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1. INTRODUCTION, OBJECTIVES

This chapter describes the background and objectives of the current research.

1.1 Introduction

Additive manufacturing (AM) is the original title for what was previously known as rapid
prototyping and has often been referred to as 3D printing. In many sectors, the phrase "rapid
prototyping" (RP) has been used to describe a method for rapidly creating a prototype or part
representation before final release or marketing. In the industry, this technique is called freeform
manufacturing, layered fabrication, or additive layer manufacturing, direct digital manufacturing,
quick manufacturing, and art-to-component production (Wimpenny et al., 2017). There are
different methods of this technology: laminated object manufacturing (LOM) based on plastic
lamination (Ahn et al., 2012), stereolithography apparatus (SLA) based on photopolymerization
(J. Wang et al., 2016), selective laser sintering (SLS) (D. Slavko and K. Matic, 2010), and fused
deposition modeling (FDM) (N. Turner et al., 2014) based on the melting of plastic filaments.

The FDM process is worked by extruding thermoplastic material, which has heated up to its
melting point through a nozzle, then depositing the extruded layers of materials on top of each
other. Currently, FDM is considered the most widely used technology of all types of 3DP
technology around the globe due to the low cost of the printer device. Platform temperature, nozzle
size, layer thickness, printing direction, nozzle head temperature, printing speed, and raster angle
are parameters that could be controlled to improve print quality. Other researchers looked at the
details of many processing parameters. According to the research, a suitable bed temperature and
regulated convective heat transfer conditions can increase the bonding strength of successive
layers, improving the mechanical properties of printed objects (Sun et al., 2008). Many process
parameters can be controlled when producing 3D-printed part structures. Since then, the influence
of process parameter settings on the mechanical qualities (e.g., tensile, flexural impact,
compressive, and fatigue strength) has been described in thorough for various production
scenarios. These parameters were exhaustively investigated for different categories of materials.

Tensile strength is a critical property of a material, defining its ability to withstand tension forces
without failing. A deep understanding of tensile cracking and failure is essential, as these factors
significantly impact the overall mechanical performance and structural integrity of materials
(Onwubolu & Rayegani, 2014). Two leading organizations play a pivotal role in the field of
additive manufacturing (AM): ASTM and ISO. Both are actively engaged in developing standards
for the mechanical testing of AM materials and components. Their efforts focus on assessing the
applicability of existing standards for mechanical tests on polymer-based AM materials and parts.
These standards are divided into two primary categories: those specifically for plastics, such as
D638 (ASTM, 2014) and ISO 527-2 (Iso, 2012a), and the other for composites, which include
ASTM D3039 (International, 2007) and ISO527-4 (B. ISO, 2009; E. ISO, 1997).

Composite materials, created by combining different elements, play a crucial role in improving the
structural and mechanical properties of engineering products. In industries such as automotive,
aerospace, sports, and defense, fiber-reinforced polymer (FRP) composites are highly favored.
These materials are prized for their lightweight, strength, and high tensile properties, offering a
cost-effective and efficient manufacturing process. To meet growing industrial demand, large-
scale production of fiber-reinforced polymers has become essential (Sonnenschein et al., 2016).
Anisotropic by nature, FRP composite characteristics are influenced by the choice, volume, and



alignment of fibers, as well as the matrix’s structural strength and form (J. H. Li et al., 2021).
Reinforcing pure polymers with fibers yields substantial improvements in the mechanical
attributes of printed polymer products. Glass fibers (GF), carbon fibers (CF), and Kevlar fibers are
extensively harnessed for their reinforcing process in additive manufacturing (Faidallah et al.,
2022a). These fibers, whether discontinuous or continuous, are used in Fiber-Reinforced
Composites (FRCs) produced through various additive manufacturing (AM) techniques, including
Fused Deposition Modeling (FDM). Continuous filament arrangement is achievable, but only with
specialized printers, and even then, typically limited to a single plane. An example of such
equipment is the Markforged line of composite 3D printers(Markforged Composite and Metal 3D
Printers, n.d.).

3D printing technology has evolved to encompass the creation of a diverse array of application-
specific components. Originally conceived to address the demands of product manufacturers, the
multi-material concept capitalizes on the functional gradient adaptation inherent in the Fused
Deposition Modeling (FDM. This adaptation enables the development of materials characterized
by distinct gradients and compositions (Niu et al., 2022). The application of additive
manufacturing in the production of multi-materials holds considerable promise across various
industries, including medical (for bio-implants), construction (for structures), automotive (for
wear-resistant coatings), and industrial 4.0 (for drones) (Faidallah et al., 2022b) (Salcedo et al.,
2018).

This research will lead to better control and optimization of the 3D-printed polymer specimens
using Fused Deposition Modeling (FDM) to investigate the impact of various tensile geometry
shapes and printing parameters on the tensile properties. Additionally, Finite Element Method
(FEM) simulations will be conducted to compare the different geometries.

The study also outlines the development of fiber-reinforced polymer composites. Laboratory re-
manufacturing of pure filaments and filaments reinforced with fiber will be conducted to evaluate
their tensile strength after recycling. furthermore, various compositions of functionally graded
multi-materials with different gradient arrangements, including single and multiple gradients, will
be created and examined for their tensile and compressive properties.

Moreover, thombus and honeycomb structures will be designed and produced using FDM printing
technology. The mechanical performance of these materials will be evaluated through tensile,
three-point bending, and compression tests, with the failure modes of the specimens analyzed for
each test. Furthermore, auxetic honeycomb cores will be examined to evaluate the effects of
varying face layer thicknesses on three-point bending strength, considering both in-plane and out-
of-plane core orientations. Compressive strength will be tested in both flatwise and edgewise
positions. Additionally, finite element analysis (FEA) will be performed to gain deeper insights
into stress distribution under bending and compressive loads.

This research aims to enhance the control and optimization of 3D printing parameters for polymers,
while deepening our understanding of reinforcement polymer, sandwich structures, and multi-
material compositions of polymeric elements. As an innovative cross-disciplinary study, it will
gather unique testing data that integrates mechanical and chemical characteristics. Based on these
results, recommendations will be developed for mechanical applications. The findings will be
precious for industrial producers increasingly utilizing advanced additive manufacturing
technologies not only for rapid prototyping but also for the production of multi-material composite
products.



1.2 Objectives

FDM 3D printing techniques will be employed to print specimens using various materials and
different manufacturing processes. The produced samples, with this variety of conditions, will be
subject to mechanical tests. The main objectives of the present work are to investigate the
following:

a)

b)

How do different tensile geometry shapes and printing parameters impact the tensile
properties of PETG specimens produced using FDM, and how do these variations compare
through FEM simulations?

How does adding fibers into polymer affect the tensile and compressive properties in
different build orientations?

What is the impact of recycling filaments and reinforcing them with natural fibers on their
filament’s tensile strength?

How do different sandwich structures, such as honeycomb and rhombus core designs,
affect the mechanical properties of PLA materials?

How does varying the face layer thickness of re-entrant honeycomb cores in Wood/PLA
polymer affect their three-point bending and compressive strengths, and what insights can
finite element analysis provide on stress distribution under these loading conditions?

What are the effects of different gradient arrangements in functionally graded multi-
materials on their tensile properties?

10



2. LITERATURE REVIEW

This chapter offers a comprehensive overview of 3D printing processes, detailing the primary
methods, materials used (with a focus on polymers), and their applications across various
industries. It will also introduce sandwich structures, multi-materials, and the properties of
recycled filaments, emphasizing the mechanical behaviour of 3D-printed polymer composites and
the influence of their structures. Additionally, it will identify the gaps and challenges highlighted
in the literature, which have motivated the initiation of this research.

2.1 History of 3D printing

3D printing, often referred to as additive manufacturing, has emerged as a creative process for
crafting parts or components with intricate designs. Its appeal lies in its capacity to facilitate rapid
prototyping and fabricating customizable elements. This means that designers can quickly produce
different iterations of their ideas, allowing for cost-effective testing and evaluation. By leveraging
this technology, creators can explore innovative concepts that may not have been achievable
through traditional manufacturing methods(Ligon et al., 2017). The foundational principles of
additive manufacturing (AM) were initially explored over 50 years ago. The 1980s and 1990s
marked significant periods of innovation and expansion in the realm of 3D printing. Charles Hull,
who invented the first kind of 3D printing, stereolithography, developed this technology in the late
1980s and early 1990s (SLA) (Wimpenny et al., 2017; Wohlers & Gornet, 2011), followed by the
invention of other techniques like fused filament fabrication (FFF) and selective laser sintering
(SLS) (Wohlers & Gornet, 2014). During the late 1990s, numerous iterations of 3D printing
methods emerged and evolved rapidly, driven by advancements in computer technology. As the
new millennium approached, industries such as medicine and aerospace began to widely explore
the potential of 3D printing techniques. Simultaneously, the expiration of patents related to early
3D printing methods enabled many companies to develop their own brands of 3D printers, making
this technology more accessible to the public. Post-2010, the widespread availability of 3D printing
techniques has spurred the development of advanced printing methods with improved accuracy,
precision, and speed.

Initially, AM techniques primarily utilized existing polymer materials adapted for 3D printing.
However, there is now a growing emphasis on the development of specialized polymers tailored
specifically for 3D printing applications, signifying a shift towards dedicated polymer
development for additive manufacturing. Figure 2.1 provides an overview of the progression of
3D printing technology alongside the evolution of polymer materials.
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Fig. 2.1 Illustrates the historical trajectory of 3D printing and the evolution of polymer
materials tailored for additive manufacturing, transitioning from rapid prototyping to scalable
and customizable production (Park et al., 2022)

Today, research papers often document the properties of experimental materials used in 3D
printing, most of which are developed in universities and research centers with outstanding results.
The availability of commercial materials varies widely depending on the 3D printing technology
used. The primary polymers employed in 3D printing are thermoplastic and thermosetting resins,
each offering unique properties suitable for different technologies. Thermoplastics, which can be
semi-crystalline or amorphous, can undergo multiple cycles of melting and solidification for
recycling because their solidification process is reversible, without forming chemical bonds.
However, each cycle typically leads to some degradation of properties. In contrast, thermosetting
plastics undergo a curing process induced by heat, light, or radiation, which causes crosslinking.
This crosslinked structure gives thermosetting plastics excellent engineering properties but makes
them non-recyclable, as they only break down at high temperatures.

2.2 3D printing technologies

3D printing technology has recently gained significant popularity because of its simplicity and
versatility. It is now applied across various fields, such as education, prototyping, construction,
medicine, and the aerospace industry, among others. This technology enables the production of
lightweight components that improve fuel and energy efficiency. Additionally, 3D printing permits
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the customization of materials to attain specific properties like water repellency, enhanced
strength, and heat resistance.

1 - ol
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Fig. 2.2 Tllustrates various contexts for classifying additive manufacturing processes.(Salifu et
al., 2022)

The adaptability of additive manufacturing (AM) has made it a favored technology across various
sectors, supporting the use of a wide array of materials, including ceramics, metals, polymer
composites, hybrids, functionally graded materials, and hydrogels in forms such as liquid, solid,
gel, and viscoelastic states. The flexibility of AM techniques enables diverse classification
methods, as illustrated in Figure 2.2. As per ASTM F2792-12a, there are over 50 unique AM
technologies, prompting ASTM to create standardized classifications that group AM processes
into seven main categories (ISO/ASTM 52900:2015):

Jetting

Binder Jetting

Powder Bed Fusion

Vat Photopolymerization
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e Directed Energy Deposition
e Material Extrusion
e Sheet Lamination

AM techniques are also categorized based on the processing medium, including ultraviolet light,
thermal energy, or laser beams (Chiulan et al., 2017). Critical factors for evaluating these
technologies include mechanical strength, fabrication speed, precision, cost, build size, surface
finish, and overall quality. As these criteria continue to advance, AM is increasingly enabling the
efficient and flexible production of larger and more intricate products.

2.2.1 Laminated object manufacturing (LOM)

, as illustrated in Figure 2.3. LOM combines additive and subtractive techniques to build parts
layer by layer from sheet materials, bonded by heat, pressure, and adhesive, and cut by a CO: laser
(Figure 2.3). It is low-cost, doesn’t need supports, and can produce large parts without
deformation, but results in low surface sharpness, directional material properties, and difficulty
with complex cavities. It applies to paper, metal, and composite materials.

2.2.2 Stereolithography apparatus (SLA)

SLA uses lasers or projectors to cure photopolymer resin layer by layer(Castoro & Kumpaty, 2013;
Kang et al., 2018). After each layer, the platform lowers into the resin to form the next. Size
limitations, sensitivity to light, and uneven resin spreading are challenges. SLA is widely used for
dental applications and small component fabrication like gold molds (Araya-Calvo et al., 2018;
Nandi et al., 2017).

2.2.3 Selective laser sintering (SLS)

Selective Laser Sintering (SLS) is a method that employs a laser to fuse powder into a solid object,
layer by layer (Technologies & Terminology, 2012). A powder vat spreads layers as the platform
moves along the z-axis. Similar to SLM and EBM, it can produce end-use metal parts. Surface
properties can be improved post-process with coatings like cyanoacrylate or epoxy (Y. Liu et al.,
2017; Technologies & Terminology, 2012), as shown in Figure 2.3.

2.2.4 Inkjet printing and contour crafting (IJP)

In 1JP, resin is extruded through a micro-nozzle to form layers following part contours and cured
either by air or UV light for better strength (Shahrubudin et al., 2019), as shown in Figure 2.3.
2.2.5 Binder Jetting

Binder Jetting selectively applies a liquid binder onto thin layers of powder (ceramics, metals,
sand, or composites) to form solid parts layer by layer (Gibson et al., 2021; Shahrubudin et al.,
2019). The binder holds the powder together until final solidification (Figure 2.3).

2.2.6 Directed energy deposition

DED uses focused energy (laser or electron beam) to melt metal wire or powder, adding or
repairing material with precision. Unlike extrusion, the nozzle moves freely. Technologies like
LENS and laser deposition enable manufacturing from millimeters to meters, used widely in
aerospace, transportation, and tooling (Dilberoglu et al., 2017; Shahrubudin et al., 2019). 3D
printing technologies are illustrated in Figure 2.3.
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Fig 2.3 A schematic overview of the currently available 3D printing processes (Latha et al.,
2024)

2.2.5 Fused Deposition Modeling (FDM) based on the melting of plastic filaments:

The FDM process is worked by extruding thermoplastic material, which uses thermoplastic
filament as feedstock, the filament has heated up to its melting point and then is extruded through
a nozzle in the XY plane creating a layer of solid material on the build plate. Creating a model can
be done by depositing a layer contour, and then filling the inside with plasticized material by the
zigzag movement of the head. After printing one layer the head moves along the Z-axis initiating
the build-up of the next layer. Using this technique, we can create complex shapes with a minimum
of preparatory processes. The production process begins with creating a model in the CAD
program, then the model is incorporated into the program enabling control of process parameters
such as head movement, feed rate, layer thickness, infill, head and table temperatures, slicing,
support application, etc. Such a program generates a G-code, which is uploaded to a 3D printer
enabling making a real model. The model removed from the printer needs finished machining, for
instance, to remove the supports and imperfections (Bakarich et al., 2014; Dudek, 2013) .

For some designs, support materials can be easily removed but removing them from complex
structures can be challenging. Ultimaker has addressed this issue by developing a water-soluble
support material that dissolves completely, leaving no residue and resulting in a clean part. This
innovation allows for the easy creation of dynamic structures. The accuracy of the printed part
depends on several factors, including the movement of the extruder, the temperature, the speed,
and the flow rate of the material through the nozzle. FDM technology (Figure 2.4) is extensively
used for creating anatomical models in dentistry and for surgical exercises (Mostafa et al., 2009).
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Fig. 2.4 Fusion deposition Modelling (FDM) (Penumakala et al., 2020)

2.3 Additive manufacturing using polymers

AM using polymers can be carried out successfully using a variety of polymer materials in
different forms and compositions including their composites, nanocomposites,
continuous/discontinuous fiber-reinforced thermoplastic composites, and hybrids. The most
widely used polymer 3D printing methods and processing techniques used across polymer
industries along with major global 3D printer manufacturers are highlighted in Table 2.1.

Table 2.1. Polymer additive manufacturing process and global 3D printer manufacturers (Salifu et al.,
2022).

Methodology of for Mation of Polymer AM Process

the Product Technique Polymer Used
ABS, PEEK, PC, PC-ABS, PLA,
.. Nylon
Matrix Extrusion Ellfggiiep%s]ljtﬁn 12/Carbon Fiber, HIPS, TPU,
. ASA, PEEK,
PEI
liquid UV-curable
photopolymers
Somos® stereolithography
(SLA) materials Somos® 9120
Vat Polymerization Stereolithography, SLA (off white), Somos® BioClear

(clear), Somos® Element (clear),
Somos® EvoLVe 128 (white),
Somos® NeXt (white), Somos®
WaterClear Ultra 1012

The polymer in powder forms
polycarbonate  (PC) nylons
(polyamide ~ (PA)),  acrylic

styrene (PMMA/PS),
polyamides(PA),
polystyrenes(PS), thermoplastic
elastomers(TPE),
Selective laser polyaryletherketones
Powder Bed Fusion sintering, SLS (PAEK)

Multi jet Fusion

16



Material Jetting Polyamide (PA12/Nylon 12),
Material Jetting Elastic TPU
Vero, Tango, Durus, Digital ABS

The most common thermoplastic polymer materials used in FDM processes are acrylonitrile
butadiene styrene (ABS), polylactide (PLA), polyamide (Nylon), nylon 12, polycarbonate (PC),
glass-filled nylon, and epoxy resin. Some of the commercial polymer materials that are most
popular in the FDM process include ABS M30 and polycarbonate (PC) (Jasiuk et al., 2018).
Typical properties of AM components manufactured using various commercial polymers based on
the datasheets of EOS GmbH; Stratasys, USA, and SYS are presented in Table 2.2 The polymers
used in AM processes can be rationally classified as thermoplastics, particle-reinforced polymer
composites, polymer matrix composites, fiber-reinforced polymer composites, thermo-responsive
polymers, nanocomposites, and thermoplastic elastomers composites.

Table 2.2 Properties of commercial polymers used in additive manufacturing processes (Faidallah et al.,

2022a).

Prot WaterClear

rotogen RGD

Properties ABS PLA PC Nylonl2 PA11 PA23 O-XT Ultra igll:ll;lels Kg](;
18240 525

10122

Tensile

Modulus 1677 2347 1944 1282 1600 1650 2960 2880 1200 3000 3500

(MPa)

Tensile

Strength 22 50 40 32 48 48 68 56 30 65 70

(MPa)

Density 1050 1240 1200 950 990 930 1160 1130 1170 1190 1180

(kg/m3)

When choosing the right polymer for the finished product, it is important to know material
properties (physical and mechanical properties) and printability. Figure 8a shows the most
common types of thermoplastics, which are classified according to performance, and Figure 2.5.a
presents their printability, visual quality, and mechanical properties. In Figure 2.5.b, heat
resistance, impact resistance, and elongation break are the chemical and mechanical properties that
resist higher temperatures, impact energy, and length deformation before breaking, respectively.
The ease of printing means how easy it is to print a feedstock in terms of bed adhesion, maximum
print speed, ease of feeding to the printer, and the frequency of print failures, and visual quality
refers to how good the printed part looks, which is determined by the surface quality such as
smoothness of the surface. These points of view will help choose materials for FDM.
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Fig. 2.5. Thermoplastics as feedstock materials for FDM. (a) Categories of thermoplastics:
Standard plastics (b) A Rader plot graph showing polymer properties in terms of ease of printing,
visual quality, elongation break, impact resistance, and heat resistance.(Faidallah et al., 2022a)

While: Acrylonitrile butadiene styrene (ABS), polylactic acid (PLA), polypropylene (PP), and
polyethylene (PE)) are used for general parts operated under low stresses. Engineering plastics
(Polycarbonate (PC), polyethylene terephthalate (PET), nylon (PA)) have good wear resistance
compared to standard plastics and are applied to structural parts. Advanced plastics
(Polyethyleneimine (PEI), polyether-ether-ketone (PEEK)) have high-temperature resistance as
well as high wear and chemical resistance.

Fiber-reinforced polymer composites (FRPCs) are advanced materials made by combining a
polymer base with strong reinforcing fibers like glass or carbon. Thanks to this combination, they
offer an ideal balance of strength and lightness, making them especially valuable in applications
where durability and efficiency are essential.

2.4 Additive manufacturing techniques for FRPC

According to the ASTM International Technical Committee, F42 with AM technologies (ASTM,
2007, p. 42), AM techniques for FRPC have been generally categorized into four processes:
material extrusion, vat photopolymerization, sheet lamination, and powder bed fusion. Table 2.3
highlights the advantages and disadvantages of various AM methods for FRPC and offers a review
of different AM techniques for FRPC.

Table 2.3. Different additive manufacturing techniques for composite materials with their advantages and
disadvantages (Goh et al., 2019; Zindani & Kumar, 2019).

Techniques Advantages Disadvantages Fiber alignment
e Low cost.
e Parts with high strength e Higher wastage of e Random fiber

can be produced. material. orientation
e No requirement for e Itisrelatively difficult e Uniform
Laminated  object post-processing. to build parts with direction of the
manufacturing e No requirement for complex cavities. fiber

support structures.
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Powder bed fusion

Support structures can
be removed easily.
Composites with higher
reinforcement of
loading can be achieved.
Fine resolution.
Powders that remain
unused can be used
again.

Rough surface finish.
Slow printing.

Not  possible to
fabricate composites.
with long fibers.
Expensive.

High porosity in the
final parts.

Random fiber
orientation

Vat
photopolymerization

Fibers can be aligned
randomly.
Finer resolution

The formation of
bubbles takes place.
Limited materials can
only be used.
Sedimentation of
fiber in resin.
Increased resin
viscosity with the
addition of fibers.
The issue with the
penetration of UV
rays.

Random fiber
orientation.
Along the
direction of the
electric field.
Along the
direction of the
magnetic field.

Along the
direction of
laying.

By the fiber
pattern of the
mat.

Material extrusion

Easy to fabricate.
Economical.
Multi-material
capability.

Print-heads can be
easily modified.

Degradation of the
nozzle.
Obvious
layer effect.
At higher
reinforcement
loading, the nozzle
gets clogged.

layer-by-

Along the
direction of
printing.

In their reviews, (Goh et al., 2019; Zindani & Kumar, 2019) have outlined possible future research
directions for the FDM 3D printing technology of fiber-reinforced polymer composites These
potentials include material development, fiber-matrix interfacial properties, fiber homogeneity,
fiber alignment, interlayer bonding, porosity, and printability. Researchers also discussed
challenges related to natural fiber reinforcement in FDM printing (Mazzanti et al., 2019).
Furthermore, a concept map illustrating critical factors for fabricating composites using AM
techniques is depicted in Figure 2.6.
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Fig. 2.6. Concept map detailing the essential factors in producing composites through AM
techniques." (Mazzanti et al., 2019)

2.4.1 Fiber-reinforced polymer in FDM manufacturing.

This technique, known as Fused Deposition Modeling (FDM) (Figure 2.7), involves melting and
extruding filament. Extrusion-based methods are cost-effective and relatively straightforward.
Short fiber-reinforced composites can be extruded without modification, while continuous fiber-
reinforced composites require only minor adjustments to the print head. Additionally, this
technique can be easily adapted for multi-material printing by using multiple nozzles. However, a
notable drawback of FDM is the visible layering effect in the final printed parts. This section
focuses on the development of new fiber-reinforced polymer (FRP) composite materials,
incorporating both nanoscale discontinuous fibers and continuous fibers, using the FDM
technique.
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Fig. 2.7 Material extrusion process (Goh et al., 2019).
Figure 2.7 illustrates three methods for producing composite components through Fused
Deposition Modeling. These methods include the extrusion of prepreg composite filament, the in
situ coating of fibers with liquid resin, and the in situ fusion of fibers with molten thermoplastics.
In this process, the nozzle is heated to melt the thermoplastic filament, which is then deposited
selectively.

The Fused Deposition Modeling has been used to develop fiber-reinforced composite materials
ranging from nano-scale to continuous fiber form. Carbon, glass, fibers of thermotropic liquid
crystalline polymers in long chopped for or in the millimeter range, iron, metallic powders of
copper in the micrometer range, graphene, and multi-walled and single-walled carbon
nanotubes, are some of the materials that have been researched for the fabrication of composites
through the fused filament fabrication technique. The commonly used matrix materials are
thermoplastics. A few examples of thermoplastics requiring low processing temperatures include
polypropylene, poly-lactic acid, nylon, and acrylonitrile butadiene styrene (Zindani & Kumar,
2019).

Fused Deposition Modeling is convenient for short fiber-reinforced polymeric composites. This is
because they are extruded in a normal filament without need for an extra layer. However, the Fused
Deposition Modeling suffers from voids and porosity. Reduced tensile strength and delamination
results owing to the formation of voids in between the extruded filaments (Shofner et al., 2003).
Incorporating reinforcements along the filament direction is more effective because the fibers tend

to align with the direction of extrusion, resulting in improved anisotropy of mechanical properties
(Dul et al., 2016).

Fiber loading is another relevant area of research that has been investigated extensively and has
been demonstrated to be dependent on the reinforcement—matrix combination. Elastic modulus
increases with the fiber loading up to a certain threshold limit. wettability of the fibers with the
matrix materials is the cause to be attributed to the poor fiber-matrix interface. An increase in fiber
loading results in increased matrix viscosity and lower flowability. This may lead to clogging of
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the nozzle. Plasticizers and surfactants may be added to enhance fiber-matrix bonding. This will
result in better processability of the material. The addition of Buna-N and linear low-density
polyethylene were added as compatibilizers and toughening agents respectively with the
reinforcing material in ABS. The tensile strength was reported to be enhanced with the addition of
1 wt% hydrogenated Buna-N and 30 wt% of linear low-density polyethylene (Goh et al., 2019;
Zindani & Kumar, 2019).

The interface between fiber and matrix material has significant influences on tensile strength. The
distribution of fibers was therefore also influenced whereas the fibers were generally oriented in
the middle of the extrusion line (Griffini et al., 2016; Hofstatter et al., 2016). The interface between
the layers was indistinct due to the remelting of material during the extrusion of the next layer,
allowing for a continuous matrix material. This also resulted in an interconnected orientation of
longitudinally oriented and orthogonally oriented fibers.

FDM manufacturing using CF in ABS is achievable and can result in an improved tensile strength
of 42MPa at a fiber volume weight of 5% as shown by (Ning et al., 2017), The tensile strength
was 34 MPa at a fiber content of 10% weight, which is closer to the tensile strength of pure ABS
(depending on the composition of the ABS). With 7.5 percent fiber content in weight and a value
of 2.5 GPa, Young's modulus was the highest. When fibers were added to pure ABS, toughness,
and yield strength were reduced. In (Ning et al., 2015) the study showed that the influence of
carbon fiber ratios and fiber length on the tensile and flexural properties of FFF-built ABS-carbon
manufactured parts is investigated. Flexural stress, tensile stress, flexural modulus, and flexural
toughness are all highest with a carbon fiber loading of 5%. However, Young's modulus was at its
maximum value with 7.5 % carbon fiber volume in the composite, Because of the high porosity,
most of the tensile and flexural parameters are at least at a 10% carbon fiber ratio. With increasing
carbon contents and fiber length, ductility diminishes.

The feature described above also affects ductility. Experiments were performed with fiber lengths
of 150 um, resulting in a higher Young’s modulus than with 100 pm (Ning et al., 2015), longer
fibers increase stiffness and strength but reduce ductility compared to shorter fibers, highlighting
a trade-off between mechanical reinforcement and material toughness.) It was concluded that
adding carbon fibers to plastic materials can lead to improved tensile properties compared to pure
plastic specimens.

Fused Deposition Modeling (FDM) using ABS reinforced with short glass fibers has shown
promising results, with the material capable of incorporating up to 30% fiber content by weight
(Zhong et al., 2001a). By treating ABS with plasticizers and compatibilizers, a more uniform
distribution of fibers can be achieved, enhancing the overall quality and performance of the
material. This results in consistent and predictable mechanical properties throughout the entire
finished product.

PLA can be reinforced using short carbon fibers or continuous jute yarns. Carbon fibers greatly
enhance tensile strength (by 435-599%) and stiffness due to their high load-bearing capacity,
while jute fibers provide a more sustainable alternative but contribute less to tensile strength.
Continuous fiber reinforcement generally outperforms conventional polymer composites in
mechanical performance. Investigations using PLA with an embedded continuous fiber is
presented in (N. Li et al., 2016b) concluded a weak interface between the fiber and the matrix and
flexural strengths increased from 13.8 to 164% and storage moduli from 166% to 351% increase
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compared to conventional parts. A general overview of the use of continuous fiber in a PLA matrix
is given by (Bettini et al., 2017).

The fused filament fabrication process has been used for the fabrication of continuous fiber
reinforced polymeric composites (Melenka et al., 2016; C. Yang et al., 2017). Additive
manufacturing can simply be accomplished by a simple modification of the print head. Several
different approaches have been adopted to print continuous fiber-reinforced polymeric composites,
including extrusion, in situ consolidation of fibers and thermoplastic at the nozzle (Dul et al., 2016;
Tian et al., 2016; C. Yang et al., 2017), and in situ fusion of fibers and thermoplastics before
extrusion. In the case of in situ consolidation, viscosity affects both the traction force and the resin's
viscosity. During in situ fusion at the nozzle, fibers are fused with the resin and extruded
automatically without the need for a feeding device. Mechanisms such as resistive heating laser
cutting (Goh & Yeong, 2018) and mechanical cutting (Der Klift et al., 2016) are required to cut
the fibers at the end of each composite layer. Using continuous fibers as reinforcements results in
significant improvements in tensile properties (Ivey et al., 2017). Table 2.4 presents the mechanical
characteristics of composites produced through FDM manufacturing methods.

Table 2.4. Mechanical properties of composites fabricated using FDM manufacturing techniques.

Composite composition Mechanical Properties Reference

Carbon fiber reinforced with Nylon Impact strength of 82.26 kJ m™> (Caminero et al
Glass fiber reinforced with Nylon Impact strength of 280.95 kJ m™ 2018) °
Kevlar fiber reinforced with Nylon Impact strength of 184.76 kJ m ™ '

e-glass fiber in polypropylene Flexural modulus of 13.06 GPa

(Low et al., 2017)

Ultimate tensile strength of

574.44 MPa
Carbon fiber in ABS Young's modulus of 25.86 GPa
Carbon fiber in PETG Ultimate tensile strength of 69 MPa (Jiang & Raney, 2019)
Carbon fiber in PLA Young's modulus of 8.5 GPa

Ultimate tensile strength of 69 MPa
Young's modulus of 9 GPa

Ultimate tensile strength  of

575 MPa

Young's modulus of 25.86 GPa

Poisson's ratio of 0.37

Shear strength of 67.77 MPa

Glass fiber and Nylon Compression strength  (0°) of (Goh etal., 2018)

82 MPa

Compression strength (90°) of

12.73 MPa

Ultimate tensile strength of

701 MPa

Young's modulus of 68.08 GPa
Compression strength (0°) of
223.06 MPa

Compression strength  (90°) of
41.83 MPa

Poisson's ratio of 0.35

carbon fiber and Nylon (Goh & Yeong, 2018)
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Ultimate tensile strength of
Bundles carbon fibers with epoxy resin 792 MPa (Hao et al., 2018)
Young's modulus of 161 GPa

Ultimate tensile strength of 91 MPa

Flexural strength of 156 MPa

Enhanced strength (N. Li et al., 2016b)
Ultimate tensile strength of 90 MPa

Young's modulus of 5.8 GPa

Tensile modulus of 294 MPa

Ultimate tensile strength  of
475 MPa
34.5% Carbon fiber and Nylon Young's modulus of 35.7 GPa
Enhance tensile modulus
Ultimate tensile strength of 80 MPa
Young's modulus of 1.99 GPa
Ultimate tensile strength of (Melenka etal.,2016)
6 wt% CNT in ABS 47.1 MPa
Young's modulus of 2.625 MPa
Shear  strength of 27 MPa
Ultimate tensile strength of 70 MPa
Higher mechanical strength was

Carbon Fiber in polylactic acid
Bundled carbon fiber in ABS

Bundled carbon fiber in PLA

(Der Klift et al., 2016)

0.5 wt5 CNT in PLA

1 wt% CNT in PEEK (Berretta et al. 2017)

5.6 wt% Graphene in ABS and PLA (Wei et al., 2015)

achieved
Ultimate tensile strength of 30 MPa
4 wt% Glass fiber in PLA Young's modulus of 4 GPa (N.Lietal,2016a)

Impact strength of 60 Jm'!
Ultimate tensile strength of 38 MPa
Carbon fiber in ABS Young's modulus of 5.9 GPa (Z.Zhangetal.,2018)
Shear strength of 13 MPa
10 wt% Carbon fiber in the millimeter Ultimate tensile strength of 90 MPa

(Liao et al., 2018)

scale in PA 12 Young's modulus of 3.5 GPa
Carbon fiber in the millimeter scale in Ultimate tensile strength of 70 MPa
ABS Young's modulus of 8.91 GPa (Zhong et al., 20012)

2.4.2 Fiber materials

Natural fibers and synthetically manufactured fibers are the two types of fibers available. Natural
fibers, the first type, may be further divided into plant fibers and animal fibers. Plant-derived
cellulose fibers are a common example (Le Duigou et al., 2016; Matsuzaki et al., 2016). Synthetic
fibers may be made in both dry and wet situations. They have been formed into filaments, ropes,
or strings after fabrication (Shubhra et al., 2013). Carbon fiber-reinforced plastics are widely
utilized in the industry (CFRP)(Serrano et al., 2014). Among other things, they're used in the
Airbus A350 airliner, wind turbine blades, endoscopic surgery, and automobile components
(Biron, 2012; Dave & Davim, 2021). The use of glass fibers in combination with additive
manufacturing technologies has also been studied (Garoushi et al., 2013; Van der Zwaag et al.,
2014; Zhong et al., 2001b). This had been covered in the FRP in the FDM Manufacturing section
Long glass fibers allow information to pass through the materials and, as a result, communication
to pass through the matrix material (Monaghan et al., 2015).
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2.4.3 Matrix material

Currently, three processes for producing raw composite material are documented in the literature.
melt compounding, in situ polymerization, and Solution casting (Carneiro et al., 2015; Oksman et
al., 2006). Polyester, epoxy, and acrylate mix with a high surface value in terms of roughness as
well as a good connection to glass fiber material are also often applied as matrix materials. The
spectrum of polymers used in additive manufacturing (AM) is typically limited. It involves the use
of polycarbonate (PC), polyamide (PA), acrylonitrile butadiene styrene (ABS) tetracthyl
orthosilicate (TEOS), and polylactide (PLA)(Dudek, 2013; Ning et al., 2017; Shofner et al., 2003).
In AM, high-performance polymers are uncommon as a matrix material, employing
polyetherimide (PEI) from the polyetheretherketone (PEEK) family (Chuang et al., 2015). The
high melting point temperature of over 200 °C is a great benefit. A model was created using
polymethyl methacrylate (PMMA) powder, which was then melted around the fibers
(Glasschroeder et al., 2015).

Polypropylene (PP) was explored in depth by researchers (Shubhra et al., 2013) as a matrix
material, with the primary benefits of PP being a high heat-distribution temperature, dimensional
stability, flame resistance, and appropriateness for blending, filling, and reinforcing.

PLA was employed as a matrix material for whiskers made of microcrystalline cellulose
(Bondeson & Oksman, 2007; Oksman et al., 2006). Although PLA is frequently utilized in additive
manufacturing, particularly infiltrated layer manufacturing (FLM), there are few published
applications of this material with significant qualities.

2.5. Filament manufacturing process

The filament is the primary material utilized in the FDM process. In general, the filament is
constructed of a low-melting-point pure polymer. In some applications, the pure polymer's strength
should be increased. As a result, several industries and researchers have been manufacturing
polymer composites as 3D printing filament material by mixing the matrix and improving the
components to build systems with structural characteristics and functional benefits that are
impossible to obtain with just any component(X. Wang et al., 2017). However, because each
reinforcement in a composite polymer will lead to different properties, the process of creating
composite filaments must first be given special attention.(Nancharaiah et al., 2010; Shabdin et al.,
2019).

2.5.1 Manufacturing filament for 3D printing using hot-melt extrusion

After raw materials are converted into polymers and pellets, continuous filaments are created for
Fused Deposition Modeling (FDM). Figure 2.8 a illustrates the overall material manufacturing
process for PLA filaments. The initial steps involve corn fermentation (corn to lactic acid),
condensation (lactide), and polymerization to produce polylactic acid (PLA). The PLA material is
then compressed and extruded into filaments for further use Figure 2.8 b represents the filament
production process, which consists of three stages: hot-melt extrusion, cooling, and winding.
Researchers described hot-melt extrusion as a technology for producing polymer filaments that
have a strong capacity to homogeneously administer two or more solid components. (Tan et al.,
2018). Heat and pressure are applied to melt or soften materials, enabling the production of
uniform products with consistent shapes and densities using a die. During the extrusion process,
the materials are melted by a heater and mixed by a rotating screw, which then transports the
softened materials up the barrel to the screw's end. This extrusion stage is crucial, as it allows for
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the modification of particle orientation while extruding plastic composite filaments, thereby
ensuring optimal material properties and performance (Spinelli et al., 2019).

After extrusion, the filaments are passed through a series of hot and cold baths to achieve the
standard diameters of 1.75 mm or 2.85 mm, which are commonly used in FDM filaments. Figure

2.8 c illustrates the process of winding the filaments into bundles using a roller, compensator, and
coiler.

corn PLA pellet Filaments

Feedstock filament fabrication process

Polymer pellets

Cooling zone Filament winding
(liquid or gas)

e

e ¢ 18 { |
el ¥ XX | [ &
G Oy

Extruder Hot bath Cold bath Roller Compensator Coiler
Fig. 2.8. The process for fabricating a filament. (a) The material processing for the polylactic
acid (PLA) filaments. The process begins with corn fermentation, condensation, and
polymerization, and the material is pelletized and extruded into filaments. (b) An overall
process in the fabrication of a filament. (c) A figure of the filament production line for FDM,
including extruder, hot bath, cold bath, roller, compensator, and coiler (Park & Fu, 2021).

In the following sections, the existing materials used as filaments are analyzed and summarized.
Figure 2.9 provides a breakdown of the various categories of filament materials
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Fig. 2.9 Composite Classification Based on Reinforcing Phase (Nazeer, 2018).

2.5.2 Pure thermoplastic filaments

The process of extruding pellets or raw materials from polymers can be used to create a pure
polymer filament for FDM materials. This method involves using extruders to push or exert
pressure on the material through openings in the die to obtain the product in the form of an
extrudate (Rauwendaal, 2014).

The barrel serves as an enclosure for the rotating screw(s) depicted in Figure 2.10. The barrel is
used to heat up the raw materials as well. The barrel consists of three areas: feed zone, transition
zone, and metering zone (Chaturvedi et al., 2017). The raw materials became softer in the feed
zone, turned into plastic in the transition zone, and fully melted in the metering zone. The
temperatures of various regions are determined according to the materials being used. The
materials enter the transition zone and proceed to the metering zone via the surface of the rotating
screw. The molten ingredients are pushed through a die from the metering area. The die diameter
is chosen according to the needed filament sizes. Typically, a brass die with a diameter of 2.5 —
3.5 mm is employed for 1.75 mm filaments according to (Nassar et al., 2019). Once the materials
are extruded through the die, they then move through a zone where they are cooled. The speed at
which the filament cool has a strong impact on its quality. Various cooling methods like water
baths and cold air guns are utilized for filaments. A drawing procedure can additionally decrease
the diameter of the filament post cooling. Typically, an electric motor powered by direct current
(DC) is utilized for the task of drawing (Nassar et al., 2019).

Barrel
heater/cooler
Melt
thermocouple

Barrel \ Filter Breaker
ks 5 screen  plate
Throat liner —, | Thermocouples \
Screw | | \
\ |

Thrust
hearing

: - Adapter
Throat-cooling channel CaPer Die
Feed zone

Melting zone Melt-pumping zone

Fig.2.10 Extruder machine parts (Kasala, 2018).

The most widely known and used filament materials are acrylonitrile butadiene styrene (ABS) and
polylactic acid (PLA) for the FDM process. Each has its advantages and limitations. ABS is known
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to emit harmful gases during melting at high temperatures, shrinks significantly during cooling,
and is not environment friendly. However, PLA is seen as biodegradable yet has low heat
resistance, high brittleness, and poor mechanical properties. Therefore, these thermoplastic
filaments must possess various characteristics, including chemical resistance, biocompatibility,
heat resistance, flexibility, and strength, based on the specific application they are used in within
a particular FDM process. The pure polymer filament is entirely made from a polymer compound
without adding additive solutions (Anandkumar & Babu, 2019; Tuan Rahim et al., 2015). Each
type of pure polymer filament has its inherent characteristics and mechanical properties (Van
Krevelen & Te Nijenhuis, 2009). One of the steps that can be taken to improve the mechanical
properties of a filament is adding additives to the filament composition. This process finally led to
the composite filament (Bogoeva-Gaceva et al., 2017; Yetgin, 2020). In the following section, we
will address the most popular thermoplastics (PLA, ABS, nylon, and PEEK) for the filaments in
3D printing. In addition, Table 2.5 presents a comparison of their physical and mechanical
properties, as well as printing parameters.

Acrylonitrile butadiene styrene (ABS): is an amorphous substance formed by polymerizing
styrene, acrylonitrile, and polybutadiene. ABS is not only stronger and harder than PLA, but it also
has better resistance to corrosive chemicals, making it a more tempting alternative for FDM
applications (Kuo et al., 2016). ABS typically has a melting range of 200-250 °C. However, ABS
has been used by the automotive, healthcare, and aerospace sectors to produce functional
components according to (Lee et al., 2017).

Polylactic acid (PLA): PLA is another common thermoplastic known for its biodegradability but
also known for its sensitivity to humidity over 60 °C. PLA has a relatively low melting point
around 145-186 °C and can be easily formed into filament with a temperature over 185-190 C
(Kim et al., 2017). Biocompatibility and good mechanical properties (relatively high strength and
modulus). PLA build parts are typically used for practical applications that require a certain degree
of aesthetic characteristics (Dey et al., 2020; Mazzanti et al., 2019)

Polyether ether ketone (PEEK): PEEK has an approximate glass transition temperature of 143
°C. It is known for having high mechanical strength, lightweight, chemical and heat resistance,
and biodegradability(P. Wang et al., 2019). The printing temperature of PEEK is comparatively
high, around 340 °C. Moreover, many advantages of PEEK, including excellent mechanical and
chemical resistance properties, allow the application of the polymer in extreme conditions such as
bone, bearing, piston parts, vehicle, and aircraft (Y. Wang et al., 2020).

Nylon 6: Nylon 6 is known for its flexibility, heat resistance, and impact resistance. It is durable
and has good toughness values as well. However, as a hygroscopic material, it absorbs moisture
extensively, reducing overall quality (Terekhina et al., 2019). Nylon is prone to warping like ABS.
The warping effect can be reduced by maintaining the bed temperature at about 75°C.

Table 2.5. Comparison of the physical and mechanical properties, and printing conditions of PLA, ABS,
Nylon, PC, and PEEK for FDM (Z. Liu et al., 2019).

Physical and mechanical properties PLA ABS Nylon 6 PEEK
Glass transition temperature (°C) 53-64 102-115 47-57 137-152
Melting temperature (°C) 145-186 - 220 335-343
Heat deflection temperature (°C) 56 100 190 160
Modulus (GPa) 1.2-3.0 1.8-2.39 2.8-3.1 3.56
Tensile strength (MPa) 28-50 25-65 79 92
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Printing temperature (°C) 190-220 220-250 220-270 360450
Bed temperature (°C) 45-60 95-110 70-90 360450
Ref. (Mark, 2009) (Kauffman, 2010) (Mark, 2009) (Mark, 2009)

2.5.3 Composite filaments

Thermoplastics become soft and fail to retain their original shape at high temperatures. In many
cases, a product produced from thermoplastic filaments cannot meet specific functional
requirements. The properties of FDM build parts are often inadequate when compared to the
properties of injection- molded parts (Ahn et al., 2012). Based on the application fields, there is a
continuous search for FDM filament materials that are lightweight, have high strength, and have
good surface quality(Matthews & Rawlings, 1999). The composite materials are viewed as a viable
option to meet these requirements. The need for new and environment-friendly materials are also
areason for using composite materials. Composite materials have been reported to exhibit superior
properties compared to pure polymers (Kabir et al., 2020; Penumakala et al., 2020; Rahim et al.,
2019).

2.5.4 Composites matrix filaments

Polymers are generally preferred for AM processes due to their adaptability to different procedures
and they can be customized to complex geometries with high accuracy (Regassa et al., 2019).
However, polymers have inferior mechanical properties, making them unsuitable for many load-
bearing applications. Therefore, research has been undertaken to overcome the disadvantages of
polymers. This reinforcement aims to increase the mechanical properties of the polymer so that it
can be used in load-carrying applications. Researchers analyzed the impact of fiber orientation and
layer thickness on glass-reinforced polymer composites produced using FDM. Their study
concluded that FDM is suitable for producing small parts and components (Carneiro et al., 2015).
One critical requirement for effective reinforcement is the desired interfacial adhesion, which
enhances the affinity between fiber and resin matrix, thereby increasing the durability of glass
fiber-reinforced polymers. To achieve this property, coupling agents are used to bond the fiber
with polymers (Z. Liu et al., 2015).

2.5.6 Composite filaments using fibers

A fiber-reinforced composite (FRC), depicted in Figure 2.11, is composed of three primary
elements: reinforcing fibers (which may be either continuous or discontinuous), a continuous
matrix phase, and an interphase region, or interface, which serves as the boundary where the
different materials in the composite meet and interact.
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Reinforcing Matrix Fiber Reinforced
Fibers Material Composite (FRC)

Fig 2.11 Design of a reinforced composite with reinforcing fibers (Kabir et al., 2020).

Natural or synthetic fibers are used as reinforcement materials instead of particles with polymer
matrices in fiber composites which have great potential in structural industries, including
aerospace, automotive, and energy applications, due to high mechanical properties with
lightweight. Different fibers such as glass, rice husk, and carbon with different lengths are mixed
with polymers for composite filament preparation Both discontinuous fibers (e.g., chopped glass
fibers (Zhong et al., 2001b), chopped carbon fibers (Ferreira et al., 2017), and short basalt fibers
(Sang et al., 2019) and continuous fibers (e.g., glass (Justo et al., 2018), carbon (Justo et al., 2018;
Sugiyama et al., 2018), and aramid fibers (Dickson et al., 2017), are used as reinforcements for the
composite continuous fiber-reinforced composites exhibit high performance compared to the
discontinuous fiber-reinforced ones. In short fiber composite, the fibers are blended with a polymer
matrix before the preparation of composite filaments. Conversely, separate spools of fibers and
polymer filaments are used for printing parts from continuous fiber composites (Penumakala et al.,
2020) because continuous fibers have a long aspect ratio and are typically aligned in orientation
within composites. The advantages of fiber composites, combined with the flexibility of FDM, can
be achieved by using fiber-reinforced composites as filaments. This subsection provides a
systematic summary of research on composite filament development for the FFF process,
showcasing different types and forms of reinforcement materials used as composite filament
materials, as illustrated in Figure 2.12. The composite materials for FDM filaments are categorized
based on reinforcement types in this section.

Particulate Short fiber Continuous fiber
Reinforcements Reinforcements Reinforcements

Polymer
Matrix

(a) (b) (c)

Fig. 2.12 Various reinforcement materials used in composite filaments: (a) Particulate
reinforcement, (b) short fiber reinforcement, and (c) continuous fiber reinforcement
composites (Bettini et al., 2017).
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Discussion on continuous and discontinuous fiber: Carbon and glass fibers are commonly used
for FFF process composite filaments. The process involves blending fiber composites, polymer
matrix, and short fibers using an extruder to produce composite filaments. The quality of
composites depends on factors such as blending temperature, blending time, fiber distribution in
the matrix, surface energy, coefficient of thermal expansion, fiber orientation, proportion of fibers,
adhesion between fibers and matrix, thermal stability of fiber, presence of voids, moisture
absorption of fibers, fiber diameter, and fiber length (Halip et al., 2019). The essential factors
affecting part properties and printability are summarized and graphically represented in Figure.
2.13.
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Fig. 2.13 Factors affecting part properties and printability of fiber composite filaments (Pu’ad
et al., 2020).
While advanced commercial systems like the Markforged Mark Two and Onyx Pro can embed
continuous fibers into the printed part, they are limited to laying those fibers in flat, two-
dimensional layers (within the X-Y plane). Current FDM-based technologies are not yet capable
of aligning fibers freely in all three dimensions. This means that the reinforcing fibers are deposited
layer by layer, which restricts their ability to strengthen the part in all directions. For applications

that demand strong performance from multiple angles, this directional limitation is a critical factor
to consider when evaluating the mechanical properties of the final printed structure.

2.6 Methods of printing polymer composites using FDM technology

Based on a review of the literature (Der Klift et al., 2016; Dudek, 2013; Ning et al., 2015; Tekinalp
et al.,, 2014). It is proposed that methods for printing composite materials or multifunctional
structures be classified according to the type of extruder (printing head), as shown in Figure 2.14.

Making composites by FDM technology

H Print on an element Alternate print of
two materials
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composite material composite

Fig 2.14. Composite manufacturing by FDM technology (Bryll et al., 2018).
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2.6.1 Creating multi-material structures by printing on an element

An interesting method of creating multi-material structures involves printing a layer of polymer
material on the surface of a ceramic, metal, wood, or another polymer material. The resulting
structural elements can be made of multiple materials, with the built-in element occupying most
of the entire volume (Bak, 2003; Dudek, 2013). However, a major limitation of this method is the
necessity to divide the model into parts separated by parallel planes to identify subsequent printing
stages. Additionally, the printing head must be controlled and stopped to place additional elements.
A technological challenge in this method is to resume printing without breaking the continuity of
the material (Dudek, 2013).

2.6.2. Creating a composite structure by single nozzle

Manufacturing a composite structure using a single head by printing on the reinforcement material
is considered a method similar to creating multi-material structures. Composite materials are
obtained in a multi-stage process (see figure. 2.15), where the number of stages depends on the
number of reinforcement layers in a finished element. Each printing stage is designed by specifying
a division plate, which enables stopping the printing and depositing the reinforcement phase on
the print. Layered composites made by this method can be reinforced with continuous fiber, cloth,
or mat. Disadvantages of this type of printing include restrictions associated with the process and
with the thickness of individual layers of the reinforcement material in the composite. The layer
of reinforcement commonly found in the literature is approximately 0.5 mm thick (Dudek, 2013;
Guo & Leu, 2013; Kumar & Kruth, 2010).
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Fig. 2.15. Manufacturing and composite structure by a) single head printing on a
reinforcement material. b) dual materials printing. ¢) in-nozzle impregnation (Goryl et al.,
2024).

Producing composite structures using a single nozzle involves utilizing specialized filaments
distinct from those used in conventional 3D printing. These filaments are infused with various
additives such as rubber microspheres, glass or carbon fibers, or wood flour in addition to the base
polymer. Achieving the correct filament diameter (typically 1.75 mm or 3 mm) requires precise
control of the extrusion speed, as increasing speed results in a smaller diameter. There are also
constraints regarding the size and volume fraction of reinforcement particles within the filament.
If the particles are too large or present in excessive quantities, they can obstruct the printer nozzle,
leading to compromised print quality and potential blockages (Bak, 2003; Chybowski &
Gawdzinska, 2016; Kumar & Kruth, 2010; Tekinalp et al., 2014).
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Figure 2.16 depicts the fabrication of a composite structure using an advanced dual-material
printing technique. This process, which alternates between two distinct materials, has become
increasingly prevalent in modern 3D printing. It can be executed using either a dual-nozzle setup
or a single nozzle equipped with a filament-switching mechanism. By using this method, designers
can create intricate composite structures tailored to specific requirements (as illustrated in Figure
2.16 a-b). However, dual-material printing poses several challenges. One of the primary issues is
contamination during filament transitions, as it is difficult to achieve a seamless switch between
materials. To address these limitations, continuous advancements in filament-switching systems
and software updates from printer manufacturers are being implemented to improve process
reliability and overall print quality (Bryll et al., 2018).

Material 1 Material 2

a) \ / b) Mat/enal 1/Matenal C) M;lcrial 2 | d) | ‘h/nater’la.l 2

Material 1
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Fig. 2.16. Example print structures of dual materials composite a-b) varied distribution of
materials ¢) sandwich structured composite - layered, d) sandwich structured composite -
skeletal.

2.6.4 Creating a layered composite structure using a special nozzle.

In Figure. 2.15c, a schematic representation illustrates the process of creating continuous
composites through in-nozzle impregnation. In this method, the filament acts as the matrix material
while continuous reinforcing fibers are fed separately into the printer nozzle. The reinforcing phase
is preheated before being inserted into the nozzle to enhance the impregnation of fibers with the
thermoplastic material. The fibers are automatically supplied to the printer head through filament
motion. Inside the printer head, the filament is plasticized and merged with the reinforcing phase.
Subsequent stages of the printing process resemble traditional 3D printing (Bryll et al. 2018).

2.7. Summary of literature review

This literature review comprehensively reviews three broad topics: additive manufacturing
technologies, classifications of polymer materials, and composite filament. It systematically
analyzes seven primary categories of 3D printing methods. These methods are applied to a variety
of materials. A significant focus is placed on fiber-reinforced polymers (FRPs) within Fused
Deposition Modeling (FDM) technology, highlighting common fiber and matrix materials suitable
for this process. In addition, the review thoroughly analyzes manufactured filaments for 3D
printing, discussing various filament types including pure thermoplastics, composites, and
specialized structures, and their respective properties. Key research areas identified include fiber
alignment, material development, and the enhancement of fiber-matrix interfaces, aimed at
addressing challenges such as void formation and layer visibility.

Ongoing studies aim to optimize FDM processes to improve the performance of FRPs in
additive manufacturing. The review compares different filament types, including pure
thermoplastics. It also explores the emergence of composite filaments, which integrate polymers
with fibers or other reinforcements to achieve enhanced properties, thereby addressing the
shortcomings of pure thermoplastics. Additionally, the use of biomaterials in filament production
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is discussed as a means to develop eco-friendly alternatives for applications such as custom
implants. Additionally, this review provides a comprehensive overview of filament manufacturing
techniques and materials, focusing on the dynamic landscape of additive manufacturing and the
pressing need for innovative composite solutions. The methods explored underscore the
complexity and potential of FDM technology in creating advanced composite structures, while
also addressing the inherent capabilities and limitations of current practices. Finally, recent
investigations into the printing of composite polymers using FDM are briefly reviewed,
highlighting existing knowledge gaps in the field.

In conclusion, the existing literature provides valuable insights into the mechanical properties of
3D-printed materials and the influence of various factors, such as reinforcement techniques and
filament types. However, few studies have focused on comparing different tensile standard
geometries printed with various orientations. Additionally, while previous research has often
focused on tensile properties, there has been limited attention on comparing compression, bending
and tensile properties across different printed materials. Moreover, the study of different sandwich
structures such as honeycomb and rhombus cores has primarily examined individual properties
like compression, bending, or tensile strength, without comprehensive evaluation of all key
mechanical properties like bending. Furthermore, no studies have compared the influence of
different skin layers on sandwich structures featuring re-entrant honeycomb cores or explored
varying compression test orientations.

Another gap in the literature is the lack of research on recycled filaments reinforced with natural
fibers, specifically investigating their tensile filament properties. There is also a notable absence
of studies on multi-layer structures with varying thicknesses, particularly involving materials like
PLA, PETG, and carbon-fiber-reinforced PETG and PLA.

This study seeks to bridge existing knowledge gaps by providing a comprehensive understanding
of the mechanical performance of 3D-printed materials under varying conditions. Such insights
are expected to pave the way for expanded applications of plastics. Consequently, exploring the
mechanical properties of these materials represents a promising and challenging frontier in the
fields of science and technology.
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3. MATERIALS AND METHODS

This chapter outlines the materials, equipment, techniques, and processes used in the current study.
It also describes the scientific methodologies used in the experimental measurements, as well as
the test systems used to achieve the study's aims.

3.1. Design of experiment

In this research, FDM 3D printing technology was utilized to produce samples using
thermoplastics in filament form. Two types of materials, neat (pure) polymers and composite
polymers, were examined. Each material was employed to fabricate specimens with varying print
parameters for different tests. These specimens underwent extensive mechanical testing and
simulation, focusing on tensile, compressive, bending, and sandwich structure characteristics. The
procedure and sequence of experiments conducted in this study are presented in the flowchart in
Fig. 3.1. The experimental work was primarily carried out at the Szent Istvan Campus, MATE
University, Hungary, in the additive manufacturing and material science laboratories. The
following sections detail the procedures for material preparation, 3D printing of specimens, multi-
material printing, and the various tests conducted for each material and method.
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Fig. 3.1. Flowchart for the steps of the experiments
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3.2. The 3D printing technology

The test specimens were manufactured using fused deposition modeling (FDM) 3D printers,
specifically the Geetech A20M, Wanhao Duplicator 6, and Bambu S1 models. Process parameter
variations were managed through the slicing software Cura Ultimaker, Wanhao Duplicator 6, and
Bambu Studio, as shown in Fig. 3.2 a, b, and c. respectively. Sample designs were created using
SolidWorks software, exported as STL files, and subjected to various process parameter
modifications via the slicing software.

Fig. 3.2. The 3D printers employed, a) Geetech A20M, b) Wanhao Duplicator 6, C) Bambu S1

3.3. Manufacturing of 3D-printed specimens

As mentioned in section 3.1., two types of polymer materials were examined, neat and composite,
for each 3D printing method. The following sections describe the details of producing the 3D-
printed specimens for each material and technique used.

3.3.1 Different tensile geometry shapes

The specimens were manufactured using polyethylene terephthalate glycol (PETG)
filament, The filament is black and has a diameter of 1.75 mm. The CAD design, created by the
CAD program "Solidworks 2021" and exported as an STL file, underwent changes in process
parameters. Table 3.1 contains the standards utilized for manufacturing the targeted specimens,
along with the dimensions and other specifications of each specimen's type. The modifications
were applied using the slicing software Ultimaker Cura 5.2.1. A printer nozzle diameter of 0.4 mm
was used. The printing temperature and build platform temperature during the process were
maintained at 230 °C and 70 °C, respectively. The print speed, fill percentage, and number of
perimeters were set as 60 mm/s, 100%, and 2 outlines, consecutively. In this research, the focus
was on investigating the impact of build orientation as the primary manufacturing process
parameter, while other parameters were kept constant to isolate its influence on mechanical
performance. Table 3.1 contains the standards utilized for manufacturing the targeted specimens,
along with the dimensions and other specifications of each specimen's type. The tab level angles
mentioned in the table refer to the tapered termination angles of the end tabs used for the
specimens. End tabbing is a technique commonly employed in composite testing to alleviate stress
concentrations at the grip edges and promote failures within the gauge section. It involves attaching
end tabs to the specimens to distribute the clamping force and protect the specimen surface (Czél
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et al., 2016). In addition, Figure 3.3 illustrates all specimen designs created by using SolidWorks

software.

Table 3.1. Standard and specifications of each specimen type manufactured.

Width

of

Thickness of

Width Length Thickness Radius of
narrow narrow Tab  bevel
Standard . overall overall . overall curvature o
section [mm] [mm] section [mm] [mm] angle [°]
[mm] [mm]
ASTM D638 13 19 165 3 3 R76 -
ISO 527-2 10 20 150 3 3 R60 -
ASTM o
3039/3039M 20 20 165 3 3 - 0
ASTM 3039 angle 20 20 175 2 5 - 15°
ASTM 3039 angle 20 20 175 2 5 - 90°

(b)

(©)
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Fig 3.3. Different geometry shapes of tensile test specimens drawn by SolidWorks software
according to the standard (a) ASTM D638, (b) ISO 527-2, (¢) ASTM D3039-15°, (d) ASTM
D3039-90°, and (e) ASTM D3039-0°.

All these tensile standard-shapes specimens created were printed in two build orientations
(flat and on edge) to determine the effect of print orientation on the mechanical properties as well.
Figure 3.4 illustrates the specimen design orientations used for the production of the tensile testing
samples.

Long inner lines (rasters)

Flat

On edge
Fig 3.4. Build orientations examined (flat and on-edge).
e The finite element method for different geometries

A series of numerical simulations were performed using the finite element method (FEM) to
have a more detailed vision of the effect of specimens’ geometries on the mechanical properties.
The commercial software ANSYS 17.2 was used in these simulations with a research licence.

e Modeling

Numerical simulation is an approximation method, where the governing equations are being
integrated on every element forming the so-called numerical model. For structural analysis, the so-
called weak form was being recovered and applied according to equation 1.

J O'USuUdV = J fJSuldA
Q Q0

This equation is applied to every finite element () with its closure (d) as the boundary, and the
underlying continuum body's shape. The material parameters, such as Young’s modulus, Poisson’s
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ratio, and density, were determined based on the physical and mechanical properties of the
materials used in this research. These values were obtained from a combination of manufacturer
datasheets and experimental tensile tests conducted during the study. Both linear and nonlinear
elastic models were employed in the simulations to better approximate the behavior of the printed
materials under different loading conditions. The material was treated as an isotropic material with
constant properties in all directions. The isoperimetric Galerkin method (Zienkiewicz & Taylor,
2005) selects the test function (du;) from the same Hilbertian Sobolev space as the displacement
field (u;). The system was simplified, and the linear strain measure was utilized because the
deformation on a tensile test is minimal. The strain and stress could be calculated using equations
(3.2) and (3.3), respectively.

1
&j =5 (uij + w0)
Hooke's law can be applied because of the observed elasticity without rate effects,
0ij = Cijri€n

where the stiffness tensor of rank four (Cjjy,), the stress tensor (0;;), and the strain tensor (&;;), are
linearly connected.

Geometry model, meshing, and boundary condition in numerical simulations, the quality of
the mesh is essential for achieving accurate and meaningful results. These simulations allowed us
to study the tensile response of the specimen structures and identify areas prone to stress
concentration. The software incorporated detailed specimen dimensions and material properties,
including the tensile characteristics of the solid samples. Key parameters like Young’s modulus
and yield strength were integrated, with both linear and nonlinear elastic material models
employed. Material constants used in the simulations included an elastic modulus of 5220 MPa, a
Poisson’s ratio of 0.33, and a density of 1270 kg/m>. In order to benefit the geometrical symmetry
and reduce the computational cost, every specimen’s geometrical model was clipped using its
symmetry planes, resulting in only one eighth of the original geometry and half of the gripping
mechanism from the experimental apparatus. Furthermore, A uniform element size was applied
throughout, except in regions with significant changes in cross-sectional areas.

_It is important to note that the material behavior of FDM-printed components presents unique
challenges in FEM modeling. Due to the anisotropic and heterogeneous nature of FDM structures,
particularly the planar, closed-loop inhomogeneities caused by the path of the print head,
conventional isotropic or even basic anisotropic elastic models may not fully capture the
complexity of the printed material’s internal architecture. While an anisotropic elastic material
model was used in this study to approximate these effects, it is recognized that such models provide
only a limited representation of the true mechanical behavior. These limitations should be
considered when interpreting simulation results, and further research is needed to develop more
accurate material models for 3D-printed polymers.

The machine zone was divided into three sections, each 1 mm in width. Similarly, the
specimens were segmented into three zones, with the critical zone at 0.2 mm and the remaining
zones at 0.5 mm, as shown in Figure 3.5.
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Fig 3.5. Symmetry planes and mesh sizing.

As for the boundary conditions, to emphasize the true geometrical effect and to exclude the
effect of different (Force vs. Elongation) curves, a uniform stress of 70 MPa was applied to every
numerical study with a frictional contact between the specimen and the gripping jaw alongside
with a zero displacement of the gripping jaw as shown in Figure 3.6.

A: Static Structural
Static Structural
Tirme: 1, 5

[A] Displacernent

[B] Displacernent 2
[C] Displacernent 3
B Pressure: - 70, MPa

0,00 30,00 {rem)
[ — A "
15,00 e

Fig 3.6. Boundary conditions employed in the simulation.
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3.3.2 3D-printed carbon fiber-reinforced polymer composites and pure polymers

The experimental materials encompassed CFPLA, CFPETG, PETG, and recycled PLA
(rPLA) filaments with a diameter of 1.75 mm, sourced from reputable suppliers. The PETG
and rPLA filaments were acquired from 3Djak (Extrudr PETG Black - 3DJake Belgium, n.d.;
ReForm - vrPLA Black 1,75 mm, n.d.), while CFPLA and CFPETG filaments were obtained from
Spectrum(Carbon PLA 1,75 Mm / 1000 g, n.d.; Carbon PLA 1,75 Mm / 1000 g, n.d.). These
filaments were reinforced with 10 wt.% carbon fibers, each having a fiber length of 100 um. The
inclusion of carbon fibers significantly augmented stiffness, hardness, and tensile strength, all
while maintaining low shrinkage and excellent adhesion. Furthermore, the 10%carbon fiber
addition provided the models with a matte finish. Printing of the test pieces took place using a 0.4
mm nozzle diameter on the Geetech A20M printer situated in the additive manufacturing
laboratory at Szent Istvan Campus, MATE University, Hungary. Tabulated in Table 3.2 presents
the specific printing parameters for each material.

Table 3.2 Printing parameters employed for each material

. Material
Printing parameters
PETG  CFPETG rPLA CFPLA
Layer thickness 02mm 02mm 02mm 0.2 mm
Initial layer height 0.24mm 0.24mm 024 mm 0.24 mm
Print speed 60 mm/s 60 mm/s 60 mm/s 60 mm/s
Infill density 100% 100% 100% 100%

Platform temperature 70 °C 75°C 60 °C 45 °C
Printing temperature 230°C  240°C  210°C 200 °C
Nozzle diameter 04mm 04mm 04mm 0.4mm

Tensile test specimens, conforming to the ASTM D3039 rectangular shape (165 mm % 20 mm x 3
mm), were 3D-printed. For each material, samples were produced in two orientations: flat and on-
edge. A total of 24 tensile test samples were printed (three from each orientation, utilizing identical
print settings). Compressive test samples, adhering to ASTM D695, were created with a diameter
of 13 mm and a length of 20 mm. The total count of compressive test samples reached 12. The
design of these specimens was executed using SolidWorks software. Figure 3.7 depicts the
designed compressive and tensile specimens with distinct building orientations.

(a) (b)

On-edge
(

. — Flat

Fig. 3.7 Samples design by SolidWorks software (a) the compressive sample,
(b) tensile specimens built with two different orientations; on-edge and flat.

Figure 3.8. shows the group of samples before the tensile and compressive tests.
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PLA-CE-$la} 2

Fig. 3.8. Samples before testing: (a) tensile specimens, (b) compressive specimens

The fracture interfaces of the specimens were examined post-mechanical testing utilizing
the Axio Lab A1 Microscope, situated in the additive manufacturing laboratory at Szent Istvan
Campus, MATE University, Hungary. The imaging software, operating at 50x magnification, was
employed to capture and process data, facilitating the analysis of interfaces between deposited
lines and the isolation of fractured fibers within the matrix subsequent to the tensile test. A single
specimen, selected from the three tested samples, was scrutinized to study the fracture interface in
detail.

3.3.4 Re-manufactured filaments

e Material Specifications

Recycled polylactic acid (rPLA) (ReForm - rPLA Black 1,75 mm, n.d.)and polyethylene
terephthalate glycol-modified (PETG) filaments, along with carbon fiber-reinforced PETG (CF-
PETG) and carbon fiber-reinforced PLA (CF-PLA), were utilized for filament tensile testing.

This study also incorporated re-manufactured filaments of PLA, rPLA, and PETG. To
enhance the mechanical properties of the re-manufactured PLA and rPLA filaments, hemp fiber
was used as reinforcement. Similarly, jute fiber was employed for the re-manufactured PETG
filaments (see Figure 3.9 a, and 3.9 b). Comprehensive tensile property testing was subsequently
conducted on these filaments. Table 3.3 presents detailed information about filament
manufacturers and the mechanical properties of the original filaments used in the printed
specimens, as reported by the manufacturers. Additionally, the properties of the reinforcement
fibers, as extracted from the material data sheets, are listed in Table 3.4.
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Fig 3.9. Fibers used in the study along with their microstructure: Hemp fibers shown in (a) and (c),
and Jute fibers in (b) and (d).

Table 3.3. Mechanical characteristics and manufacturers of the materials utilized.

Properties Materials

PLA rPLA PETG CF-PLA CF-PETG
Density [g/cm’] 1.25 1.24 1.29 1.3 1.32
Tensile strength [MPa] 51 63 61 65 45
Elastic Modulus [MPa] 2400 3251 3100 12500 4250
Elongation at break [%]3.5 4 4 0.5 4.9
Manufacturer Creality 3D JAKE Extruder Spectrum Spectrum

Table 3.4. Mechanical and physical properties of jute and hemp fiber [35].

. Tensile Young's
Fibers {;ﬁl:ng]th })3:;::{ strength  Modulus
& [MPa] [GPa]
Jute 2-120 1.5 393-773 10-30
Hemp 5-55 1.4 550-1110  30-70
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To ensure the resulting filament meets specific quality, performance, and application-
related criteria, it is essential to determine the dimensions of small hemp pieces and the diameter
of jute fibers before transforming them into filament form. Under 10x10 magnification, the
microscope provided detailed measurements: the hemp fiber diameter was 35.05 pm, the width
was 23.78 um, and the jute fiber diameter measured 79.71 um (see Figure 3.10 ¢ and 3.10 d).
Figure 3.10. presents a schematic roadmap that clarifies the distinction between the materials used,
specifying which were purchased, which were employed in multi-material designs, and which
were recycled, along with the tests performed on each group.

R factured - - Filament
e-manufactured W& Hemp fiber-reinforced PLA [ B tonsile test
filaments

Jute fiber-reinforced PETG

Carbin fiber-reinforced PLA

Fig.3.10. Schematic roadmap illustrating the categorization of materials used in the study: re-
manufactured materials.

e Filament fabrication

The objective was to create new filaments by re-manufacturing the original commercially-

produced filaments to evaluate their ultimate tensile strength (UTS) and compare these results with
those of the initial filaments. The preparation process began with chopping the original filament
into small particles utilizing a filament cutting machine. These particles were then fed into a single-
screw extruder to produce new filaments.
In the Materials Science laboratory, a filament-cutting machine was utilized. A segment of the
commercially-produced filament was sliced into pieces and placed into the machine's chamber.
After securing the chamber to the apparatus, it was operated for seven seconds to generate the final
particles (see Figure 3.11). The cutting process generally produced particles in the 3—5 mm range,
Fiber content was calculated using weight percent (wt.%), based on the formula:

Weight of Fiber

Weight of Fiber + Weight of PLA
This approach ensured that natural fiber reinforcement remained consistent at 7 wt.% across the
samples.

Five materials PLA, rPLA, CF-PLA, PETG, and CF-PETG, were cut separately and
prepared for manufacturing new filaments. The filament was created using a filament maker
machine after being ground with the WZ-1 grinder machine. PLA and PETG particles were fed
into the machine’s barrel and heated to specific temperatures. The extrusion temperatures were set
to 185 °C and 200 °C for PLA and PETG polymers, respectively. The extrusion speed was set to
the maximum level on the machine to ensure material melting. Inside the barrel, the rotating screw
advanced the molten material, simultaneously mixing and blending it to maintain uniform quality.
After the material was fully melted and homogenized, it was extruded through a die to produce

Fiber wt.% = ( ) x 100
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filaments with a specified diameter of 1.75 mm. The filament was then cooled with a fan and
readied for subsequent testing.

The same process was repeated while mixing hemp fiber with PLA and rPLA filaments
and jute fiber with PETG filaments. The selection of hemp with PLA and jute with PETG was
based on preliminary trials that demonstrated better interfacial bonding and mechanical
performance with these specific material combinations. Additionally, extruding hemp and jute
composites with 7 wt% was achieved without difficulty. The percentages of fibers were chosen
based on prior research (Gupta et al., 2019) and practical considerations of printability and
mechanical properties. However, attempts to re-manufacture CF-PETG were unsuccessful.
According to previous research (J. Zhang et al., 2020), recycling carbon fiber-reinforced thermoset
composites has been particularly challenging, and similar difficulties may apply to carbon fiber-
reinforced PETG

Due to circumstances that were difficult to control, varying filament diameters were
obtained, which differed from commercially manufactured filament. These conditions included
the inability of the mixing chamber in the extrusion machine to provide a homogeneous blend of
the molten material, leading to inconsistent filament uniformity. Additionally, difficulties in
calibrating the melting temperature and extrusion speed resulted in diameter variations and
noticeable disturbances in the amount of extruded filament. Moreover, the lack of control over
cooling, represented by the presence of a single-speed fan, exacerbated issues during the
manufacturing process. Despite these challenges and difficulties, the required and sufficient
samples were obtained for testing. Experimental adjustments were made to the temperature
settings to align with the extrusion speed, and the available cooling system was adjusted to produce
testable samples. The total number of the re-manufactured filament tensile test is 35.

Hemp fiber

\' F

>

o1

Jute fiber

{ R |
| i

Filaments prepared for testing

' Filament maker __

Fig. 3.11. Filament cutting procedure.

The filament diameter varied for each material. Table 3.5 shows the different diameters of
the materials after they were re-manufactured and reinforced with natural fibers.
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The reduced filament diameter observed was likely due to challenges in controlling the fan
speed and the rapid transition from the molten to solid state during extrusion. Additionally, the
speed of the extruder played a role in this deviation, impacting the cooling rate and resulting in
thinner filaments than expected.

Table 3.5. Diameters of the materials after re-manufacturing and reinforcing with natural fibers.

Re-manufactured filament Diameters [mm]

Specimens PLA rPLA PETG
PLA rPLA PETG CF-PLA +Hemp -+hemp -+Jute

1 1.1 1.2 1.4 1.2 1 1.3 1.3
2 1.2 1.5 1.2 0.9 1.3 1.3
3 1.2 1.5 1.2 0.7 1.2 1.3
4 1.1 1.5 1.1 0.7 0.9 1.2
5 1.1 1.4 1.2 0.9 1.2 1.2

3.3.3 Sandwich structures

3.3.3.1 PLA with honeycomb/rhombus core structures

The FDM technique was used to manufacture the test specimens with the commercial 3D
printer WANHAO Duplicator 6 and PLA (polylactic acid) material. PLA was chosen as the
preferred material because of its growing popularity in FDM printing and its sustainable
environmental characteristics. The filament used was 1.75 mm in diameter and black. As stated by
the manufacturer, the filament's claimed qualities are tensile Young's modulus, ultimate tensile
strength, strain at yield, and impact strength of 3.120 GPa, 70MPa, 5%, and 3.4 KJ/m2,
respectively, when tested according to ISO 527. WANHAO 3D printer has a 0.4 mm nozzle
diameter and exists in the additive-manufacturing laboratory at MATE (Szent Istvan University
formerly), G6doll6, Hungary. The test samples were printed with an infill density of 100% and a
layer thickness of 200 pm at a print speed of 60 mm/s. The printing and building plate temperatures
were set as 210 °C and 60 °C, respectively. Sandwiches typically consist of two skins (outer
surfaces) and a core (inner structure). The core's material may be the same or unlike the skins. In
the current study, the material utilized for both outer surfaces and inner structure was the same
(PLA), and the manufacturing, by 3D printing, was done in solely a single stage. Two sandwich
structures, a honeycomb and a rhombus (see Figure 3.12) have been used. These structures were
designed by the standards ASTM C393 and MIL-STD-401B. A three-dimensional designing
software SOLIDWORKS 2016 was used to generate the 3D structure model of the samples and
convert it into an "STL" file format. To slice the STL file (3D model), Ultimaker Cura 4.7 software
was employed to the manufacturing parameters are established. The designed specimens, with the
honeycomb and rhombus sandwich structures, were prepared for the tensile, bending, and
compression testing, as shown in Figure 3.12 a, b, and c, consecutively. Magnification for the
sandwich structures' core shape is demonstrated in Figure 3.12: honeycomb core (left) and
rhombus core(right).
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Rhombus
core shape

Honeycomb
core shape

Fig.3.12. 3D models of the sandwich structure specimens of the honeycomb (left) and rhombus
(right) patterns for a) tensile test, b) three-point bending test, and ¢) compression test

According to the appointed standards, the tensile and three-point bending tests specimens have the

dimensions of 150 mm, 20 mm, and 15 mm for length, width, and height, respectively, with 0.75
mm as the thickness of the skin (see Figure 3.13 a-b). Also, the compression test samples were
designed with a length of 50 mm, a width of 50 mm, and a height of 15 mm, at a skin thickness of
0.75 mm (see Figure 3.13 c). The specimens were built at an on-edge orientation, as illustrated in
Figure 3.13 d.

Three identical specimens were 3D-printed for each test condition. The cell wall thickness should
be sufficient so that it can be easily printable by the machine since too thin a cell wall thickness
might make printing difficult and can deform the object. Therefore, the proper cell size was chosen
to make the cell wall thickness thick enough to be easily printed. The chosen cell sizes were 8mm
and 7 mm for the honeycomb and rhombus, respectively. In addition, the cell wall size for the
honeycomb and rhombus was 0.8 mm (see core shape aside in Figure 3.12). However, it is worth
noting that it is not easy to specify the accurate or optimal 3D printing parameters due to the
anisotropic nature caused by the technology owing to the variety of its printers and materials
(Ficzere et al., 2021). Figure 2d shows the actual appearance of some of the manufactured samples.
The tensile specimens were produced with structure support owing to their geometry as there is a
wide space under their gauge section. However, there was no need for structural support while
creating the bending and compression test pieces.
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Fig. 3.13. Specimens' dimensions of a) tensile test, b) bending test, ¢c) compression test; and d)
physical appearance of some of the test specimens after 3D printing

Table 3.6. Average values of mass and density (with its standard deviation (SD)) of specimens tested

Structure Mass (g)  Volumesoiia (mm*)  Densitysamples (g/mm?)  SD(£)(g/mm?)
Tensile honeycomb  10.408 31500 0.33*%1073 6.73*%10¢
Tensile thombus 11.639 31500 0.369%1073 4.93*107
Bend. honeycomb ~ 14.955 45000 0.332*1073 1.47*%10%¢
Bend. rhombus 17.228 45000 0.382*1073 2.56*10¢
Com. honeycomb ~ 12.063 37500 0.321*1073 1.22*%10¢
Com. rhombus 14.533 37500 0.387*1073 1.15%10°

3.3.3.2 Wood/PLA composites with re-entrant honeycomb core

The printing material used for both the face and core of the sandwich structure specimen
was a wood filament (PLA-based with natural wood particles filament). The wood/PLA filament
was a wooden color branded Spectrum with a diameter of 1.75 mm. According to the manufacturer,
the filament has a density of 1150 kg/m?, a tensile strength of 47 MPa, and a modulus of elasticity
of 2900 MPa. The CAD model of the sandwich structure was prepared using SolidWorks 2023
software and exported as an STL file. Printing was done on a Geeetech A20M 3D printer using
Ultimaker Cura 5.2.1 software. The process was carried out at a temperature of 45 °C and 210 °C
for the platform and printing head, respectively. The specimens were manufactured at a print speed
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of 60 mm/s, with a layer thickness of 0.2 mm, an infill density of 100%, and a line printing pattern,
using a nozzle diameter of 0.4 mm.

The compression and 3-point bending test samples were manufactured according to ASTM
C365-00, “standard test method for flatwise compressive properties of sandwich cores,” and
ASTM (393, “standard test method for flexural properties of sandwich constructions.” The
designed specimens with the re-entrant honeycomb sandwich structure (see Figure 3.14) were
prepared for the bending and compression testing. The re-entrant honeycomb structure is derived
from the traditional hexagonal honeycomb but differs significantly due to its inward-sloping cell
walls, which give it auxetic properties, allowing the structure to expand laterally when stretched
(Tather, 2022). This distinctive feature differentiates it from both typical honeycomb and
trapezoidal designs. The use of re-entrant honeycomb in the sandwich composites was chosen for
its enhanced mechanical behavior, including improved energy absorption and flexural response,
as discussed in previous studies (Assidi & Ganghoffer, 2012; S. Yang et al., 2013; X. Zhang et al.,
2015; Zied et al., 2015), Figure 3.14 is a magnification of the suggested and tested cell.

According to the specified standards, the bending test specimen had dimensions of 140 mm
in length, 20 mm in width, and 10 mm in height (see Figure 3.15 a). In addition, the compression
test specimen was designed and manufactured with a length of 50 mm, a width of 50 mm, and a
height of 10 mm (see Figure 3.15 b). Bending and compression specimens were printed with
different face layer (wall) thicknesses (0 mm, 0.8 mm, and 1.6 mm) in compression test specimens
and (0.8 mm, 1.6 mm) in bending test specimens. The tensile specimen had dimensions of 150 mm
in length, 20 mm in width, and 3 mm in thickness, with a gauge section length of 60 mm (see
Figure 3.15c¢). For each test, the specimen was printed and tested three times, and the results in the
paper are the average of three repeated test results. Figure 3.15 illustrates examples of specimen
drawings generated using SolidWorks software. It is worth noting that this figure includes only a
selection of representative drawings of the designed specimens; remaining drawings are detailed
in the preceding text. Table 3.7 lists the average densities for the specimens analyzed.
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Fig.3.14. Design of re-entrant core unit cell.
Table 3.7. Average mass and density (with standard deviation) of the tested specimens.
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Structure Mass Volume solid Densitystruture  SD (%)
(e  (mmd) (kg/m’) (g/mm?)
Comp. — without face 8.584 7183.78 1.2%10°¢ 1.1*¥107
Comp. — with a face layer of 0.8 mm 12.51 11183.78 1.12%107 7.5%10°°
Comp. — with a face layer of 1.6 mm 16.82 15183.78 1.1*#107° 6.7%10°°
Elz‘:;' — with face layer of 0.8 mm, in- ) g4 1315 g 1.14%10°6 0.6*10°
o - w1
Bend. — with face layer of 1.6 mm, in 1733 1555957 1.113*10° 66.02 10
plane
Bend. — with face layer of 0.8 mm, out- 1311 1048235 1.25%10°6 6.8%10°
of-plane
Bend. — with face layer of 1.6 mm, out- 1735 14722 .84 1.18%10° 6.6%10°

of-plane
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(b)

(c)
Fig.3.15. Shapes from SolidWorks for: (a) bending specimens with in-plane and out-of-
plane core orientations and face layers of 0.8 mm and 1.6 mm thickness, (b) compressive
specimens with face layers of 0 mm and 1.6 mm thickness, and (¢) tensile specimen

3.3.4. Neat, single, and multi-gradient composites

In this investigation, four distinct types of polymeric filaments tailored for additive
manufacturing were extruded. These categories included pure PLA and PETG polymers, as well
as PLA and PETG polymeric composite filaments reinforced with 10 wt% carbon fiber. According
to the material provider, the average length of the carbon fibers was 100 um. The samples were
created using a Bambu s1 MEX-type 3D printer, which is capable of additive manufacturing with
up to four different materials in a layer-by-layer manner. In our experimentation, all four feedstock
materials were used, with each material corresponding to a dedicated feeding system. The STL
files of the samples were sliced into standard G-code for printing.

Tensile specimens of single-gradient composites, denoted as PLA/CF-PLA and PETG/CF-
PETG, consisted of 50% PLA and 50% CF-PLA, and 50% PETG and 50% CF-PETG, as well as
50% PLA and 50% PETG. Additionally, multi-gradient composites were created using two
specific combinations: PLA/CF-PLA (PCFP) and PETG/CF-PETG (GCFG). The PLA/CF-PLA
setup featured 25% PLA on the outer layers and 50% CF-PLA in the central core (PCFPP). For
the PETG/CF-PETG combination, 25% PETG was used for the outer layers with 50% CF-PETG
as the core (GCFGG). Another variant, the PETG/PLA composite, included 25% PETG on the
outer layers and 50% PLA in the inner core (GPG), Table 3.8 provides details on the previous
specimens and their corresponding notations.
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Table 3.8 shows a List of Acronyms:

MEX - Material Extrusion Material Extrusion
P 100% PLA
G 100% PETG
PCFP 50% PLA + 50% CF-PLA
GCFG 50% PETG + 50 % CF-PETG
PCFPP 25% PLA + 50% CF-PLA +25% PLA
PCFGG 25% PETG + 50% CF-PETG + 25% PETG
CFP 100% CF-PLA
CFG 100% CF-PETG
PG 50% PLA+ 50 % PETG
GPG 25 % PETG + 50% PLA+ 25% PETG

For comparison, additively manufactured samples of pure neat PLA, PETG, CF-PLA, and
CF-PETG were also prepared, and their properties were assessed alongside various gradient
composites. The selection of the multi-material design samples was based on optimizing material
properties for specific structural applications. The choice was influenced by prior studies that
demonstrated the benefits of combining materials with different mechanical characteristics to
enhance overall performance (Palaniyappan et al., 2023; Yermurat et al., 2023). Figure 3.16
displays the schematic of the functional grading sequences for various PLA, PETG, and CF-PLA-
CF-PETG composite layers. The samples were created with different gradient stacking
arrangements, including both single and multi-gradient setups with varying percentages of
stacking layers.

N S
e —

El ria 2 PETG e
CE-PLA = CF-PETG 5

Fig. 3.16. Schematic of functional grading sequences for various multi-material tensile
specimens, produced using Bambu Studio software.

The material properties of PLA and PETG produced under the specified printing
parameters are outlined in Table 3.8. This study delved into the tensile strengths of the specimens,
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determined by evaluating functionally specific volume ratios. For printing with PLA and CF-PLA,
an optimal printing temperature of 210 °C was employed, while printing with PETG and CF-PETG
required nozzle temperatures of 220 °C and 240 °C, respectively. Although Table 3.9 suggests an
ideal bed temperature of 45 °C for PLA, a bed temperature of 70 °C was used for all prints
involving PETG.

Table 3.9. Printing settings employed while manufacturing multi-materials using Bambu 3D
printer.

Printing settings PLA PETG CF-PLA CF-PETG
Layer height [mm] 0.12 0.12 0.12 0.12

Initial layer height [mm)] 0.2 0.2 0.2 0.2

Wall loops 2 2 2 2
Top/bottom layers 2 2 2 2

Infill density [%] 100 100 100 100

Infill pattern Rectilinear Rectilinear Rectilinear Rectilinear
Printing temperature [°C] 210 220 220 240
Platform temperature [°C] 45 70 45 70
Printing speed [mm/s] 50 50 50 50

3.4 Experimental testing of the 3d-printed specimens

3.4.1 Different tensile geometry shapes

The experiments in this study aimed to investigate the influence of tensile test specimens’
geometry on the mechanical characteristics and mode of failure. The Zwick/RoellZ100, a universal
testing device, was employed to evaluate the tensile strength of the specimens. There have been
ten different sets of specimens were prepared (coming from five cases of standards with two build
orientations), as shown in Figure 3.17 a , showcasing the diverse geometry shapes investigated.
These specimen dimensions adhered to the standards outlined in ASTM D638, ASTM D3039 (0-,
15¢, and 90¢), and ISO 527-2 for PETG polymer tensile testing. Three identical specimens printed
with the same settings were tested from each set under similar conditions to ensure robustness and
reliability. The tests were repeated three times to account for any potential variations. The obtained
results were then averaged to obtain representative values. The evaluation of tensile behavior
encompassed the determination of tensile strength, tensile Young’s modulus, and the failure mode
under the specified conditions. Figure 3.17 b highlights the technical importance of the
extensometer used in the experimental setup. The extensometer, attached to the tensile test
specimens during testing, enables precise measurement of elongation by providing high accuracy
in differential movement measurement between two points. With a maximum error of only =1 pm
within the range of 20 to 200 um, the extensometer significantly contributes to accurate elongation
data and facilitates the calculation of Young’s modulus. Moreover, the extensometer
measurements allow for the determination of additional mechanical properties, such as nominal
strain at tensile strength (etm), stress at break (6B), strain at break (¢B), and nominal strain at break
(etB).To conduct the tests, each specimen was securely fixed by the grips, as depicted in Figure
3.17. and stretched at a constant speed of 3 mm/min along its longitudinal axis until failure.
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Fig. 3.17 Tensile testing (a) sets of tensile specimens of different geometries, and (b)
extensometer attached to the specimen during tensile testing.

3.4.2 3D-Printed carbon fiber-reinforced polymer composites and pure polymers

Tensile tests were carried out according to the ASTM D3039 standard, while compressive tests
adhered to ASTM D695, utilizing a Zwick/Roell Z100 test machine equipped with a 10 kN force
transducer. The tests were conducted at a 5 mm/min displacement rate, and the grip-to-grip
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distance was maintained at 99.8 mm. The force-displacement data were collected via computer
using data acquisition software. Tensile properties assessed included tensile strength, tensile
Young's modulus, and failure modes under prescribed conditions. The modulus of elasticity was
experimentally determined within the elastic range, employing an extensometer to evaluate strain
rate sensitivity (viscoelasticity). For each material, three specimens underwent tensile strength
testing.

Compressive strength was computed by dividing the compressive load by the specimen's cross-
sectional area. Compressive strain was determined using equation (3.4), and compressive modulus

was calculated using equation (3.5).
Al

£=10s 3.4
where A/ is the elongation and Ly is the length of the sample.
E=Z. (3.5)

&

3.4.3 Re-manufactured filaments

e Filament fixation

In this study, the tensile properties of the original filaments (not printed specimens and 3D
specimens) and the re-manufactured filaments (not printed into a specimen), such as ultimate
tensile strength and fracture strength, were determined at a crosshead speed of 5 mm/min, with a
minimum of five repetitions for each test. Filaments 300 mm in length were clamped using
Bollard-style grips (see Figure 3.18). The bollard part of the fixture had a diameter of 120 mm,
consisting of two cylindrical grips mounted on a Zwick Roell Z100 tensile testing machine. Testing
was performed at a displacement rate of 5 mm/min, with a distance of 150 mm between the grips.
One grip was secured in place, while the other was adjustable. The adjustable grip was attached to
the load cell of the testing machine, which recorded the force exerted on the specimen.

Fig. 3.18. Tensile testing of filaments: (a) bollard grips used, (b) grip positioning within the test
machine, and (c¢) close-up view of the grips.
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3.4.4 Sandwich Structures

3.4.4.1 Mechanical characteristics of honeycomb/rhombus core structures

Three repeated tests have been accomplished on the samples that were constructed for each
configuration of the sandwich structure's core (honeycomb and rhombus). The following sections
clarify the conditions and details of the tests performed.

e Tensile testing

The ISO standard 527 for tensile testing of polymers (B. ISO, 2009) was used to assess the tensile
properties of the built structures. The tensile behavior determination included the tensile strength,
tensile Young's modulus, and the failure form under the specified conditions. According to the
ISO 527-2:2012 standard (Iso, 2012b), the specimens were stretched at a steady speed of | mm/min
along their main axis until they broke.

Equation (3.6) was used to calculate the tensile strength (o;) of sandwich specimens
o= Pi/A, (3.6)

where P; stands for the ultimate load (N), while the sandwich specimen's cross-sectional area is
represented by 4, (mm?) in our study we chose the broken cross-section area where it was in the
middle of the specimens. The cross-section area was calculated using SolidWorks software and
was: 30 mm?, and 32mm? for the honeycomb and rhombus, respectively. For this, the Solidworks
software was used to find and calculate the smallest cross-sectional area, as illustrated in Figure
3.19, where it was 30 mm? and 32 mm?. for honeycomb and rhombus, respectively.

Tensile modulus (E;) was calculated by Hooke's law

E;=aile, 3.7)
as ¢ is the strain,

To get a more accurate value of Young’s modulus (Et), two points were fitted on the stress-strain
curves of the sandwich specimens to draw the slope and determine the tensile modulus. These two
points were specifically at 10% and60% from each axis on the stress-strain curve (i.e., the values
of ot and € were picked at 10% and 60% and then substituted into the slop equation (3.8);

o t(at 60%)- ot (at10%) / e(at 60%)- e(at 10%) (3.9)

Fig.3.19 The cross-sectional area of tensile specimens determined by the Solidworks software

¢ Bending Testing
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The bending tests (three-points) were carried out following ASTM C 393 The crosshead speed of
the tests was 1 mm/min until the specimen broke. In the three-point bending, the radius of supports
and punch was 15 mm, and the span length was 100 mm. Figure 3-20 presents the experimental
procedure used for the three-point bending tests on the sandwich specimen with a re-entrant
honeycomb structure. The left side of the figure shows a cross-sectional view of the tested sample,
while the right side illustrates the experimental setup together with the key test parameters.
Equations (3.9-11) were used to calculate the values of bending strength (o») as well as the bending
modulus (Ep) of sandwich samples (Zaharia et al., 2020).

M = et (3.9)
M. h
op ==, y=> (3.10)
LS-Fmax
Epena = w3 AL (3.11)

Where: I: the moment of inertia (mm*) calculated using solidwork software, M: Maximum
Bending Moment ( N.mm), Pmax: the maximum applied load (N) (maximum applied load at the
loading point of the beam, used to calculate the maximum bending moment and bending stress),
h: the total thickness of the structure (mm), L: Length of the specimen between the supports (span
length) (m), d: Thickness of the specimen (m), Fmax: Maximum load applied (N) (is the force
corresponding to the measured displacement used to calculate the bending modulus), AL:
Deflection at the center (m), w is the specimen width (mm), Figure 3.20c presents the three-point
bending test setup used for the determination of the moment of inertia

For the honeycomb and rhombus cores, homogenization was applied by considering them as
effective solids with average density values, as reported in Table 3.6. This ensured consistency
between the design geometry, the measured mass, and the effective cross-sectional properties used
in the calculations.

13.2
b

Fig.3.20: Experimental setup of testing one of the sandwich structures (honeycomb) for the
tests of a) three-point bending, b) compression, c) Tensile, d) key geometrical parameters used in
Equation (3.10).
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e Compression testing

The sandwich structure specimens were compressed on a mechanical test machine (Figure 3.20 b).
The tests were performed at a I mm/min crosshead speed. For reliable results, each lightweight
sandwich construction investigated (honeycomb and rhombus) was subjected to three tests. The
average cross-sectional area (Asy) was determined based on the relationship between mass, density,
and geometry. This method enables accurate estimation of the effective load-bearing area, taking
into account the internal core geometry and material usage.

For a solid PLA reference specimen of the same nominal dimensions (thickness t and length), the
cross-sectional area is given by:

_ Mpra
Appy = S0t (3.12)
where: (ApLa) cross-sectional area of a solid PLA specimen (mm?), (Mpra)measured mass of the
solid PLA specimen (g), (prLa)density of solid PLA (g/mm?), (t) specimen thickness (mm).

Similarly, the average cross-sectional area of a sandwich structure specimen (Aq) can be expressed
as:

Mstr
ppLat

Agp = (3.13)

where Msstr is the measured mass of the printed sandwich specimen.

However, rather than directly measuring Mstr , it is often more convenient to relate it to the solid
reference specimen using the density ratio:

Mgty
Pav __ /V — Mgty
ppLa MPLA/V Mpra (3.14)
Rearranging:
L (3.15)
PLA
Substituting into the expression for Ay
_ Mpra  Pav
Aav = ppLat i ppLA (3.16)
. Mpra
: =A
Since oPLAL PLA
The Final Simplified Formula:
Agy = Appg * 22 (3.17)

PPLA

The density (pav) of the sandwich structure compression specimens is 0.32x1073(g/mm?) for
honeycomb and 0.39x1073 (g/mm?) for rhombus, as listed in Table 3.6.

Additionally, the density of the PLA material (ppia), in the case of a solid bulk, is1.252x107
(g/mm?).
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To verify these analytical estimates, the specimen geometries were also modeled in SolidWorks,
and the theoretical cross-sectional properties were extracted directly from the CAD models. This
dual approach (analytical and CAD-based) ensured consistency between the design intent and the
printed geometry.

3.4.4.2 Wood/PLA Composites with Re-Entrant Honeycomb Core

For simulation studies, Young's modulus and yield strength were derived from the uniaxial
tensile test. The Zwick/Roell Z100, a universal testing machine, was utilized to conduct three-
point bending and compressive strength tests on the sandwich structure specimens. Accurate
characterization of properties requires measuring the base material properties. Following the ISO
527, flat tensile test specimens were 3D printed using wood/PLA material (Figure 3.20), and three
tensile specimens were manufactured using the printing parameters mentioned in Section 3.3.3.2.

(@) (b)
Fig 3.20. Tensile tests: (a) specimens with ISO 527 geometry, (b) uniaxial tensile testing
experimental setup.

The average bending strength and bending modulus were determined by testing three
specimens in each case with a 3 mm/min crosshead speed. Tests were carried out until the samples'
fracture points. The load was applied by a 7.5 mm diameter cylindrical central roller, with two
exterior 5 mm diameter cylindrical rollers as supports, and the span length was 80 mm. Force—
displacement measurements were recorded as the output of the testing machine. The three-point
bending strength (see Figure 3.21) was tested with different thicknesses of top and bottom layers
(0.8 and 1.6 mm) and different directions of the core structure (both in-plane and out-of-plane).

ARNARERRRREER
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b

(b)
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Fig 3.21. Bending test of two sandwich structure specimens: (a) in-plane direction of the re-
entrant core with a thickness of 0.8 mm, (b) out-of-plane direction of the re-entrant core with a
thickness of 1.6 mm.

It is argued that various factors, including the type of core material, fabrication method,
testing speed, core geometry (specifically cell size), and the testing environment, significantly
affect the samples’ compressive strength. The compressive strength (both parallel (edgewise) and
vertical (flatwise) to the surface) for different thicknesses of the top and bottom layers (0.8 and 1.6
mm) was examined on three specimens according to the ASTM C364/C364M standard. According
to the standard, the crosshead speed for the compression test was set to 5 mm/min (see Figure
3.22).

(a) - (b)
Fig 3.22 Compressive test of two different specimens: (a) parallel to the surface (edgewise), (b)
perpendicular to the surface (flatwise).

e The finite element method

To provide in-depth insights into the mechanical behavior of re-entrant honeycomb sandwich
structures, facilitate accurate stress analysis, and performance prediction, numerical simulations
were conducted using ANSYS Workbench 16.0. The FEA validation was performed for bending
and compression tests only, while tensile data were used exclusively to define the elastic material
property for the simulations. These simulations allowed us to analyze the sandwich structures'
responses to three-point bending and compression, as well as identify where stress concentrations
might occur. The software incorporated specimen dimensions and material properties, including
the solid samples' compressive, bending, and tensile properties. Young's modulus and yield
strength were obtained from uniaxial tensile tests, while ultimate compressive strength and
bending strength were obtained from compression and bending tests. The flexural strength was
calculated using Equation (3-18):

3FL
2bh?

of= (3-18)

where: F is the applied load (N), L is the span length between supports (mm), b is the width of the
specimens (mm), and /4 is the thickness of the specimen (mm)
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The compressive strength of a sandwich composite was calculated using Equation (3-19),
Additionally, the effective compressive strength was calculated using Equation (3.20)

o= (3-19)
where: F is the applied compressive load (N) and A4 is the cross-sectional area of the specimen
(mm?).

eff _ O facext face

(3.20)

¢ t core+t face

where: o7ace 1s the compressive strength of the face sheets (MPa), #ce 1s the thickness of the face
sheets (mm), and 7.0 is the thickness of the core material (mm).

However, since the specimens in this study are sandwich structures with re-entrant honeycomb
core, the classical beam theory cannot be directly applied due to their non-uniform geometry.
Therefore, the actual geometric properties (e.g., second moment of area, I) were extracted from
SolidWorks models of each specimen, which provided accurate values based on the real printed
structure. These CAD-based properties were then used in the flexural stress and modulus
calculations, ensuring consistency with the structural configuration.

This approach is consistent with previous studies, where the standard equation is presented for
clarity, but detailed geometry is obtained from CAD or numerical methods for sandwich structures
(Kladovasilakis et al., 2021; Zaharia et al., 2020; Zoumaki et al., 2022).

The re-entrant core structure is inherently anisotropic due to its unique geometry and the re-entrant
design of the honeycomb cells. This anisotropy arises because the mechanical properties of the
structure vary with direction. The core is also heterogeneous in composition and design, featuring
varying geometrical features and sometimes differing materials within the honeycomb pattern. The
simulations employed a linear elastic material model with the material defined as wood/PLA
composite (as tested), with constants including a modulus of elasticity of 2085 MPa, a Poisson's
ratio of 0.33, and a density of 1150 kg/m? (Dharmalingam et al., 2022; Vakharia et al., 2021; X.
Wang et al., 2019).

During the finite element meshing process, careful consideration was given to the mesh sizes of
the specimens. Consequently, the most appropriate mesh size and mesh combination were used in
the model. Figure 3.23a and 3.23b show the meshing of CAD models of bending and compression
specimens. Defining the structure, material properties, contacts, applying loads, and boundary
conditions were all part of finite element modeling. The material chosen for the fixed supporting
rollers and the loading central roller in the three-point bending analysis was stainless steel 316L.
Loading was performed by applying a gradual displacement consisstent with the strain rate of the
experimental study to the upper cylinder (roller), while the two other cylinders (rollers) served as
fixed supports. A single surface and friction contact (COF = 0.1) was established between core
elements to prevent interpenetration during bending, and all contacts were assumed to be friction.
A fixed support boundary condition was set at one end of the CAD-modeled samples to simulate
the compression test, and a gradual displacement consistent with the experimental study's strain
rate (5 mm/min, and 3mm/min) was set at the other end. Figure 3.23c and 3.23d show the boundary
conditions of the bending and compression simulation tests. Model calibration used tensile-test
data to set the elastic modulus of the printed material; validation relied on comparing
bending/compression responses (load—deflection curves and peak load) between simulation and
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experiment. Because the analysis is linear elastic, stress comparisons at a given applied load are
independent of the selected modulus, whereas deflection/stiffness are modulus-dependent.
Accordingly, agreement is reported for both stress at load and stiffness.

(2)

* Movable cylinder

+ Movable surface

L

Free move surface

- Fixed {constrained) surface / "—I
" e <zt Fixed supports

(c (d)
Fig 3.23. Meshing of the CAD model for the 0.8 mm face of (a) bending (in-plane), (b)
compression (flatwise); and boundary conditions for (c) bending (in-plane), (d) compression
(flatwise).

While these materials exhibit direction-dependent behavior due to their fiber structure and the
additive manufacturing process, using a linear elastic approximation is a common and practical
starting point in FEM, particularly for capturing global behavior and identifying stress
concentrations in complex geometries like re-entrant honeycomb cores. Prior studies (Nukala et
al., 2023) have shown that linear elastic models can yield results that align closely with
experimental outcomes for 3D-printed fiber-reinforced composites. Although they do not fully
account for anisotropy or nonlinearities, such models offer computational efficiency and are
suitable for preliminary structural analysis.

3.4.5 Neat, Single, and Multi-Gradient Composites

Tensile specimens of the various multi-material configurations, including those with gradient
additives, were fabricated according to ISO 527-2-1B standards. These specimens were designed
with dimensions of 150 mm in length, 20 mm in width, and 4 mm in thickness. The tensile strength
and modulus of the prepared samples were assessed using the Universal Testing Machine
Zwick/Roell Z100, applying a tensile loading rate of 1 mm/min. Each set of 3D-printed multi-
material samples underwent three repetitions of testing. A representation of the tensile test samples
is illustrated in Figure 3.24.
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(a) (b)
Fig 3.24. The physical appearance of some of the tensile specimens: (a) PLA, CFPLE, (b)
PETG, CFPETG
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4. RESULTS AND DISCUSSION

The experiments' results are presented in this chapter, as well as discussions suggesting the new
findings. These include mechanical characteristics for different 3D printing FDM and materials
(neat and composite for each technique) by assessing the results of sandwich structures, multi-
materials, and testing (such as tensile, compressive, bending, and microstructure.

4.1 Different tensile geometry shapes

4.1.1 Experimental results

Various variables, as discussed in the literature, can effectively increase stiftness and strength. The
major variables that influence deformations and deflections include material properties, layer
binding, and FDM 3D printing parameters (mainly, infill pattern and build orientation). To delve
deeper into the characteristics of build orientations, it is helpful to look at the structure of printed
tensile test specimens in Figure 3.4. Every layer has inner lines and a shell (contour). The direction
of the layer contour for the flat sample is parallel to the applied tensile test force. These specimens
exhibited a higher likelihood of elongation due to the presence of long internal lines constructed
at a 45° angle and a sufficient number of layers, resulting in increased strain. The on-edge
workpiece possesses a complex structure characterized by a cross-section with numerous layers, a
narrow contour, and short internal lines. This explains how these samples were pulled with a great
degree of strength during the test.

The theoretical masses of the printed specimens were derived from the slicing software, whereas
the actual masses were determined using a precision scale with an accuracy of £0.01 g. In addition,
the cross-sectional areas of the specimens were calculated to enable a more comprehensive
comparison. The results, summarized in Table 4-1, reveal that the experimentally measured masses
are consistently lower than their theoretical counterparts. This deviation, though minor, reflects
the inherent variability of the printing process and highlights the subtle gap between digital design
and physical realization.

Table 4-1 Comparison between theoretical masses, measured masses, and cross-section area.

Flat On-edge Cross-section
Specimens real mass | slicer- mass | real mass | slicer- mass | area

(g) (2) (2) (g) (mm?)
ASTM-D638 8.49 9.13 8.63 9.28 39
ASTM-D3039-0° 11.04 11.88 11.24 12.09 60
ASTM-D3039-15° | 11.83 12.72 11.76 12.65 40
ASTM-D3039-90° | 8.17 8.79 8.83 9.49 40
ISO 527 4.89 5.26 5.19 5.58 30

The load-displacement curves that were obtained from the tensile test for all examined shape
geometry and orientations are shown in Figure 4.1. It is clear that the building orientation of the
3D printing parameter and the shape geometry has a significant impact on the values of force
versus elongation. The results were divided into two diagrams according to the building
orientations and the shapes of tensile standards examined. The highest applied loads required to
reach the fracture, for the different shape geometry, were reported to the ASTM D3039-0° (for
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both flat and on edge), as shown in Figure 4.1. The average values (out of three testing results for
each orientation) of these highest loads obtained were 1693 N and 2632 N for flat and on edge
orientation, respectively. Comparably, ASTM D638 standard specimens also showed a relatively
high load ranging between 1562 N and 1890 N for flat and on-edge orientation, respectively. In
contrast, the lowest loads were reported in specimens of the ASTM D3039-15° (at the flat build
orientation) and ISO 527 (at the on-edge build orientation) with the values 1026 N and 1475 N,
consecutively.

In terms of the Young’s modulus, the flat build orientation values were ranged between 1188 MPa
and 1622 MPa, where the best values were from ASTM 3039-0°. On the other hand, the tensile
modulus of the on-edge build orientation ranged between 1660 MPa and 2773 MPa, and the better
values were from ASTM D3039-90° (see Figure 4.2b). In addition, the Young’s modulus of ASTM
D3039-0° was 26.74% and 40.15% higher than the ISO 527 geometry shape (the lowest modulus)
for the flat and on-edge orientations, respectively. In comparison between ASTM D638 and ISO
527, the average of ASTM D638 specimens was 14% and 21% higher than the ISO 527 geometry
shape for flat and on-edge orientations, consecutively. Concerning the tensile strain (see Figure
4.2 c¢), which was determined at the yield strength, its values ranged between 2.73% and 4.21%
(for both orientations). The ASTM D3039-0° and ASTM D638 specimens exhibited the highest
values, while the ISO 527 specimen showed the lowest value. The tensile strain average value of
the ASTM 3039-0° at on-edge orientation was 9.5% higher than the flat orientation of the same
shape.

Flat orientation On-edge oreintation
3000
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2500 2500
_ 2000 2000
£ £
g 1500 B 1500
o (]
- —
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ASTM 638
1SO 527 ASTM 638
500 ASTM 3039-0° 1S0 527
ASTM 3039-15° 500 ASTM-3039-0"n
" ASTM 3039-15
0 ASTM 3039-90 0 ASTM 3039-90°
0 025 05 075 1 125 15 0 025 05 075 1 1.25 15
Elongation [mm] Elongation [mm]
(a) (b)

Fig.4.1. Load-displacement curves for (a) flat building orientation and (b) on-edge orientation.
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Fig 4.2. Results of different geometry shape specimens during tensile test for flat and on-edge build
orientations (a) tensile strength, (b) tensile Modulus, and (c) tensile strain.

Table 4.2 presents the average values of various tensile test mechanical properties for each
geometry shape. The results demonstrate notable variations in the mechanical behavior of the
specimens. While: €tm (nominal strain at tensile strength), €b (strain at break), ob (stress at break),
and €tb (nominal strain at break)
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Table 4.2. The average value of £tm, ob, &b, and E€tb for each geometry shape examined.

Etm b &b Etb
Specimen’s standard

(%) (MPa) (“o) (“o0)
ASTM-D638-Flat 4.7 19.5 4.7 5.7
ASTM-D638-On-edge 59 19.9 9.5 11.2
ISO 527-Flat 4.6 13.4 4.4 5.6
ISO 527-On-edge 5.6 17.1 7.5 9.2
ASTM-D3039-0°-Flat 4.2 22.79 7 7.5
ASTM-D3039-0°-On-edge 5.23 443 4.5 52
ASTM-D3039-15°-Flat 3.9 233 5.2 5.8
ASTM-D3039-15°-On-edge 5.4 48.3 4 5.4
ASTM-D3039-90°-Flat 3.7 16.8 3.8 4.2
ASTM-D3039-90°-On-edge 4.4 37.9 2.7 4.4

By testing FDM dog bone shape specimens, (Kay, 2014) credited the lower tensile strengths and
a higher degree of disassembling to the use of ASTM D638, which is not recommended (according
to him). The researcher highlighted how failures frequently happened in the neck area of dog bones
manufactured with FDM as a result of stress concentration in the part's transition zones.
Nevertheless, notable enhancements were observed when conducting tests on parts in accordance
with ASTM D3039. It is important to note that ASTM D638 is primarily intended for testing
conventional polymeric bulk materials, while the additive manufacturing parts in question more
closely resemble composite structures (Kay, 2014). Conversely, ASTM D3039 is specifically
tailored for evaluating composite materials based on their geometry.

Figure 4.3 shows the broken specimens after the tensile test. As it is well known, the
breakage/failure is much better to be in the middle of the gauge section than other parts of
specimen. Obviously from Figure 8, the broken area for the on-edge orientation was always near
the edge of the specimen; the breaks near the gripping area, which is not recommend. In general,
the on-edge orientation of FDM samples tends to yield higher strength, as indicated by the findings
from various standards investigated. However, the impact of orientation is particularly notable
when considering the ASTM D638 and ISO 527 standards. These observations align with the
results reported by (Aliheidari et al., 2017), supporting the notion that the mechanical properties
are directly influenced by the distinctive characteristics of the layered structure, specifically the
adhesion between the layers. In contrast, the fracture in most of the flat printed specimens was
almost in the middle.
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a) (b)
Fig.4.3. Specimens’ broken area (a) flat orientation and (b) on-edge orientation.

To distinguish in which geometry shape and printing parameter the specimen’s failure was better,
the broken area was given a percentage out of 100% (called the good breakage area) considering
the fracture place from the middle of the sample; the closer to the middle the higher the percentage,
and vice versa. Therefore, if the broken area is near the neck/edge, then it is not considered to get
the good fracture. Figure 4.4 shows the percentage of the good breakage area based on the
specimens’ fractures depicted in Figure 4.3.

When examining fracture surfaces of tensile specimens using an optical microscope, the flat and
on-edge orientations offer distinct insights into the material's fracture behavior. The flat orientation
allows for a detailed analysis of surface features, crack patterns, and material characteristics,
providing valuable information about the material's response to external forces (see Figure 4.5a
and 4.5b). In contrast, the on-edge orientation exposes layered structures, internal defects, and
interfacial characteristics, offering a deeper understanding of the material's internal properties and
structural integrity (see Figure 4.5¢ and 4.5d). By combining these observations, a comprehensive
understanding of fracture mechanisms, contributing factors, and the material's overall response to
stress can be achieved. The fracture surfaces observed in both the flat and on-edge orientations
exhibit characteristics typically associated with brittle fractures, as demonstrated in Figure 10,
which showcase optical microscope images of the fractured specimens. The flat specimen
fractured at an angle of 45°, aligning with the structure of its raster direction. On the other hand,
the on-edge specimens displayed a fracture angle of 90°. Notably, despite the difference in fracture
angles, the on-edge test piece exhibited higher tensile strength, attributed to the robust design of
the inner lines and the presence of doubled shell layers. These structural features contribute to
improved mechanical properties and enhanced structural integrity, leading to the observed increase
in tensile strength.
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Fig. 4.5. The fracture surface of (a) ASTM D638 specimen in the flat orientation, (b) ASTM
D3039 90° in the flat orientation, (¢) ASTM D638 specimen in the on-edge orientation, and (d)
ASTM D3039 90° in the on-edge orientation.
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4.1.2. Numerical results

The specimens were manufactured in the on-edge orientation, where print layers align vertically
with the principal loading direction. This orientation was selected as it has been shown to enhance
tensile strength and stiffness compared to upright (Z-axis) builds, due to better filament alignment
and interlayer bonding.

To ensure the validity of mechanical properties testing, the geometry of the testing specimen must
not influence its actual mechanical properties. The presence of any stress risers can introduce
artificial stress concentrations, leading to inaccurate experimental results. In structural analysis,
the stress-strain behavior of a material can be represented using either linear or nonlinear curves.
In linear analysis, the material's stress-strain curve is assumed to be linear, while nonlinear analysis
involves implementing a digital representation of the true material stress-strain curve. In this
research, linear and nonlinear modeling methods were employed to evaluate the ability of linear
models to accurately capture physical phenomena. A Young's modulus of 5250 MPa was
considered for the linear models. The nonlinear models incorporated additional material properties
such as a yield strength of 70 MPa and a tangent modulus of 10 MPa. Table 4.3 presents the
maximum Von Mises stress for each specimen and the shape-specific stress-increasing effects
using a stress value of 70 MPa in the boundary conditions.

Table 4.3. Von Mises stress values of different tensile geometry specimens.

Linear Model Nonlinear Model
Specimen Maximum StressMultiplier Maximum StressMultiplier
(MPa) factor % (MPa) factor %
ASTM D638 115.64 39.47 89.17 21.50
ASTM D3039-0° 149.11 53.05 77.18 9.30
ASTM D3039-15° 77.27 941 71.51 2.11
ASTM D3039-90° 337.1 79.23 71.33 1.86
ISO 527-2 77.18 9.30 71.32 1.85

The results presented in Table 4.3 provide valuable insights into the behavior of the tested
specimens. It is evident that the linear stress-strain model tends to overestimate the equivalent
stress, while the nonlinear model yields values that are closer to the stress values used in the
simulation settings. This discrepancy highlights the importance of using an accurate representation
of the material's stress-strain curve for reliable simulations.

4.1.3. Summary and conclusions on the different tensile geometry shapes

In this chapter (4.1) the tensile behaviour of different geometry shapes printed with neat PETG by
FDM. Five different geometries were examined for uniaxial tensile studies, utilizing various
building orientations (flat and on-edge). The primary aim was to identify the optimal geometry for
tensile testing of FDM parts and compare the mechanical performance of different specimen
shapes. Additionally, numerical simulations using the finite element method were conducted to
identify stress risers in each specimen's geometry. Based on the observations of the obtained
results, the consequent conclusions can be drawn:

71



Our analysis suggests that rectangular samples with straight edges, such as those
conforming to ASTM D3039, exhibit more favorable mechanical characteristics
compared to dumbbell-shaped samples with curved edges (ASTM D638 & ISO 527).
Experimental data indicate that using ASTM D3039 rectangular specimens with
straight edges reduces stress concentration-induced failures and abrupt transition
zones. It is important to note that conflicting results for different geometry shapes may
arise due to factors such as feedstock material type, printer configuration, printing
parameters, and test procedures.

Effect of print orientation: The on-edge building orientation specimens demonstrated
the best tensile properties, surpassing the flat orientation by 39.4%. This improvement
can be attributed to the robust inner structure achieved with the on-edge orientation.
Numerical analysis of stress concentration: The finite element simulations revealed
significant stress concentration in the transition area near the gripping location for
specimen types ASTM D638 and ASTM D3039. In contrast, the ISO 527-2 specimens
exhibited minimal stress raisers near the gripping area, with higher stresses
concentrated in the narrow/gauge section away from the clamping location.

4.2 3D-Printed carbon Fiber-reinforced polymer composites and pure polymers

The investigation aimed to enhance stiffness and strength through various parameters, as
highlighted in the literature. Tensile and compressive property graphs were constructed by
averaging the values from three replicate samples for each condition.

4.2.1 Tensile properties

Figure 4.6 portrays the tensile force-elongation curves for the four materials across distinct
building orientations. Notably, the 3D printing building orientation and the material composition
distinctly influenced the force-elongation profiles. The results were segregated into two curves
based on the building orientation, each delineating the material's behavior concerning the
orientation. Discrepancies among the materials may be attributed to distinct material properties
and the interlayer adhesion generated during FDM-based specimen construction.
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Fig. 4.6 Load-elongation curves for: (a) flat build orientation, (b) on-edge orientation
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The rPLA exhibited a maximum force load of 3393 N and 3202 N for flat and on-edge orientations,
respectively, surpassing the carbon fiber reinforced PLA. Moreover, PETG and CFPETG
exhibited differential responses based on orientation. In the flat orientation, CFPETG
demonstrated superior force load due to aligned fibers, displaying 20% higher force than PETG.
Conversely, in the on-edge orientation, CFPETG recorded 37% lower force than PETG.

Figure 4.7 summarizes the average tensile test results. In terms of tensile strength, rPLA
outperformed other materials with both building orientations. Specifically, rPLA exceeded
CFPLA, PETG, and CFPETG by 30%, 100%, and 65.7% for flat orientation, and by 39.2%, 21%,
and 77.6% for on-edge orientation, respectively. For tensile modulus, CFPLA displayed superior
values for both orientations, indicating lower elasticity in rPLA compared to CFPLA. The
comparison between CFPLA and CFPETG revealed CFPLA's tensile strength to be 26.6% and
27.6% higher for flat and on-edge orientations, respectively. Concerning tensile modulus, CFPLA
exceeded CFPETG twofold for flat orientation and threefold for on-edge orientation, aligning with
the results reported by (Rangisetty & Peel, 2017).
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Fig. 4.7 Tensile test results (a) tensile strength, (b) Modulus strength, (c¢) strain

Principal failure scenarios during tensile tests are depicted in Figure 4.8. The fracture location
differed across loading points, with better performance observed in flat orientation specimens.
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orientations

Several studies have reported that short-fiber reinforcements in FDM parts often reduce ductility
and may even lower tensile strength compared to neat polymers. This is commonly attributed to
poor fiber—matrix adhesion, increased porosity, and fibers acting as stress concentrators when not
aligned with the loading direction. Such factors help explain why rPLA outperformed CFPLA and
CFPETG in tensile strength, particularly in the on-edge orientation where fiber alignment with the
tensile axis is less favorable. In these cases, fibers may act more as inert fillers than true
reinforcements, especially when discontinuous and randomly distributed. The reduction in
elongation at break is consistent with the increased brittleness reported in literature when fibers
hinder polymer chain mobility.

For PETG, natural specimens showed a pronounced orientation effect, with higher tensile strength
in the on-edge orientation due to better filament alignment and reduced reliance on interlayer
bonding. In contrast, short-fiber reinforcement minimized these orientation-dependent differences
by enhancing stress transfer and interlayer adhesion, thereby reducing the anisotropy typically
observed in FDM-printed materials.

4.2.2 Compressive properties

Figure 4.9 illustrates the compressive force-elongation curves for the four materials across three
specimens. Notably, rPLA and CFPLA displayed the highest and near-highest force loads at 10880
N and 10416 N, respectively. Conversely, CFPETG samples exhibited the lowest compressive
force among the materials. Table 4.4 provides average compressive results for all tested materials.
Figure 4.10 showcases average maximum compressive stress, Young's modulus, and maximum
compressive strain. TPLA demonstrated a maximum compressive stress of 82.3 MPa, surpassing
CFPLA by 23.7%. PETG's compressive strength (53.7 MPa) aligned with reported literature
values, ranging from 41 to 98 MPa (Amza et al., 2021). PETG and CFPETG exhibited lower
compressive deformation, while rPLA demonstrated the largest maximum deformation, in
accordance with (Hsueh et al., 2021). The latter found that PLA's mechanical properties surpassed
those of PETG, except for thermal deformation.
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Fig. 4.9 Force-elongation curves for compressive tests

Table 4.4 The compressive properties for the materials examined

Compressive Properties rPLA CFPLA PETG CFPETG
Compressive strength (MPa) 82.3 66.5 53.7 49.3
Compressive modulus (MPa) 358.1 290.4 241.8 221.8
Compressive strain (%) 2.30 2.29 2.23 2.22
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Fig. 4.10 Compressive properties (a) compressive strength, (b) compressive modulus, (c)
compressive strain

Figure 4.11 highlights pre- and post-compressive test samples for the four materials. Notably,
samples reinforced with carbon fibers, such as rPLA and PETG, exhibited significantly enhanced
compressive resistance. The compressive deformation occurred primarily around the pressure
application point. Notably, fiber-reinforced samples displayed pressure distribution toward the
center, contributing to greater resistance against pressure force in CFPETG and CFPLA samples,
compared to rPLA and pure PETG samples.

Fig. 4.11 Compressive samples after testing (a) rPLA, (b) CFPLA, (c)
PETG, (d) CFPETG
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4.2.3 Interface characterization

The impact of incorporating fibers on tensile strength was further explored using an Axio
Lab A1l Microscope to scrutinize the interfacial fusion of the diverse materials. The analysis
revealed the dispersion of carbon fibers within PLA and PETG filaments, with noticeable carbon
fiber agglomeration in the cross-section of CF-PLA and CF-PETG filaments. Optical microscope
images of the fractured surfaces of fPLA, PETG, CF-PLA, and CF-PETG specimens are presented
in Figure 4.12. The fracture surfaces of rPLA and PETG (Fig. 4.12a and b) appear relatively
smooth and uniform, consistent with brittle failure and limited internal heterogeneity. In contrast,
the CF-PLA and CF-PETG specimens (Fig. 4.12¢ and d) exhibit rougher fracture surfaces, with
evident signs of short carbon fiber dispersion in various orientations. The presence of micro-voids,
fiber pull-out, and occasional fiber breakage is observable, indicating that the addition of carbon
fibers introduced localized inhomogeneities. Furthermore, small gaps between the carbon fibers
and the surrounding polymer matrix suggest weak interfacial adhesion, which likely contributes to
the observed reduction in ductility and tensile strength, particularly in edge-printed configurations.
The clustering of fibers and void formation may also exacerbate stress concentration effects,
leading to premature failure.

(c) (d)
Fig 4.12: Optical microscope picture of: (a) rPLA, (b) PETG, (c¢) CF-PLA, (d) CF-PETG
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4.2.4 Summary and conclusions on 3d-printed pure and composite polymer

The present chapter (4.2) investigated the compressive and tensile characteristics of FDM-
fabricated rPLA, 10% carbon fiber-reinforced PLA, PETG, and carbon fiber-reinforced PETG,
focusing on the effects of various build orientations. The ultimate tensile strength (UTS), Young's
modulus, elongation at UTS, and elongation at break were evaluated in line with the observed
behavior from the tested print settings. Based on the results, the following conclusions can be
made:

e rPLA and 10% carbon fiber-reinforced PLA consistently outperformed PETG and
10% carbon fiber-reinforced PETG in both tensile and compressive tests, across
Young's modulus and strength assessments.

e All four materials exhibited distinct tensile and compression asymmetry, with
compressive stress surpassing tensile stress.

e rPLA exhibited stronger overall mechanical performance than the fiber-reinforced
alternatives. Under tensile loading, it outperformed CFPLA, PETG, and CFPETG by
30%, 100%, and 65.7% respectively in flat orientation. A similar pattern was observed
in the on-edge orientation, where rPLA showed gains of 39.2%, 21%, and 77.6% over
the same materials.

e In the realm of compressive strength assessment, the findings indicate that rPLA
exceeded CFPLA, PETG, and CF-PETG by margins of 23.7%, 53%, and 67%,
respectively.

Overall, the mechanical properties analysis revealed that the On-edge print orientation
demonstrated the highest tensile strength, attributed to its strong internal structure. Additionally,
rPLA exhibited superior compressive properties compared to the other materials.

4.3 Re-manufactured filaments

4.3.1 Original filament tensile test

Tensile testing was conducted on the original filament material, which had not undergone
extrusion during the printing process. Figure 4.13 presents the stress-strain curves for the five
different filament materials. The figure provides one representative result out of the three tests
conducted for each material.
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Fig 4.13. Stress-strain curves for the original (non-printed) materials.

The CF-PETG filament exhibited a maximum stress of 50.14 MPa, closely matching the
stress of rPLA filaments. The stress of CF-PETG was higher than that of rPLA, PLA, CF-PLA,
and PETG by 0.2%, 70%, 6.7%, and 14.4%, respectively. The CF-PETG filament demonstrated
consistent stress resistance throughout the specified strain range. In contrast, the other filaments
experienced a reduction in stress resistance after reaching their respective peak stress levels.
Compared to the tensile strength values provided by the manufacturer, the tensile strength of PLA,
rPLA, PETG, and CF-PLA decreased by 30%, 20%, 28%, and 27%, respectively. This reduction
can be attributed to several factors, including variations in environmental conditions (such as
humidity and temperature), differences in testing equipment or setup (e.g., grip type, alignment,
or loading speed), and the storage conditions of the filament prior to testing (see Table 3.3 for
manufacturer data). This outcome is consistent with previous studies, as datasheets typically report
results from injection-molded or conditioned specimens rather than raw extruded filaments.
Environmental exposure, storage history, and extrusion variability are known to reduce filament
strength (Ning et al., 2015; Tymrak et al., 2014). Since all filaments were tested under identical
conditions in this study, the comparative trends observed remain reliable and scientifically
relevant.

4.3.2 Re-manufactured filament tensile test

Tensile tests were conducted on re-manufactured filaments, encompassing a set of five
specimens: rPLA, PLA, CF-PLA, PETG, and hemp fiber-reinforced PLA/fPLA filaments.
Additionally, jute fiber-reinforced PETG underwent re-manufacturing and testing in this segment.
Notably, the re-manufactured PLA and rPLA exhibited superior tensile strength compared to the
original filaments, which can be attributed to the consistent layer bonding in the PLA samples.
However, the recycled CF-PLA showed a 4% reduction in strength compared to the original
filaments. This decrease in tensile strength is likely due to the formation of fiber clusters during
recycling, weakening the adhesive bond between the PETG and carbon matrix, as observed in the
zoomed-in areas in Figure 4.14. The clusters reduce the mechanical properties of the composite by
impairing interlayer adhesion. Regarding PETG filament, the recycled PETG exhibited lower
strength than the original filaments. On the contrary, incorporating 7 wt% hemp fiber into PLA
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and rPLA filaments and re-manufacturing them resulted in filaments with superior tensile strength
compared to the original ones. In the case of white PLA with hemp filaments, the tensile strength
surpassed that of the original filaments and pure recycled PLA by 29% and 26%, respectively.
Furthermore, adding 7 wt% hemp fiber to rPLA increased its tensile strength by 7% compared to
the original rPLA filament, though it resulted in a 6% decrease in tensile strength compared to re-
rPLA. Moreover, adding 7 wt% jute fiber to PETG enhanced the tensile strength by 12% and 15%
for the original and re-manufactured PETG filaments, respectively. Figure 4.14 shows the sample
after the test. Additionally, a comparison between the maximum applied load and ultimate tensile
strength (UTS) for both the original and re-manufactured filaments is shown in Table 4.5.

Table 4.5 Maximum applied load and tensile strength, values for the original, re-manufactured, and
reinforced filaments.

Filaments Foriginal filament Fre-ﬁlament UTSre-ﬁlament UTSoriginal filament
N] [N] [MPa] [MPa]

re-PLA 71.51£2.7 18 +1.2 30.6 £1.8 29.7+£3.2

re-TlPLA 120 +4.8 50 £1.7 58.6 £2.5 50 £3.7

re-PETG 105 +£2.5 72 £3.1 4243423 | 43.86+2.6

re-CFPLA 113434 66.8+2.6 | 42.443.1 47 £3.6

re-PLA+Hemp | - 18 £1.1 38.5+0.9 -

re-rPLA+Hemp | - 50+2.8 53.5£2.7 -

re-PETGHJute | - 62.38+3.2 | 49433 -

(c) (d)
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(e)

Fig 4.14. Fractured surfaces of re-manufactured filament samples: (a) re-rPLA, (b) re-PLA, (¢)
re-PLA+ Hemp fiber, (d) re-PETG, and (e) re-PETG + Jute fiber.

4.3.3 Summary and conclusions on filaments tensile properties

This study presents a comprehensive assessment of the mechanical properties of various filaments,
with a focus on reinforcement techniques and processing methods. Rigorous tensile testing
provided critical insights into the materials' mechanical performance. The key findings are as
follows:

e Among the original filaments, CF-PETG exhibited the highest maximum stress at 50.14
MPa, outperforming rPLA, PLA, CF-PLA, and PETG.

e Recycled filaments showed mixed results. Both CF-PLA and recycled PLA (rPLA)
demonstrated increased tensile strengths compared to their original forms, with rPLA
achieving a 29% improvement when reinforced with hemp fiber. However, recycled CF-
PLA experienced a marginal 4% reduction in strength.

e Re-manufactured PETG exhibited lower tensile strength than the original material.
However, the incorporation of jute fiber improved the tensile strength of both recycled
and original PETG by 15% and 12%, respectively

4.4 Sandwich Structures

4.4.1 PLA with honeycomb/rhombus core structures

4.4.1.1 Tensile performance of sandwich structures

Figure 4.15a shows the load-displacement curves that were obtained from the tensile test of the
honeycomb and rhombus sandwich structures. Obviously, the thombus core sandwich samples had
the greatest maximum load of 714 N in the load-elongation curves. In terms of the tensile strength,
which ranged between 19.49 and 23.01 MPa, the better values were from rhombus core sandwich
structures (see Figure 4.15b). The increased tensile strength of these specimens is due to their
reliable core structure, which had more contact sites at the fracture area under tensile stress than
the honeycomb core construction (see Figure 4.15). Therefore, the applied load was distributed
across a larger area, resulting in higher resistance to failure. In contrast, honeycomb sandwich
structures had the best tensile Young's modulus of 599 MPa compared to rhombus (440 MPa), as
shown in Figure 4.20c. (Zaharia et al., 2020) have studied the mechanical properties of different
sandwich structures (honeycomb, diamond-celled (resembles the rhombus in the current work),
and corrugated). They reported a higher load (required to fracture) and tensile strength for the
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diamond structure than the honeycomb, which is in good agreement with the present study
findings.

Figure 4.16 shows that sandwich specimens seem to be failed first due to the yielding of the first
outer surface (shell), and thereafter the core (inner structure) shear failure. The first outer surface
of the sandwich specimens yielded, the fracture progressed through the whole core, and finally
terminated at the lower level, causing cracking of the second outer surface(shell). The specimens,
as shown in Figures 16a and 16b, had a complete fracture of the whole structure, beginning with
the first surface (shell), then the core, and lastly the second surface, for both (honeycomb and
rhombus) tested sandwich structures.
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Figure 4.15 Tensile test result of sandwiches structure specimens, a) load-displacement curves, b)
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Fig. 4.16 Fracture shape and contact sites at the core structure failure area after the tensile tests
of a) honeycomb, and b) rhombus sandwich specimens

4.4.1.2 Three-Point bending performance of sandwich specimens

The flexural performance of the lightweight sandwich constructions (honeycomb and rhombus),
including bending strength, bending modulus, and stress-displacement characteristics, was
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investigated using this test approach. The load-displacement curves of test specimens for three-
point bending have two main stages, as shown in Figure 4.17a: a steady increase between the load
applied and the displacement towards the curve's maximum, but then when the specimens broke,
there was a sudden decline from the maximum load. (Sugiyama et al., 2018) attributed this non-
linearity or sharp decline exhibited in the load curve to the gradual failure progression. They
mentioned that in the fracture mode, the crack initially happens at the upper skin while wrinkling
occurs at the core, causing the curve to drop. Using Equations (3-9, 3-10) and the sandwich
specimen dimensions, the test machine software automatically determined the bending modulus
and bending strength, which are the most essential three-point bending aspects.

Three-point bending results were better for the rhombus compartive with honeycomb core
sandwich structure. The maximum force reported was about 381 N at a displacement of 4.47 mm
of thombus core specimens, according to the curves shown. In terms of the bending strength,
Figure 4.17b exhibits that the rhombus core sandwich models had a bending strength average value
of 40% higher than that of the honeycomb core sandwich samples. Furthermore, the bending
Young's modulus of rhombus specimens was twice as high as that of honeycomb specimens (see
Figure 4.17¢).
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Figure 4.17 Three-point bending test results of sandwich structures, a) load-displacement
curves, b) bending strength, ¢) Young's modulus of bending

The primary failure scenarios of sandwich structures that occurred during three-point bending tests
are shown in Figure 4.18. The fracture point pictured in Figure. 4.18a was not at the same loading
point while testing. This is due to, at the fracture site, the core being at an angle perpendicular to
the longitudinal axis, making fracture/buckling easy (Sugiyama et al., 2018). Sandwich specimens
with thin skins may readily fail in a skin yield mode because rhombus core sandwich faces/skins
practically withstand all tensile and compressive loads in bending (Zaharia et al., 2020). However,
an indentation mode occurs initially when the core sandwich walls are thick enough, but given
sufficient impact energy, the sandwich structures will eventually collapse in a skin-yield fracture
mode on the top face (Yu et al., 2008). Then, cracks are formed in the rhombus core, followed by
propagation of the failure up to the lower face. On the other hand, the bending test results of the
honeycomb core structure specimen showed that a tension failure in the upper skin takes place like
compression face buckling/wrinkling (see Figure 4.18b). Local short-wavelength wrinkling of
skins is another name for this sort of failure mechanism (Samali et al., 2019). The rhombus
specimen had a rib under the tool, while the honeycomb had an empty cell in that area. This
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variation leads to differences in local stiffness and is likely to influence the failure modes, as
supported by prior studies on core geometry effects.

a) Yielding at skin

Cracks in the core

b)

Face buckling

Fig 4.18 Three-point bending test's failure modes of sandwich specimens; a) rhombus, and b)
honeycomb core structures

4.4.1.3 Compression behaviour of sandwich structures

The present section discusses the compression test results obtained for 3D-printed rhombus and
honeycomb structure specimens. Figure 4.19 exhibits the compression behaviour gained from the
compression tests for each examined type of sandwich structure. It is evident from Figure 4.19a
that the load-displacement responses are generally linear until the core shear starts, at which point
there is a dramatic reduction in load. The maximum force (roughly 5850 N) was found in the
rhombus core structures (at an elongation of 1.6 mm) until unredeemable damage in this sandwich
structure occurred. However, for the honeycomb structure, irreversible damage occurred when the
load force reached 2820 N at 1.35 mm elongation.

The results of compressive stress and modulus are presented in Figure 4.19b and Figure 4.19c,
respectively. Again, the thombus core sandwich structure offered the best performance as the
average of its compressive strength (70 MPa) was 35.4% higher than that of the honeycomb (45.8
MPa) and its compressive modulus (891.015 MPa) was 15.54 % better than the honeycomb
(752.513 MPa). The dense network of its structures, which also caused these specimens to weigh
more, is responsible for the outstanding performance of rhombus core specimens.
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Figure 4.20 shows the specimens after the compression. For the honeycomb specimen (Figure
4.20a), deformations developed in the structure's core as the breakdown was the shearing of the
core of the sandwich. This may be explained by the fact that when sandwich structures are
compressed, the skins are too thick and robust to be crushed, resulting in a core shear mode.
However, in the case of the rhombus structure (Figure 4.20b), the extruded filament layers were
debonded and buckled because the sandwich's core had a high degree of flexibility.

Debonding

Fig 4.20. Failures mode of the sandwich specimens after the compression, a) core shearing for
the honeycomb sandwich structure, and b) debonding of the extruded filament layers for the
rhombus specimens
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4.4.1.4 Summary and conclusions on PLA printed with honeycomb/rhombus

In this chapter (4.4.1), two different 3D-printed sandwich structures, honeycomb and rhombus,
were manufactured and characterized. Initially, tensile, three-point bending, and compression test
specimens were prepared using PLA filament via the fused deposition modeling technique.
Subsequently, the properties of the PLA-based sandwich structures were thoroughly investigated
through the conducted tests.

e The rhombus sandwich samples demonstrated superior tensile strength, exhibiting a
15.3% increase compared to the honeycomb structure, attributed to their robust core
design.
e Additionally, the rhombus specimens achieved maximum compression and flexural
strengths, surpassing the honeycomb structure by 35.4% and 39.8%, respectively.
It was noticed that 3D-printed sandwich structural collapse is primarily due to the failure of the
core.

4.4.2 Wood/PLA composites with re-entrant honeycomb core

The selection of Wood/PLA filament in this chapter is justified by its improved mechanical
properties, natural aesthetic qualities, and environmental sustainability, aligning with the
objectives of producing functional and eco-friendly 3D-printed components. Tensile tests were
performed to determine Young’s modulus of the solid 3D printed material and to assess the
mechanical properties of wood/PLA material. The tensile strength of 3D-printed solid material is
29 MPa. Young's modulus was calculated at 2085 MPa from the stress-strain curve.

4.4.2.1 Experimental bending test

Experimental stress-strain curves obtained from the bending tests for all examined re-entrant
core orientations (in-plane (vertical, V) and out-of-plane (horizontal, H)) are shown in Figure
4.21a. The samples with in-plane core position and 1.6 mm face layer exhibited the highest stress,
reaching 124 MPa. This stress level surpassed that of the in-plane core position with a 0.8 mm face
layer by 30% and exceeded the out-of-plane core positions with 1.6 mm and 0.8 mm face layers
by 26% and 195%, respectively. Conversely, the lowest stress was observed in the out-of-plane
core position with a 0.8 mm face layer.

Figure 4.21b shows the flexural modulus, the specimen with a 1.6 mm face layer thickness and
in-plane core position (1.6 V) exhibits the highest E modulus at approximately 374.47 MPa. The
out-of-plane core position (H) with a 0.8 mm face layer has an E modulus of about 265 MPa,
which is the lowest among all tested configurations. Increasing the face layer thickness to 1.6 mm
while maintaining the in-plane core position (1.6 V) results in an increase in E modulus by 31%
compared with 0.8V specimens. The out-of-plane core position (H) with a 0.8 mm face layer also
shows a lower E modulus than the out-of-plane specimens with 1.6 mm by 24%. It is evident that
both the orientation of the core and the thickness of the face layer play crucial roles in determining
the flexural properties of wood/PLA materials. It is important to note that the better performance
of the in-plane core position is not only due to increased material presence under loading but also
due to the unique structural benefits of the re-entrant design. This design optimizes material
distribution, which enhances performance in the in-plane direction compared to typical porous
structures. The improvement in bending stiffness with a thicker face layer follows the principle of
moment of inertia. While this result is expected, experimental confirmation is essential to validate
theoretical predictions and optimize the balance between structural weight and mechanical
performance.
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Fig 4.21. (a) Bending stress-strain curves and (b) flexural modulus of the bending re-entrant
honeycomb structure

Examining the failure surfaces can provide insights into the specific failure modes, such as
cracks, delamination between layers, or deformation patterns. The appearance of the surfaces can
help identify the critical points where failure is initiated. Comparing the failure surfaces of out-of-
plane and in-plane specimens allows for an assessment of how the material responds to bending in
different orientations.
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Certain fracture surfaces of specific specimens subjected to 3-point bending are illustrated
in Figure 4.22. When subjected to bending loads, distinct stress distributions emerge: the upper
face sheet undergoes compression stress, the core primarily experiences transverse shear, and the
lower face sheet encounters tensile stress. Sandwich structures tend to fracture through diverse
mechanisms, encompassing debonding, face sheet buckling, and core shearing, as elucidated by
(Lu et al., 2018). However, peeling failure on the adhesive surface between the skin and the core,
which is common in these conditions (De Castro et al., 2021), was not observed. Figure 8 depicts
the typical bending behavior of the sandwich structures. The cracks develop vertically (cross-
section) from the bottom to the top of the skin. The lower skin of sandwich structures first
experienced tension failure, succeeded by a subsequent compressive failure on the upper skin. The
propagation of cracks followed truncated, irregular zigzag trajectories, occasionally punctuated by
gaps between the layers. Such behavior aligns with the anticipated conduct of 3D printed materials
exhibiting a horizontal &+ 45° composition (Ameri et al., 2022; K. Wang et al., 2019). Furthermore,
the sandwich structure's upper and bottom layers slightly tended to separate during bending,
resulting in a crack pattern that matched the structural arrangement (as depicted in Figure 4.22a
and 4.22b). Prior observations have indicated that within 3D-printed components, the crack growth
planes delaminate in response to bending loads (Ameri et al., 2021). On the other hand, the bending
test results of the in-plane core structure specimens showed more tensile failure in the bottom
surface than the out-of-plane core structure takes place, like compression face buckling/wrinkling
(see Figure 4.22).

(c) (d)
Fig 4.22. The failure mode of 3D-printed specimens after performing bending tests for the structure: (a)
out-of-plane with 1.6 mm surface thickness, (b) out-of-plane with 0.8 mm, (c) in-plane with 1.6 mm, (d)
in-plane with 0.8 mm

To clarify the relationship between structural strength and weight, the specific strength has
been computed, which is associated with the maximum specific stress-to-mass ratio. This
computation enables a comparison among all printed specimens and reveals a new characteristic
of the examined structures. Figure 4.23 illustrates the specific strength obtained from the bending
test. The maximum specific strength was to the in-plane specimens with a 1.6 mm face layer (1.6
V) at 7156 MPa/Kg, and the lowest was to the out-of-plane specimens with 0.8 mm face layer (0.8
H) at 3235 MPa/Kg.
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4.4.2.2 Experimental compressive Test

Since the areas subjected to compressive stress in the printed specimens are not fully filled with
material, the actual cross-sectional areas were calculated using SolidWorks software, as presented
in Figure 4.24 and calculated in Table 4.6. Here, As is the smallest subjected area and Ay is the
largest subjected area.
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Fig 4.24. Compressive specimens’ area of (a) flatwise, (b) As of edgewise 0.8 mm face, (c) Ar of
edgewise 0.8 mm face, (d) As of edgewise 1.6 mm face, (¢) Ar of edgewise 1.6 mm face, (f) As of
edgewise 0 mm face (without face), (g) Ar of edgewise 0 mm face.




Table 4.6. Cross-sectional areas corresponding to various compressive positions, as shown in Figure 4.29.

Compressive test position As AL

Flatwise with (0, 0.8, 1.6 mm) face layer (a) 718.38

Edgewise with (0 mm) face layer, without face (b) 80 mm?  (c) 453.4 mm?
Edgewise with (0.8 mm) face layer (d) 168mm* (e) 473.7 mm?
Edgewise with (1.6 mm) face layer () 248 mm? (g) 641.6 mm?

Figure 4.25 illustrates the stress-strain curves derived from two distinct positions in the
compressive test. The outcomes reveal variations in the mechanical properties of the materials
under stress between these two positions (edgewise and flatwise). In the edgewise position (Figure
4.25b), the maximum stress is delineated across two cross-section areas: small (As) and large (Ar)
cross-sections. Specifically, the edgewise configuration with a 1.6 mm face layer displayed a
maximum stress of 44 MPa for Vs and 15 MPa for VL. where V; represents the compressive load
applied over the small area, and Vi corresponds to the compressive load applied over the large
area. Contrastingly, specimens lacking a face layer achieved a peak stress of 48 MPa in the flatwise
test position (Figure 4.25a). This value surpasses the maximum stress obtained by specimens with
0.8 mm and 1.6 mm face layers by 20% and 23%, respectively. This is because removing the face
layer can significantly enhance the structure's performance by increasing flexibility, reducing
weight, and improving stress distribution within the core material. These factors collectively
contribute to a higher maximum load capacity.
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Fig 4.25. Stress-strain curves of the compression specimens: (a) flatwise (vertical to the surface),
(b) edgewise (parallel to the surface)

Flatwise tests are typically more representative of the core's compressive strength, while

edgewise tests evaluate the shear strength of the core. The differences in results between the two
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tests highlight the anisotropic nature of the material, meaning its properties vary with direction.
The flatwise test yielded significantly higher maximum loads compared to the edgewise test for
all face layer thicknesses. The displacement at maximum load varied between the flatwise and
edgewise tests. The differences in displacement may be related to the mode of failure (e.g.,
buckling, delamination), which could vary between the two test orientations. The flatwise test
generally exhibited higher displacements, which may be due to the different loading directions and
the response of the structures under compression. Within the flatwise tests, the face layer thickness
(0.8 mm vs. 1.6 mm) did not seem to significantly affect the maximum load or the displacement
at maximum load. This suggests that a 0.8 mm face layer might perform similarly to a 1.6 mm skin
face in flatwise compressive strength.

The choice between the two face layer thicknesses appears to have a more noticeable impact
in the edgewise orientation, where the 1.6 mm face layer thickness achieved the highest maximum
load. These results indicate that the presence of the face layer effectively prevents buckling by
enhancing rigidity and providing vital confinement to the core material. In contrast, specimens
without a face layer are more prone to buckling under edgewise compressive loads, which
consequently diminishes the structure's capacity to support higher loads. These results suggest that
the face layer's orientation and presence should be considered when designing re-entrant
honeycomb sandwiches, as they substantially impact their compressive strength and deformation
behavior.

Subjected to compressive edgewise loading specimens without a face layer experienced layer-
by-layer crushing. When the deformed layer was completely crushed, the neighboring layer started
to deform, and the force began to drop. This layer-by-layer crushing resulted in oscillations in the
force-displacement curve. The crushing of one layer of cells corresponds to one period (trough-
peak—trough) of the Force-displacement curve (Figure 4.26a). A small lateral contraction was
observed, as illustrated by the measured dimensions in Figure 4.26d. This deformation pattern
continued until all layers were completely crushed, forming densification. Snapthrough instability
is a common name for this phenomenon (Shilkrut, 2002). The concept of snap-through instability
is employed in the design of materials featuring polymer-based multistable structures that can
respond to both compressive and tensile loads (Rafsanjani et al., 2015).

In the case of specimens with a 0.8 mm face layer, fracture initiation began on the skin face.
As the compressive load was applied, an inflection point or a point of bending appeared in the skin
face. This is because the skin face initially resists the load, causing it to deform or bend before
failing. As the load increased, it began to transfer to the inside structural layers. The scenario for
specimens with a 1.6 mm face layer was similar but with a notable difference (Figure 4.26 b,c,f).
In this case, there was a more significant separation between the re-entrant structure (the core) and
the skin face. This gap or split may have provided more flexibility for the skin face before it started
transferring the load to the core. The load transfer and deformation started similarly with the skin
face experiencing an initial crack and deformation.
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Fig 4.26. Edgewise compression results: (a-c) Load-displacement curves for specimens with
different face layers (none, 0.8 mm, 1.6 mm); (d-f) Photographs of testing stages for each
specimen.

When subjected to the flatwise compressive test, the samples exhibit a linear elastic response
until the initiation of matrix cracking, leading to a subsequent decrease in load attributed to core
yield. This sequence persists until the stacks experience total failure, prompting the face sheets to
compress the stacks, resulting in a subsequent increase in load. All compression-tested sandwich
structures exhibited the same deformation mechanism, namely, the buckling of the honeycomb
core (Figure 4.27a). Thus, the sandwich structures experienced crushing of the honeycomb core,
while the skin showed no failures (Figure 4.27b and 4.27c).

(a) (b) (c)
Fig 4.27. Flatwise compression test results: (a) sample without face layer, (b) sample with 0.8
mm face layer, and (c) sample with 1.6 mm face layer.

The maximum stress-to-mass ratio for compressive specimens was also studied. Figure 4.32
illustrates the specific strength obtained from the compressive test. The maximum specific strength
for the edgewise-examined specimens was for the specimens with a 1.6 mm face layer at 2580
MPa/Kg, on the other hand, for the flatwise examined specimens the maximum specific strength
was to the specimens without face layer at 5440 MPa/Kg. The lowest specific strength for the

compressed specimens was for the edgewise specimens at 805 MPa/Kg.
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Fig 4.28. Specific strength derived from the compressive tests.

93



4.4.2.3 Numerical analysis of Bending and Compression Tests

By comparing simulations results with experimental data, we can validate and enhance our

comprehension of material behavior under different loading conditions. Figure 4.29 represents the
comparison of experimental flexural modulus and simulated flexural modulus. The outcomes of
the simulation and the experiment are in good accord. Flexural experimental modules show lower
values than flexural simulated modules, which may be due to the existence of layer air gaps, and
impurities which make it difficult to achieve homogeneity of the mechanical properties (Rafsanjani
et al., 2015).
Table 4-7 presents the maximum bending strength (MBS) and flexural modulus (E) of
experimental and simulated works. Table 4-8 presents the maximum compressive strength (MCS)
and the compressive modulus of elasticity (E) for all compressive tested specimens, for both
experimental and simulated results.
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Fig 4.29. Comparison of experimental and simulated flexural modulus

Table 4.7 Maximum bending strength (MBS) and flexural modulus (E) values for different bending
positions.

Specimens, Position MBS  experimentat  E experimental K numerical
(MPa) (MPa) (MPa)
In-plane with 0.8 mm face layer 91.19 286.29 300.13
In-plane with 1.6 mm face layer 124.02 374.47 403.35
Out-of-plane with 0.8 mm face layer 42 265.51 283
Out-of-plane with 1.6 mm face layer 98.02 329.29 340.24

In the case of the compression test, discrepancies between the experimental modulus of
elasticity and simulated modulus of elasticity were observed. The maximum deviations of the
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simulated modulus of elasticity compared to the experimented modulus of elasticity are around
17% and 10% in the cases of flatwise and edgewise, respectively. The Comparison of the
experimental compression modulus of elasticity and simulated modulus of elasticity in the
compression tests is shown in Figure 4.30.
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Fig 4.30. Comparison of experimental and simulated compression modulus of elasticity: (a)
flatwise, (b) edgewise.
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Table 4.8 Maximum compressive strength (MCS) and compressive modulus of elasticity (E) values at
various compressive positions.

Specimens and position MCS — experimencat E - experimentat - E numerical
(MPa) (MPa) (MPa)
Flatwise without face layer (0 mm) 46.7 201.2 221.35
Flatwise with (0.8 mm) face layer 40.2 141.7 170.3
Flatwise with (1.6 mm) face layer 40.7 207.15 243
Edgewise without face layer (0 mm), As 6.91 261.2 292.9
Edgewise without face layer (0 mm), A; 1.22 46.1 50.12
Edgewise with face layer (0.8 mm), As 26.8 677.5 730.15
Edgewise without face layer (0.8 mm), A, 9.5 240.28 263.2
Edgewise with face layer (1.6 mm), As 434 985.1 1012.13
Edgewise without face layer (1.6 mm), A, 15.4 349.36 382.1

4.4.2.4 Summary and conclusions on re-entrant honeycomb core

In chapter (4.4.2), the compression/ bending properties of wood/PLA sandwich re-entrant
honeycomb structures have been studied. The effects of different face layer thicknesses under
different core positions (in-plane and out-of-plane) for bending properties and different applied
loads (edgewise and flatwise) for compression properties were studied. The following conclusions
can be drawn:

The face layer thickness significantly impacted the 3-point bending properties of the in-
plane and out-of-plane specimens. As the face layer thickness increased, the bending
properties improved substantially.

Different failure mechanisms arise under bending loads: compressive stress occurs in the
upper face sheet, transverse shear significantly affects the core, and tensile stress
develops in the lower face sheet.

The addition of the face layer greatly increased the maximum load the structure could
withstand when compressed edgewise. However, this test primarily assessed the buckling
behavior of the face sheet rather than the overall compressive strength of the structure.
Additionally, thicker face skins delayed load transfer and increased the gap between the
face and core. The re-entrant honeycomb’s anisotropic and heterogeneous nature impacts
this behavior, underscoring the need for targeted design optimization.

The flatwise compressive tests showed that the re-entrant structure without a face layer
achieved the highest maximum load. Introducing face layers led to reduced displacement,
indicating increased stiffness and decreased deformability. However, during the test, the
re-entrant core of the sandwich construction was crushed, while the skin remained intact.
The experimental and numerical (simulation) results showed good convergence and
agreement in the modulus of elasticity, flexural modulus (stress-strain data), and stress
concentration.
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The results emphasize the importance of considering material anisotropy and the role of face layers
in determining the compressive and bending behaviors of wood/PLA composite structures. These
findings provide valuable insights for optimizing the design and application of such materials
across various engineering contexts. This methodology holds significant potential in industries,
particularly in the manufacturing and design of prototypes. Further exploration of cellular structure
geometries and topologies can lead to improved mechanical properties of sandwich panels,
advancing the application of these materials.

4.5. Neat, single, and multi-gradient composites

4.5.1 Tensile performance of neat, single, and multi-gradient composites

Figure 4.31 presents the tensile properties of neat (100% PLA (P), 100% PETG (G), 100%
CF-PLA (CFP), 100% CF-PETG (CFQ)), single (50% PLA + 50% CF-PLA (PCFP), 50% PETG
+ 50% CF-PETG (GCFG), 50% PLA + 50% PETG (PQG)), and multi-graded (25% PLA + 50%
CF-PLA +25% PLA (PCFPP), 25% PETG + 50% CF-PETG + 25% PETG (GCFGQG), 25% PETG
+ 50% PLA + 25% PETG (GPG)) materials. Specifically, Figure 4.31(a) shows the tensile force-
elongation curves for the neat, single, and functionally graded composites. Figures 4.31(b) and
4.31(c) display the Young's modulus (E modulus) and tensile strength of different graded
composites for the PLA, CF-PLA, PETG, and CF-PETG materials. In addition, Table 4.8 provides
a detailed comparison of the tensile properties of the examined specimen materials. The results
indicate that the tensile strengths of the neat materials are quite similar, with neat PLA exhibiting
a slightly higher tensile strength than PETG by 0.03%. Generally, PLA is recognized for its higher
tensile strength compared to PETG, making it a more rigid material with lower elongation at break.
Conversely, PETG demonstrates higher elongation at break, making it more flexible, impact-
resistant, and less brittle than PLA. For specimens composed of 100% layers, the tensile strength
of CF-PLA was 0.04% higher than that of neat PLA. In contrast, the tensile strength of CF-PLA
decreased by 65% compared to neat PETG. This reduction could be attributed to the introduction
of carbon fibers, which potentially increases the occurrence of microvoids within the printed
layers, thereby diminishing the overall tensile strength of the composite.

To compare the tensile strength of various additively manufactured specimens, the highest
tensile strength, 47.4 MPa, was achieved by specimens composed of PCFPP. This was close to the
specimens manufactured by PCFP, which showed a tensile strength of 46.2 MPa. Specimens
manufactured with multi-layers of CFPLA and PLA composite showed improved tensile strength,
with increases of 4% for PCFP and 7% for PCFPP compared to neat PLA. Conversely, specimens
manufactured with multi-material layers of PETG and CF-PETG experienced a reduction in tensile
strength compared to neat PETG. The tensile strength decreased by 4% for GCFGG and by 5%
for GCFG. These results demonstrate the distinct impacts of material compositions on tensile
strength, showcasing the advantages of CFPLA in enhancing tensile properties while also
highlighting the challenges of integrating carbon fiber with PETG.
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Fig 4.31. Tensile testing results: (a) Load-elongation curves, (b) tensile strength values, and (c)
E-modulus measurements.

For the composite specimens of PLA and PETG, the highest tensile strength was observed
in the GPG specimens, reaching 41.19 MPa. This value is lower than the tensile strength of
specimens manufactured with 100% layers of neat PLA and neat PETG. The results suggest that
while there are certain benefits to using a layered composite of PLA and PETG, the tensile strength
of such composites does not always surpass that of using either material alone. This underscores
the importance of optimizing the adhesion and intermolecular forces between different materials
in composites to fully leverage their individual advantages. Enhancing the interfacial adhesion
between PLA and PETG may facilitate the development of composite materials that optimally
exploit the complementary mechanical properties of each constituent, representing a promising
direction for future research.
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For the tensile modulus, specimens manufactured with 100% CF-PLA layers exhibited the
highest tensile modulus at 3914 MPa. Among the single and multi-graded PLA + CFPLA multi-
material composites, the specimens composed of 50% PLA + 50% CF-PLA showed a relatively
high tensile modulus of 3805 MPa, outperforming other multi-layered composites. Conversely,
the lowest tensile modulus was observed in the specimens manufactured with 100% CF-PETG,
with a value of 1318 MPa. Furthermore, the multi-layered composites of PLA and PETG displayed
reduced mechanical properties, which can be attributed to inadequate interfacial bonding between
the two polymers. This poor adhesion likely stems from the differences in optimal printing
temperatures and material characteristics of PLA and PETG, which hinder the formation of a
strong, cohesive bond during the AM process.

Table 4.9. Mechanical qualities of the single, multi-graded, and neat materials.

Elongation at

Maximum . Maximum
Materials applied load maximum stress E-modulus
applied load [MPa]
[N] [MPa]
[mm]
P 1920 £65.2 0.69 +0.07 444 +£2 .5 2768 +£96
G 1759 £119.5  0.77 £0.09 42.943.19 2185 +105
PCFP 1921.7 £82.1 0.63 £0.13 46.2 £3.56 3805 +173
GCFG 1675 £96.7 0.91 £0.05 40.6 +1.47 2214 +151
PCFPP 1926.2 £102.6 0.71 £0.04 47.4 £2.41 3626 +£127
GCFGG 1736 £67.7 0.94 +0.16 41.2+1.53 2138 +208
CFP 1919.8 £76.1 0.64 +£0.15 46.3 +1.62 3914 £76
CFG 1032 +£82.8 0.7 £0.06 26 +£2.61 1318 +84
PG 1606 £99.7 0.69 +£0.09 38.84+2.2 2356 +£169
GPG 1705 £52.9 0.88 +£0.17 41.19 £1.84 2498 +£197

Optical microscope images of the fractured surfaces of the neat, single, and multi-graded
composite material specimens are presented in Figure 4.32. The fractured surfaces of PLA
appeared brittle, as indicated by the clear and sharp fracture edges. The fracture process exhibited
deformation and elongation of the PETG, highlighting an increase in toughness (Figure 4.32d).
Moreover, the fracture of the PLA matrix within the CFPLA layers exhibited brittleness, and clear
gaps between the PLA substrate and the carbon fibers suggested an inadequate bonding interface
(Figure 4.32d). In CF-PETG, noticeable structural changes around the fibers can be observed,
demonstrating how the stiffness of PETG interacts with the gritty texture of the carbon fibers
(Figure 4.32 h). The composite specimens manufactured by PLA mixed with PETG exhibited a
clear, sharp boundary between the different parts. This difference in behavior between the
materials can create some pressure, possibly causing the layers to separate (see Figure 4.32 j).
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Fig 4.32. Microscopy images of fractured zones in test specimens: (a) P, (b) PCFP, (¢) PCFPP,
(d) CFP, (e) G, (f) GCFG, (g) GCFGQG, (h) CFG, (i) PG, and (j) GPG.

The multi-material composite designs explored in this research can be applied to other polymer-
based materials, providing valuable insights for the additive manufacturing and materials science
communities. These findings encourage further exploration into sustainable materials for real-
world applications like short-life-cycle or non-critical components such as accessories, tool
holders, robotic effectors, educational models, disposable items, and general-purpose prototyping,
where PLA and PETG's properties, such as ease of printing and rigidity, can be effectively utilized.

4.5.2. Summary and conclusions on neat, single, and multi-gradient composites

This research offers an in-depth evaluation of mechanical properties, focusing on the influence of
material composition. Extensive tensile testing revealed significant insights into the mechanical
behavior of the specimens. The main conclusions of this study are as follows:

e Specimens made entirely of CF-PLA showed a tensile modulus of 3914 MPa, while a
50% PLA + 50% CF-PLA multi-material composite demonstrated -effective
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reinforcement with a tensile modulus of 3805 MPa. However, 100% CF-PETG had the
lowest tensile modulus at 1318 MPa, pointing to potential fiber-matrix interaction issues.

e Multi-layered PLA and PETG composites showed reduced mechanical performance,
largely due to sharp interfaces between the materials causing stress at the transition
points, which can lead to delamination. Optimizing the adhesion at the PLA-PETG
interface could enable the design of composite materials that synergistically combine the
strengths of both polymers, providing a valuable avenue for future study.

4.6 New scientific results

The mechanical characteristics of 3D-printed polymers, polymer composites, sandwich structures
were comprehensively investigated in this study. The following points are noteworthy to be
mentioned:

1. Mechanical Characterization of 3D-Printed Polymers: Role of Re-Manufacturing and Fiber
Reinforcement

I investigated the mechanical behaviour of both original and re-manufactured polymer and fiber-
reinforced filaments used in 3D printing The study encompasses a range of materials, including
PLA, recycled PLA (tPLA), PETG, carbon fiber-reinforced PLA and PETG (CF-PLA, CF-PETG),
as well as natural fiber-reinforced variants. Among all tested materials, recycled PLA (rPLA)
demonstrated the most favorable mechanical properties, outperforming both pure and carbon fiber-
reinforced variants in tensile and compressive strength, by up to 100% and 67%, respectively.

Further analysis revealed that re-manufacturing impacted tensile performance depending on the
material type. While recycled CF-PLA showed a slight 4% reduction in strength due to fiber
clustering, re-manufacturing CF-PETG proved more challenging due to extrusion inconsistencies.

In a further effort to enhance sustainability, natural fibers were introduced as reinforcement agents.
The inclusion of 7 wt% hemp fiber in rPLA resulted in a 7% increase in tensile strength relative
to the original material. Likewise, the addition of 7 wt% jute fiber to PETG improved its tensile
strength by 12% compared to the original and by 15% compared to its recycled form. Although
variability in filament diameter posed challenges for compatibility with certain 3D printers, the
production of mechanically reliable samples was successfully achieved and tested.

2. Influence of the core orientation and face skin thickness on bending and compressive
properties.

I offered valuable insights into the mechanical behavior of 3D-printed re-entrant honeycomb
sandwich structures, focusing on the effects of face layer thickness, core orientation, and loading
conditions. I confirmed that increasing the thickness of the face skin significantly enhances
bending strength and stiffness.

Additionally, the in-plane core orientation demonstrated higher bending strength compared to the
out-of-plane orientation. In flatwise compression, the re-entrant core without a face layer
remarkably sustained a maximum load, which improved flexibility and stress distribution,
enhancing compressive strength, suggesting that lighter structures can withstand substantial loads.
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3. Effects of neat, single, and multi-graded composites on tensile strength properties

In this research, I investigated the tensile properties of various neat and composite materials,
specifically neat PLA, PETG, CF-PLA, CF-PETG, and their combinations.

I demonstrated that multi-layer composites comprising CF-PLA and PLA exhibited an increase in
tensile strength of 4% for the PCFP configuration and 7% for the PCFPP configuration compared
to neat PLA. Additionally, I found that the tensile strength of multi-material PETG and CF-PETG
composites declined relative to neat PETG, with reductions of 4% for the GCFGG configuration
and 5% for the PCFP configuration.

I also observed that the highest tensile strength among the composite specimens made from PLA
and PETG was found in the GP configuration, although this strength was lower than that of the
neat materials.

Furthermore, my microscopic analysis revealed brittle fractures in the PLA specimens and clear
separation between layers in the PLA/PETG composites, indicating poor adhesion at the interfaces.
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5. CONCLUSION AND SUGGESTIONS

In this study, the mechanical behavior of FDM printing pure PLA/ PETG, and PLA/PETG
composites were reviewed exhaustively. Based on the assessment of the results, the following
observations can be drawn:

The ASTM 3039 standard geometry demonstrated superior tensile properties compared to
the dumbbell-shaped samples with curved edges, as defined by ISO 527 and ASTM 638.
Numerical analysis of stress concentration: The ISO 527-2 specimens showed reduced
stress concentration near the gripping area, with higher stress localized in the narrow gauge
section, away from the clamping zones.

The Young's modulus and UTS are maximum at On-edge print orientation due to its robust
construction, while elongation at break is better at Flat orientation.

The choice of standard should be application-specific: ISO 527 is preferable for fracture
behavior studies, while ASTM D3039 is better suited for assessing tensile performance
Carbon fiber-reinforced PLA (CF-PLA) obtained better compressive and tensile properties
than carbon fiber-reinforced PETG polymer.

rPLA filament obtained better compressive and tensile properties in compared with CF-
PLA, CF-PETG, and PETG polymer (CF-PETG).

Among the original filaments, CF-PETG exhibited the highest filaments tensile strength,
surpassing PLA, PETG, CF-PLA, and rPLA.

In the case of re-manufactured filaments, the results were more varied. Recycled PLA
(rPLA) demonstrated a significant 29% increase in tensile strength when reinforced with
hemp fibers, outperforming its original filaments. Conversely, recycled CF-PLA showed a
slight 4% decrease in tensile strength compared to its original filaments. For PETG, the re-
manufactured filaments exhibited lower tensile strength than the original; however, the
addition of jute fibers significantly enhanced the performance of both recycled and original
PETG.

The rhombus sandwich samples demonstrated better tensile, compressive, and flexure
strength compared to the honeycomb structure, attributed to their robust core design
Increasing the face layer thickness significantly enhanced the bending properties of both
in-plane and out-of-plane re-entrant sandwich structure core specimens.

Thicker face skin enhances the maximum applied load when compressed from the
edgewise, creating a more pronounced gap between the face skin and the core.

Flatwise compressive tests indicated that the re-entrant structure, when lacking a face layer,
exhibited the highest maximum load capacity.

Tensile tests of multi-material layers revealed that % CF-PLA exhibited the highest
modulus of elasticity, with the 50% PLA + 50% CF-PLA composite showing nearly
equivalent results. In comparison, 100% CF-PETG displayed the lowest modulus,
suggesting possible issues with fiber-matrix interaction.

Further innovation in core designs for sandwich structures is also needed, particularly through
exploring advanced auxetic or lattice cores that could improve strength-to-weight ratios and
resistance to impact. Another important direction is to evaluate the performance of FDM-printed
materials under diverse environmental conditions such as changes in temperature, humidity, and
chemical exposure. Long-term studies should also be conducted on the degradation of the
mechanical properties of FDM composites under cyclic loading and environmental stresses.
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Moreover, exploring methods for recycling printed components and composites would reduce
environmental impact and promote circular material use.

The findings of this study also highlight several avenues for advancing numerical modeling.
Extending finite element modeling by adopting fully anisotropic constitutive laws, incorporating
multi-orientation testing, and implementing cohesive-zone adhesion would provide a more
comprehensive representation of both global structural responses and localized failure mechanisms
in FDM parts. Comparative analyses with pure PLA specimens are recommended to isolate and
evaluate the specific effects of recycling and reinforcement on material integrity and structural
performance. In addition, developing optimized re-extrusion methods to produce dimensionally
stable reinforced filaments would enable stronger correlations between filament properties and the
mechanical behavior of printed structures.

Further investigation into sandwich structures should also incorporate cyclic and vibration-based
flatwise compression tests to capture progressive damage and collapse mechanisms in cores with
out-of-plane orientations. Linear regression should be applied across the elastic region of tensile
curves in future studies to provide a more statistically robust estimation of Young’s modulus,
thereby strengthening the reliability of inter-specimen comparisons. Benchmark testing of solid
specimens would also be beneficial in quantifying the trade-offs between strength and weight,
while simultaneously highlighting the structural efficiency and lightweight advantages of rhombus
and honeycomb cores for practical engineering applications.

Additionally, the implementation of cohesive zone models (CZM) to explicitly capture interlayer
adhesion, particularly under loading conditions parallel to the build orientation such as edgewise
compression, would refine predictive capacity for delamination and failure mechanisms,
complementing the global behavior analyses performed in this work.

Finally, Improved interfacial compatibility between PLA and PETG may lead to composites with
enhanced mechanical performance, highlighting an important focus for subsequent research efforts
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6. SUMMARY

This study provides a comprehensive evaluation of the mechanical behavior of Fused Deposition
Modeling (FDM) 3D-printed components, with a particular focus on the influence of print
orientation, geometric configurations, sandwiches structures and multi-material compositions. The
research investigates ASTM D3039 rectangular specimens printed at 0°, 15°, and 90° angles and
compares them against other tensile samples in accordance with ASTM and ISO standards. All
specimens were fabricated using polyethylene terephthalate glycol (PETG) material and were
tested in two distinct print orientations: flat and on-edge. Finite Element Analysis (FEA) was
employed to identify stress concentrations and weak points in each configuration. The study also
extends to evaluating tensile and compressive behavior of various material compositions,
including recycled polylactic acid (rPLA), PLA with carbon fiber reinforcement (CF-PLA),
pristine PETG, and PETG reinforced with 10 wt.% carbon fiber (CF-PETG). Furthermore, the
performance of pre-consumer recycled PETG and rPLA filaments reinforced with varying
percentages of hemp and jute fibers was assessed. Additionally, the study examines the mechanical
properties of sandwich structures using rhombus and honeycomb core geometries made from PLA.
The research also analyzes the effect of face layer thickness variations (0 mm, 0.8 mm, and 1.6
mm) on re-entrant honeycomb core sandwich structures made from wood/PLA composite
filaments. Material characterizations included bending tests, compressive tests, and finite element
analysis (FEA) to identify stress concentration areas.. Finally, the mechanical behavior of multi-
material composites, including neat PLA and PETG, single-graded combinations, and multi-
gradient configurations, was thoroughly evaluated.

The ASTM D3039 specimens printed at 0° in the on-edge orientation exhibited the highest tensile
properties, whereas the flat orientation showed superior results in terms of failure area. ISO 527-2
specimens consistently demonstrated lower tensile properties across all orientations. FEA analysis
revealed minimal stress concentrations in ISO 527-2 specimens, with higher stress localized in the
narrow regions, isolated from the gripping zones. Among the material compositions, rPLA
exhibited the best overall tensile and compressive performance, outperforming both CF-PLA and
CF-PETQG, regardless of print orientation. PLA with carbon fiber reinforcement showed superior
mechanical properties compared to its PETG counterparts. Recycled PLA filaments reinforced
with hemp fibers significantly improved tensile strength compared to the original PLA, and jute-
reinforced PETG showed notable strength improvements over the pristine PETG and its recycled
versions. For the sandwich structures, rhombus cores displayed superior mechanical behavior, with
enhanced tensile, bending, and compressive strengths compared to honeycomb configurations.
Increasing face layer thickness greatly improved resistance to bending, and specimens with an in-
plane orientation demonstrated higher bending strength than those with out-of-plane orientation
due to increased material engagement. In flatwise compressive testing, specimens without a face
layer exhibited the highest compressive strength due to greater displacement capacity. In contrast,
edgewise compression tests indicated significant buckling behavior of the face sheet, with
maximum stress increasing proportionally with face layer thickness. These results were validated
through FEA, closely aligning with experimental findings. Lastly, multi-material composites
generally showed lower mechanical performance compared to neat PLA and PETG due to reduced
interlayer adhesion. These findings underscore the need for optimizing core architectures, material
combinations, and reinforcement strategies to enhance the mechanical properties of 3D-printed
composite structures for advanced manufacturing applications.
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7. OSSZEFOGLALAS (SUMMARY IN HUNGARIAN)

Ez a tanulmény a Fused Deposition Modeling (FDM) 3D-nyomtatott komponenseinek mechanikai
viselkedését vizsgalja, kiilonos figyelmet forditva a nyomtatdsi orientdciokra, geometriai
konfiguraciokra, szendvics szerkezetekre és tobb anyagu kompozitokra. A kutatas soran 0°, 15° és
90°-0s szogekben nyomtatott ASTM D3039 mintdkat teszteltek kiilonb6z0 huzo- és
nyomoprobakkal, valamint végeselem-elemzést (FEA) végeztek a fesziiltségkoncentraciok
azonositasara. A vizsgalt anyagok kozott szerepelnek a PETG, tjrahasznositott PLA (rPLA),
szénszal-erositett PLA (CF-PLA) és PETG (CF-PETG), tovabba kender- €s jutaszalakkal erdsitett
ujrahasznositott szalak. A szendvicsszerkezetek mechanikai tulajdonsagait is értékelték,
figyelembe véve a fa/PLA kompozitok hajlitasi és nyomoprobait. A kutatas a tobb anyagu
kompozitok mechanikai viselkedését is alaposan elemzi.

Az ASTM D3039 mintak, amelyeket 0°-0s szogben nyomtattak a szélen 1évo tdjolasban, a
legmagasabb szakitoszilardsagot mutattdk, mig a lapos tdjolas kivaldo eredményeket mutatott a
tonkremeneteli teriilet tekintetében. Az ISO 527-2 szabvany szerinti mintdk kovetkezetesen
alacsonyabb szakitdszilardsdgot mutattak minden tajoldsban. A FEM analizis minimalis
fesziiltségkoncentraciot mutatott ki az ISO 527-2 probatestekben, nagyobb fesziiltséget a sziik
régiokban lokalizalva, elkiilonitve a megfogasi zonaktol. Az anyagdsszetételek koziil az rPLA
mutatta a legjobb altalanos huzo- és nyomoteljesitményt, felillmalva a CF-PLA-t és a CF-PETG-
t, fliggetleniil a nyomtatasi tdjolastol. A szénszal erdsitésii PLA kivald mechanikai tulajdonsagokat
mutatott PETG tarsaihoz képest. A kenderrosttal megerdsitett ijrahasznositott PLA filamentek
jelentdsen javitottak a szakitdszilardsagot az eredeti PLA-hoz képest, és a jutdval megerdsitett
PETG jelentOs szilardsagi javulast mutatott az érintetlen PETG-hez és annak ujrahasznositott
valtozataihoz képest. A szendvicsszerkezetek esetében a rombuszmagok kivald mechanikai
viselkedést mutattak, nagyobb huzo-, hajlité- és nyomdszilardsaggal a méhsejtszerkezetekhez
képest. Az arcréteg vastagsaganak novelése nagymértékben javitotta a hajlitdssal szembeni
ellenallo képességet, és a sikban orientalt mintdk nagyobb hajlitdszilardsagot mutattak, mint a
sikon kiviili t4jolastiak a megndvekedett anyagmozgéas miatt. A lapos nyomoévizsgalat soran a
feliileti réteg nélkiili probatestek mutattak a legnagyobb nyomdszilardsagot a nagyobb elmozdulasi
kapacitas miatt. Ezzel szemben az élirany(i kompresszios tesztek a homloklap jelentds kihajlési
viselkedését mutattak ki, a maximalis fesziiltség aranyosan nétt az arcréteg vastagsagaval. Ezeket
az eredményeket a FEA-n keresztiil validaltuk, szorosan dsszhangban a kisérleti eredményekkel.
Végiil a tobb anyagbol allo6 kompozitok altaldban alacsonyabb mechanikai teljesitményt mutattak
a tiszta PLA-hoz és PETG-hez képest a csokkent rétegkozi tapadas miatt. Ezek az eredmények
alatdmasztjak a magarchitektrdk, az anyagkombinaciok és a megerdsitési stratégiak
optimalizalasanak sziikségességét a 3D-nyomtatott kompozit szerkezetek mechanikai
tulajdonsagainak javitasa érdekében a fejlett gyartasi alkalmazasokhoz.
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Fig. 8.1 Tensile stress-strain curves of standard geometry shapes specimens for (a) flat building orientation
and (b) on-edge orientation.

A4: Comparison of tested wood/PLA sandwich structure and simulated force-displacement
curves
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Fig.8.2 Comparison of experimental and simulated force-displacement: (a) 0.8mm-Horizental,
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