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ABSTRACT

3D printing has been increasing over the last few years and is a recent method for developing plastic
products. 3D printing provides several sustainability advantages: less waste during manufacturing as it is
an additive process; the ability to optimise geometries and create lightweight components that reduce
material and energy consumption; and reduced waste due to the ability to produce recycled parts.

The present research aims to study the influence of printing temperature, printing speed, and percentage
of recyclate on the mechanical properties, flow behaviour and morphology of virgin and recycled parts of
copolyester-based polymers. In the tests performed in this research, the mechanical characterization,
morphological characterization and thermal characterization of the materials used were studied: low,
medium and high viscosity polyethene terephthalate glycol (PETG).

From the mechanical tests, it was possible to conclude that with increasing printing temperature, it can
be seen that the mechanical properties are improved, as there is better adhesion between layers
compared to low printing temperatures. Furthermore, the parts that were subjected to the impact test
proved this phenomenon using optical microscopy. Regarding the printing speed, although there is a lot
of proximity in the results, it was possible to observe that the parts printed at 10mm/s resulted in better
quality, probably because the layers solidified adequately and provided a good adhesion between layers.
Furthermore, regardless of the variation in printing temperature or printing speed, it was possible to
observe that with the density measurements, it remained equal to 1.26g/cm3. Regarding the percentage
of recycled, it was possible to see that with the increase in the regrind fraction, the MFI increases, and
the mechanical properties tend to decrease, probably because irreversible changes were caused in the
material properties. According to the thermal characterization, the glass transition temperature remained
constant, and the degradation temperature of PETG increased, even though there was no significant

difference with the increase in the regrind fraction.
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regrind fraction



RESumo

A impressdao 3D tem vindo a aumentar durante os ultimos anos e € um método recente para o
desenvolvimento de produtos em plastico. A impressdo 3D fornece uma série de vantagens de
sustentabilidade: menos residuos durante o fabrico por ser um processo aditivo; a capacidade de otimizar
geometrias e criar componentes leves que reduzem o consumo de material e de energia; e reducao do
desperdicio devido a capacidade de produzir pecas recicladas.

A presente investigacdo visa o estudo da influéncia da temperatura de impressdo, velocidade de
impressao, e percentagem de reciclado nas propriedades mecéanicas, no comportamento de fluxo e na
morfologia das pecas virgens e recicladas dos polimeros a base de copoliésteres. Nos testes realizados
nesta pesquisa, estudou-se a caracterizacdo mecanica, a caracterizacdo morfoldgica e a caracterizacdo
térmica dos materiais utilizados: o polietileno teraftalato glicol (PETG) de baixa, média e alta viscosidade.
A partir dos testes mecanicos, foi possivel concluir que com o aumento da temperatura de impresséao, é
possivel verificar que as propriedades mecanicas sdo melhoradas, visto que ha uma melhor adesao entre
camadas comparativamente com temperaturas de impressao baixas. Além disso, as pecas que foram
sujeitas ao teste de impacto comprovaram este fendmeno com recurso a microscopia 6tica. No que toca
a velocidade de impressao, apesar de haver muita proximidade nos resultados, foi possivel observar que
as pecas impressas a 10mmy/s resultaram numa melhor qualidade da peca, provavelmente porque as
camadas solidificaram devidamente e proporcionaram uma boa adesao entre camadas. Para além disso,
independentemente da variacdo da temperatura de impressdo ou da velocidade de impressao, foi
possivel observar que com as medicdes da densidade, esta manteve-se igual a 1,26g/cm3. Em relacdo
a percentagem de reciclado, foi possivel observar que com o aumento da percentagem de reciclado, o
MFI aumenta e as propriedades mecanicas tendem a diminuir, provavelmente porque foram causadas
modificacdes irreversiveis nas propriedades do material. Segundo a caracterizacdo térmica, a
temperatura de transicao vitrea manteve-se contante e a temperatura de degradacédo do PETG, apesar

de nao haver uma diferenca significativa, aumentou com o aumento da percentagem de reciclado.

PALAVRAS-CHAVE

Fabricacao de filamento fundido, impressao 3D, percentagem de reciclado, polietileno teraftalato glicol

(PETG), temperatura de impressao, velocidade de impressdo
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1. INTRODUCTION

3D printing can reduce production costs and improve overall efficiency in the industrial sector,
consequently it has drawn growing interest from the industry and research community. High print quality
has been achieved with the development of faster and less expensive AM processes. Furthermore, a
greater selection of polymer materials with various qualities are now being manufactured for 3D printing.
The design and fabrication of prototypes is made simpler by 3D printing, enabling innovators to quickly
test their ideas. Itis actually to the industry's great advantage that the design and manufacture procedures
have been shortened from weeks to a few hours [1]. The purpose of this research was to study the
influence of printing temperature, printing speed and regrind fraction on the mechanical properties, flow
behavior and morphology properties of virgin and regrind parts of copolyesters-based polymers. The

polymer used was PETG with the following grades: low viscosity, medium viscosity, and high viscosity.

The first part of this research is a review of the literature that is relevant to conducting the experimental
research. In this section a detailed explanation of 3D printing is described, as well as the Fused filament
fabrication since it is the technique used to fabricate the parts. Furthermore, the influence of the
parameters on the 3D printed parts was quite relevant to their printing. Printing speed and printing
temperature were the main parameters that varied throughout the investigation. The last part of the
literature review explains the materials that are commonly used to manufacture parts using FFF and a

summary of polymer degradation.

The second part of this research has experimental tests as its main topic. Following the literature review,
a roadmap that schematically represents the practical part of this thesis is exhibited. The roadmap
includes the printing parameters as well as a list of the tests that were executed. The materials and
methods are then considered. In this research, all the parts were printed using polyethylene terephthalate
glycol (PETG). After the materials and methods, the results are discussed. This section concentrates on
results concerning all the tests that were done: morphology, flow behavior and mechanical tests. Finally,

a conclusion was made based on the observations that could be made while performing this research.
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2. LITERATURE REVIEW

2.1. Introduction to 3D printing

3D printing technology, also known as Additive Manufacturing (AM), are processes that generates 3D
object by printing the object layer by layer. The process can be divided into a few steps which are
presented in Figure 1. A physical object is generated using a computer-aided design (CAD) and converted
to a Stereolithography file (STL), a slicer software then converses the object into several layers. After
dividing the object as a stack of layers, each layer is described as a set of linear movements of the 3D

printer extruder which are send to the printer [2].

CAD-based
3D model

End part

STLfile Sliced layers AM system finishing

Graphic: Deloitte University
Press | DUPress.com

Figure 1 - Additive manufacturing process [3]

2.1.1 Rapid prototyping

Rapid prototyping is invented in the 1980s for making models and prototype parts. It was the first method
of creating a three-dimensional object layer by layer using computer-aided design (CAD). This technology
was developed to aid in the manifestation of what engineers had in mind. Rapid prototyping is one of the
earlier additive manufacturing (AM) processes. It enables for the fabrication of printed parts as well as
models. Among the primary advances that this approach brought to product development are time and
cost reductions, human contact, and therefore the product development cycle, as well as the ability to
make practically any shape that was previously difficult to machine. However, it is not yet widely used in
the manufacturing sector, but it is used by scientists, medical doctors, students and professors, market
researchers, and artists. Scientists and students can use rapid prototyping to quickly develop and analyze

models for theoretical comprehension and study [4]. Doctors can use rapid prototyping to create a model
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of a wounded body in order to examine it and better plan the surgery, market analysts can see what
consumers think of a certain new product, and artists can explore their creativity more easily. Figure 2
illustrates the phases involved in rapid prototyping product development. It can be observed here that
developing models faster saves a lot of time and allows for more model testing. Rapid prototype
technologies are being utilized for more than just generating models; with advances in plastic materials,
it is now possible to make finished things; of course, at first, they were developed to broaden the
conditions examined in the prototyping process [5]. In addition, it is important to notice that rapid
manufacturing became possible by other technologies, which are computer-aided design (CAD),
computer-aided manufacturing (CAM), and computer numerical control (CNC). The combination of these
three technologies enabled the printing of three-dimensional objects. Nowadays, these technologies have

other names like 3D printing, and so forth, but they all have the origins of rapid prototyping.

ey Parametric Analysis and Creation of Prototype

i design 3 optimization A prototypes 3 testing and

concepts =S1h W I Yl ; ,
(CAD) (CAE) (RP) evaluation

Final product

Figure 2 - Product development cycle [5]

2.1.2  The STL file

The STL file was invented in 1987 by 3D Systems Inc. when they first developed stereolithography, and
it stands for this phrase. It is also known as Standard Tessellation Language. There are other types of
files, but the STL file is the industry standard for all additive manufacturing processes. The STL file
creation process essentially transforms the CAD file's continuous geometry into a header, small triangles,
or coordinates triplet list of , y, and z coordinates, as well as the normal vector to the triangles. However,
this method is imprecise, but the smaller the triangles, the closer to reality they are. The interior and
exterior surfaces are specified using the right-hand rule, and vertices cannot share a point with a line.
When the figure is sliced, more edges are added. The slicing operation also introduces inaccuracies into

the file since the algorithm substitutes the continuous contour with discrete stair steps. Higher the layer
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thickness, lower the surface finishing [6]. Figure 3 represents the difference between the slicing

thicknesses of a single part. This will be further explained in the study of the parameters and their effects.

thick layers
print fast

thin layers
high resolution

Figure 3 - Slicing of an object using different thickness [6]

2.1.3 Additive Manufacturing (AM)

Additive manufacturing (AM) processes can produce parts from different materials such as metals,
ceramics, composites, and thermoplastics for applications in diverse fields, including aerospace,
automobile, and health care. Some known unique features of AM processes over conventional
manufacturing processes are that the lighter weight parts can be achieved by adjusting infill density, and
part production with complex geometries can be produced without costly tooling. This reduces machining
requirements and space utilization since AM processes do not require jig, fixtures, tools, and molds like
milling, injection molding, drilling, or broaching process. Additionally, nonvalue-added activities such as
workpiece loading and tool changing during the manufacturing operations are also reduced in AM.
Manufacturing wastes such as material chips are minimized in AM processes. On the other hand, AM
processes may generate other material waste such as support materials and lose powders [7].

Although the AM processes have several advantages over the conventional manufacturing processes, the
applications of AM build parts as functional products or components are limited. Compared to the
consistency that can be achieved from commercial manufacturing processes, the parts produced by AM
processes often fail to meet different functional requirements. The potential for AM processes is
astounding, but their capacity is limited [7].

There are several AM processes, and the AM processes are divided into seven major families according
to the ASTM F2792-12A. Commonly used technologies under each family, represented by Figure 4, are:
(1) binder jetting: powder bed and inkjet head, (2) directed energy deposition: laser metal deposition
(LMD), (3) material extrusion: fused filament fabrication (FFF), (4) material jetting: multijet modeling

(MJM), (5) powder bed fusion: selective laser sintering (SLS), direct metal laser sintering (DMLS) and
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electron beam melting (EBM), (6) sheet lamination: laminated object manufacturing (LOM) and ultrasonic
consolidation, and (7) vat photopolymerization: digital light processing (DLP) and stereolithography
apparatus (SLA) [2].

—
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Figure 4 - Seven major families of AM [8)

One of the most well-known AM processes, the FFF process, utilizes thermoplastics in the shape of
filaments to produce prototypes and functional parts. Although FFF is considered as a low-cost process
among other AM processes, the applications to produce functional parts are limited. This limitation is due
to several reasons: poor part properties, limited raw materials, restricted part size, and low production
rate.

The availability of raw materials for AM processes is one of the crucial factors that hinders AM processes
from being employed on a large scale. In most AM processes, only certain types and forms of materials
can be employed. Among the AM raw materials, polymers are the most widely used material. The scope

of this paper will focus only on copolyesters as the materials for the FFF process.
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2.2 Material extrusion — Fused filament fabrication

FFF is one of the most popular AM processes that utilizes a continuous filament, made of thermoplastic
polymers as a base material, to produce three-dimensional geometry products. The filament materials
have a significant role in determining the properties of the final part produced, such as mechanical

properties, thermal conductivity, and electrical conductivity.

2.2.1 Principle

This section describes the various steps, associated physics, and a detailed explanation of their effects
on part quality to understand the extrusion process. Figure 5 depicts the entire FFF-extrusion process as

well as the effects of various geometric and process parameters on the overall process's effectiveness.

Feed control:

« feed rate

= filament buckling

« extrusion speed

« pressure difference

Thermal control:

* heat flow

= print temperature

« material phase change

« melting
Interface:
+ bead to bead bonding Bead shape:
« inter-bead voids « Nozzle effect
« molecular diffusion « melt swelling
+ surface tension * melt viscosity
« bead profile

« fiber orientation

Solidification: Print platform: Bead spreading direction
« viscoelasticity « cooling rate

« fiber-matrix bonding * residual stress

« crystallinity « crystallinity

« dimensional stability
Figure 5 - Schematic of the FFF process and the associated process variables [9]

Typically, an amorphous polymer or two-phase composite filament of a particular diameter is fed into the
extrusion chamber through a motor-control mechanism. The mechanism controls the initial solid-material
feed rate and melt-extrusion rate. If the initial feed rate is not compatible with the physical behavior of the
material, such as melt temperature, heat capacity, and viscosity, and exceeds a certain critical limit, it
can induce a compressive force on the filament, resulting in buckling prior to entering the heating zone.
As it enters the heating zone, the filament begins to change phase to a glassy state and eventually liquify
before being extruded through the exit-nozzle. The metallic-heating chamber and nozzle section typically
have good thermal conductivity, ensuring even temperature distribution within the nozzle. As a result,

when the melt exits the nozzle, it has a uniform melt temperature and a parabolic flow field at the nozzle
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outlet. The effect of nozzle converging angle, exit-cross-sectional shape, and exit-velocity on the extruded-
bead shape are critical at this stage. This factor regulates the melt swelling phenomena and alters the
shape of the deposited bead on the print platform or previously placed bead [9].

The solidification phase begins as soon as the bead is exposed to the environment, placed on a print
platform, or previously deposited bead. The solidification process is regulated by the temperature
difference between the incoming bead, associated environment, and print platform. The solidification
process is driven by convective heat losses between the bead and the print platform, as well as radiative
heat losses on the bead's external surfaces. If the cooling rate reaches a critical threshold, the bead
hardens too quickly, resulting in low crystallinity and low molecular diffusion. Such changes in crystallinity
affect the mechanical and thermal properties of a semi-crystalline material. However, when the cooling
rate is extremely low, the transition from viscous fluid to viscoelastic solid takes a longer time, causing
the material to sag due to gravity and transform into an unattractive bead shape. As a result, keeping a
good cooling rate is important to the effectiveness of FFF printing. As the bead solidifies, it begins to
shrink based on its thermal expansion coefficient. While shrinking, residual tensions begin to accumulate,
promoting further shape deformation and dimensional inaccuracies [9].

In the case of a second bead that is to be deposited on to a previously deposited bead, the inter-bead
bonding now comes into play. While the previously deposited bead has already undergone solidification
and shape changes, the newly deposited bead requires a better contact surface with appropriate surface
temperature for optimal inter-bead bonding and molecular interdiffusion. The longer the interface is
exposed to a favorable temperature, the better the molecular coalescence, the better the inter-diffusion
through the interface, and the fewer the inter-bead void spaces. The surface tension of the material
controls such bonding, which is strongly influenced by the cooling rate and viscosity. If the cooling rate is
high enough, the molecular mobility of the nearby beads is halted, resulting in poor inter-bead bonding.
If the cooling rate is too low, molecule interaction may suffice, albeit at the expense of dimensional
accuracy. As a result, for good FFF-printing, very accurate heat and fluid flow control is required.
Furthermore, the reinforcing materials have a significant impact on the thermal and flow properties of the
system by adding complexity to the system. All these different factors contribute to anisotropy in
mechanical and thermal properties. As a result, understanding the complexity and precisely modeling

this behavior are critical for the successful integration of the FFF process into industrial settings [9].
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2.2.2  Current knowledge

As mentioned before, the applications of AM in the world’s manufacturing efforts to produce functional
parts at present are limited. The optimization of process parameters is therefore one of the most popular
research areas in the advancement of the FFF. However, the part properties of an FFF build part can only
be improved to a certain extent by determining an optimum combination of process parameters through
process parameter analysis. This is because the pure thermoplastic materials used for the FFF process
also have inherent material properties boundaries that cannot be exceeded.

Another limitation of process parameter analysis is that the optimum combination of process parameters
is not generalized across all filament materials, built shapes, or equipment. An optimum combination of
process parameters for a part property from one filament may not be optimum for other part properties
or other filament materials. For this, process parameter analysis by itself is not sufficient for meeting all
functional requirements of many applications.

However, over the past years, the 3D printing process has developed enormously. Since 2014, 3D
printers gained the ability to process multiple materials in one single manufacturing cycle, enabling
myriads of new possibilities and combinations in the manufacturing sector. Especially the combination of
3D-multipart and multi-color printing, allowing the mass customization of personalized products.
Moreover, combinations of different materials can lead to enhanced mechanical properties, providing
additional applications and design freedom.

Another innovation comes from the use of smart feedstock materials, which adds a new dimension,
namely time. Because an extra dimension is added, this technology is frequently referred to as 4D
printing. Three-dimensional and four-dimensional printing techniques are relatively similar, but the
abilities to make items that change shape over time distinguishes 4D printing technology from 3D printing.
As a result of the use of smart materials, the 3D model is now able to capture responses to external
stimuli and use them for shape recovery, sensors, and actuators. In this context, the 3D-printed structure,
for example, may alter color, shape, function, or other preset features in response to stimuli such as
temperature, water, solvents, pH, light (ultraviolet rays), or magnetic energy. This time-dependent, printer-
independent, and predictable technique allows the printed structures to achieve self-assembly, multi-
functionality, and self-repair. The features of 4D-printed parts (form fixity, shape recovery, and
repeatability) are commonly related to component quality. One of the primary qualities of these parts, for
example, is repeatability, which refers to the materials' ability to repeat the full cycle without cracking or

significant changes to the permanent shape. Folding, bending, twisting, linear or nonlinear

23



expansion/contraction, surface curling, and the development of surface topographical features are all

characteristics of shape-shifting behaviors in 4D printing [10].

2.2.3 Surface roughness

The surface roughness of the FFF components is, in fact, controlled by the input process parameters.
However, regardless of the standard of optimization and criticality in the selection of the input process
parameters, rough surface textures on the FFF, or any 3DP product, cannot be fully avoided [18].
Roughness models should be able to replace the trial-and-error methods that are currently used to
estimate surface quality in order to save time and money. As previously said, surface roughness is critical,
as this aspect of the surface effects the functionality or assembly, mechanical qualities, precision/fit,
tooling applications, smoothness, and general engineering applications [19]. 3DP has been widely
employed for quick tooling in the manufacture of metals and composites. According to the literature,
surface roughness is a significant disadvantage for the benefits of 3DP [20], [21]. A surface roughness
distribution equation based on interpolation, utilizing measured roughness values is offered in order to
depict actual roughness distribution in computing [22].

Figure 6 illustrates the characteristic parameters layer thickness (L), build direction (b), deposition
direction (d), and deposition angle (a). These parameters indicate what happens during printing with FFF
and typical rough surface texture, respectively. Furthermore, Vahabli and Rahmati, Ahn et al., and
Boschetto et al. created a 2D, wireframe, and 3D model, as shown in Figure 7, and generated
mathematical formulae for visualizing surface roughness [23]-[25]. Both Figure 6 and Figure 7 show that
the surface of the deposited layers follows an inescapable staircase pattern. Campbell et al. demonstrated
an effective mathematical model for predicting surface roughness and establishing a link between layer
thicknesses and build angle [26]. Byun and Lee created a model that predicts arithmetic-mean surface

roughness [27].
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Figure 6 - (a) Scheme of filament deposition in FFF and (b) rough surface texture [18]
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Figure 7 - Surface roughness 2D (a), wireframe model (b), and 3D model (c) of FFF part [18]

Being an unavoidable feature of FFF system, post-processing of the produced parts using barrel finishing,

chemical treatment, and polishing procedures could be used. However, such post-processing

technologies are always an addition to the processing cost and duration of the production operations.

Unfortunately, this barrier is crucial and has remained unresolved since the inception of this technology.

As a result, a long-term solution for removing the rough texture from the FFF surface should be sought
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2.2.4 Dimensional accuracy and precision

The second significant barrier with the FFF system is maintaining dimensional accuracy and
manufacturing precision. It has been observed that within the same parametric configuration and printing
environment, the dimensions of the print frequently present in a varying fashion. As the filament is
extruded from a nozzle, it abruptly cools from the glass transition temperature to the chamber
temperature, causing interior tensions that cause deformations and, in some cases, component
fabrication failure. Distortion is greater in the bottom layers than in the upper layers, implying that as
stacking section lengths increase, deformation increases. Dimensional accuracy of FFF parts, like surface
roughness, can be enhanced by changing the input parameters. Dimensional accuracy influences the
tolerances, fits, and geometrical aspects of printed items in batch and serial production. Furthermore,
determining the ideal parametric parameters in real-time production is nearly impossible.

According to Bansal and Sood et al., shrinkage in the FFF process could cause a change in the dimensions
of the parts. However, the value of thickness was always greater than the required quantity [28], [29].
Surface examination reveals that small dimensional variations suffer from shape distortion and
discontinuities. According to their findings, increasing the layer thickness, air gap, build orientation, road
width, and various shapes causes a progressive increase in the percentage change in length. Such
identifications can contribute to making FFF a more precise and reproducible process [18].

Some studies also report on the impact of post-processing procedures, such as cold vapor treatment, on
dimensional accuracy by rearranging surface materials in more desired accommodates, valleys. However,
while such procedures may be viable for surface treatments, more proof ideas are required for

dimensional accuracy [18], [30].

2.2.5 Poor adhesion

Interlayer adhesion during FFF printing has an impact on the mechanical qualities and geometrical flaws
of the resultant product [18]. Unfortunately, scholarly research in the topic of interlayer adhesion is
lacking. According to Costa et al., layer adhesion qualities are mostly affected by printing temperature.
Study shows that higher interface temperatures can result in increased polymer diffusion over the
interface by healing the printed models due to the created thermal gradients that can aid in the welding
of the interlayer patterns [31]. Costa et al. investigated the estimation of filament temperature and
adhesion development in FFF [32]. The analytical approach utilized following parameters in their work-
related extrusion: velocity, filament dimensions and material deposition sequence, and ambient

temperature to the available interlayer adhesive characteristics. Furthermore, Spoerk et al. said that a
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lack of adhesion could occur if (i) there is warpage, (ii) the initial layer is delaminated, and (iii) the platform
temperature is too high. Notably, the raster angle has a substantial impact on the overall mechanical and
structural properties of the FFF pieces. Nevertheless, it is insignificant in terms of adhesion qualities [33].
Aside from standard mechanical applications, the adhesion problem has piqued the interest of the textile
and biomedical industries. In the case of textile printing, the issue becomes more serious since an
increase in printing temperature is typically a negative event in line with depositing platform, which is
textile material such as cotton and viscose fabrics. Furthermore, higher printing temperatures may not
always result in higher adhesion strength. As a result, poor adhesion of FFF on substrates limits FFF's

potential in the textile sector [18].

2.2.6  Speed

Another issue with practically all types of 3DP systems is their slow pace in compared to traditional
production methods, which limits their industrial potential. Although today's commercial 3DP firms entice
clients by claiming their printers' ability to produce the output in batches, this is only a fact of how difficult
and significant the size of the standard is. Larger goods take several hours of labor to complete. As a
result, 3DP systems are only useful in the manufacturing of bespoke parts in small quantities since they
can compensate for overall production costs that would otherwise be unsustainable with other

technologies [18].
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2.3 Influence of parameters on 3D printed parts

FFF is an AM process that uses a filament of material, in this case copolyesters, and it is extruded through
the nozzle layer by layer to form the shape of the printed part. This technique is widely used for various
applications including for a product prototype because it is able to create complex shapes in a reduced
time, which is an advantage of 3D Printing [34]. For prototyping purposes, 3D printed parts have very
critical mechanical properties. For this reason, it is important to understand how the different parameters
of the 3D printing process influence the quality of the part and its mechanical properties.

In this chapter, these parameters will be discussed more in detail: layer thickness, build orientation,
printing speed, infill density and printing temperature. An optimal set of these parameters results in a
FFF prototype with good surface quality. In Table 1 some mechanical properties that depend on the

mentioned 3D printing parameters are shown [35].
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Table 1 - 3D Printing Parameters and Influenced Mechanical Properties

3D Printing Parameters

Build orientation
Layer thickness
Printing speed

Layer thickness
Raster angle

Infill density

Build orientation
Infill density

Printing speed
Printing temperature
Layer thickness

Infill pattern

Infill density

Infill pattern

Shell thickness
Printing temperature
Layer thickness
Printing temperature
Layer thickness

Infill pattern

Infill density

Infill density

Layer thickness
Infill density

Raster angle
Printing speed
Layer thickness
Layer thickness
Infill density
Build orientation

Infill density
Infill pattern

Raster angle
Printing temperature
Printing speed

Infill density

Infill pattern

Build orientation
Layer thickness

Infill density

Printing temperature

Mechanical Properties

29

Tensile strength
Flexural strength
Ductility

Flexural force

Young Modulus
Tensile strength
Yield strength

Tensile strength

Tensile strength
Young Modulus
Ductility

Tensile strength
Young Modulus
Failure mode

Strength
Stiffness
Ductility

Tensile strength
Young Modulus

Tensile strength
Young Modulus
Yield strength
Tensile strength
Young Modulus
Stiffness

Tensile strength
Stiffness

Young Modulus

Maximum bending stress

Deflection

Maximum failure load
Elongation



2.3.1 Layer thickness

Layer height is one of the most important process parameters in 3D Printing. In 3D printing, the layer
thickness is constant, and it is very important that the thickness is sufficiently small to produce a good
approximation of the part. On the other hand, the final part suffers from inaccuracies because of the
“staircase” effect [36]. The “staircase” effect, shown in Figure 8, is a ladder-like visual phenomenon,
which is caused by the different boundaries of adjacent layers when sliced layers are stacked on top of
each other. Since the part is built in a layer-by-layer way from the bottom up, the material shrinkage of
prior layers causes geometrical inaccuracies. During the building of the part, slanted walls are produced
around the layer itself that "drags" the layers built previously to shrink as well [37], [38].

The “staircase” effect is generated by the offset needed between two layers to create a slope. It is the
relation between the thickness of a layer, and it's offset when compared to the previous layer. For this
reason, it is possible to conclude that the incline of the curve is not uniform. For example, in Figure 8, a
part with a 45° slope will also have more “steps” than a 10° slope. Therefore, when a slope decreases,

the layers are more visible because there is greater spacing between one layer to the next [39].

Slope 10°

Slope 45°
Layer thickness Layer thickness

100p 100p

Figure 8 - Representation of 3D printed layers on a slope 10° and 45° [39]

While the amount of shrinkage depends on the polymerization kinetics, shrinkage kinetics and overall
degree of cure, it also depends on the time needed to deposit a layer. A layer that is drawn slowly will
exhibit less apparent shrinkage than one drawn very quickly since a lot of the shrinkage is compensated
for as the layer is deposited [40]. Thus, a small layer thickness greatly reduces the 'staircase"
phenomenon, which results in high printing times as the printed part consists of a high number of layers
[38]. Both the layer thickness and the “staircase” effect have an influence on the surface roughness of

parts fabricated via 3D printing processes [41].
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In addition, Chacon et al. investigated the influence of layer thickness in the three possible printing
orientations (flat, on-edge and upright). In upright samples, tensile and flexural strengths increased as
layer thickness increased. However, for on-edge and flat orientations, the layer thickness had almost no
influence. Moreover, it is worth noting that ductility decreased as layer thickness increased [42]. Thus,
layer thickness and part orientation are important considering that thicker layers would provide a better
surface finish with a vertical orientation [34]. In Figure 9, it can be seen that the smaller the layer
thickness, the smaller the stair-step produced on the prototype. Thus, the higher the layer thickness, the

greater the “staircase” effect and therefore the surface roughness is greater [43].

CAD design CAD design CAD design
i |
f f | -.
Laver Thickness | | Layer Thickness | | Layer Thickness |

Figure 9 - Effect of a Layer Thickness on Stair-stepping [43]

The layer thickness and part orientation prove to be the significant factors in determining the surface
quality of the part. Another aspect that is equally influenced by these factors is the strength of the part.
Indeed, Tymrak et al. evaluated the influence of layer thickness on both tensile strength and elastic
modulus with printed dog-bone samples. The group concluded that a higher tensile strength was reached
with a lower layer thickness [44]. According to tests by Mohammad Vaezi & Chee Kai Chua, under the
same binder saturation, a decrease in layer thickness from 0.1 to 0.087 mm increased the tensile
strength in the samples and decreased the flexural strength, while giving better surface quality and
uniformity [45]. In research done by K.G. Jaya Christiyan, the tensile strength was determined for 3D
printed models using a 0.6 mm diameter nozzle where speed and layer thickness were varied. It can be
noticed that the tensile stress decreases with an increase in layer thickness and decreases with an
increase in printing speed. For a layer thickness of 0.3mm and a printing speed of 50mm/s, in Figure
10, the tensile stress was very low, as well as, in Figure 11, the maximum flexural load which exhibited
very low flexural loads compared to printing speeds of 30mm/s and 40mm/s [46]. This is probably due
to the fact that additive manufacturing/layered manufacturing samples have a weak interlayer bonding
or inter layer porosity [47]. It can be seen that the trend of failure is a similar and it can also be observed

that the lowest printing speed sample exhibited the highest stress at break.
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Figure 10 - Tensile behavior of ABS composite with 0.3 mm layer thickness [46]
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Figure 11 - Flexural behavior of ABS composite 0.3 mm layer thickness [46)

Overall, it can be concluded that a decrease in layer thickness leads to an increase in tensile strength
and yield strength. In addition, smaller layer thicknesses result in smaller cavities among the infill and

therefore, lead to an increased tensile strength and yield strength [45].

2.3.2  Build Orientation

Build orientation affects parts in 3D printing in a fundamentally different way than in subtractive
manufacturing, due to the inherent layer-by-layer production principle of 3D printing. Because of layered
manufacturing, the parts produced are orthotropic [48]. This means that the material properties differ

along three mutually orthogonal axes, where each axis has a double rotational symmetry. Thus, this
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parameter is very important in FFF. It has an important influence on 3D printed part's properties and
their surface accuracy [49], [50].

Since orientation has a strong correlation with manufacturing time and how many parts fit in one
production run, three different orientations were selected for the investigation by Sami et al. Orientation
‘backdown’ was selected to minimize the height of the build. Orientation ‘upright’ was selected to fit as
many parts as possible in one build and the orientation ‘sideways’ was chosen as an intermediate
between the two. The different orientations on a build platform are shown in Figure 12. The manufacturing
time per part as a function of different orientations in the material extrusion process was analyzed and it
was concluded that the best orientation when it comes to manufacturing time was "back down". In the
"sideways'" and "upright" orientations, the processing time was increased, and more support material

was required [49].

Figure 12 - Orientation backdown (left), sideways (middle) and upright (right) [49]

Li et al. have put forward an approach for selecting fabrication orientation for the fused deposition rapid
prototyping and established a model to optimize the support area, fabrication time and surface roughness.
Regarding surface roughness, the results showed that there is a gap between layers if the fabrication
orientation, shown in Figure 13, is between 70° and 90°, but no gap is observed between layers in the
range of 0-70° build orientation. A stochastic model was developed for the range 0° to 70° by

approximating the layer edge prole as parabolic [50].

33



Taneent 'ertical

f#= Fabrication orentation

AN

N
L
N X

Figure 13 - Fabrication orientation of the part [50]

It can be expected that large differences in strength will be present depending on the build orientation.
Regarding anisotropy, the part will always have “weak points” caused by its printing orientation. Although
each layer bonds to the previous layer, the interfaces between these layers are a weak point. These “weak
points” can cause thin external elements of the design to easily break off. Thus, when 3D printed parts
break, it is typically between layer lines [51], [52].

Considering this characteristic of 3D printed parts is especially useful when forces are subjected on the
part in a specific direction. For example, if a bracket is designed for a shelf, the largest forces will be
pushing downward where the bracket attaches to the shelf. Using this information, printing the bracket
on its side will ensure that the force is not acting along the interfaces between layers [52]. Therefore,
features on the model on which a stress will be applied should be printed in a way that the stress is

oriented in the same orientation as the printed layers, as shown in Figure 14 [51].

r l
| E

Bending load
normal to layers
Part is strong

Tension load
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—|

Bending load
arallel to layers
Tension load P ¥e

parallel to layers Part is weak
Part is strong

Figure 14 - Layer orientation and mechanical strength of the model [51]
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M. Afrose et al. investigated the fatigue behavior of PLA parts processed by FFF process. The test
specimens, which were dog-bones, were printed in three different build orientations (X, Y and 45°) as
shown in Figure 15. The deposited toolpath pattern on the specimen from each orientation are depicted
in Figure 16. In this research, the samples with different orientation were tested and it was possible to
assume that in the X-orientation, the tensile stress is maximum due to the deposited roads being parallel
to the longer dimension of the specimen and thus the orientation of the stress during the tensile test. On
the contrary, in the Y-orientation, the tensile stress is lower since the layers are deposited perpendicularly
to the longer dimension of the specimen. And finally, in 45° build orientation, the resistance to
deformation reveals an intermediate level. In addition, although the X-orientation had the higher tensile
stress, it generated lower fatigue life cycle than the other two orientation specimens. However, the
specimen in 45°-orientation had lower tensile stress than the X-orientation specimen, it showed a higher
number of fatigue life cycles than X- and Y-orientation specimens. Regarding the strain energy, it could
be concluded that comparing the construction orientations, the 45°-orientation showed higher strain
energy. Therefore, this study reveals that the PLA specimens printed in 45°-orientations have higher
modulus of toughness, absorb more energy and last longer till failure under fatigue loading conditions

[53].

a) X-orientation b) Y-orientation

c) 45°-orientation

Figure 15 - Build orfentations [53]

] ([Wownn[] zzzzzzzd)

Figure 16 - Deposited toolpath pattern on the specimen in X, Y and 45° direction, respectively [53]
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In another research, executed by Ben Redwood, the influence of the build orientation on the printing
quality was investigated. A cylinder with a hole was printed with its central axis vertical, producing a final
cylinder with a relatively smooth outer surface. On the other hand, the same cylinder was reoriented
horizontally with its center axis. Using the latter orientation, the total number of layers is significantly
reduced, resulting in lower printing times. Thus, by orienting the part in different directions, there is a

significant difference in print quality, as can be seen in Figure 17 [54].

Figure 17 - Two identical cylinders printed at the same layer heijght in different orientations (left: vertically, right: horizontally) [54)

The internal architecture of a part fabricated using FFF is not significantly different from that of a fiber
reinforced composite structure. Figure 18 shows a cross-section of a FFF part where this relation is
exaggerated. Individual roads are significantly stronger in the axial direction and resemble the fibers in a

composite. However, the material shows weaker behavior in the direction where stresses need to be

carried through layer-to-layer adhesion.
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Figure 18 - Cross-sectional view of ABS part built with 0/90° raster [55]



Summarizing, it can be expected that the mechanical properties of the final parts considerably depend
on the chosen building direction [55]. From practical tests such as the tensile test, it can be concluded
that when the pulling direction is parallel to the build orientation, the parts are stronger. However, when

the tensile direction is perpendicular to the build orientation, the tensile stress is lower [56].

2.3.3  Printing speed

3D printing speeds determine how much filament the printer's extruder will deposit on the 3D printer bed
per second. Both fast and slow print speed settings have advantages and disadvantages. For example, to
create a 3D printed object at a slow print speed, there is a high probability of deformation. This happens
because the nozzle and plastic are too close together for extended durations and this leads to a higher
shrinkage and deformation. Besides, the filament in the nozzle can overheat if left in the nozzle for too
long and the material can degrade. High printing speeds, on the other hand, expose 3D printers to
overheating problems. Adhesion of layers will be weaker when a high printing velocity is used since
adjacent filaments have less time to bond properly. The second factor to consider is the printing speed
of the interior walls. A higher printing time, and thus lower printing speed, will lead to greater part stability
as they have more time to bond properly. Increasing the number of shells reinforces the weaker outside
points of a part, resulting in a durable and strong part [57]. Miazio investigated the impact of printing
speed on the strength of manufactured objects using the FFF method from PLA. The research indicates
that the strength of samples decreases with increasing speed which is shown in the graph in Figure 19
[48]. Above 80 mm-s?, the strength decreases significantly. This is due to print defects presented in
Figure 20, that are caused by the limited capacity of the print head. The time needed to plasticize the

filament is too short. In turn, the printing time exponentially increases with a decrease in speed.

37



o8

07
= 06
[
05
0.4
20 30 40 50 ] 1o 80 S0 100
Speed [mms]

Figure 19 - Graph of the mean value of the breaking force as a function of the printing speed [48]

Figure 20 - Printing defects - printing speed 100 mm/s [48]

Dao et al. stated that polymers such as ABS undergo volume changes due to the transition from the semi-
liquid to the solid state. Accordingly, each sample created is slightly smaller than its design dimensions
[58]. In addition, since the volume changes because of the phase transformation, the deposited layers
can have anisotropic properties. This anisotropy can be caused by the alignment of polymer molecules
with the flow direction when they are extruded through the nozzle. The anisotropy can also be caused by
the formation of pores in preferred orientations and weak interlayer bonding [47].

Another aspect related to the printing speed is retraction, which should be considered. Retraction causes
the material to be reversely dragged into the nozzle in order to prevent stringing phenomena, when the
extruder completes printing one section of the part and moves to a next section. When the printing
procedure continues, the material will be forwarded again into the nozzle so that it once again is extruded
from the nozzle tip [37]. When the retraction speed is too low, the 3D print will have bubbles that are not
appealing. Using too high retraction speeds results in grinding filaments and eventually unpleasant lumps
on the 3D model. However, increasing the retraction speed can reduce the deposition of excess material

because less material is deposited at the starting and end points of any printing movement. Thus,
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increasing the retraction speed may help to mitigate the possible morphological defects. Proper setting
of this parameter results in improved part external surface quality [57], [59].

On the overall, it can be stated that the flexural strength decreases as the printing speed increases and
the quality of the final print is inversely proportional to the printing speed. Hence, an optimum printing

speed gives a product with good quality [47].

2.3.4 Infill density

The term “infill density” refers to the percentage of material present in the interior of the part describing
how hollow or solid the interior of the part is. Alvarez et al. [60] stress the influence of the infill density
on the mechanical resistance in 3D printing. A value of 0% implies a completely hollow part while a value
of 100% implies a completely solid part. A low infill value results in lower printing times and lower costs
since less material is used to fabricate the part. On the other hand, a low infill value results in poor
mechanical behavior characteristics. As a result, the choice must be made depending on the purpose
that the part should meet. Parts that should exhibit advanced mechanical behavior must be printed with
a high infill percentage while parts that should be printed fast without having to meet specific
requirements, can be printed with lower infill percentage [37].

In Figure 21, can be seen that at higher percentages of filling, the tensile strength increases since
specimens with a higher filling percentage have a higher strength area. In some cases, when going from
a lower filling percentage to a higher filling percentage, the strength remains constant and even decreases
to a small extent. This is mainly due to the fact that the process is composed of many variables that
cannot be precisely controlled. For example, the leveling of the bed, the alignment of dies, the distance
between extruder and bed, uniform temperature in the bed etc. Each of these parameters can be different
from one specimen to another, even if the specimens are printed at the same time but in different

positions on the platform [61].
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Figure 21 - Tensile Strength- Infill Percentage Curve [61]

The objective of this paper was to investigate the existing knowledge gap on the mechanical properties of
consumer-level 3D printer filament. Several materials were tested, including PETG. In Figure 22, samples
are depicted which were printed with filler percentages ranging from 15% to 100% to test tensile
properties. As expected, the tensile yield strength of the samples was directly affected by infill percentage.
At 15% infill, all materials had a low yield stress. As the infill percentage increased, the range of yield

strengths also increased [62].

15% 30% 50% 75% 90% 100%

Figure 22 - Infill comparison for printed components [62]

The modulus of elasticity is also dependent on infill percentage. As the infill percentage increases, so
does the modulus. This effect can be seen in Figure 24, which shows a comparison of different infill
percentages within the PETG material; the specimen with an infill density of 30% fails without much
plasticity (failure at 3.22% strain) while the curve of the specimen with an infill density of 100% indicates

plastic deformation (failure at 11.3% strain). Figure 23 shows how PETG sample with an infill density of
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30% failed with almost no deformation, while the sample with an infill density of 100% exhibited necking

prior to failure [62].

-

Figure 23 - Comparison of ductile (top) and brittle (bottom) failure for two PETG specimens. The top specimen is 100% infill while the
bottom sample is 30% infill [62]
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Figure 24 - Comparison of tensile data for PETG samples. Legend format: PETG [% Infill] - [Sample Number] [62]

One of the advantages of the 3D printing FFF technology is that the products can be manufactured with
different infill patterns, as shown in Table 2, resulting in different infill densities. With this benefit, time
and amount of material can be reduced, this way lowering the costs of the finished product. After
analyzing the results obtained by tensile testing, in Figure 25, it can be concluded that infill type and infill
density have an influence on the ultimate tensile strength and yield strength. As the density increases,

the ultimate tensile strength and yield strength also increases for every type of infill pattern [63].
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Table 2 - Infill patterns [63]

Grid Lines Triangles Tri-Hexagon Cubic Cubic-

Subdivision

Octet Quarter Cubic Concentric Zig Zag Cross Gyroid

40

35
30

25
20
1
10
5
0

Tri Cubic Quarter

MPa

w

Lines Triangles Hexagon Cubic Subdivision Octet Cubic Concentric  Zig Zag Cross Cross 3D Gyroid
®Rm 26.35 25.03 2512 22.82 25.85 23.29 26.47 25.24 35.72 2098 18.74 18.85 21.77
wRO2 22.02 19.93 20.47 19.15 2177 19.35 22.47 21.24 28.84 16.83 15.91 15.33 24.03

Figure 25 - Maximum ultimate tensile strength (RM) and yield strength (RO2) for every infill pattern [63]

Other research performed by Adi Pandzic show that a “concentric” infill pattern gives the highest ultimate
tensile strength and yield strength. In this research, the influence of the infill pattern and density on the
material properties is examined only for tensile testing in one direction, and for one printing orientation
[63]. Abbas et al. described the influence of the infill density on the mechanical properties of PLA samples.
Test specimens were used with infill of 20%, 35%, 50%, 65% and 80%. It was possible to conclude that
the samples built with an 80% infill density had the greatest strengths in compression tests. The strength
of samples with a 20% to 65% infill density increased significantly. Samples built with a part orientation

angle of 90° had an increase in mechanical strengths. The results revealed that the maximum
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compressive strength for PLA parts (30 MPa) is reached at 80% infill density. Generally, selecting a smaller
infill reduces printing time and saves material [64].

The infill density affects the stiffness of a 3D printed part, as well. A higher infill density automatically
results in a higher density of the part. A part with higher density has more resistance to shape change.
Therefore, a higher infill density of a part increases the stiffness of the part. As a stiffer material will have

a higher elastic modulus, the modulus of elasticity will increase if the infill density increases [65].

2.3.5 Printing temperature

The term “printing temperature” or “extruder temperature” refers to the temperature setting of the heated
extrusion nozzle of the printer and is measured in degrees Celsius (°C). Different materials require
different settings according to thermal properties, so a proper 3D printing temperature is required to
accomplish optimum rheological characteristics and avoid nozzle clogging phenomena [37].

Regarding semi-crystalline materials, the nozzle temperature must be adjusted to ensure that the material
is fully molten, as this will result in uneven temperatures inside the nozzle, which may cause a reduction
in crystallinity when the material solidifies [66]. In addition, the bed temperature generally influences the
crystallization process. When the bed temperature is lower than the nozzle temperature, the printed
material will suffer non-isothermal crystallization, which may reduce the polymer crystallinity. Conversely,
if the cooling temperature is closer to the nozzle temperature, the printed material will experience quasi-
isothermal crystallization, which can produce a highly crystalline material [67]. Figure 26 shows a

schematic diagram of the optimal nozzle and bed temperature ranges for semi-crystalline polymers.

Temperature settings for semi-crystalline materials

T bed T nozzle
Tg T( Tm Tdeg

10-20°C 5-10°C 20-30°C
Figure 26 - FFF temperature settings for semi-crystalline polymers [68]

For amorphous thermoplastics, this softens gradually when heated above the glass transition temperature
of the material, on the contrary, crystals in semi-crystalline polymers remain in their ordered lamellar
structure until the melting point at which they can pass into the liquid state. In general, semi-crystalline
polymers can be used at higher service temperatures compared to amorphous thermoplastics, which

typically suffer a dramatic reduction in mechanical properties at Tg. When amorphous thermoplastics are
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heated sufficiently above their glass transition temperature, their viscosity can be dramatically reduced to
allow effective extrusion and printing of parts [69].

As a semi-crystalline thermoplastic, PEEK has excellent mechanical properties and chemical stability. An
experimental analysis method was proposed by Sun Xiaoyong, which included the influence analysis of
temperature on the mechanical properties of materials and the printing performance of PEEK and PLA
materials. The temperature has a great influence on the mechanical properties of PEEK since the increase
in temperature can improve the mechanical properties. It is important to consider that the melting
temperature (Tm) of PEEK is between 330°C and 380°C and the glass transition temperature (Tg) is
145°C. In these few experiments, the tensile strength is the highest for the highest printing bed
temperature (130°C, 110°C, 25°C, 25°C) and printing environment temperature (60°C, 25°C, 25°C,
25°C). The filling rate of the last case is set to 50%, hot bed and print environment is not heated. It is
possible to conclude that increasing the printing temperature can enhance the binding force between
layers in the printing process resulting in better mechanical properties of the printed part [69].

Figure 27 shows the PEEK parts' density, tensile strength, and surface roughness when printed at
different temperatures using a @0.4 mm, @0.6 mm, or @0.8 mm nozzle [70]. In previous studies, Zalaznik
et al. found that the printing temperature is a significant factor affecting the mechanical properties and
surface quality of PEEK. FFF experiments were performed to study the effects of the different parameters—
including printing temperature, printing speed, and printing layer thickness—on the mechanical
properties, microstructure, and surface quality of printed PEEK parts. The density and surface quality of
printed PEEK parts, internal defects, and binding strength between layers and infill filaments can be

improved at higher temperatures and by decreasing the layer thickness and printing speed [71].
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Figure 27 - Density, tensile strength, and surface roughness of PEEK parts printed using different printing temperatures [70]

Torres et al. studied the impact of the production parameters on the mechanical properties of specimens
made of PLA using FFF. It was observed that the most important settings enhancing the tensile strength
are a high infill density and a high layer thickness. The study also revealed that a higher temperature
increases the tensile strength due to the increase in cohesiveness between the layers. It was also shown

that when a low density or infill setting is applied to save material, the density of the perimeter layers can

be increased to increase the overall strength of the component [37].

In Figure 28 the process parameters for the 3D printing of CFR PLA composites are shown. After printing,
PLA can be annealed to promote microstructural changes that improve uniformity, relieve stresses, and
strengthen the PLA part. By extending the time at elevated temperatures, PLA has been shown to increase

crystallinity, which leads to superior tensile and flexural strength and stiffness [72]. Flexural strength and
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modulus were measured for the PLA specimens with different temperature in the liquefier of the printing
head. The results are shown in Figure 29. It is obvious that the flexural strength and modulus are positively
related to the temperature until 240°C. However, it was observed that the specimen prepared at the
temperature of 240°C lost surface accuracy due to the overflow of melt PLA. So, the recommended

maximum temperature in the printing head is 230°C [73].
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Figure 28 - Schematic of process parameters for 3D printing of CFR PLA composites [73]
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Figure 29 - Influence of temperature in liguefier on the flexural strength and modulus of the 3D printed CFR PLA composites under

experimental condition of L 0.65 mm, V 100 mm/min, E 150 mm/min, H 1.2 mm [73]
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Regarding extrusion temperature, with the results obtained by Sun et al., it can be concluded that
adhesion between layers improves when the temperature increases [74]. Consequently, there is a
decrease in viscosity, as well. With a lower viscosity, the extruded material loses its sectional circular
shape, and becomes oval because of the larger contact area between layers [75]. M. Grasso studied that
increasing the temperature has a strong influence on both stiffness and ultimate tensile strength (UTS)
of the FFF PLA specimen, i.e., as the temperature increases the stiffness and UTS decrease. The stiffness
remains constant until reaching temperatures of 50°C and 60°C because of the glass transition.
However, UTS values experienced a gradual decrease with respect to temperature increase up to 50°C
at which point a dramatic fall in strength is recorded and continues to drop at 60°C [76]. For semi-
crystalline polymers, the resulted structure after extrusion is considered to be in the semi-crystalline phase
which is responsible for the higher tensile strength and stiffness. These properties decrease drastically
above the Tg [77]. According to the studies, it is possible to conclude that increasing the printing
temperature, the adhesion between layers will improve therefore there will be a lower amount of voids,

resulting in better mechanical properties of the printed part [78].

2.3.6  Shell thickness

Shell thickness is another parameter that greatly influences the external printing quality of the part. The
term “shell thickness” or “wall thickness” refers to the number of external solid shells printed in the
exterior surfaces of the part. A higher number of selected shells results in a smoother external finish, and
it is advised especially in the cases where a lower infill percentage is selected as seen in Figure 30. At
the same time, a higher number of selected shells results in increased printing times while positively

contributing to part strength [37].

wall thickness

Figure 30 - Shell thickness [37]

Shell thickness has a key influence on the tensile strength of the samples. Four samples of ABS were
tested, and it was possible to observe that when increasing values of this parameter over 4%, the infill of

relatively small samples is practically replaced by the solid, closely extruded filament threads. These
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threads have a much higher tensile strength than the standard infill pattern, resulting in an overall tensile
strength similar to specimens with a 100% infill density. In order to have a lightweight and durable
element, it was concluded that the best set of parameters is using a shell thickness of 2 to 3 layers. If
the objective is to obtain maximum strength, the shell thickness must increase [79]. Increasing the shell
thickness can greatly increase the tensile strength and impact strength of parts. It is evident from the
Figure 31 that, with an increase in shell thickness from 0.4 mm to 1.2 mm, the tensile strength of the

specimen will increase [80].
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Figure 31 - Main effects plot for shell thickness [80]

In research performed by Aslani et al., two optimization techniques were utilized along with statistical
analysis to examine how the temperature and shell thickness affect the dimensional accuracy and the
surface quality of the parts. The results showed that a high printing temperature and median shell
thickness values optimize both dimensional accuracy and surface roughness [52]. Perez et al. conducted
a study regarding the surface quality enhancement of FFF PLA printed samples. Five process parameters,
namely, layer height, printing path, printing speed, temperature, and shell thickness were varied. They
concluded that layer height and wall thickness were the dominant parameters for controlling surface
roughness. When these values increase, surface roughness increases, too, which leads to poor surface
quality [81]. Establishing the ideal parameters for 3D printing, it is possible to conclude that increasing
the shell thickness and the printing temperature and decreasing the layer thickness, the parts will have
better tensile strength and surface roughness [79]. The highest strength of the part can be reached by
combining a high infill density with a high printing speed, low layer thickness and high retraction speed

[47].
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2.4 Materials for FFF

This section gives an overview of the possible materials that can be used for Fused Filament Fabrication.
Firstly, the suitability of materials for FFF will be discussed. Furthermore, a brief overview of some typical

materials will be given.

2.4.1 Material suitability

Approximately 90% of all the processed polymers are thermoplastics. Often, they are just called p/astics.
The main feature is that they consist of long linear or branched polymer chains that melt under the
influence of heat. Thermoplastics can be repeatedly softened and hardened again by heating and cooling
them respectively. Depending on the degree of crystallization, thermoplastic polymers can be subdivided
into amorphous and semi-crystalline thermoplastics [82]. Crystallization means that ordered structures
are created in the polymer chains. In general, thermoplastics do not crystallize easily because of the
second principal law of thermodynamics, which says that disorder will increase in a spontaneous system.
However, for some polymers crystallization can be stimulated by slowly cooling them down. Some other
polymers do not even exist in a total amorphous state. When crystallization occurs, only parts of the
polymers will crystallize, and the other parts will remain amorphous. This is a semi-crystalline state, as
shown in Figure 32. Polycarbonate and polymethyl methacrylate are examples of amorphous polymers.

Examples of semi-crystalline polymers are polyethylene and polypropylene [79], [83], [84].

crystalline
region

amorphous
region

Figure 32 - Semi-crystalline polymer with amorphous regions and crystalline regions [40]

Figure 33 shows the difference in thermal behaviour between completely amorphous (a), semi-crystalline

(b) and crystallizable materials (c) via idealized DSC curves. Semi-crystalline polymers have a distinct
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melting point (Tm) and glass transition temperature (Tg), while amorphous polymers only have a Tg. The
Tg is a characteristic temperature at which a material transforms from the solid-state into a soft, rubbery
state. It is the amorphous part of the polymer that is responsible for this transition. Below the glass-
transition temperature, polymer chains have no mobility as they are in a frozen state, but once the
temperature is above Tg they gain mobility.

The crystalline part of a polymer is responsible for the melting of the material. When reaching the melting
temperature, polymer chains lose their ordered structure, and the polymers turn into a liquid. The DSC
curve of a crystallizable amorphous material also shows a third peak. This peak represents the

devitrification or crystallization temperature (Td) at which crystallization occurs [82], [85]-[88].
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Figure 33 - Ideal DSC curves for (a) amorphous material; (b) a partially crystalline material; (c) a completely amorphous but crystallizable

material [88]

The materials used in FFF are mainly thermoplastic polymers. Amorphous polymers are preferable over
the more crystalline. The reason for this is the absence of a distinct melting point for amorphous polymers.
Instead, they form a viscous paste above the Tg so that they soften and lower in viscosity with increasing
temperature. The advantage of this behaviour is that the polymer can be printed at a temperature at
which the viscosity is low enough to be extruded under pressure, but at the same time high enough to
maintain its shape and be able to solidify easily after being printed. It also ensures that a new layer can
easily bond with the previous one. Another advantage is that amorphous materials are already

processable at a certain temperature above Tg. This is not the case for semi-crystalline materials, since
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the Tg is always below Tm and for these materials Tm must be reached before being processable [82],

[89], [90].

2.4.2 Standard materials

Acrylonitrile butadiene styrene and polylactic acid are the two most frequently used materials for FFF.
This part provides a brief introduction to these polymers, as they underlie the development of the FFF

technique.

2.4.2.1 Acrylonitrile butadiene styrene (ABS)

Acrylonitrile butadiene styrene (ABS) is an amorphous polymer that is commonly used in the
manufacturing of toys and household items, as it is known to be relatively harmless to humans compared
to other polymers, like polyvinyl chloride (PVC) [91]. The chemical structure is shown in Figure 34. ABS
was the first material to be used for FFF. It was used by all printers during the development of the FFF
printing technique but is now becoming less popular due to some printing issues [92], [93]. The first
drawback of ABS is that it emits a strong smell during the printing process. This smell makes it very
uncomfortable to stay near the printer, but some studies [94] have also shown that the fumes can be
toxic. Secondly, ABS has a significant shrinkage when it cools. Even when it is printed on a hot base plate,
the shrinkage can still cause warping. This phenomenon is difficult to avoid on large parts and sometimes
it can cause such internal tension that cracking, or delamination of adjacent layers occurs [95], [96].

Despite the disadvantages, ABS is still used a lot because the parts are tough, have a good mechanical
behaviour and are resistant to using temperatures of 90 °C [91], [92]. It is also a recyclable material that

is easy to post process and paint [93].
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Figure 34 - Chemical structure of ABS

2.4.2.2 Polylactic acid (PLA)

Polylactic acid (PLA) is, together with ABS, the most commonly used material for FFF. PLA is a

biodegradable, amorphous thermoplastic polyester made from natural products like corn starch [93]. The
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chemical structure of PLA is shown in Figure 35 (a). PLA is such a popular material for FFF because it is
extremely easy to process. This is due to its low extrusion temperature of about 190°C and the fact that
there is no need for a heated print bed. Additionally, PLA has a low shrinkage and the price per kilogram
is very low. Song et al. [97] found that FFF printed PLA has improved mechanical properties compared
to injection moulded PLA. Also, fiber-reinforced PLA-composites are used to improve the mechanical
properties even more. However, PLA is only used to make specific parts, prototypes and products that
are not supposed to endure high temperatures and extreme stresses. This is due to the low durability
and maximum use temperature. Above temperatures of 40°C to 50°C the material starts to lose its

strength and geometric characteristics [92], [93].

2.4.3  More advanced materials

The possibility of applying FFF to polymers and composites has been explored for some years in different
industries, such as aerospace, toy fabrication, medical and architectural fields. Using FFF to fabricate
materials has the advantage to customise the geometry of a part with a high accuracy. Furthermore, FFF
can be more cost effective than traditional building methods for customised products. Pure polymer FFF
products, however, are nowadays only frequently used for prototyping because the parts often have a
lack of strength and functionality. Due to the disadvantages of the materials that are currently used, there
is still a lot of research needed to develop new possibilities for FFF [98]. In this section, some of the
materials that are already used for FFF, besides ABS and PLA, will be discussed. In the end, the focus

will be on polyesters and copolyesters as they are the core of this research.
2.4.3.1 Polypropylene (PP)

Polypropylene (PP) is a semi-crystalline polymer that is commonly used in food applications. It shows
good chemical resistance, combined with great thermal stability and low density. When PP is processed
with FFF there is an excellent layer adhesion, creating an almost isotropic behaviour. It is however very
difficult to create complex structures with PP because the supports are very difficult to remove [92]. The

structure of PP is shown in Figure 35 (b).
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Figure 35 - Chemical structure of PLA (a) and PP (b)
2.4.3.2 Polycarbonate (PC)

Polycarbonate (PC) is amongst the strongest thermoplastic polymers used for FFF. The chemical structure
of PC is shown in Figure 36. PC is an amorphous thermoplastic. Besides its amazing strength, PC has
also a very good heat resistance. The maximum use temperature is 40°C higher than for ABS, making it
one of the best materials for use in hot environments. Despite its strength and heat resistance, PC is
very difficult to print. First of all, the high heat resistance means that PC also needs high processing
temperatures. The printing temperature of PC is around 250°C - 300°C, which is much higher than for
almost any other FFF material. Further, also the base plate temperature is a critical parameter because
the base plate must be hot enough to make a good adhesion possible between the layers. A base plate
temperature just above the glass transition temperature of 150°C is needed [99], [100].

Another problem with PC is the adhesion with the base plate itself. Due to the strength of the material,
Pc will easily warp and therefore be difficult to bond with the base plate [99].
Finally, PC is nowadays also less popular due to the health issues caused by bisphenol A (BPA), which is
used in the manufacturing of PC. It has been shown that exposure to BPA interferes with the reproduction

of animals and it has also been linked with diabetes and cardiovascular diseases in humans [101].
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Figure 36 - Chemical structure of PC
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2.4.3.3 Polyamide (PA12)

Nylon polyamide 12 (PA12) is a semi-crystalline polymer with an excellent mix of mechanical properties.
The crystallinity of the polymer is responsible for the excellent properties like good tensile strength,
toughness, elasticity, and ductility. It is also resistant to temperatures above 120°C [102]-[107]. These
unique characteristics enable the use of PA12 in a variety of applications, like household appliances,
electronics, automobile and even aerospace [106]. The chemical structure of PA12 is shown in Figure
37. However, because of its hygroscopicity and shrinkage during printing, PA12 is difficult in use.

Deformation and detachment from the base plate are common issues [92].
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Figure 37 - Chemical structure of PA12
2.4.3.4 Polyether ether ketone PEEK

Polyether ether ketone (PEEK) is a high-performance thermoplastic polymer with superior characteristics
thanks to its linear aromatic structure, as shown in Figure 38. PEEK has excellent thermal and mechanical
properties, and it also has a good chemical resistance as it is only soluble in sulphuric acid at room
temperature [108]. Because of the high tensile strength and Young's modulus, PEEK can be used as an
alternative for aluminium or steel in a lot of applications, such as the automotive and aerospace industries.
PEEK is a semi-crystalline polymer with a Tg of 143°C and a Tm of 343°C. The high Tm and Tg ensure
that the material can be used at operating temperatures up to 260°C. Another advantage of PEEK is its
biocompatibility and radio-transparency, which makes the material well-suited for biomedical applications

[109], [110].
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Figure 38 - Chemical structure of PEEK
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It is obvious that PEEK is a promising material for a wide range of high-end applications, and therefore it
has gained a lot of interest for processing it through 3D printing. However, there are some difficulties in
processing PEEK via FFF. Semi-crystalline thermoplastics with a high Tm have issues with the
accumulation of residual stress, which can lead to warping and delamination between layers. This affects
the accuracy of the printed part as well as its mechanical properties [111]-[113]. Another challenge in
the printing of PEEK is the temperature. Due to the high Tm, nozzle temperatures of around 400°C and
optimal printing parameters are required. Most FFF printers cannot reach these high temperatures and
therefore a more specific high-temperature printer is needed to print PEEK. Besides a nozzle temperature

of 400°C, also a print bed temperature of about 200°C and a heated chamber are required [109].
2.4.3.5 Polyesters and copolyesters

Theoretically, polyesters are chemical compounds that contain many ester groups (COOR) in each
molecule. However, in reality the term usually refers to polymers with ester groups as the main structural
component in their chains [89], [114].

Polyesters can be thermoplastic (melting under the influence of heat) or thermosetting (hardening under
the influence of heat) polymers. Thermoplastic polyester is used in textile applications. The pellets are
extruded to filaments and then used for weaving or knitting. This type of polyesters is also used in flexible
plastic bottles or trays. Thermosetting polyester is often a liquified mixture of unsaturated hydrocarbons
and styrene. These two components can react to a hard polymer in the presence of a catalyst. These
polyesters are used in constructive items like pipes and tanks [82], [89]. There are mainly three methods
to produce polyesters: step-growth polymerization of diacids and diols, ring opening polymerization of

cyclic esters and self-condensation of hydroxy acids [115].
2.4.3.5.1 Synthesis of polyesters
a) Step-growth polymerization

Most polyesters are obtained via a step-growth polymerization mechanism. This means that initially
dimers are formed after a reaction between two bifunctional monomers. Further reactions between the
functional groups will lead to trimers, tetramers, pentamers... With every reaction the polymer chain
grows, and the end product is a reactive molecule. In step growth reactions, the chains grow slowly during
the polymerization process. For this reason, it is important to reach a high conversion to get sufficiently
long chains. This is different from radical polymerizations, where long chains are already formed in the
beginning of the polymerization process. To reach a high conversion it is important to start from pure

monomers and from strictly equivalent amounts of both monomers. Polyesters can be formed by different
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reaction types: esterification, transesterification and the reaction between alcohols and acyl chlorides or

anhydrides [82], [89]. The respective reactions are represented in Figure 39.
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Figure 39 - Different reaction types to form a polyester

All the reactions in Figure 39 have a similar mechanism, starting from a nucleophilic addition to the
carbonyl group, as shown in Figure 40 [89].
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Figure 40 - Nucleophilic addition to the carbonyl group

The step-growth polymerization is the most industrially relevant method to obtain polyesters since

practically any bifunctional carboxylic acid will condensate with any diol to form a linear polyester. In
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practice, however, there are only a few polyesters commercially available due to the availability of the

monomers and both the chemical and physical properties of the end-products [38], [65], [66].
b) Self-polycondensation of hydroxyl acid

Polyesters can also be produced via the self-polycondensation of hydroxy acids. In fact, this method is
also an example of step-growth polymerization. The only difference is that the functionalities of the
monomers are AB instead of AA and BB. An important advantage of the self-polycondensation method is
the fact that the stoichiometry does not need to be controlled to create long polymer chains. If the
polymerization parameters such as temperature and type of catalyst are properly controlled, high
molecular weight polymers can be obtained. However, this method is not used very often, so it will not

be discussed further here [112].
c) Ring opening polymerization

Another method to obtain polyesters is ring opening polymerization (ROP). ROP is a chain-growth
polymerization mechanism in which cyclic monomers, with a sufficiently large ring tension, are attacked
by a polymer to form a longer polymer chain. Polyesters are formed by the anionic polymerization of
lactones. There are three important types of lactones: €-caprolactone, lactide and glycolide. If, for
example, E-caprolactone is attacked by an alkoxide, a linear polymer will be formed. This is shown in
Figure 41. This polymerization technique has the advantage that narrow polydispersities and high
molecular weight polymers can be obtained. Besides poly(E-caprolactone), PLA is another example of a

polyester that is obtained via ROP. In this case, the starting monomer is lactide [89], [115].
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Figure 41 - ROP of E-caprolactone with an alkoxide [116]
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2.4.3.6 Polyethylene terephthalate (PET)

A well-known example of a polyester is polyethylene terephthalate (PET). It is formed by the direct
esterification of benzene-1,4-dicarbon acid, also known as terephthalic acid (TPA), with ethylene glycol
(EG) [82], [89]. Because of the high melting temperature of TPA, an alternative possibility is the
transesterification of dimethyl terephthalate with an excess of EG, as shown in Figure 42. Initially, this
reaction leads to a mixture of oligomers and bis(2-hydroxyethyl) terephthalate, which is then further

esterified by removing the excess of EG [89].
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Figure 42 - Transesterification of dimethyl terephthalate

PET is a crystallizable polymer because of the regularity in its structure. It can be processed into the semi-
crystalline state or in the amorphous state [114], [117]. The degree of crystallinity and the morphology
of the polymer significantly affect its properties [118]. Polymers with a high degree of crystallinity have a
higher Tg. The Tg of amorphous PET and crystalline PET are 67°C and 81°C respectively. Crystalline
polymers also have a higher toughness, tensile strength, stiffness, and they are more resistant to solvents,
but they have less impact strength [117], [118].

The crystallinity of PET can be induced by heating or by the addition of stress or strain. Thermal
crystallization can be obtained when the polymer is heated to a certain temperature region between Tg
and Tm (the crystallization region) or is cooled down from the melt slowly. The crystallization region is
the region where you can see the crystallization peak in the DSC curve, as shown in Figure 33. Under
these conditions, a spherulitic structure is created and the polymer turns opaque [119]. When PET is
cooled very quickly, a completely amorphous polymer is created since the polymer chains do not have
the time to organise. In crystallization under the influence of stress, a heated polymer is stretched or

oriented in a way that the polymer chains rearrange in a parallel, densely packed manner [120].
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PET is widely used in textiles and in food packaging. Despite being one of the most used plastics today,
PET does have some disadvantages, including being susceptible to crystallisation at high temperatures,

which is not always favourable due to the loss of transparency [82].
2.4.3.7 Copolyesters

When a mixture of different monomers is polymerized, polymers consisting of various monomer units are
formed. Those polymers are called copolymers and the reaction is called a copolymerization [89].
Copolyesters are polyesters that are synthesized from multiple diols and/or multiple carboxylic acids. The
chains of copolyesters are irregular and therefore they will have a reduced tendency for crystallization.
The main reason why copolyesters are used is that they retain their mechanical properties, transparency,
and strength because of the amorphous structure [114].

As mentioned before, PET is one of the most widely used plastics in the world. A remarkable evolution in
the composition of PET has been the discovery of linear polyesters made from TPA and 1,4-cyclohexane
di-methanol (CHDM) by Kibler et al. in 1959 [121]. Since then, a new family of commercially important
polymers has developed [114]. The CHDM-based copolyesters that will be discussed in this text are PETG,
PCTG and PCTA. An overview of the composition of these copolyesters and the monomers from which

they are built is given in Figure 43.

Polyester/copolyester Diacid Diol
PET TPA EG
PETG TPA CHDM + EG
PCTG TPA CHDM + EG
PCTA TPA + IPA CHDM
OH
o
HO o o
/\ < > ( 4
/
o OH O
Terephthalic acid (TPA) Isophthalic acid (150)
HO
HO OH
Ethylene glycol (EG) 1,4-cyclohexane di-methanol (CHDM)

Figure 43 - Composition of PET and some copolyesters

59



d) Polyethylene terephthalate glycol (PETG)

As mentioned before, PET has the disadvantage that it becomes opaque when it slowly cools down
because of crystallisation that occurs. When ethylene glycol is partially replaced in the chains by CHDM,
this results in a lot of steric effects. The resulting polymer (PETG) stays amorphous during all
manipulations. This is an advantage for thermoforming and 3D-printing, as discussed before. PETG is by
far the most frequently used CHDM-based copolyester and is mainly used in food applications [115],
[122]. The chemical structure of PETG is shown in Figure 44, if CHDM is the minor glycol component.
PETG is a copolymer that combines the properties of both PET and glycol. This means that the heating
issues of PET are reduced. The most important properties of PETG are the good chemical and impact
resistance, hardness, ductility, transparency, and low shrinkage. PETG is a material that is easy to extrude
and has a good thermal stability. It is particularly compatible with 3D printing, having an ideal extrusion
temperature located in between 230 and 260°C, at a print velocity of 30 to 60 mm/s. Another advantage
is that PETG is easily recyclable, so it is also a sustainable resource. In fact, it is allowed to be recycled
in a PET waste stream [115], [122]-[125].

However, an important prerequisite for the use of PETG for 3D printing is a heating plate, and this to
avoid warping. As mentioned before, warping is a typical phenomenon that is found when ABS is used
for 3D printing. PETG is also more prone to scratches than PLA. To assure a good solidification of the
extruded material, the heating plate must have a temperature of about 70°C. Due to the stickiness of
PETG, printing supports are possibly difficult to remove. Finally, it is recommended to keep PETG stored

in a cool and dry environment to prevent the polymer from absorbing moisture [115], [122].

OCH,CH,0 |
I
L ¥

Figure 44 - Structure of PETG and PCTG [114]
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e) Poly cyclo-hexylenedimethylene terephtalate gycol (PCTG)

Poly (1,4-cyclohexylenedimethylene terephthalate) (PCT) is a polyester prepared from TPA and CHDM.
This polymer has a high melting point (285°C vs. 260°C for PET) and is highly crystalline. It has been
shown that an ethylene glycol modification provides increased clarity and impact resistance. If PCT is
modified with up to 50 mol% EG the obtained copolyester is referred to as poly cyclo-hexylenemethylene
terephthalate glycol (PCTG) [114].

As shown in Figure 43 and Figure 44, PCTG, as well as PETG, consists of TPA, CHDM and EG monomers.
The difference in structure between the two copolyesters is the proportion in which CHDM and EG occur
in the chain, relative to each other. For PETG, the amount of EG monomers is higher than the amount of
CHDM monomers while for PCTG it is the opposite [123].

PCTG has all the qualities of PETG and has also some advantages. Both polymers are similar in use and
molecular structure, but PCTG has a higher chemical resistance, an increased durability, and a larger
range of printing temperatures. These characteristics are the reason why PCTG is easier to work with.
PCTG is a suitable material for tough, easy-to-print, and affordable products. The material is mainly used
for injection moulding, due to the ability to easily create thin-walled precision parts. PCTG products can

have a matte or glossy look [114], [123].
f)  Isophthalic acid modified poly(1,4-cyclohexylenedimethylene) terephthalate (PCTA)

The basis of this copolyester is the modification of the crystallinity in PCT with isophthalic acid (IPA). The
resulting amorphous PCTA materials combine transparency with good chemical resistance. PCTA is used
for making precision moulded parts. The most important feature of PCTA is the improved resistance to
hydrolysis during melt processing. This means that it can be melt processed with less or even without
pre-drying the material. The reason for this improved stability during melt processing is the increased
hydrophobicity of the backbone, due to the absence of EG and the slower hydrolysis of the CHDM ester
bond relative to the EG ester bond. The only drawback of PCTA is a loss of toughness due to the
incorporation of IPA into the backbone. PCTA typically consists of 70% TPA and 30% IPA. The amount of
IPA can be up to 50% [114], [126], [127]. From Figure 45 it can be seen that CHDM is the only diol

component in the molecular structure of PCTA.

61



OCH2 —\i)_ CH20—

Figure 45 - Structure of PCTA[114]
g) Tritan

Tritan is a quite new copolyester. The main disadvantage of copolyesters is that they often have low heat
resistance in comparison with other typical injection moulding materials. Tritan is the first copolyester
with an increased heat resistance (high Tg) and toughness. Tritan offers exceptional clarity, low haze,
high gloss, and consistent colour, as well as the potential for faster moulding with lower levels of residual
stress. When Tritan is moulded, the obtained products have less stress than products that are moulded
from other thermoplastic materials, like polycarbonate for example. The low residual stress level, in
combination with its great chemical resistance, significantly reduces the risk of product failure as a result
of environmental stress cracking (ESC). In typical polycarbonate-moulded products, ESC is often
controlled through an annealing process or a significant design modification. These compromises can
largely be eliminated when Tritan copolyester is used. Figure 46 shows that Tritan is obtained from a

reaction between 2,2,4,4-Tetramethyl-1,3-cyclobutanediol (CBDO), TPA and cyclohexane diol [128].
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Figure 46 - Polymerization reaction of Tritan [129]
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2.4.3.8 Copolyesters and 3D printing

As mentioned in the previous sections, copolyesters are in general quite tough and have a better
temperature resistance, typically in the range of 80 to 110°C, than typical 3D printing materials.
Generally, copolyesters show low warping and they are also suited for the building of larger parts [130].
Copolyesters are almost as easy to print as PLA, but when they are printed at the right temperature their
superior mechanical properties are an advantage. Copolyesters are printable at a temperature of about
240°C, but the mechanical properties increase with the printing temperature. The best properties are
obtained with printing temperatures above 250°C. Because of their ductility they possess a good amount
of flex, which can help to prevent finished parts from breaking when they are exposed to stresses. Finally,
copolyesters also have an excellent chemical resistance so that they are suitable for both in- and outdoor
use [131], [132].

A disadvantage is that copolyesters tend to be stickier than PLA and ABS, which results in the tendency
to leave contamination on the end-product. Therefore, post-processing is an important step in de the
building process. A possible solution to quickly remove any contamination left from the printing process
is to blast the part with a heat gun. Sanding is also a technique to clean the end-product. Because of the

good chemical resistance, techniques like acetone smoothing will not work [80].
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2.5 Polymer degradation

It is known that organic materials decompose slowly, and this is not different for organic polymers. A
plastic will start to change physically due to chemical and/or physical factors when it is used for a longer
period. For example, a hard and resilient plastic can become brittle [82], [89].

There are two extreme cases of degradation: depolymerization and chain breakthrough [89]. During

depolymerization, a monomer is split off from a reactive chain end at each step:
etc.
Piy1—= Ph+M-> P +2M —

This degradation mechanism occurs mainly with polymers prepared from 1,1-disubstituted monomers
and it is exactly the opposite of chain-growth polymerization [89].

The most important degradation mechanism for the polyesters in this research is chain breakthrough, as
it can be seen as the opposite of a step-growth polymerization. Chain breakthrough occurs on random

spots of the polymer chain, and this creates smaller chains:
P,P, = P, + P,

Homolytic chain breakthrough at weak points in the polymer chain underlies this random degradation
mechanism. As a result, complex mixtures of degradation products will be formed.
Chain breakthrough can also be stimulated by the presence of oxygen. In this case, peroxides are formed
on the polymer chains, causing chain rupture. The level of such oxidative degradation will depend on the
ease of splitting off a hydrogen radical. Figure 47 shows the order in which some structures will release
a hydrogen radical. External factors cannot change the stability of a chemical bound. This is why the
thermal stability of a polymer can only be improved by slowing or stopping the degradation mechanism
[89]. When polyesters are processed, hydrolysis and thermal degradation are important to take into

account and will therefore be discussed in this section.
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Figure 47 - Order of releasing a hydrogen radical

2.5.1 Hydrolysis

Polyesters can undergo hydrolytic main chain scission when they are exposed to moisture or water to
form water soluble fragments. The consequence of this is a loss in molecular weight, with a huge effect
on the mechanical properties of de polyester even if only two percent of the ester groups are hydrolysed.
This reaction is rather slow at room temperature, but the rate increases rapidly above the melting point
or when an acid or base is present. Because of this, exposure to humidity needs to be avoided when
polyesters are being processed and exposure to humidity during the service life should be restricted to
neutral conditions [133], [134]. Figure 48 shows the hydrolysis process of an ester, catalysed by a base

and in Figure 49 the process is catalysed by an acid.

HO 4+ R=0 == R=OH + HO

Figure 48 - Base catalysed ester hydrolysis [133]
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Figure 49 - Acid catalysed ester hydrolysis [133]

The hydrolysis reaction can also be auto catalysed when the polymer chain ends are carboxyl groups
[133], [134]. These carboxyl end groups can act as a catalyst for the hydrolysis, with the forming of
additional acid groups as a result. In this way, the reaction rate will slowly increase over time. The reaction
rate depends on the concentration of both the ester groups and water, as well as the acid-concentration
[107]:
d[COOH] / dt = k. [H.0] - [COOR] - [Hs0]
The base-catalysed reaction rate is then defined as follows [110]:
d[COOH] / dt = {k. [H:O] + k. [OH]} - [COOR]

k. and k. are the rate constants of respectively the acid- and base catalysed hydrolysis [110].

Given the fact that the catalyst and the water concentration remain nearly constant, the equation can be

simplified as follows [107]:
d[COOH] / dt = k. [COOR]
kn = ke [Hso*] + ko [OH]

Finally, the product of [H:0°] and [OH] is a constant value [107]:
K. = [H:0] - [OH] = [OH] = K., / [Hs07]
Thus:
ko = ki [H:0] + ko K / [H:O']

with K. as the dissociation constant of water [107].

From this equation it can be deduced that the hydrolysis rate depends on the pH. This means that a

minimum change in pH causes a significant change in the reaction rate [107].
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2.5.2 Thermal degradation

The first step in a thermal degradation reaction of polyesters is the random scission of an ester bond, as
shown in Figure 50. Esters with a B-hydrogen atom in their chain will decompose pyrolytically via a cyclic

transition state, forming olefins and acids [88], [108], [109].
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Figure 50 - Scission of the ester bond due to thermal degradation [88]

Figure 50 shows that the carbon-hydrogen (C-H) bond and the alkoxy (C-O) bond are partially broken,
while the olefinic double bond (C=C) and the hydroxy group (O-H) are partially formed. It is the breaking
of the alkoxy bond that determines the rate of decomposition [109].

The formed olefinic product is either an end-vinyl group obtained by fission of a bonded ester group, or
vinyl alcohol obtained by fission of an end-ester group, which immediately rearranges into acetaldehyde
[88], [108]. The acidic product comes from the carboxylic end group. If the amount of hydroxyl groups is
low, a significant amount of carboxyl end groups can be added to the olefinic double bond. This forms an
acylal, which will decompose to an anhydride and an acetaldehyde. Finally, the anhydride group can
either react with the hydroxyl groups, resulting in the formation of an ester and a carboxyl group, or with

water, so that two carboxyl groups are formed [88]. This is shown in Figure 51.
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Figure 51 - Thermal degradation of polyesters [88]

Metal catalysts can influence the thermal degradation reaction of polyesters. Previous studies [135],
[136] have shown that Zn, Co, Cd and Ni are the most active catalysts. The catalytic activity of the metals
can be blocked by adding triaryl phosphites and triaryl phosphates. If oxygen is present, thermo-oxidative
degradation can occur and this reaction is much faster than thermal degradation in an inert atmosphere
[88]. To conclude, it should be noted that carboxyl end groups reduce the hydrolytic and thermal stability
of a polymer [65].
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3. ROADMAP

In Figure 52 a roadmap is represented with the experimental tests in order to structure the research. The
copolyester pellets will be used for filaments extrusion and subsequently these filaments will be 3D printed
resulting in tensile and impact bars.

Layer thickness, printing speed, nozzle temperature, fill density, bed temperature and atmospheric
temperature are the parameters that are crucial during FFF process. Printing temperature and printing
speed are the main parameters that are varied.

Regarding the morphology of the material, DSC tests, surface roughness measurements and density
measurements are carried out. Consequently, the mechanical properties are also investigated trough
tensile and impact measurements and flexural tests. In addition, the flow behavior is also measured
trough MFI and rheological measurements. The inherent viscosity will be measured throughout the
process (pellets, filament, test bar) to understand the degradation that occurs during each processing

step.
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Figure 52 - Roadmap for the experimental tests of the 3D printed parts
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4. MATERIALS AND METHODS

4.1 Materials

4.1.1 Polyethylene terephthalate glycol (PETG)

The polymer that is used for both injection molding and 3D printing is poly (ethylene terephthalate)-glycol
(PETG) provided by Eastman Chemical Company as pellets. The addition of CHDM to PET will originate
PETG which will result in different chemical properties. The molecular structures of PET and PETG are
shown in Figure 53 [137]. PETG is an amorphous copolymer that is easy to print and has a good interlayer
adhesion [138]. PETG has also high strength, low shrinkage, and good chemical resistance [138], [139].
The properties of PETG make it appropriate for a wide range of different applications, including medical

and food applications and 3D Printing [140].
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Figure 53 - The molecular structures of (a) PET and (b) PETG [141]

During this research, three different PETG grades will be investigated: LV PETG, MV PETG and HV PETG.
The datasheets of the polymers used is included in Appendix 1, Appendix 2, and Appendix 3.
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4.2 Methods

4.2.1 Moisture analysis

Moisture content measurements were performed with the Precisa EM 120-HR moisture content machine,
shown in Figure 54. Once the balance is calibrated, approximately 8g of pellets were placed on the
aluminum sample pans and evenly distributed over the entire surface. This analysis was performed on
pellets which were taken directly from aluminum bags, pellets that were dried in the hopper for 8 hours
at 70°C and pellets that were exposed to the air for 24 hours. Three measurements were made of each

material with the respective conditions. Each measurement lasted ten minutes at 180°C.

Figure 54 - Precisa EM 120-HR moisture measurement machine

4.2.2 Processing methods
4.2.2.1 Filament Extrusion

In order to 3D print parts, filament with a thickness of 1.75mm needs to be produced from the LV PETG,
MV PETG and HV PETG filaments. These filaments were manufactured using the Brabender 19 single
screw extruder. Table 3, Table 4, and Table 5 hold the different parameters used to extrude the PETG

filament.
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Table 3 - LV extruded filament parameters

Temperature
(°C)

Torque  Winder speed Residence time

RPM (%) (m/min) (min)

T1=245

T2=250

LV

T3=255

T4= 255

50 55 5,66 01:44

T1=245

LV

T2=250

20% regrind; 80% virgin

T3=255

T4= 255

50 55 5,66

T1=245

LV

T2=250

40% regrind; 60% virgin

T3=255

T4= 255

50 55 5,66

Table 4 - MV extruded filament parameters

(°C)

Temperature

Torque Winder speed  Residence time

RPM (%) (m/min) (min)

MV

T1=235

T2=240

T3= 245

T4= 245

50 80 5,50 01:48

MV
20% regrind; 80% virgin

T1=235

T2=240

13=245

T4= 245

50 80 5

MV
40% regrind; 60% virgin

T1=235

T2=240

T3= 245

T4= 245

50 80 4,94
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Table 5 - HV extruded filament parameters

Temperature
(°C)

Torque

RPM
(%)

Winder speed  Residence time
(m/min) (min)

HV

T1=245

T2=250

T3=255

T4= 255

50 75

5,02 02:08

HV
20% regrind; 80% virgin

T1=245

T2=250

T3=255

T4= 255

50 75

4,85

HV
40% regrind; 60% virgin

T1=245

T2=250

T3=255

T4= 255

50 75

4,80

The Brabender extruder is presented in Figure 55a. Firstly, the PETG pellets are fed into the hopper, and

through the feed throat, the pellets are inserted in a heated barrel that contains a rotating screw. The

rotation of the screw forces the plastic forward through a heated barrel. For each material, the

temperatures in the barrel are shown in Table 3, Table 4 and Table 5. Then, the molten polymer runs

through the screw and finally, is pushed through the die, which has a diameter of 5 mm. The die gives

the final product the desired shape, resulting in the filament. The following phase is the cooling system.

The filament comes out of the die and is immediately immersed in the cooling bath shown in Figure 55b.

After that, the filament is exposed to compressed air to dry, then passes through winders and is finally

wound onto a spool. Once this process was completed and with the aim of producing filaments with 20%

regrind and 80% virgin material; and 40% regrind and 60% virgin material, the virgin filaments were

partially introduced into the shredding machine, shown in Figure 56, which resulted in pellets.
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Figure 56 - Extruded filament shredding machine

4.2.2.2 3D Printing

3D printing is the manufacturing of a three-dimensional object from a digital 3D model. In this research,
the 3D printer used was Original Prusa i3 MK3 and it is represented in Figure 57. In addition, the software
used to create the sliced models was Prusa Slice in which it was possible to define all the parameters
chosen for the 3D printed parts. Therefore, for all the different PETG grades, these parameters were
selected according to the printed cubic parts in which the printing temperature was increased from 200°C
to 270°C at a printing speed of 50mm/s. In Figure 58, Figure 60, and Figure 62 are represented the
variation of temperatures of MV PETG, HV PETG and LV PETG, respectively. In Figure 59, Figure 61 and

Figure 63 the printing speed was varied from 10mm/s to 100mm/s at an ideal temperature of each
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PETG grade. The final parameters of the MV PETG, HV PETG and LV PETG are shown in Table 6, Table
7 and Table 8, respectively. As already mentioned in part 2.2 Material extrusion - Fused filament
fabrication, firstly the filament is fed to the printer with the assistance of a roller mechanism and directed
to a liquefier where it is heated. The filament remains solid, and it acts as a piston forcing the molten
polymer through the nozzle. When the first layer is finished, the nozzle moves upwards allowing a second
layer to be added on top of the previous one. As the layers solidify, they adhere to one another and the

process is completed when the full CAD-programmed structure has been printed [68].

Figure 57 - Original Prusa i3 MK3

Figure 58 - MV PETG cubic parts printed at a speed of 50mmy/s at a) 200°C; b) 210°C; c) 220°C; d) 230°C; e) 240°C; f) 250°C; g)
260°C; h) 270°C
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Figure 59 - MV PETG cubic parts printed at 240°C with speed of a) 10mmy/s; b) 20mmy/s; ¢) 30mm/s, d) 40mmy/s; e) 50mm/s; ]
60mmys; g) 70mmy/s; h) 80mmy/s; i) 90mmy/s; j) 100mm/s

Table 6 - MV PETG printing parameters

Temperature (°C) Speed (mm/s)
MV PETG 220, 240, 260 50
20% and 40% regrind MV PETG 240 50
MV PETG 240 10, 50, 100

Figure 60 - HV PETG cubic parts printed at a speed of 50mmy/s at a) 200°C; b) 210°C; c) 220°C; d) 230°C; e) 240°C; ) 250°C; g)
260°C; h) 270°C
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Figure 61 - HV PETG cubic parts printed at 250°C with speed of a) 10mmy/s,; b) 20mmy/s; ¢) 30mmy/s; d) 40mmy/s; e) 50mmy/’s; )
60mmys; g) 70mmy/s; h) 80mmy/s; i) 90mmy/s; j) 100mmy/s

Table 7 - HV PETG printing parameters

Temperature (°C) Speed (mm/s)
HV PETG 230, 250, 270 50
20% and 40% regrind HV PETG 250 50
HV PETG 250 10, 50, 100

Figure 62 - LV PETG cubic parts printed at a speed of 50mmy/s at a) 200°C; b) 210°C; c) 220°C; a) 230°C; e) 240°C; f) 250°C; g)
260°C; h) 270°C
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Figure 63 - LV PETG cubic parts printed at 225 °C with speed of a) 10mmy/s; b) 20mmy/s; ¢) 30mm/s, d) 40mmy/s; e) 50mmy/’s; ]
60mmy/s; g 70mmy/s; h) 80mmy/s; j) 90mmy/s; j) 100mm/s

Table 8 - LV PETG printing parameters

Temperature (°C) Speed (mm/s)
LV PETG 215, 225, 235 50
20% and 40% regrind LV PETG 225 50
LV PETG 225 10, 50, 100

The parameters chosen for 3D printing the final parts (dog bones and impact bars) were according to the
parameters of the test cubes. In all the figures it was possible to observe that not all the temperatures
and speeds were the greatest to obtain final parts with good quality. For example, it was noted that at a
low printing temperature, i.e., 200°C/210°C, the test cubes had a bad adhesion between layers and
therefore they broke easily. On the other hand, at a high printing temperature, the test cubes exhibit a
rough surface even though the bonding between layers is superior. Regarding the printing speed, a low,
an intermediate and a high speed were chosen. Printing at a low speed, the layers have time to solidify
and therefore show good adhesion between them although it takes a long time to print. When a high
speed is used the layers do not have time to solidify and therefore the adhesion between layers is weaker.

Speeds of 10mm/s, 50mm/s and 100mm/s were chosen for the final parts in order to study this theory.
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4.2.3  Morphology characterization
4.2.3.1 Density measurements

Density measurements are performed according to the ISO/DIS 1183-1 and “method A: immersion
method for solid plastics”. The analytical balance, shown in Figure 64, was calibrated with a glass
pendulum to determine the density of the solvent, in this case ethanol (p=0,79g/cms). The density is

determined according to the following formula:

Wsample

Psample = Psolvent
Wsample - Wsolvent

Both the densities of the pellets and the final parts were measured. Five samples of each material were
determined, and its density was calculated automatically on an analytical balance using the density
measurement function. Firstly, the samples were measured in the air, then they were immersed in the

solvent inside the beaker and the density of the samples was then immediately calculated.

Figure 64 - Density measurements with the immersion method
4.2.3.2 Optical morphology

To obtain detailed images of the printed parts and their interlayer adhesion, the digital microscope used
was Keyence VHX-7000 in which is shown in Figure 65. A magnified image of the sample can be obtained

by using a lamp as a light source and a lens system. The lenses that were used were 20-200 lens which
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have magnifications up to x200. The Keyence microscope is a digital microscope that displays an image
on a monitor, and the software easily allow to indicate distances, heights, and areas measurements on

the image.

Figure 65 - Keyence VHX-700[142]

Before the parts were analyzed in the optical microscope, they were tested in the impact test and the
fracture zone of each part was placed in the optical microscope to evaluate the voids between the layers
at different parameters. Parts with different printing temperatures were observed to conclude if in fact the
temperature have a considerable influence on the interlayer's adhesion. Parts with different printing

speeds were also observed.

4.2.4  Flow behavior characterization
4.2.4.1 Differential Scanning Calorimetry (DSC)

The DSC equipment used was the DSC 214 Polyma from Netzsch with the Proteus 80 software package
and is shown in Figure 66. The DSC 214 Polyma is a heat flux DSC with the same heat supply for the
sample and the reference. A schematic diagram of the thermal flow DSC system is presented in Figure
67. DSC is a procedure used to investigate how polymers react to heating and based on this it is possible
to study the degree of crystallinity, thermal history and glass transitions [143]. When the sample releases
heat through some thermal process, the DSC plot will show an increase in heat flux. This is then an
exothermic phenomenon because the sample temperature is higher than the reference temperature. If
the sample is undergoing a thermal phenomenon that causes it to absorb more heat than the reference,
the DSC graph will show a decrease in heat flux. This is called an endothermic phenomenon where the

sample temperature is lower compared to the reference [144].
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NETZSCH

Figure 66 - DSC 214 Polyma from Netzsch

Thermograms or DSC graphs usually consist of two heating cycles and one cooling cycle. The first heating
cycle is related to the thermal history of the sample and is related to the effects of treatment and other

conditions to which the material is exposed prior to testing. The second heating cycle reflects the

distinctive properties of the material [144].

| Disk.

Furnace,

Lid.

Differential thermocouples.

Programmer and controller.

Pan with sample substance,

Pan as reference

@ Heat flow rate from furnace to sample
pan.

@, Heat flow rate from fumace to reference
pan.

AT << 1 Lom- Recorder @m  Measured heat flow rate.
4 | puter | 4 LA K Calibration factor.

A L e b

o

calibration

Kin

Figure 67 - Schematic diagram of a heat flux DSC system. The sample and reference are heated at the same rate and the temperature

difference is measured [143]

In this research, the aim was to study in particular the glass transition temperature since PETG is an
amorphous polymer. A heating and cooling rate of 10°C/min is used with a starting temperature of 20°C

and an end temperature of 300°C. After reaching a temperature of 300°C, it is kept for 2 minutes at
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that temperature to guarantee that the material has completely melted, and no fragments remain on the
solid phase. Then the sample is cooled down to 20°C, it is reheated to 300°C, and again it is kept for 2
minutes at that temperature, after that the analysis stops. The measurement is presented in Table 9.
After setting the method, an empty crucible is used to perform a correction. This correction is then
subtracted from each test run to remove interface signals. For the performance of the DSC measurement,
approximately 10mg of PETG pellets were weighed and put in an aluminum crucible. When the lid is
placed on the crucible, it must be perforated to prevent overpressure. After, the sample preparation is
finished, the crucible can be placed in the DSC equipment for the test. It is worth noting that 40 ml/min
of nitrogen is used as a purge gas and 60 ml/min of nitrogen as a protective gas to prevent the sample

from burning and for the cooling of the equipment.

Table 9 - DSC method

T beginning Heating and cooling Tend
rate
1st heating run 20°C 10°C/min 300°C
300°C is maintained for
2 min
1st cooling run 300°C 10°C/min 20°C
300°C is maintained for
2 min
2nd heating run 20°C 10°C/min 300°C

4.2.4.2 Thermogravimetric analysis (TGA)

As shown in Figure 68, STA 449 F3 Jupiter from Netzsch was the TGA equipment used with the Proteus
80 software package. A schematic diagram of the TGA system is presented in Figure 69. In a controlled
atmosphere, TGA assesses the quantity and rate of change in a sample's mass as a function of
temperature or time. The measurements are mainly used to evaluate materials’ thermal and/or oxidation
stabilities, as well as their compositional characteristics. The technique can examine material that
experience mass loss or gain as a result of decomposition, oxidation, or the loss of volatiles such as
moisture. TGA measurements offer useful data that can be used to forecast product performance and

enhance product quality [145].

82



Figure 68 - STA 449 F3 Jupiter from Netzsch

The samples were analyzed in aluminum pans, and they were heighted in the analytical balance empty
and with the sample inside. The sample heights between 10-12 mg and it was cut from a printed test
bar. Each sample pan is loaded on top as shown in Figure 69. The top loading supports the sample pan

and a thermocouple above the balance via a stem support rod. Purge gas typically enter from the below

the pan and exists from the top.
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Figure 69 - Schematic diagram of TGA system [146]

In this research, the aim was to study the mass loss of PETG. A heating and cooling rate of 10°C/min is

used with a starting temperature of 40°C and an end temperature of 800°C. To ensure that the material
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has completely melted, the temperature of 800°C is maintained for 2 minutes. Then the sample is cooled
down to 20°C and the test ends. The method is presented in Table 10. After each measurement, the
polymer turns into black ash inside the aluminum pan, therefore, it has to be cleaned with a small pen-
shaped brush and with the help of a lighter so that it can be used again for another measurement.
Likewise, the DSC measurement, 50 ml/min of nitrogen is used as a purge gas and 20 ml/min of nitrogen

as a protective gas to prevent the sample from burning and for the cooling of the equipment.

Table 10 - TGA method

T beginning Heating and cooling Tend
rate
Heating run 40°C 10°C/min 800°C

800°C is maintained for
2 min

Cooling run 800°C 10°C/min 20°C

4.2.4.3 Melt flow index (MFI)

MFI measures the mass of molten polymer which is extruded under a specific settings and time. The
standard used for this test was ISO/DIS 1133. The MFI measurement was performed in the Davenport

plastometer, shown in Figure 70.

Figure 70 - Davenport MFI
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In Figure 71 it is possible to observe how the measurements were made. First, approximately 5g of pellets
were charged in the barrel at 240°C and after the material was melted, it was compressed manually with
a piston. Then the weight holder was placed and the weight of 2,160kg was laid on top of the piston. With
a preheat of 1 minute, the material was pushed through the die and once the preheat time was over, the
piston was in the region between the reference marks. When the piston has reached this region, the test
started automatically. Every 10 seconds, the machine emitted a beep corresponding to the cut-off time
of the samples. This cut-off time was used for the HV and MV PETG pellets. On the other hand, for the
LV PETG pellets, the cut-off time was 5 seconds due to its reduced viscosity. When the piston was moved
down further and it had reached the upper reference mark, no more samples were cut-off and the test

ended. It is worth noting that after every measurement the equipment was cleaned.

l Weight l
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Figure 71 - MFI measurement [147]

After the measurements were done, all samples collected were weighed manually on the laboratory scales

and an average was calculated. The MFl is calculated as:

x [g]

tcut—off [S]

MFI(°C, kg) = X 600 |

10min]

4.2.5 Mechanical characterization
4.2.5.1 Tensile test

The tensile tests are performed with the Instron 5565 tensile testing machine represented in Figure 72.
By performing a tensile test, it is possible to study the mechanical properties of the material. This is an

experiment in which a tensile load is applied to a material to deform and eventually break the sample.
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Meanwhile, the stress and strain to which the material is subjected are analyzed and can be plotted in a
stress strain graph. A standardized dog bone I1SO 527 1BA sample with 2mm of thickness and 5mm of
width is fixed at both ends by two grips that move apart with a constant speed. As a result, longitudinal

strain is applied to the samples, causing the material to deform and eventually break.

Figure 72 - Instron 5565 tensile testing machine

An extensometer is used to accurately measure the elongation of the sample. This instrument is affixed
to the middle part of the sample with two blades, and it measures the strain directly on the sample [148].
It is worth mentioning that the blades of the extensometer are attached to the sample with rubber bands,
thus there is no slip between them. The maximum strain of the extensometer is Almax=50 mm, therefore
it must be removed before this elongation is achieved. Since the extensometer is manually removed, the
test is paused for a few seconds. This pause causes stress relaxation of the material which is visible in
the stress strain graph as a bump in the curve.

The tensile testing machine was calibrated to a 58 mm gauge length. The moving grip moved up with a
speed of 1 mm/min until the sample’s elongation reached 1%. After the extensometer was removed, the
moving grip continued to move upwards at a speed of 10 mm/min until the sample rupture. This method

is shown in Table 11.
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Table 11 - Tensile test method

Extension 1 Imm/min Until 1% elongation

Removal of the extensometer

Extension 2 10mm/min Until breakage of the sample

The stress strain diagram depicts the result of this test with stress (o) presented as a function of strain
(€). This curve can be used to calculate several mechanical properties, such as Young's modulus, yield

strength, Poisson’s ratio, and strain-hardening characteristics.

4.2.5.2 Flexural test

The machine used for the flexural test was Instron 4464 flexural testing machine and it can be seen in
Figure 73. This test is used to investigate the flexural behavior of test bars and to calculate the flexural
strength, modulus, and other aspects of the flexural stress/strain relationship under the specified
conditions. The flexural modulus of a material indicates how much it can be flexed before permanent
deformation. It is applicable to a freely supported beam that is loaded at the midspan, i.e., three-point

loading test [149].

Figure 73 - Instron 4464 flexural testing machine

In this topic the aim is to study the flexural modulus with an elongation between 0,05% and 0,25%. This

test is performed according to the standard ISO 178:2010 and the dimensions of the parts were 10mm
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of width and 4mm of thickness. The test bars were placed on a ruler where the midpoint of each part
was marked. After that, the test bar was introduced in the flexural machine and the test started. The test

ended when the elongation reached 0,25%.

4.2.5.3 Impact test

To measure the toughness or brittleness of a material, an impact test can be performed using the
equipment represented in Figure 74. For the impact tests, impact bars with 10mm of width and 4mm of
thickness are used according to the Sharpy ISO 179 standard. The device consists of a swinging weight,
the pendulum, that strikes the test specimen. The energy that is absorbed by the specimen because of
the pendulum can be calculated according to the swing height that the pendulum reaches after the impact

bar broke.

Impact (acN) is defined as kJ/mm?2 and is automatically calculated with the Tinius Olsen IT503 using the
following formula:

Wy

— 3
aCN_h*bN*lo

with WB = the energy at break (J), which is calculated as follows:

JOSBF(S) ds

with:

h = thickness of the impact bar (mm)

bN = width of the impact bar after a notch has been made into the bar (mm)
F = the force (N)

S = the deflection (m)
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Tinius Olsen

Figure 74 - Tinius Olsen IT 503[150]

Prior to testing, the instrument is calibrated, and the air resistance is measured by executing an impact
test without impact bar. This air resistance will automatically be taken in mind when measuring the
impact. In addition, in each impact bar, a V-shaped notch of 2 mm deep is cut and is facing away from
the pendulum to concentrate stress and to ensure clean breakage. To obtain accurate results, it is
necessary to measure with a micrometer the width and the thickness of each sample before the test.
These measures will be inserted on the screen of the machine. After the impact bar is properly placed on
the machine, the test can be started when the “TEST” button is pressed. Finally, the break (J) and the

impact (kJ/m2) are automatically calculated on the screen of the instrument.
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5. RESULTS AND DISCUSSION

5.1 Influence of printing speed and printing temperature on PETG

5.1.1 Mechanical characterization

5.1.1.1 Tensile test

Tensile tests were carried out to obtain information on the mechanical properties and deformation
behavior of the samples. The tensile modulus, tensile stress at yield, and elongation at break are all
relevant data that can be obtained from the plotted stress-strain curves. These properties provide
information about the processed material's stiffness, strength, and ductility. Appendices 1 and 2 show
the stress-strain curves of the tensile tests performed. It is possible to verify that the parts barely have
plastic deformation. The samples broke near the elastic limit, something usual in stiffening materials

[151]. In Figure 75 it is possible to see an example of the parts tested in the tensile machine.

Figure 75 - MV tensile bars

Figure 76 shows the tensile modulus with the influence of printing temperature. From the graph, it is
possible to see that the printing temperature does not influence the tensile modulus of HV and MV PETG.
The only similarity between the three grades is that the lower printing temperature shows a lower tensile
modulus. Furthermore, it is noticed that when considering the standard deviations, the modulus of
elasticity of LV PETG increases slightly with the increase in printing temperature. According to Q. Sun et

al., the printing temperature plays a relevant role in determining the bond quality between the layers of
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the part, and therefore the printing temperature influences the mechanical properties of the final product
[75]. As the temperature increases, the viscosity decreases, so the bonding between layers will be better,

resulting in a higher tensile modulus.
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Figure 76 - Tensile modulus with the influence of printing temperature

The tensile modulus with the influence of the printing speed is shown in Figure 77. The results of the
modulus of elasticity show very similar values, although it can be stated that the modulus of elasticity of
HV and MV PETG parts printed at the speed of 10mm/s have the highest tensile modulus compared to
those with different parameters. In conclusion, for these PETG grades, a low printing speed results in a
higher tensile modulus, probably because the layer additive manufacturing samples had enough time to
create a good bond between layers due to the low printing speed [47]. On the contrary, LV PETG exhibits
the highest modulus of elasticity at the highest speed, i.e., this grade of material exhibits better resistance
at high printing speeds. According Abeykoon et al., an appropriate combination of set nozzle temperature
and printing speed can improve the quality of the parts. In other terms, if the set temperature is too high
at slow speeds, melt becomes less viscous and hence can affect the dimensional stability of the parts
and the cooling time required. Likewise, if the set temperature is too low at high speeds, the filament
might not melt at an adequate rate (as materials can stay inside the nozzle), and hence the melt would
be highly viscous than it should be [152]. Therefore, the setting of nozzle temperature and printing speed

should be compatible to avoid melting instabilities.
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Figure 77 - Tensile modulus with the influence of printing speed

The 0.2% offset method is used to calculate the tensile stress at yield. This is the most common method
for determining tensile stress, and it entails drawing a straight line parallel to the tangent at the curve's
starting point from the 0.2% elongation point on the horizontal axis. The yield point is the point at which
this tangent intersects the stress-strain curve, and the stress at this point is known as the yield stress oy.
Figure 78 shows that in both HV PETG and LV PETG, it can be seen that tensile stress at yield increases
with increasing temperature, considering the standard deviation. Also, comparing the tensile stresses in
the yield of MV_220_50 and MV_240_50, an increase can be seen with increasing temperature.
MV_240_50 and MV_260_50, on the other hand, remain constant by taking the standard deviation into
account. Overall, the yield stress is defined by the transition from elastic to plastic behavior. A lower
printing temperature means the part permanently deforms at a lower yield stress. A higher printing
temperature leads to a higher yield stress, which means that the minimum stress at which a specimen

will permanently deform is higher.
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Figure 78 - Tensile stress at yield with the influence of printing temperature

The tensile stress at yield with the influence of printing speed is represented in Figure 79. HV PETG shows
the highest tensile stress in the yield at the lowest speed, i.e. 10mm/s. Moreover, it can be seen that the
tensile stress at yield of MV PETG slightly decreases with the increase in printing speed. For HV and MV
PETG, a low printing speed leads to a higher tensile stress at yield. On the contrary, the graph shows that
the tensile stress in the yield of LV PETG is higher with the higher printing speed. Essentially a lower
printing speed means the part deforms permanently at a higher yield stress for HV and MV PETG. LV
PETG, on the other hand, is better suited to high printing speeds, which means it undergoes plastic

deformation at a higher minimum yield stress.
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Figure 79 - Tensile stress at yield with the influence of printing speed

Tensile strain at break also known as elongation at break is demonstrated in Figure 80 with the influence
of printing temperature. Elongation at break is the percentage increase in length that the material will
achieve before failure, and it measures the material's ductility. Materials with a higher elongation at break
percentage have higher ductility. High ductility indicates that a material is more likely to deform rather
than break, whereas low ductility indicates that a material is brittle and will fracture before deforming
significantly under a tensile load [153]. According to the graph, HV and LV PETG show a minor significant
increase in tensile stress at the break with an increase in printing temperature. It is possible to assume
that all printed PETG grades are brittle. According to Figure 75, it is possible to verify that the materials
do not support their deformation before breaking, i.e., they immediately break after the tensile strength
is applied and the elongation at break is too low. Thus, these materials are brittle independently of the
printing temperature. However, MV PETG show a different variation in the results, i.e., MV_240_50
presents the highest value of tensile strain at break. Overall, a higher printing temperature leads to a
higher percentage which usually results in a better quality part when combined with a great tensile

strength [154].
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Figure 80 - Tensile strain at break with the influence of printing temperature

Figure 81 shows the tensile strain at the break by varying the printing speed. It is possible to observe that
the printing speed of 10mm/s of all grades, presents slightly higher values compared to the printing
speed of 100mmy/s. Although by considering the standard deviations, there are overlapping values of the
tensile strain. As mentioned previously, all PETG grades break immediately after the tensile strength is
applied, according to Figure 75. As the elongation at break is around 4% with the influence of printing
speed, which is a low value, it is concluded that these materials are brittle regardless of the printing

speed, not influencing the tensile strain at break.
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Figure 81 - Tensile strain at break with the influence of printing speed
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5.1.1.2  Flexural test

This test aimed to calculate the flexural modulus with an elongation between 0,05% and 0,25%. This
physical property determines the capacity of a material to bend. When bending occurs, the surface is
subject to compressive forces, whilst in the tensile test, it experiences tensile forces, making this
measurement suitable for isotropic materials. Ideally, tensile and flexural modulus would be the same,
as materials can resist deformation when loads are applied, even though those loads are different [155].
Figure 82 shows the flexural modulus with a variation of printing temperature. Both HV PETG and MV
PETG show an increase in flexural modulus with increasing temperature. On the other hand, LV PETG
shows a decrease in flexural modulus between 215°C and 225°C although with the standard deviation
the flexural modulus values overlap. Overall, as well as the tensile modulus, the flexural modulus tends

to increase with increasing in printing temperature.
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Figure 82 - Flexural modulus with printing temperature variation

HV and LV PETG shows a higher flexural modulus for the lower printing speed. By increasing the printing
speed from 10mm/s to 50mm/s, a decrease in the flexural modulus can be observed. Moreover, the
flexural modulus of HV_250_50 and HV_250_100 remain constant. MV PETG shows higher flexural
modulus for the higher speed, and LV PETG shows values too similar to each other. The influence of

printing speed on flexural modulus is no significant since most of the results overlap.
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Figure 83 - Flexural modulus with printing speed variation

5.1.1.3 Impact test

In this research, all impact bars were subjected to impact tests to determine their resistance to breakage.
This test quantifies the amount of energy absorbed during the material’s fracture, and it indicates the
material’s toughness. In Figure 84 it is possible to see an example of the parts tested in the impact

machine.

Figure 84 - MV impact bars

The results of impact strength with printing temperature variation are represented in Figure 85. In HV
PETG, the lowest temperature has the highest impact strength. Also, it is possible that the values are the
same in MV_250_50 and MV_270_50 since the error bars overlap. In MV PETG, impact resistance is
highest at the medium printing temperature and temperatures at the extremes have similar impact

strength. In LV PETG, the impact strength does not vary significantly in the extremes and LV_225_50
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has the lowest impact strength. It is possible to conclude that HV PETG presents a higher toughness than
MV and LV PETG since the impact strength of HV PETG is higher, i.e., the energy that HV PETG parts

needs to break is higher.
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Figure 85 - Impact test results with printing temperature variation

In Figure 86 it is possible to analyze the impact strength according to the variation in printing speed. In
the HV PETG bars, it is possible to observe that the part with a higher printing speed has more strength
than the part with a lower printing speed, which may mean that the layers of the part with a higher printing
speed are more bonded and consequently the impact strength is higher. In the MV_240_100, the impact
strength is the lowest value, MV_240_10 is slightly higher, and MV_240_50 has higher impact strength.
On the other hand, in the LV PETG bars, there is almost no variation between them. Therefore, in this
grade of PETG, the speed does not influence the impact strength. In conclusion, as mentioned before,

HV PETG part presents a high toughness so with increasing printing speed, the impact strength increases.
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Figure 86 - Impact test results with printing speed variation

Overall, the results showed that the influence of printing temperature and speed have different
implications on the mechanical properties of PETG. According to the referenced article, the neck growth
of the layers' bonding zone is impacted significantly by printing temperature. With the increase in printing
temperature, the neck formed between adjacent filaments and the molecular bond will be great, resulting
in a good bond between layers which provides good mechanical properties to the part [156]. Moreover,
since polymers are poor thermal conductors, excessive printing speeds may cause the filament to melt,
so it would result in weaker adhesion between neighboring layers and particles and reduced strength.
Therefore, a suitable combination of nozzle temperature and printing speed can improve the quality of

the part, providing a great mechanical properties [152].

5.1.2  Morphology characterization

5.1.2.1 Density measurements

To verify whether the printing temperature and printing speed caused a difference in the density of the
samples, density measurements are performed. Eventually, a difference in density can result in a change
in material properties. The results of the density measurements of LV PETG, MV PETG, and HV PETG are
presented in Figure 87, Figure 88, and Figure 89, respectively according to the influence of printing
temperature and printing speed. It can be seen from these tables that the density of all PETG grades on

average remains + 1,26 g/cm3, regardless the processing parameters or different viscosity.
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Figure 87 - Density of LV PETG with an influence of a) printing temperature b) printing speed
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Figure 88 - Density of MV PETG with an influence of a) printing temperature b) printing speed
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Figure 89 - Density of HV PETG with an influence of a) printing temperature b) printing speed
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The presence of voids in 3D printed parts is regular, since the parts are built layer by layer, and there are
fracture zones between them. For this reason, the printing temperature affects the density of the parts,
which means that the density tends to increase slightly with increasing temperature. By increasing the
temperature, the viscosity of the material is lower, allowing for fewer voids between layers, so the part's
mass tends to be higher. Thus, if the mass of the part increases, the density will be higher [7]. In this
research, it can be concluded that printing temperature, and printing speed of all PETG grades do not

cause a significantly different density since the results are too similar.

5.1.2.2 Optical morphology

The fracture zone of impact bars was used to evaluate the interlayer morphology of the parts. Figure
90a), and Figure 90b) show optical microscopy images of the LV PETG samples printed at a speed of 50
mm/s and a temperature of 215°C and 235°C, respectively. From these images, it can be seen that a
higher temperature gives rise to better interlayer bonding. This was also found by Bellehumeur et. al,
printing temperature is influential on interlayer bonding: the higher the printing temperature, the better
the adhesion between layers [156]. This occurs because the viscosity decreases with an increase in
temperature, meaning the molten polymer will flow better, providing better interlayer adhesion. In the
part printed at 235°C, it is possible to see that some of the layers are bonded. In this case, the
temperature only varied from 215°C to 235°C, i.e., a 20°C difference, so if there is a bigger difference

in temperatures, the bonding between layers might be better.

Figure 90 - LV PETG printed at a) 215 °C at a speed of 50mmy/s b) 235 °C at a speed of 50 mm/'s

In Figure 91a) and Figure 91b) high viscosity PETG printed parts at 230°C and 270°C are shown
respectively. Comparing the two figures it is possible to observe that the part printed at 270°C has a

higher interlayer adhesion since the distance between the layers is lower, and it is possible to see that
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some of the layers are bonded together. Therefore, the printing temperature is extremely relevant for the

adhesion between layers [156].

Figure 91 - HV PETG printed at a) 230°C at a speed of 50mmy/s b) 270°C at a speed of 50 mm/'s

Whereas in the previous figures the printing temperature was varied, in the following figures, the printing
speed is varied. In Figure 92a), and Figure 92b), MV PETG parts were printed at 240°C at a speed of
10mm/s and 100mm/s, correspondingly. At a speed of 10mm/s, the layers have enough time to solidify
properly so it is expected good intra- and inter-layer bonding. On the other hand, at a speed of 100mm/s,
as the layers are still molten when the printer nozzle runs over each one, the molecules bond to one
another and create good adhesion between layers. Figure 92a) shows red circles where interlayer bonding
has occurred. This parameter is important because the greater the adhesion between layers the higher

the quality of the final part.

Figure 92 - MV PETG printed at a) 240°C at a speed of 10mm/'s b) 240°C at a speed of 100 mm/s
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As seen previously, the printing temperature influences the voids within the 3D printed parts. In all the
parts printed at a lower temperature, it is noticeable that it presents larger gaps than those at a higher
temperature. It means that by increasing the printing temperature, the viscosity will be lower, and the
adhesion between layers improves therefore, there will be a lower amount of voids. So, it is possible to

conclude that an ideal printing temperature provides high performance for the final part.
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5.2 Evaluation of the recyclability on the material and thermal properties of PETG

As mentioned in the Materials and Methods chapter, sub-chapter Filament Extrusion, the filaments of all
PETG grades were extruded, and then shredded, resulting in pellets. After this process, 80% virgin pellets
were mixed with 20% regrind pellets and 60% virgin pellets were combined with 40% regrind pellets which
were again extruded, resulting in filaments, and finally originated into printed parts. Therefore, this topic

aims to evaluate the recyclability and thermal properties of PETG.

5.2.1 Flow behavior
5.2.1.1 MFI

MF| defines as the fraction between the mass of polymer, in grams, and the period it flows, ten minutes.
Figure 93 shows that LV PETG has a higher MFI than MV PETG and consequently high viscosity PETG
since the MFI increases moderately with increasing regrind fraction, which implies a decrease in viscosity
and molecular weight. The molecular weight and the length of the polymer chain are mutually related, so
it is possible to conclude that the chain length decreases. The extruder's thermal, thermal-oxidative, and
mechanical degradation are potential causes of this chain scission. The scission of the molecular bonds
along the chain is a result of thermal degradation, which causes by the thermal oscillation of the
molecules at high temperatures [157]. In MV PETG pellets with 40% regrind and 60% virgin, the MFI is

slightly higher because there would probably be more regrind mixed with the virgin pellets.
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Figure 93 - MFI of extruded filament and virgin and regrind pellets
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MFI measurements investigated how processing affected the PETG material's properties. As mentioned
before, as the regrind fraction increases, the higher the MFI, the lower the viscosity and the higher the
fluidity of the polymer. Based on the slight increase of the MFI, it is possible to concluded that the material

undergoes some degradation during processing.

5.2.2 Mechanical characterization
5.2.2.1 Tensile test

Appendix 3 shows the stress-strain curves of the tensile tests performed by varying regrind fractions.
Figure 94 shows the tensile modulus with the influence of regrind fraction. The tensile modulus of virgin
HV PETG and 20% regrind fraction HV PETG is very close, so in this PETG grade, the modulus of elasticity
decreases minimally with the increase of regrind fraction. Concerning MV PETG, it can be seen more
noticeably that the tensile modulus decreases with increasing regrind fraction. Furthermore, considering
the LV PETG, it is possible to see that the part with a 40% regrinds fraction shows a lower tensile modulus.
Therefore, all the PETG grades with the higher percentage of regrind show a lower modulus of elasticity,
which may mean that the polymer lost its mechanical properties by increasing the regrind fraction. This
phenomenon is important for the recyclability of the material as it is capable of being reusable at the end

of its useful life to minimize waste.
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Figure 94 - Tensile moaulus with influence of regrind fraction
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Figure 95 shows that considering the standard deviation, the tensile stress at yield of HV and MV PETG
decreases with increasing regrind fraction. Therefore, the regrind fraction influence the tensile stress on
yield, causing a decrease in the final properties of the part. However, in LV PETG, it can be observed that
the tensile stress at yield is much higher in the 20% regrind fraction. Generally, the magnitude of the
stress at which the transition from elastic to plastic deformation occurs for HV and MV PETG is the highest
for virgin material. Therefore, it is possible to verify that in these two grades, the regrind fraction affects

the performance of the part.
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Figure 95 - Tensile stress at yield with influence of regrind fraction

In Figure 96, it is possible to see tensile strain at the break with different regrind fractions. The regrind
fractions of HV and LV PETG do not influence the tensile strain results since they are too approximate
between them. The graphic bars of MV PETG show a decrease in the tensile strain at the break when the
regrinding fraction increases. Therefore, virgin MV PETG becomes brittle with the increase of regrind
fraction with regrind fraction, so the material is more susceptible to deformation. Concerning HV and LV

PETG, the regrind fraction does not influence the tensile strain at break since the results are similar.
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Figure 96 - Tensile strain at break with influence of regrind fraction

5.2.2.2 Flexural test

As mentioned before, the flexural modulus was calculated with an elongation between 0,05% and 0,25%.
Figure 97 shows the results of the flexural modulus of PETG with regrind fraction variation. Although there
is no significant variation in the flexural modulus of HV PETG, it is possible to verify a slight increase in
the flexural modulus with the increase of the regrind fraction by considering the standard deviation. The
flexural modulus of MV and LV PETG with 20% regrind fraction are slightly higher than PETG virgin, and
PETG with 40% regrind fraction. Concluding, MV and LV PETG with a 20% regrind fraction have a higher
flexural resisting capacity than LV and MV PETG with a 40% regrind fraction. Overall, according to the
graph, the regrind fraction does not influence the flexural modulus since the flexural modulus results of

all PETG grades are remarkably similar and overlap due to the standard deviation.
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Figure 97 - Flexural test results with regrind fraction variation

5.2.2.3 Impact test

In Figure 98, it is possible to see the impact strength results, where the parts with regrind material were
compared to a part with virgin material. The impact strength of both HV and MV PETG shows the same
variation, where HV and MV virgin PETG have the highest impact resistance compared to the materials
with the percentage of regrind. HV and MV PETG with regrind fraction show similar and lower impact
strength results than parts with virgin material, probably because materials with these grades degrade
with temperature and lose their mechanical properties. Thus, the parts with virgin PETG absorb more
energy to be broken. Whereas, in LV PETG with both regrind percentages, the results show higher impact
resistance than virgin material LV PETG. Therefore, the regrind fraction in LV PETG does not influence

the impact strength.
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Figure 98 - Impact test results with regrind fraction variation

5.2.3  Thermal characterization
5.2.3.1 DSC

DSC measurements were made to assess the change in thermal properties, whereby the material was
processed with a certain amount of regrind fraction. Figure 99 shows the glass transition temperature of
PETG virgin and PETG with a regrind fraction of 40%. Tg of HV virgin is 75.9°C and 40% HV is 76°C so
it can be assumed that Tg only vary 0.1°C between them as well as LV PETG that is equal to 75.7°C
and 40% LV is 75.6°C. Comparing MV PETG virgin to 40% MV PETG it is seen a variation of 0.3°C, which

is not a considerable change in thermal properties.
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Figure 99 - Glass transition temperature of PETG with an influence of regrind fraction
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It is possible to conclude that regrind fraction does not influence the Tg since the results do not vary

significantly.
5.2.3.2 Thermogravimetric analysis (TGA)

TGA was used to analyze the thermal degradation of the PETG. Figure 100 shows the degradation
temperatures of the LV, MV, and HV PETG regrind printed parts. The printed part with 20% regrind LV
PETG undergoes thermal degradation beginning at 404.5°C and approximately with a total mass loss of
99.0%, and the printed part with 40% regrind with the same PETG grade undergoes thermal degradation
at a higher temperature, 407.7°C. Furthermore, the dashed curve represents the derivative curve. Each
peak of the derivative corresponds to a degradation or decomposition step of the process. Thus it is
possible to identify how many degradations steps the decomposition process of the PETG occurs, which
is related to its chemical formula [158]. Therefore, the dashed curve corresponds to a reaction that occurs
in a single step and over a narrow temperature range in both graphs of Appendices 8 and 9. The printed
part with 20% regrind MV PETG suffers a thermal degradation of 402.5°C, whereas the printed part with
40% regrind goes through thermal degradation at a higher temperature, 403.5°C. Considering the HV
PETG, the printed part with 20% regrind material experience a thermal degradation of 401.4°C, unlike
the printed part with 40% regrind material which undergoes a thermal degradation of 402.2°C.

120 4045 407,7 4025 4035 401,4  402,2
S 360
<
£ 300
S
g 240
£
£
c 180
2
©
S 120
&
b
S 60
0
20%LV  40%LV 20%MV 40%MV 20%HV  40%HV
Lv MV HV

Figure 100 - TGA results of PETG regrind parts

Comparing the TGA results of the printed parts of each PETG grade with the respective regrind fraction it

is possible to conclude that the results do not differ significantly.
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6. CONCLUSION

The purpose of this research was to study the influence of printing temperature, printing speed and
regrind fraction on the mechanical properties, flow behavior and morphology properties of virgin and
regrind parts of copolyester-based polymers. The polymer used was PETG with the following grades: low
viscosity, medium viscosity, and high viscosity. The parts were produced with three different printing
temperatures according to the viscosity of the material, i.e., low viscosity PETG presented the lower
printing temperatures settings, and the high viscosity, the higher printing temperatures. Also, the parts
were printed with three different printing speeds (10mm/s; 50mm/s; 100mm/s) and regrind fractions

(20% and 40% regrind) of each grade of PETG.

It can be concluded that a higher printing temperature leads to better mechanical properties; despite the
minimum differences between the results, the modulus of elasticity, tensile stress in yield and tensile
strain at break tend to be higher at the higher printing temperature. As the viscosity decreases with the
increase in printing temperature, the bonding between layers will be better, resulting in parts with good
mechanical properties. Thus, with the increase in printing temperature, the final part will have a good
performance and quality. Furthermore, after performing the tensile tests with the influence of the different
parameters, it was possible to observe that PETG is a brittle material since, firstly, the parts broke
immediately after an applied load and, secondly, the results of tensile strain at break are too low, not
exceeding 7%. According to the researched articles, in terms of morphological characterization, the
density tends to increase slightly with the increase in printing temperature. Although in the present
investigation, it can be seen that the density remains constant regardless of the printing temperature.
When using optical microscopy, by increasing the printing temperature, the adhesion between layers
improves therefore, there will be a lower amount of voids. It was possible to observe that the layers of the
parts printed at the highest temperature show better adhesion. The result may be reflected in the

mechanical properties, i.e. a greater strength is required to break the parts printed at high temperatures.

Regarding the printing speed, it is possible to conclude that the parts printed with the high and medium
viscosity PETG at a velocity of 10mm/s, despite minimal variations, present better mechanical properties,
probably because the layer additive manufacturing samples had enough time to create a good bond
between layers due to the low printing speed. On the contrary, it was possible to conclude that the low-
viscosity PETG adapts better to a 100mm/s speed, i.e., the mechanical properties of LV PETG are better

with a high speed. Therefore, the printing speed may vary depending on the material. As the elongation
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at break is around 4% with the influence of printing speed, which is a low value, it is concluded that these
materials are brittle regardless of the printing speed. As stated previously, the density of the material not
only varies with printing temperature but also with printing speed, i.e., the density remains 1.26g/cm3.
In an optical microscope, only the medium viscosity PETG with a variation in printing speed was analyzed.
It was concluded that at a velocity of 10mmy/s, the layers have enough time to solidify appropriately, so

it is expected that a good intro and inter-layer bonding and there is better adhesion between layers.

In evaluating the recyclability of the material and thermal properties of PETG, three PETG with different
parameters were compared: Virgin PETG, PETG with 20% regrind and 80% virgin PETG, and PETG with
40% regrind and 60% virgin PETG. It was possible to conclude that as the regrind fraction increases, the
lower viscosity and therefore the MFI increases. Based on the slight increase in MFI, the material
undergoes some degradation during processing. All PETG grades with the highest percentage of regrind
show lower modulus of elasticity, which may mean that the polymer lost its mechanical properties by
increasing the regrind fraction. Moreover, for virgin HV and MV PETG, the magnitude of the stress at
which the transition from elastic to plastic deformation occurs is the highest for the virgin material,
providing good properties to the final part. The regrind fraction in medium viscosity PETG shows a
remarkable influence on the tensile strain at break, i.e. by increasing the regrind fraction, the tensile
strain at break decreases, which means that low ductility can be seen, and the part becomes brittle. On
the contrary, in high and low viscosity PETG, the regrind fraction does not influence the elongation at
break and remains constant. Regarding DSC measurements, the glass transition temperature remained
constant with increasing regrind fraction. Furthermore, TGA was used to analyze the thermal degradation
of PETG, where it was possible to see that when comparing virgin PETG with PETG with a 40% regrind
fraction, the degradation temperature increased in all PETG grades, although it was not a significant

difference.
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8. APPENDIX 1 — STRESS VS STRAIN DIAGRAM WITH |

NFLUENCE OF PRINTING TEMPERATURE
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9. APPENDIX 2 - STRESS VS STRAIN DIAGRAM WITH INFLUENCE OF PRINTING SPEED
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10.

APPENDIX 3 - STRESS VS STRAIN DIAGRAM WITH INFLUENCE OF REGRIND FRACTION
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. APPENDIX 4 — DSC RESULTS OF LV PETG PRINTED PART WITH INFLUENCE OF PRINTING

TEMPERATURE
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12. APPENDIX 5 — DSC RESULTS OF MV PETG PRINTED PART WITH INFLUENCE OF PRINTING

TEMPERATURE
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13. APPENDIX 6 — DSC RESULTS OF HV PETG PRINTED PART WITH INFLUENCE OF PRINTING

TEMPERATURE
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14. APPENDIX 7 - TGA RESULTS OF THE PRINTED PART WITH 20% REGRIND AND 80% VIRGIN LV PETG
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Created with NETZSCH Proteus saftware.

15. APPENDIX 8 - TGA RESULTS OF THE PRINTED PART WITH 40% REGRIND AND 60% VIRGIN LV PETG
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16. APPENDIX 9 - TGA RESULTS OF THE PRINTED PART WITH 20% REGRIND AND 80% VIRGIN MV PETG
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17. ArPENDIX 10 - TGA RESULTS OF THE PRINTED PART WITH 40% REGRIND AND 60% VIRGIN MV

PETG

Created with NE TZSCH Proteus software
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18. APPENDIX 11 - TGA RESULTS OF THE PRINTED PART WITH 20% REGRIND AND 80% VIRGIN HV

PETG

TG /% DTG /(%/min)
Onset: 401.4 °C
100.00 A -4 1+ 0.00

80.00 1 -5.00

60.00 - L 10.00

40.00 -

+-15.00
20.00 -
--20.00
[
100.0 200.0 300.0 400.0 500.0 600.0 700.0
Temperature /°C
Main 20220624 11:38  User: PC STA
llmnmm : NETZSCH STA 449F3 STA449FIA-0124-M File : CANETZSCH\Profeust 1\datsilynriMariana 20 % HW.ngb-ds3
Project : Material - PETG Segments : 7z
Identity - 20%HY Correction file - Carrection_20220620.ngh-bs3 Crucible : DSCITG pan P-Rh
Dateftime : 22/06/2022 11:0... Temp.Cal/Sens. Files : STA temperature calibration 12062020 ngb-te3 / ty ... H NITROGEN/SD / OXYGEND / NITROG...
Laboratory : CPMT Range : A0 CHOO{KminVBI0"C TG corrlm. range :  E20/35000 mg
Operator : Sample carTC : DSCITGCp S/ 8 DSC coretm. range : E20/5000 pv
le : 20%HV, 11.85 Modety of meas. : DSC-TG / sample with comection

Created with NETZSCH Proteus software.

19. APPENDIX 12 - TGA RESULTS OF THE PRINTED PART WITH 40% REGRIND AND 60% VIRGIN HV

PETG
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20. ANNEX 1 — LV PETG DATASHEET

Typical Properties

Property® Test Method® Typical Value, Units®
General Properties
Specific Gravity D 792 1.28
Mold Shrinkage
Parallel to Flow, 1.6-mm (0.0625-in.) thickness 0.005 mm/mm (0.005 in.fi
Parallel to Flow, 3.2-mm (0.125-in.) thickness D 955 0.002 mm/mm (0.002 in./
Water Absorption, 24 h immersion D 570 0.13 %
Mechanical Properties
Tensile Stress @ Break D 638 25 MPa (3600 psi)
Elongation @ Break D 638 30 %
Flexural Strength D 790 75 MPa (10900 psi)
Flexural Modulus D 790 2200 MPa (3.2 x 107 psi)
Rockwell Hardness, R Scale D 785 106
Izod Impact Strength, Notched
@ 23°C (73°F) D 256 69 J/m (1.3 ftlbffin.)
@ -40°C (-40°F) D 256 28 J/m (0.5 ft-Ibfiin.)
Impact Strength, Unnotched
@ 23°C (73°F) D 4812 Ng
@ -40°C (-40°F) D 4812 2600 3/m (30 ft-lbf/in.)
Optical Properties
Haze D 1003 0.3 %
Total Transmittance D 1003 90 %

Thermal Properties

Deflection Temperature

@ 0.455 MPa (66 psi) D 648 69 °C (156 °F)
@ 1.82 MPa (264 psi) D 648 63 °C (145 °F)
Typical Processing Conditions
Drying Temperature 71 °C (160 °F)
Drying Time 4-5 hrs
Procassing Melt Temperature 249-271 °C (480-520 °F)
Mold Temperature 16-38 °C (60-100 °F)

21. ANNEX 2 - MV PETG DATASHEET

Typical Properties

Property® Test Method® Typical vValue, Units®
General Properties
Specific Gravity D 792 1.28
Mold Shrinkage
Parallel to Flow, 3.2-mm (0.125-in.) thickness D 955 0.002-0.005 mm/mm (0.002-0.005 in.{/In.)
Mechanical Properties (IS0 Method)
Tensile Strength @ Yield 1SO 527 49 MPa
Tensile Strength @ Break 150 527 21 MPa
Elongation @ Yield IS0 527 4.2
Elongation @ Break IS0 527 36 %
Tensile Modulus 150 527 2005 MPa
Mechanical Properties
Tensile Stress @ Break D 638 25 MPa (3625 psi)
Tensile Stress @ Yield D 638 50 MPa (7200 psi)
Elongation @ Break D 638 38 %
Elongation @ Yield D 638 4.4 %
Tensile Modulus D 638 2030 MPa (2.9 % 107 psi)
Flexural Strength D 790 66 MPa (9570 psi)
Flexural Modulus D 790 1810 MPa (2.6 x 10° psi)
Rockwell Hardness, R Scale D 785 102
Izod Impact Strength, Notched
@ 23%C (73°F) D 256 104 J/m (1.2 ft-Ibf/in.)
@ -40°C (-40°F) D 256 38 3/m (0.7 ft-Ibf/in.)
Impact Strength, Unnotched
@ 23%C (73°F) D 4812 -NE
@ -40°C (-40°F) D 4812 -NB
Optical Properties

Transmittance D 1003 91.8 %

Haze D 1003 0.24

Thermal Properties

Deflection Temperature

@ 0.455 MPa (66 psi) D 648 68 °C (155 °F)
2 1.82 MPa (264 psi) D 548 81 °C (142 °F)
Typical Processing Conditions
Drying Temperature 65 °C (150 °F)
Drying Time 8 hrs
Processing Melt Temperature 205-240 °C (400-455 °F)
Mold Temperature 16-38 °C (60-100 °F)
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22. ANNEX 3 - HV PETG DATASHEET

Typical Properties

Property?® Test Method® Typical Value, Units®
General Properties
Specific Gravity D 792 1.27
Mold Shrinkage
Parallel to Flow, 3.2-mm (0.125-in.) thickness D 255 0.002-0.005 mm/mm (0.002-0.005 in./in.}
Mechanical Properties (IS0 Method)
Tensile Strength @ Yield IS0 527 48 MPa
Tensile Strength @ Break IS0 527 29 MPa
Elongation @ Yield IS0 527
Elongation @ Break IS0 527
Tensile Modulus IS0 527 2000 MPa
Flexural Modulus ISO 178 2100 MPa
Flexural Strength IS0 178 67 MPa
Tzod Impact Strength, Notched
@ 23°C ISO 180
@ -40°C ISO 180
Mechanical Properties
Tensile Stress @ Break D 538 30 MPa (4300 psi)
Tensile Stress @ Yield D 638 50 MPa (7200 psi)
Elongation @ Break D 638
Elongatien @ Yield D 638 4.4
Tensile Modulus D 638 2030 MPa (2.9 x 10° psi)
Flexural Strength D 790 68 MPa (9800 psi)
Flexural Modulus D 790 2060 MPa (3.0 x 107 psi)
Rockwell Hardness, R Scale D 785 108
Izod Impact Strength, Motched
@ 23°C (73°F) D 256 105 J3/m (1.8
@ -40°C (-40°F) D 256 40 3/m (0.7 ft-Ibffin.)
Impact Strength, Unnotched
@ 23°C (73°F) D 4812 -NB
@ -40°C (-40°F) D 4812 -NB
Optical Properties
Haze D 1003
Total Transmittance D 1003

Thermal Properties (IS0 Method)

Deflection Temperature

@ 0.455 MPa (66 p IS0 75 70 °C

@ 1.82 MPa (264 psi) ISO 75 62 °C
Thermal Properties
Deflection Temperature

@ 0.455 MPa (66 psi) D 648 70 °C (158 °F)

@ 1.82 MPa (264 psi) D 648 62 °C (143 °F)
Typical Processing Conditions
Drying Temperature 63 °C (145 °F)
Drying Time 6-8 hrs
Processing Melt Temperature 249-271 °C (480-520 °F)
Mold Temperature 16-28 °C (60-100 °F)
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