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Abstract: This article studies the flexural behavior of thin-walled specimens with square hollow
sections fabricated using fused deposition modeling (FDM). The specimens were 3D printed from
an ABS filament reinforced with aramid fibers. Four wall thicknesses were analyzed. The strength
data were collected during three-point flexural tests. There are visible, clear differences in the flexural
properties between the X- or Y-oriented specimens and those printed in the Z direction, and they vary
up to 70%. It was also found that the flexural strength was dependent on the G-codes controlling
the print head’s motion, path, and position. For specimens with a thickness up to 1.4 mm, the infill
pattern was linear, whereas 1.8 mm and 2 mm specimens needed a stitch, which had some negative
effects on the strength properties.
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1. Introduction

Since its invention, aramid fiber (AF), also known as Kevlar, has been investigated and
used extensively because of its interesting properties and availability in various grades. It
has long been employed as an ingredient to improve the mechanical properties of various
materials. One of the studies on AF [1] shows that the material can be used in dentistry. The
experiments involved adding Kevlar 29 to polymethyl methacrylate (PMMA) to improve
its strength properties. It is important to note that a small amount of aramid fiber is needed
to considerably modify the tensile strength of the polymer. An addition of 1% of AF by
weight increased the tensile strength of bone cement or PMMA from 30.8 MPa to 36.1 MPa.
When 7% of Kevlar by weight was used, the tensile strength of PMMA improved by 32%,
and its fracture toughness was 74% higher.

The material structure, analyzed through means of transmission electron microscopy,
is discussed, for example, in [2]. The experiments were performed for twelve aramid
fibers differing in overall molecular orientation and diameter (ranging from 10.2 pm
to 19.1 um). The mechanical properties of the fibers, determined using conventional
mechanical tests, were found to be largely dependent on the fiber structure. Aramid fibers
themselves can also be modified. For instance, the research described in [3] consisted of
using epoxypropyltrimethoxysilane to react with the reactive groups on the surface of AF,
loading the modified fiber with silver ionic glass beads, and employing the melt-mixing
technology to produce polyethylene composites. The AF-reinforced material had 141%
higher tensile strength and a long-lasting safe contact antibacterial function, which made it
possible to prevent the growth of E. coli.

Over the recent years, polymers have been modified not only by adding aramid
fibers but hybrid modifications are also possible with carbon fibers (CFs) and/or basalt
fibers [4-7]. One of the aims is to reduce the unfavorable anisotropic phenomena [8]. The
study presented in [4], for example, compares the tensile and flexural strengths of pure
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polypropylene with those of polypropylene matrix composites reinforced with glass, car-
bon, or aramid fibers. The mechanical properties of the composites were dependent on the
number of fibers added. A special procedure was used to determine the optimal percent-
ages of fibers introduced. Interesting observations are made in [5]; this article is concerned
with the development of a p-aramid/carbon-fiber-reinforced polymer (CF/AFRP) compos-
ite to be used in safety helmets. The specimens were made via compression molding. Their
mechanical properties, including impact strength, tensile strength, and flexural strength,
were reported to be much higher than those of regular ABS and CF or AF-reinforced
polymer composites. The results of the study are important because ABS, also available
in the form of filaments, is a common material used to create models using fused depo-
sition modeling (FDM), also known as fused filament fabrication (FFF). AF can also be
combined with CF to reinforce epoxy/poly(vinyl butyral) composites [6]. As expected,
the fiber-reinforced material had better mechanical properties than the unmodified matrix
material. Another article providing important findings in the area of materials science
deals with hybrid modifications of polylactic acid (PLA) with aramid and basalt fibers
via injection molding [7]. The experiments showed that the mechanical performance of
modified PLA was better than that of pure PLA, and the material would now be suitable
for certain applications.

Many studies have been devoted to the properties of additively manufactured AF-
reinforced polymers [9-14]. One of them [9] focused on polyethylene terephthalate glycol
(PETG) modified with CF and AF, which was obtained using FDM/FFF followed by anneal-
ing. Three different annealing temperatures (90 °C, 110 °C, and 130 °C) and three different
exposure times (30 min, 240 min, and 480 min) were considered. The best mechanical
properties were registered when the thermal post-process was performed at the highest
temperature and the longest exposure time. An improvement in the mechanical properties
of PETG after modification with AF [10,14] suggests a wider application of materials fab-
ricated with FDM/FFE. The use of fiber-reinforced polymer filaments, however, requires
selecting the right printing parameters. The properties, especially the mechanical proper-
ties, of AF-modified PLA are definitely superior to those of regular PLA, which extends
the range of its application [11]. Better print quality and a wider industrial application
of elements printed from filaments containing fibers, e.g., AF, can also be achieved by
modernizing the FDM/FFF technology, e.g., using a dual extruder configuration [12]. In
practice, AF-reinforced polymer can be used to 3D print protective armor, including stab
vests [13]. The gear consists of scale-like elements attached to one another, each with a
thickness of 3 mm and a diameter of 50 mm.

Thin-walled structures produced by 3D printing can be used to create models under-
going topology optimization (TO) [15] for the purpose of reducing mass while retaining
high strength. Recent advancements in the area of additive manufacturing include inte-
grating 3D-printed structures into textiles [16], which requires strong adhesion between
the coating and the substrate. Some of the latest publications on this subject are concerned
with 3D-printed features that need to withstand torsion, for example, threads [17]. Threads
are difficult to design and fabricate by additive manufacturing; they can be treated as thin-
walled features protruding from solid parts. Similar torsional strength problems can be
observed in cellular honeycomb structures [18]. In the case of thin-walled objects, it can be
difficult to measure surface roughness, waviness, or form errors [19] using contact or optical
measuring instruments. The results of bending tests of models produced by 3D printing in
the FDM/FFF technology have been presented in several research papers [20-22], where
the authors focused their attention on samples with a standard thickness of over 3 mm,
usually with full filling. Moreover, papers [20,21] present the results of bending tests for
materials based on composites and paper [22] for PEEK material. These works, however,
do not address the issue of generating G-codes because this problem arises, as shown in
this article, only in the case of thin-walled models.

In the case of testing thin-walled models, exemplary tests are presented in
articles [23-25]. Also in these works, the analysis of the problems of generating G-codes in
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terms of strength was not presented. Papers [24,25] present interesting examples of filling
models with a cellular structure but without a deeper analysis of the technological process
taking into account the method of forming the filling (thin walls).

Problems related to the use of AF to develop composites, including those fabricated
via 3D printing, are also discussed in this article. The research focused on three-point
flexural tests of thin-walled square hollow sections made of AF-reinforced ABS using FDM.
Results of the authors’ earlier studies on thin-walled elements fabricated with 3D printing
were taken into account [26-29]. The aim of the investigations was to analyze how the wall
thickness and print orientation affected the flexural behavior of hollow structural elements
printed from ABS reinforced with aramid fiber. Due to the growing use of 3D printing in
advanced thin-walled structures, the research results presented in the article have great
practical applications. The analysis of the filament distribution paths generated in G-
codes reveals many differences affecting the quality of the thin-walled models produced,
which is undoubtedly a novelty in the presented article. In addition, due to the fact that
the differences in the nature of material distribution for thin-walled models represent a
significant volume of the thin-walled sample, they are clearly visible, which cannot be
seen in the case of solid samples. The FDM/FFF technology was chosen for the research
due to the very large development of the chemistry of materials and the possibility of
independently creating new ones using the necessary commercial equipment available
for purchase. In addition, the FDM/FFF technology allows for 3D printing of large-size
models with dimensions of over 1 m?, which means that the research results can be used in
commercial applications, which is not allowed by many technologies limited by the small
working chambers of 3D printers.

2. Materials and Methods
2.1. Method

The experimental procedure was divided into four stages:

- Printing specimens in the form of thin-walled square hollow sections using the FDM
technology;

- Measuring their dimensions;

- Determining their mechanical properties by performing static flexural tests;

- Examining their structure using scanning electron microscopy (SEM).

2.2. Materials

The material used for the specimens was an ABS-based composite filament with the
addition of aramid fibers, commercially available as Spectrum ABS Kevlar. The percentage
of the aramid fiber was small, approximately 5% by volume. The key properties of the
material are provided in Table 1.

Table 1. Selected properties of Spectrum ABS Kevlar [30].

Property Value Standard
Density 1.05 g/cm? ISO 1183
Unnotched, injection molding 14 kJ /m?2 ISO 179-1eU
Notched, injection molding 6.1kJ/ m? ISO 179-1eA
Tensile elongation at yield * 1.9% ISO 527
Tensile elongation at break * 6.00% ISO 527
Tensile strength at yield * 35 MPa ISO 527
Tensile strength at break * 30 MPa ISO 527
Elastic modulus (speed—1 mm/min) 2350 MPa ISO 527
VICAT Softening point ** 95°C ISO 306

* Speed 5 mm/min; ** 50 N (heating rate 50 °C/h), injection molding.
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2.3. Fabrication of the Specimens

The dimensions of the specimens designed as thin-walled square hollow sections
using 3D CAD software are given in Figure 1. The specimens varied in wall thickness;
four thicknesses were analyzed: 1, 1.4, 1.8, and 2 mm. The outer dimensions of the square
hollow sections were 10 x 10 mm. The inner dimensions changed, depending on the
wall thickness.

| |
| |
1
I

L=180

et -

Figure 1. Specimen in the form of a square hollow section with variable wall thickness, equal: 1 mm,
1.4 mm, 1.8 mm, and 2 mm.

The orientations of the specimens on the build platform of a Zortrax M200 printer are
shown in Figure 2.

Figure 2. Specimens printed in different orientations on the build platform.

The printing was performed under the following conditions:

— Layer height: 0.19 mm;
—  Extrusion temperature: 265 °C;
— Platform temperature: 105 °C;
— Speed: 36 mm/s;
— Full infill density;
— Rafton.
The printing process was simulated in Zortrax Z-SUITE. Figure 3 shows the infill pat-

terns. The elements with a thickness of 1 mm or 1.4 mm were filled rectilinearly; those with
greater dimensions contained a stitch, which may have affected their mechanical properties.
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Figure 3. Simulation of the 3D printing of thin-walled sections (for a cross-section of 5 mm above the
build platform), with red representing the infill direction (red line shows linear infill or stitch).

2.4. Dimensional Measurement

The actual dimensions of the 3D-printed specimens differed slightly from the nominal
dimensions, i.e., those of the CAD models. The cross-sectional dimensions were determined
with an accuracy of 0.01 mm by means of electronic calipers. The specimen cross-section is
shown in Figure 4, while the measurement results are provided in Table 2.

b1

b

Figure 4. Cross-sectional dimensions of a thin-walled square hollow section.

Table 2. Dimensions of the specimens used in the flexural tests.

No. b h b1 h1 No. b h b] h1 No. b h b1 h1
X-1.0 (mm) (Mmm) @@m@m) @Mm) Y-1.0 (@Mmm) @@mm) @MMm) @@mm) Z-1.0 (@mMmm) (@Mmm) (mm) (mm)
1 10.36  10.12 7.64 7.82 1 10.32  10.02 7.56 7.84 1 10.37  10.28 7.60 7.53
2 10.36  10.01 7.36 7.78 2 1042 10.18 7.60 7.94 2 10.25 10.30 7.41 7.50
3 10.39  10.06 7.61 7.88 3 10.37  10.02 7.52 7.70 3 10.20 10.32 7.57. 7.58
4 10.31  10.00 7.51 7.80 4 10.36  10.08 7.66 7.68 4 10.41 10.21 7.53 7.60
5 10.34  10.00 7.58 7.82 5 10.36  10.02 7.57 7.74 5 10.26  10.58 7.44 7.51
x 10.35  10.04 7.54 7.82 x 10.37  10.06 7.58 7.78 x 10.30  10.34 7.51 7.54
SD 0.03 0.05 0.11 0.04 SD 0.04 0.07 0.05 0.11 SD 0.09 0.14 0.09 0.04
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Table 2. Cont.
No. b h bl h1 No. b h bl h1 No. b h bl h1
X-14 (mm) (Mmm) @@mm) @Mm) Y14 @Mmm) @@mm) @MMm) @@mm) Z-14 (@@mMmm) (@Mmm) (mm) (mm)
1 10.58  10.07 7.05 6.62 1 1048  10.08 6.51 7.05 1 1051 10.61 6.42 6.52
2 10.52  10.09 7.10 6.54 2 10.65 10.19 6.42 6.96 2 1059 10.54 6.38 6.44
3 10.54  10.05 7.11 6.52 3 10.63  10.05 6.45 6.91 3 10.52  10.56 6.44 6.55
4 1055 10.11 7.00 6.58 4 10.61  10.08 6.40 7.00 4 10.54 10.55 6.35 6.51
5 10.60  10.11 7.05 6.55 5 1054 10.11 6.41 6.76 5 1048 10.53 6.35 6.38
x 10.56  10.09 7.06 6.56 x 10.58  10.10 6.44 6.93 x 10.53  10.56 6.39 6.48
SD 0.03 0.03 0.04 0.04 SD 0.07 0.05 0.04 0.11 SD 0.04 0.03 0.04 0.07
No. b h bl h1 No. b h bl h1 No. b h b1 h1
X-1.8 (mm) (mm) @mm) @mm) Y-1.8 (mm) (@mm) @mm) (@mm) Z-1.8 (mMmm) (Mmm) (mm) (mm)
1 10.62 9.83 6.20 6.68 1 10.25 10.03 5.96 6.34 1 1055 10.41 5.85 5.70
2 10.47 9.98 6.03 6.18 2 10.23  10.01 5.86 6.43 2 10.36  10.25 6.00 5.92
3 10.47 9.99 6.04 6.37 3 10.30  10.02 5.78 6.40 3 10.32  10.25 5.99 6.01
4 10.44  10.05 6.09 6.22 4 10.37 10.17 5.60 6.18 4 10.28  10.45 6.99 5.98
5 10.41 9.94 6.00 6.17 5 1046  10.07 6.32 6.48 5 10.35 10.29 6.06 5.92
X 10.48 9.95 6.07 6.32 x 10.32  10.06 5.90 6.36 x 10.37  10.33 5.98 5.90
SD 0.08 0.08 0.08 0.21 SD 0.09 0.07 0.27 0.12 SD 0.10 0.09 0.46 0.12
No. b h bl h1 No. b h bl h1 No. b h b1 h1
X-20 (mm) (Mm) @@mm) mMmm) Y20 mm) @@mm) mMmm) @mm) Z-20 (@@mm) (@Mmm) (mm) (mm)
1 10.52  10.00 5.58 5.75 1 10.59  10.03 5.57 5.90 1 1040 10.39 5.60 5.73
2 10.73  10.28 5.67 5.65 2 1043  10.07 5.72 5.83 2 10.60  10.57 5.53 5.63
3 10.52  10.24 5.59 5.69 3 10.32  10.02 5.62 5.99 3 1045 1045 5.67 5.64
4 10.88  10.30 5.84 5.72 4 1055 10.07 5.51 5.89 4 1052  10.52 5.63 5.68
5 1050  10.11 5.64 5.96 5 1050 10.13 5.52 5.93 5 10.37 10.34 5.59 5.53
X 10.63  10.18 5.66 5.75 x 1048  10.06 5.59 5.91 x 10.47 1045 5.60 5.64
SD 0.17 0.13 0.11 0.12 SD 0.11 0.04 0.09 0.06 SD 0.09 0.09 0.05 0.07

2.5. Specimen Identification

Each specimen was given an identification code. The first letter X, Y, or Z stood for
the orientation on the build platform. That was followed by the nominal wall thickness.
The last number represented the number in a measurement series. Five specimens per
series were tested. For example, the symbol Y-1.8-2 stands for the second specimen in a
measurement series with a wall thickness of 1.8 mm printed in the Y orientation. Figure 5
shows some identified specimens prepared for the tests.

Z-1.%-1
D-4dy~2
2443
Zud =4
2e0.4-5%

Figure 5. Examples of identified specimens before the flexural tests.
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2.6. Static Flexural Tests

The static three-point flexural test was conducted at a speed of 5 mm /min using an
Inspekt mini 3 kN universal testing machine (Hegewald & Peschke MPT GmbH, Nossen,
Germany). Figure 6 shows a specimen under three-point bending load.

Figure 6. Specimen subjected to bending.

The flexural strength was calculated from the following Formula (1):

M

UB:W/

where M is the bending moment exerted by the maximum bending load F;, and W is the
shape factor for a thin-walled square hollow section (Figure 4), calculated as Formula (2):

bh3 — byl

W=—a

@

The flexural strength of each specimen was calculated from the measurement data
using the LabMaster software installed on the universal testing machine. The input infor-
mation was the cross-sectional dimensions and the test results.

2.7. SEM Microscopy

A JEOL JSM-7100F scanning electron microscope (SEM, JEOL, Tokyo, Japan) was used
to study the fractured specimens. The analysis was performed at magnifications ranging
from 20 to 50,000. The specimens were sputter-coated with gold prior to the observations.

3. Results and Discussion
3.1. Static Flexural Tests

The results of the three-point flexural tests were plotted as graphs (Figures 7-10).
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Figure 7. Load vs. deflection graphs for the specimens with a nominal wall thickness of 1 mm
(a) printed in the X and Y directions and (b) printed in the Z direction.
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Figure 8. Load vs. deflection graphs for the specimens with a nominal wall thickness of 1.4 mm
(a) printed in the X and Y directions and (b) printed in the Z direction.
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Figure 9. Load vs. deflection graphs for the specimens with a nominal wall thickness of 1.8 mm
(a) printed in the X and Y directions and (b) printed in the Z direction.
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Figure 10. Load vs. deflection graphs for the specimens with a nominal wall thickness of 2 mm
(a) printed in the X and Y directions and (b) printed in the Z direction.

As can be seen from the plots in Figures 7-10, the bending of the specimens built in
the X and Y directions was different from that observed for the Z-oriented sections. These
differences can be explained by the occurrence of much greater adhesion forces between
the filament layers in the Z direction than in the XY direction. The curves indicate a clear
plastic deformation (beam deflection about 16-20 mm) for the specimens printed in the
X and Y directions. The plastic deformation (beam deflection) obtained for the vertically
built (Z-oriented) specimens was much lower, ranging between 6 mm and 9.5 mm. The
differences are likely to be due to the inherent feature of the FDM/FFF technology, i.e.,
the build orientation. Another observation is that for the specimens with the smallest
wall thickness (1 mm), there was a large scatter of results concerning the bending load.
In analyzing Figure 7 (1 mm specimens), it can be seen that the average value of the
maximum bending force is only 32.9 N, and it is on average 57% lower than the average
value for the X and Y directions, which is 76 N. A similar characteristic is present for
Figures 8-10, where the values for the Z direction are smaller: 36%—specimens 1.4 mm and
63%—specimens 1.8 mm and 2 mm. For specimens at 1 and 1.4 mm thickness, the average
force drop is therefore 46.5%, and for specimens at 1.8 and 2 mm, it is 63%. It seems that
such characteristics may be affected by the various types of filling, where for both thicker
samples it was a stitch, and in the case of thinner-linear.

In the case of a few types of 3D printers, it is possible to independently modify the
G-code, which in the case of thin-walled specimens could have a positive effect and may
have a large industrial meaning. In the case of the 3D printer used—Zortrax, this was
not possible. At the same time, comparing the results of the presented research with the
previously conducted own work of [28], it can be stated that the software of many 3D
printers have some kind of digital gaps. In reference [28], it was noticed that for certain
thicknesses of thin-walled samples, there is also no filling or it is in the form of a stitch.
The lack of filling occurred despite CAD samples being designed as full. Such a situation
resulted in the formation of an empty space inside the thin-walled specimens (making
them hollow), i.e., delamination, which negatively affected the mechanical properties of
the analyzed samples manufactured with the FDM technology and PLA-based material
with the addition of bronze.

The consequence of such conclusions is a suggestion regarding the implementation by
manufacturers of 3D printers and software in the FDM technology of an additional module
for generating G-codes in the case of 3D printing of thin-walled models.

Figures 7-10 include closeups of single specimens simulated in Zortrax Z-SUITE. It
can be seen that the specimens with a thickness of 1 mm or 1.4 mm have linear build
paths, whereas in thicker specimens (1.8 mm and 2 mm), a stitch is visible to connect
the central layers. This way of model building results from the G-codes controlling the
print head’s motion, path, and position. The stitch in thin-walled models is clearly the
shortcomings of the FDM process. This type of filling generates a much more complex
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state of stress during bending. At the same time, there is a much greater share of adhesion
forces and a smaller share of cohesion between individual distributed fibers (paths) of the
filament. For models without a stitch, the situation of the forces is the opposite, which can
be explained by the greater strength of the samples without a stitch. This is seen in the
example of specimens printed in the direction of the Z axis, where the bending strength is
definitely lower compared to models made in the X and Y axes. It seems that by changing
the G-codes, we are able to change the method of path formation and, consequently, to
modify the mechanical properties of a model.

The flexural strength determined for the specimens in the different measurement series
is presented in Table 3, calculated based on equations 1 and 2.

Table 3. Mean flexural strength obtained in the particular measurement series.

Measurement Series Symbol (mvr\ll13) (I\Z'Ilza)
X-1.0 114.03 26.93
Y-1.0 114.03 26.65
Z-1.0 131.65 9.99
X-1.4 141.05 33.97
Y-1.4 144.51 33.15
Z-14 168.27 18.12
X-1.8 147.26 36.79
Y-1.8 148.92 36.28
Z-1.8 164.07 12.05
X-2.0 165.99 35.50
Y-2.0 144.51 40.18
Z-2.0 174.54 12.35

Figure 11 depicts the relationships between the wall thickness and the flexural strength
of the specimens printed in the X and Y directions. The flexural strength of the Z-oriented
sections was lower and as such was not considered. The data suggest that structural
elements, including those in the form of thin-walled square hollow sections, should not be
printed in the Z direction.

45

y=1.1947x+26.513

40
R?=0.8345

w
o

N
&1
L

N
(=]
L
\

GB (MPa)

0 | | | | | | | |

X-1.0  Y-1.0 X-1.4  Y-14 X-1.8  Y-1.8 X-2.0 Y20
Measurement series

Figure 11. Flexural strength versus wall thickness for the specimens printed in the X and Y directions.

From the data in Table 3 and Figure 11, it is clear that the flexural strength of the
specimens was dependent on the wall thickness. It can be seen that when the wall thickness
was 1 mm, the flexural strength reached 60% of that registered for the reference solid
specimens with a wall thickness of 2 mm. The linear trend suggests that the differences in
strength decrease with increasing thickness (1.4 mm and 1.8 mm). Engineering practice
concerning the design of thin-walled orthoses, for instance, shows that the wall thickness
is generally 2 mm. If there is a need for topology optimization, this could be achieved
by reducing the wall thickness. Such modifications, however, may result in material
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x50,000

15.0kV LED

failure, caused by the changes in its flexural strength. The findings are of importance
when specimens are exposed to considerable bending loads and a higher factor of safety
is required.
3.2. SEM Microscopy

The results of the microscopic examinations are displayed in Figures 12 and 13.

—
15.0kV LED

15.0kV LED

(b)

Figure 12. SEM images of the composite structure: (a) side view, magnification x50; (b) side view,

magnification x100; and (c) fracture area with aramid fibers, magnification x500.

x50,000 15.0kV LED

(b) (0

Figure 13. Images of the material structure in the fracture region: (a) matrix magnified x50,000;
(b) fiber-reinforced material magnified x50,000; and (c) fiber-reinforced material magnified x5000.

The SEM images in Figure 12a,b reveal the irregular layered structure of the matrix
and reinforcement materials when looked at from the side. Figure 12c shows a closeup of
the composite in the fracture region with visible single aramid fibers. In this case, a small
percentage of the material (approximately 5% by volume) was used. In Figure 13b,c, the
aramid fibers visible have no clear orientation.

4. Conclusions

The conclusions formulated on the basis of the flexural tests and microscopic analysis
are as follows.

The addition of aramid fibers did not compensate for the undesirable anisotropic
phenomena. The difference in strength between the elements printed in the X or Y direction
and those built in the Z direction ranged from 60 to 70%, one has plastic and the other
has a brittle nature. These differences can be explained by the occurrence of much greater
adhesion forces between the filament layers in the Z direction than in the XY direction.
That might have been due to the small amount of fibers present in the whole volume of
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the composite material. No clear difference was observed between the X- and Y-oriented
specimens though. Their flexural strength graphs were similar.

The printing of the thin-walled specimens in the form of square hollow sections did
not require any support material, which was an advantage.

For the specimens with a thickness of 1 mm or 1.4 mm, the infill pattern was linear.
Thicker specimens (1.8 mm and 2 mm) needed a stitch, which had some negative effects on
the strength. Further research is required to study the problem in more detail.

It is not recommended to 3D print square hollow sections in the Z direction (vertically
oriented on the build platform).
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