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Abstract

In this paper some methods for 3D printing of polymeric components were investigated, along with some typical
representative of polymers used in practice. The paper presents a basic understanding of the current status of the
3D printing technology and hopes to give new insight on future tasks and problems regarding this topic.
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INTRODUCTION

Production of components and systems of
components with well-established methods
and processes has a significant value in all
industrial fields as it sets the base for quality
control of manufacturers. However, dictated
from the everlasting need and desire for
technological and scientific growth, new
ideas and designs constantly arise.
Traditional manufacturing and testing of
new materials and components is a process
related to high costs and high losses for
every company in terms of time, resources,
and expenses.

In order to resolve this issue a new
method for efficient and rapid prototyping
was developed in the 1980s based on
manufacturing products following a layer-
by-layer infrastructure. Compared to
traditional methods for manufacturing such
as milling the addition of material in the
form of layers seems to be the complete
opposite process. Some of the benefits of
manufacturing components this way are as

follows:
- less waste of material;
- lower costs;
- lower production time;
- low energy consumption;
- high accuracy of production;
- highly customizable products;
- excellent process control;
- automatization possibility and more.

Based on the excellent advantages of
rapid prototyping in the late 1990s and early
2000s the term additive manufacturing was
introduced. This was necessitated due to the
beginning of the fourth industrial revolution,
namely Industry 4.0 (I140). The last enforces
the full production automation paradigm. It
encompasses the possibility of using
automated, man-maintained, machines
capable of self-regulation and self-learning
(machine learning). These are typically
either robots or cobots, however, other
specially designed machines have been
proposed before.
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The production of components using
additive manufacturing can and typically is
fully automated, which is in agreement with
the 140 paradigm. 3D computer designs are
converted into a program code that is
injected into the control unit of the robots or
cobots. Along with the design initial
technological conditions are introduced in
order to begin the process. The output
products are monitored using specialized
sensors and if any inconsistencies with the
given design are detected the machine
learning algorithm is capable of automatic
variation of the technological conditions
until minimal error between the input/output
is detected.

Although 3D printing has proven as a
viable method for modeling and producing
components for practical applications, since
the methods for printing are relatively new
and less explored compared to traditional
ones there are still some unknown specifics
of the process related to the structure-
technological conditions ratio.

This short review aims to introduce the
current status of 3D printing of polymers and
discuss future improvements and
relationships between the structure and
technological conditions.

EXPOSITION

Rapid prototyping (3D printing) as we
know it today was introduced in 1980s. Two
specific techniques used for manufacturing
components stood out, namely the fused
filament fabrication (FFF) technique as
shown in figure 1 (a), and the
stereolithography (SLA) technique as shown
in figure 1 (b). Fused filament fabrication
was developed by the company Stratasys. In
this processes a tubular filament (typically
with a diameter of 1.75 mm) is fed into a
heated head. The filament turns into a semi-
liquid substance at which point it is extruded
through a nozzle with a diameter of 0.4 mm.
Due to the semi-liquidus state of the
extruded material it solidifies rapidly
forming a solid layer. Due to the specifics of
this manufacturing process some of the main
factors determining the output characteristics

of the layers are nozzle temperature, bed
temperature, purity of the filament,
deposition speed, thickness of the layer, flow
rate of the filament, material viscosity, and
more.

The advantages of this method are the
low cost, the low preparation process,
minimal waste, ease of production, minimal
(if any) post processing needed. Some of the
disadvantages are related to the low accuracy,
high printing time, and uncontrollable shrinkage
of the material [1].
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Fig. 1. Fused filament fabrication technique
(a), stereolithography technique (b).

Comparatively stereolithography was
also developed as a 3D printing technique in
the 1980s by Hideo Kodama. This process is
based on using a UV sensitive resin in a
liquidus state. The build platform is dipped
in the resin and the desired layer geometry is
irradiated by a laser with a wavelength in the
ultraviolet range (200-300 nm). The resin
hardens in the irradiated zone and the layer
is formed. This process is performed a
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number of times until the component is
finally formed. In this case the output
characteristics of the layers is not so much a
function of the material properties or
deposition speed, but a function of the
irradiation time [2].

The advantages of this technique are:
high deposition accuracy, easy building of
components with complex external and
internal geometries, fast manufacturing
speed, and more. The disadvantages, as
compared to FFF, are the higher price and
the necessity for post-processing of the
components, which need to be carefully
washed and hardened further in a special UV
curing machine.

Typically, the most common materials
used for 3D printing are different types of
polymers such as polylactic acid (PLA),
polyethylene terephthalate glycol (PETQG),
acrylonitrile butadiene styrene (ABS),
acrylonitrile  styrene acrylate (ASA),
polyamide (PA), and others, due to their
excellent processing and forming potential at
low temperatures (usually in the range
between 200-300 °C).

Polylactic acid (PLA) (H-
[OCHCH3CO],-OH) is one of the most
commonly used materials for 3D printing.
This polymer’s primary ingredient is lactic
acid, which is produced by fermenting corn
starch or sugarcane. The lactic acid is used
to form lactide, which undergoes a ring-
opening polymerization process [3]. Since
PLA is produced of natural substances, as
opposed to petroleum based ones, it has a
very high degree of biocompatibility and can
easily be used in the medical field for drug
containers, tissue engineering, medical
sutures, and others [4]. Of course the
properties and applications of any 3D
printed material are a direct function of the
technological conditions used during the
manufacturing stage. Although every
filament’s manufacturer tests their products
and suggests some optimal parameters of
printing some are still left for the component
designer to figure out such as the correct
infill density, and infill patterns. Previous
research has been conducted in that regard

and the authors [5,6] have found that
increasing the infill density increases the
strength of the component, and applying
either grid or triangular infill patterns results
in obtaining the highest possible component
strength. Despite the excellent results new
methods have been proposed to further
increase the strength of PLA made
components by reinforcing its matrix with
carbon fibers. Research supports this
hypothesis and suggests that adding carbon
fibers to the polymer increases its tensile
strength nearly threefold from 28 MPa to 80
MPa [7].

Another common material used for 3D
printing is polyethylene terephthalate glycol
(PETG), which is an amorphous copolymer
manufactured by combining polyethylene
terephthalate with a glycol modifier such as
1.4-cyclohexanedimethanol (CHDM). As a
result, a high-strength polymer is formed
with excellent mechanical and thermal
properties, perfect for implementation in the
3D printing technology [8]. PETG is
typically known to have higher strength and
chemical resistance compared to PLA, and
replaces it where emphasis is paid to these
factors. Again, as with PLA, the
manufacturing of PETG requires a deep
understanding of the relationship between
structure and technological conditions. Due
to this a number of researchers have been
investigating the possibilities of increasing
component strength by selecting optimal
conditions such as: infill patterns, infill
densities, post-thermal treatments, and more
[9-11] Even though PETG is not as
ecologically friendly as compared to PLA, it
can very easily be reprocessed as confirmed
by Dohan et al. [12] who proposed a method
for turning waste PETG material into a
reusable filament with no evident loss of
mechanical strength.

Acrylonitrile butadiene styrene (ABS) is
a polymer consisted of the following
monomers: acrylonitrile; butadiene, styrene.
They build up the matrix of the polymer and
depending on their proportion it changes its
functional properties and thus application
[13]. Higher concentrations of butadiene
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increase the strength and impact resistance
of the polymer, and higher concentrations of
acrylonitrile result in better thermal and
chemical properties. Owning to its
incredible properties ABS has found a large
number of applications such as in the
automotive  industry, in  electrical
engineering, for production of consumer
items, production of pipes, in construction,
and more. Due to the high practical interest
in this material, 3D printable filaments have
been developed and successfully integrated
in the 3D printing industry. A number of
research has been conducted so far in order
to establish basic technological conditions
related to good structure of the components,
high mechanical strength, and low cost.
Previous research, such as [14], claims that
the best functional properties during FFF 3D
printing of ABS can be achieved using a 65
mm/s printing speed, 100 % infill density,
and a tri-hexagon infill geometry. In an
attempt to expand the applications of 3D
printed ABS components a recent research
has investigated their application in
cryogenic environments [15]. During the
research such components were successfully
made and incorporated in liquid nitrogen
containers, however, high brittleness of the
components was reported. Different
additives have reportedly been used in ABS
filament fabrication in order to produce
components with improved strength such as
carbon fibers [16]. Despite the excellent
potential and characteristics of ABS it poses
a known weakness in the form of poor UV
resistance. To accommodate this issue
butadiene can be replaced with acrylate to
form a new type of a polymer, namely
acrylonitrile styrene acrylate (ASA), which
has similar mechanical properties compared
to ABS, however, with the addition of a very
high UV resistance [17, 18].

Of course the abovementioned polymers
are just some of the many types of polymers
that are used for 3D printing of components.
Others also include polyamide (PA),
polypropylene (PP), polyether ether ketone
(PEEK), and many more. The correct choice
of polymeric material is of course a function

of desired cost of print, time of print,
structure, mechanical properties, chemical
properties, weather resistance, and other
functional properties. In order to improve the
functionality of already well-known
polymeric materials, as mentioned above,
the infusion of such with different additives
such as carbon fibers was proposed.
Additional substances used for this purpose
are iron, antioxidants, zinc ferrite fibers, and
much more. The post-processing of the build
components is also another possible
perspective that has currently been
investigated such as the irradiation of
polytetrafluoroethylene (PTFE) with a
pulsed electron beam [19]. This was proven
to positively affect the surface properties of
the formed polymeric components and alter
their functional properties as well [19].

In summary it can be concluded that the
3D printing technology is more than
desirable due its attractive advantages and
future possibilities. Due to the never-ending
desire for perfection of both scientists and
manufacturers new and improved materials
for 3D printing are designed regularly with
the sole purpose to improve or even just alter
the functional properties of materials to
either suit large scale manufacturing
processes or a specific niéce application in
unique designs.

CONCLUSION

In this paper some methods for 3D
printing of polymeric components were
investigated, along with some typical
representative of polymers used in practice.
The paper presents a basic understanding of
the current status of the 3D printing
technology and hopes to give new insight on
future tasks and problems regarding this
topic.
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