure Young's Modulus and

Poisson's ratio.

Figure 3.2: Cross-section view of White Nylon tensile specimen

Four rectangular tensile specimens manufactured from pure White Nylon with solid

in Il are tested. The cross-section of one specimen is given in Figure 3.2.

A video extensometer, which tracks the distance between the pre-de ned points to
calculate strains, is used to measure the strains both in tensile and transverse direc-
tions simultaneously, and a build-in load-cell of the universal testing machine, capable
of measuring 200 kN of load is used for force measurements. A photo taken during

the tests is given in Figure 3.3

Figure 3.3: Video dot tracking system

30



Material properties Young's Modulus and Poisson's Ratio are calculated using Hooke's

law. The related equation for Poisson's Ratio is given in equation 3.1

= 2 (3.1)
2

For the calculation of Young's modulus, rst tensile stress is calculated by dividing
instantaneous force F by initial area A as given in equation 3.2, then using the related

Hooke's law equation 3.3 Young's Modulus is calculated.

(3.2)

>

E= — (3.3)
1

Note that White Nylon behaves as almost a linear elastic material since the stress-
strain relation is linear in the elastic region. Hence, normal stress increases linearly
with axial strain. As a result, Young's Modulus could be obtained from Hooke's law
using the least squares method to t a linear curve to the linear portion of the stress-
strain diagram in which the slope of the curve is Young's Modulus. For four different

specimens, Young's Modulus values derived from least squares t given in Table 3.2

Table 3.2: Results of curve tting for Young's Modulus of White Nylon specimens

Specimen Young's Modulus (MPa)

996
1005
932
905

A W N R

Since the purpose of the tests is to understand the linear elastic behavior of the White
Nylon, only the linear elastic region is of interest ( up to 3.5 percent axial strain) and

marked in Figure 3.4. After applying the least square curve to t the linear region
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for four separate tests, Young's Modulus of White Nylon is found to be 960 MPa by
averaging the results of four tests.

Figure 3.4: White Nylon's stress-strain diagram

A similar procedure is followed to determine Poisson's ratio for White Nylon. As
stated previously, axial and transverse strains are measured simultaneously during the
tensile tests. One can calculate the Poisson's ratio by using the equation 3.1. In Figure

3.5, measured axial and transverse strains are given for four specimens.

As mentioned before, only the linear elastic region is of interest, and the least squares
curve tis performed for this region separately for four specimens, then averaged
to determine Poisson's ratio. As a result, Poisson's ratio of 0.41 is calculated by

averaging test results, as given in Table 3.3.
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Figure 3.5: White Nylon axial vs transverse strain

Table 3.3: Results of Poisson's Ratio for White Nylon specimens

Specimen Poisson's ratio

0.42
0.41
0.41
0.40

A WO N B

In short, linear elastic material properties of White Nylon are given in Table 3.4

Table 3.4: Material properties of White Nylon

Property Value

Young's Modulus 960 MPa

Poisson's Ratio 0.41
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3.2 Characterization of Continuous Carbon Fiber

As discussed in Chapter 2, Continuous Carbon Fiber shows orthotropic material prop-
erties. It has been decided that, in nite element models, continuous Carbon Fiber
should be modeled as an elastic lamina. Table 3.1 lists the tests and parameters for
White Nylon and Carbon Fiber.

Note that since nite element analyses are planned as 2D, only planar material prop-
erties of the elastic lamina are determined. These propertids;ai,, G, and 1,
whereE; represents elastic modulus of lamina in direction 1, i.e printing direction,
E, stands for elastic modulus in transverse directi@ry is shear modulus in 1-2
plane and ;5 is the Poisson's ratio for the same plane. Tension tests were conducted
on all these material properties.

3.2.1 0 Degree Carbon Fiber Characterization

For direction 1, ve specimens with dimensions of 250 mm x 15 mm 1 mm and only
bers of 0 are designed and manufactured. Interior of a specimen can be seen in
Figure 3.6.

Figure 3.6: Direction 1 specimen’s interior

Moreover, force and displacement are measured simultaneously to obtain tensile stress
and axial strain, which are used to calculate Young's modulus. Figure 3.7 gives the

stress-strain diagram of ve specimens.
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Figure 3.7: Direction 1 specimen'’s stress-strain relation

Young's modulus is obtained using the least squares method by tting a linear curve to
a stress-strain diagram. Results of least squares curve(t fGarbon Fiber specimen

are given in Table 3.5.

Table 3.5: Results of Young's Modulus for Carbon Fiber specimens

Specimen Young's Modulus

53.0 GPa
51.9 GPa
48.6 GPa
47.1 GPa
45.0 GPa

g b~ W N P

By averaging the Young's Modulus values for ve specimens, Young's modulus in
direction 1,E, is obtained as 49.1 GPa.
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For specimen 5, transverse strain is also measured during the tensile tests to calculate

Poissons's ratio;, from equation 3.1.

In Figure 3.7, axial stress and transverse strain of the specimen are given. The slope
of the curve is found by least squares curve t, and the resulting Poisson's ratio is
0.34.

Figure 3.8: Direction 1 specimen-axial vs transverse strain

3.2.2 90 Degree Carbon Fiber Characterization

For direction 2, ve specimens having dimensions of 250 mm x 15 mm 1 mm and
having only bers of90 are designed and manufactured. Interior of a specimen can
be seen in Figure 3.9. In characterization tests, a video dot tracking system is used to

measure strains in direction 1 (axial direction).
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Figure 3.9: Direction 2 specimen’s interior

The stress-strain diagrams of the direction 2 specimens are given in Figure 3.10.

Figure 3.10: Direction 2 specimen’s stress-strain relation

Curve tting with the least squares method is applied to each specimen separately
in the linear elastic region, and results are provided in Table 3.6. The mean of each

result is obtained, anB- is found as 2.17 GPa.
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Table 3.6: Results of Young's Modulus f60 Carbon Fiber specimens

Specimen Young's Modulus

1 2.3 GPa
2 2.2 GPa
3 2.0 GPa

3.2.3 45 Degree Carbon Fiber Characterization

In order to estimate the shear modufas, off-axis tension tests are done for four

specimens having dimensions of 200 mm x 25 mm x 1.25 mm. The off-axis tension

test is one of the easiest tests to determine the shear properties of an orthotropic

material by a tensile test [46]. It evaluates shear strain and stress values from tensile

stress and axial and transverse strains, respectively. 4 specimens having a stack-up
45 are designed and manufactured as shown in Figure 3.11.

Figure 3.11: Shear specimen’s interior

Strains both in axial and transverse directions are measured by a video dot tracking
system, in addition to measuring instantaneous force to obtain strain-stress relation.
However, for the off-axis test, the measured engineering tensile stresses could not be
directly used in Hooke's law to nd the in-plane shear moduats. The following

relations are used:

P tensile
= — = 3.4
2= 55 = =5 (34)
125 x y (3.5)
Gio = tensile 3.6
12 2(IIX Ily) ( )
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Hence, the relation dB;, vs 15 is obtained and given in Figure 3.12. The results of
the least square analysis of the linear elastic region of the stress-strain diagrams are

given in Table 3.7, and it provides an average shear modadpiss 1.3 GPa.

Table 3.7: Results of Shear Modulus # Carbon Fiber specimens

Specimen Shear Modulus

1.35 GPa
1.23 GPa
1.30 GPa
1.31 GPa

A W DN P

Figure 3.12: 45 degree specimen's stress-strain relation

In short, all material properties needed for nite element analyses are obtained and
listed in Table 3.8
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Table 3.8: Summary of Material Properties

Material Property Value

White Nylon Ewnite nylon 960 MPa

White Nylon 0.41

Continuous Carbon FiberE; 491 GPa
E> 2:17 GPa
G2 1:36 GPa

12 0.34

De nitions: White Nylon is a linear isotropic material with
uniform properties in all material directions. Continuous Carbon
Fiber is a linear elastic lamina with orthotropic properties that vary

with ber orientation.

3.3 Closure

In this Chapter, the material characterization procedure for White Nylon and Carbon
Fiber is explained. Simple tension tests are performed to measure force and displace-
ments, and then required stresses and strains are obtained via Hooke's law. Finally,
least squares are applied to each test, and the results are averaged to obtain material

properties, summarized in Table 3.8.
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CHAPTER 4

DESIGN AND FABRICATION OF CONTINUOUS FILAMENT
FABRICATED TEST SPECIMENS

This chapter will discuss the design and fabrication stages of three specimens, tensile,

bending, and eccentric, in detail.

This thesis aims to develop a mathematical modeling technique for the parts man-
ufactured with CFF. In order to validate the accuracy of the mathematical model,
experiments with three different loading cases were conducted to compare the results
of numerical models with tests.

The rst specimen is called as the tensile specimen. In this case, a classical dog-
bone-shaped tensile specimen was planned to be designed, manufactured, and tested
to validate that the numerical model works well under tensile load.

The second specimen is the bending specimen. The purpose of manufacturing and
testing bending specimens is to determine the accuracy of the modeling techniques
under bending loading. Three-point bending tests were done to examine the bending
behavior.

The third specimen is the eccentric specimen. The goal for the eccentric specimen is
validation of the mathematical modeling approach under an eccentric loading case,

which consists of combined tensile and bending loads.

4.1 Designing and Manufacturing Parts with Continuous Filament Fabrication

As discussed in Chapter 2, CFF is one way of manufacturing composite parts with
AM. Markforged is one of the pioneers of this technology globally, and some com-

panies in Turkey offer Markforged products such as laments and printers. Hence,
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Markforged printers are selected to manufacture parts because they are easy to access.
Moreover, for the matrix material White Nylon, and the reinforcement material Car-
bon Fiber is selected since those materials were researched primarily in the literature

and are available in lament supplier companies.

4.2 Design and Fabrication of Tensile Specimen

As discussed previously, to validate the mathematical model under tensile loading,
tensile specimens must be manufactured and tested. The specimen dimensions are
selected according to Type IV specimen sizes given in standard ASTM D 638 - Stan-
dard Test Method for Tensile Properties of Plastics [47]. Since there is no specic
tensile testing standard for AM, this standard is followed. ASTM D638 suggests
tailoring the length and width of the gripping section of the specimen to guarantee
enough friction between the part and the specimen to hold the parts in the gripper
without any slipping concern. Moreover, as shown in Figure 4.1, the pre-de ned di-
mensions for tensile specimens do not allow a proper ber reinforcement with two

rings.

Figure 4.1: Reinforcement with original dimensions

Hence, the width of the specimen is enlarged by 3 mm than de ned in the standard.
In Figure 4.2, original dimensions in mm as length unit are de ned in ASTM D638

standard are given, and in Figure 4.3 tailored dimensions are shown.
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Figure 4.2: Original dimensions of ASTM D638 Type IV specimen [47]

Figure 4.3: Tailored dimensions of ASTM D638 Type IV specimen

Then, an STL le is created in SpaceClaim, a CAD software embedded in AN-
SYS. The STL le is uploaded to the online slicer software for Markforged printers
(eiger.io) to arrange the design, such as creating in ll, concentric reinforcement, as-
signing material, and slicing the specimen in order to make the specimen ready for
manufacturing.

Slicer suggests a maximum in Il of 55 % to obtain better dimensional accuracy and
a better union of in Il and reinforcement. A triangular in Il pattern is selected for
simplicity. The number of the roof and top layers, which are made of White Nylon,
is chosen as four, which is a suggestion of the slicer in order to ensure bonding to
the build plate during manufacturing and separation from the building plate after the
manufacturing is over. Moreover, the number of walls made by White Nylon shell
is selected as two, having a total thickness of 0.8 mm, to unite the outer shell White
Nylon wall to Carbon Fiber reinforcement.

Overall, after the slicing is done, the specimen is ready to print with a total of 26

layers, each with a thickness of 0.125 mm, and 22 of them (layers between 3-24) are
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reinforced with concentric Carbon Fiber rings, while rst and last two layers are the
roof and top layers. Two cross-sectional views of the specimen, one is for the roof

and top, and the other includes reinforcement, are given in Figure 4.4

(a) Roof and top layers

(b) Reinforcement layer

Figure 4.4: Cross sectional view of tensile specimen

Since there are no overhangs in the design, no support structures are needed with the

selected printing direction given in Figure 4.5
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Figure 4.5: Tensile specimen building direction

All the settings that the slicer allows to change for the printing process are also given
in Figure 4.6

Figure 4.6: Tensile specimen printing parameters

According to the slicer, the total time of printing a specimen is 1 hour and 1 minute,
which exactly matches the actual production time, excluding the heating and cooling

time of nozzles. A specimen contains 0.95%of Carbon Fiber, and White Nylon
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has a volume of 4.22 ctrwhere the overall mass of a specimen is 5.44 grams. The
cost of material to produce a single specimen is 3.75 USD, according to Markforged
[25]. Three specimens with the same dimensions, interior geometry, and printing

parameters are manufactured to be tested.

4.3 Design and Fabrication of Bending Specimen

To verify the mathematical model under exural loading, a 3-point bending test was
performed. A test specimen having similar but not the exact dimensions as the speci-
men given in the related test standard ASTM-D-790-Standard Test Methods for Flex-
ural Properties of Unreinforced and Reinforced Plastics and Electrical Insulating Ma-
terials [48] is designed and manufactured from White Nylon (matrix) and Carbon
Fiber (reinforcement) materials. The reason for not using the same specimen geom-
etry depicted in the standard is that the test's purpose is not to measure the exural
properties but to validate the numerical model. Hence, a smaller, which is reinforced
by two concentric Carbon Fiber shells, specimen having dimensions of 160 mm x 10
mm x 8 mm, is decided to be manufactured. Moreover, having a smaller specimen
has many advantages, such as reducing material consumption and manufacturing time

and cost. The dimensions of the specimen are given in Figure 4.7.

Then, a procedure similar to the tensile specimen is followed to manufacture the
bending specimen. First, geometry is converted into an STL le in SpaceClaim in
order to slice the parts into layers in slicer software. The STL le is uploaded to slicer
software to set the required design inputs, such as in Il pattern and ratio, material
assignment, and reinforcement.

Again, the slicer suggests a maximum in Il ratio of 55 % for better dimensional
accuracy and better bonding of in Il and reinforcement. Triangular in Il pattern is
used to be consistent with the tensile part. Obeying the slicer's suggestion, two roof
and top layers are assigned to ensure bonding to build the plate without any distortion.
As used in tensile specimens, the number of shell walls from White Nylon material
is selected as two, having a thickness of 0.8 mm to bond the outer White Nylon shell

to the reinforcement.
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Figure 4.7: Dimensions of 3 point bending specimen

In short, after the slicing is done, the specimen is ready to print with a total of 64
layers, each with a thickness of 0.125 mm, and 60 of them ( layers between 3-62 )
are reinforced with concentric Carbon Fiber rings while rst and last two layers are
roof and top layers. Two cross-sectional views of the specimen, one is for the roof

and top, and the other is for reinforcement, given in Figure 4.8.

For the selected printing orientation given in Figure 4.9, no support structures are
needed.

Figure 4.9: Bending specimen building direction
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(a) Roof and top layers

(b) Reinforcement layer

Figure 4.8: Cross sectional view of bending specimen

Printing parameters for manufacturing the bending specimen are selected the same as

the ones for the tensile specimen, as given in Figure 4.10

Figure 4.10: Bending specimen printing parameters

According to the slicer, the total time of printing a specimen is 1 hour and 54 minutes,

which exactly matches the actual production time, excluding the heating and cooling
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time of nozzles. A specimen contains 2.68%cof Carbon Fiber, and White Nylon

has a volume of 6.61 chwhere the overall mass of a specimen is 10.18 grams. The
cost of material to produce a single specimen is 9.43 USD, according to Markforged
[25]. Three specimens with the same dimensions, interior geometry, and printing

parameters are manufactured to be tested.

4.4 Design and Fabrication of Eccentric Specimen

An eccentric specimen is designed to prove the model works accurately under com-
bination of different loading types, such as normal and bending loads. To load the
specimen eccentrically while keeping the design, manufacturing, cost, and produc-
tion efforts minimal, a two-force member given in the book of Beer et al. [49] is
designed. Load conditions and free body diagram of the member are shown in Figure
4.11.

Figure 4.11: Eccentric specimen geometry (a) and free body diagram (b) [49]

Dimensions of the specimen are chosen so that two reinforcement rings will t. All
dimensions are tailored to minimize material consumption and printing time. In Fig-

ure 4.12, dimensions of the specimen are provided.
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Figure 4.12: Dimensions of eccentric specimen

After the design is ready, the same manufacturing procedure for tensile and bend-
ing specimen’s is followed. First, an STL le is created in SpaceClaim in order to
slice the parts into layers in slicer software. The STL le is uploaded to slicer soft-
ware to arrange the required design inputs, such as in |l pattern and ratio, material

assignment, and reinforcement.

In the interior design stage, slicing software suggests a maximum in |l ratio of 55 %
to obtain dimensional accuracy and better bonding of in Il and reinforcement. Tri-
angular in Il pattern is selected to be consistent with tensile and bending specimens.
A number of roof and top layers are selected as ve to guarantee bonding the part
to build the plate without any distortion. A number of shell walls are chosen as two
with 0.8 mm thickness, just like the tensile and bending specimens, to bond the outer

White Nylon shell to the reinforcement.

In brief, the part is sliced into 40 layers, each one having a thickness of 0.125 mm.

36 of the layers (layers between 3-38) are reinforced concentrically with carbon ber
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rings, and the rest ( rst and last two layers) are roof and top layers. Hence, they are
made of White Nylon only. Cross-sectional views of the eccentric specimen, one for

roof and top and the other for reinforcement, are given in Figure 4.13.

(a) Roof and top layers

(b) Reinforcement layer

Figure 4.13: Cross sectional view of eccentric specimen

Printing orientation is selected in order not to need any support structures, as given in
Figure 4.14

Figure 4.14: Eccentric specimen building direction
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The same printing parameters used for tensile and bending specimens are selected, as
provided in Figure 4.15

Figure 4.15: Eccentric specimen printing parameters

According to the slicer, the total time of printing a specimen is 1 hour and 1 minute,

which exactly matches the actual production time, excluding the heating and cooling
time of nozzles. A specimen contains 0.95%f Carbon Fiber, and White Nylon

has a volume of 4.22 cthrwhere the overall mass of a specimen is 5.44 grams. The

cost of material to produce a single specimen is 3.75 USD, according to Markforged
[25]. Three specimens with the same dimensions, interior geometry, and printing
parameters are manufactured to be tested.

45 Closure

In this Chapter, the design and manufacturing of three specimens are explained. The
design consideration for specimens is the reduction of material consumption, manu-
facturing time, and cost. All specimens are made of White Nylon matrix and Carbon
Fiber as reinforcement material, and the dimensions for the specimens are arranged

to have two concentric carbon ber reinforcement rings.
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CHAPTER 5

NUMERICAL MODELLING APPROACH FOR CONTINUOUS FILAMENT
FABRICATED PARTS

In this Chapter, Finite Element modeling of CFF parts will be discussed. First, the
numerical modeling technique will be explained in detail, and then the FEA of three

different loading cases, namely tensile, bending, and eccentric, will be discussed.

As discussed in Chapter 2, no well-accepted techniques exist to model CFF parts.
There are discrepancies between tests and simulation results, and the techniques are
part-speci c. In order to nd a solution to this situation, a new FEA methodology is

developed.
In general, an FE analysis includes seven main steps to obtain a numerical model
from a geometry le. These steps:

Importing geometry le to analysis environment

Creating the material card

Assigning material to geometry

Creating contacts, joints, etc. between parts

Meshing parts to discretize geometry

Creating boundary conditions, assigning loads

Solution and post-processing
For the CFF parts, an STL le is created in CAD software, which will later be used
in the slicer to print the part. This le only includes vertexes of the outer shell of the

53






	ABSTRACT
	ÖZ
	ACKNOWLEDGMENTS
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	LIST OF ABBREVIATIONS
	Introduction
	Motivation and Problem Definition
	Proposed Methods and Models
	Contributions and Novelties
	Limitations of the Thesis
	The Outline of the Thesis

	BACKGROUND AND LITERATURE REVİEW
	Fundamentals of Additive Manufacturing
	Material Extrusion

	Additive Manufacturing of Composite Parts
	Particle Reinforcement
	Nanofiller
	Continuous Fiber Reinforcement

	Material Characterization of Additively Manufactured Composite Parts
	Numerical Modelling of Additively Manufactured Composite Parts
	Closure

	MATERIAL CHARACTERIZATION OF CONTINUOUS FILAMENT FABRICATED PARTS
	Characterization of White Nylon
	Characterization of Continuous Carbon Fiber
	0 Degree Carbon Fiber Characterization
	90 Degree Carbon Fiber Characterization
	45 Degree Carbon Fiber Characterization

	Closure

	Design and Fabrication of Continuous Filament Fabricated Test Specimens
	Designing and Manufacturing Parts with Continuous Filament Fabrication
	Design and Fabrication of Tensile Specimen
	Design and Fabrication of Bending Specimen
	Design and Fabrication of Eccentric Specimen
	Closure

	Numerical Modelling Approach for Continuous Filament Fabricated Parts
	Numerical Modelling of Tensile Test Specimen
	Numerical Modelling of Bending Test Specimen
	Numerical Modelling of Eccentric Test Specimen
	Closure

	Test of Continuous Filament Fabricated Specimens
	Testing of Tensile Specimen
	Testing of Bending Specimen
	Testing of Eccentric Test Specimen
	Comparison of Test and Numerical Analysis Results
	Causes of Discrepancies Between Experimental and FEA Results

	DISCUSSION AND CONCLUSION
	Future Works

	REFERENCES

