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ABSTRACT: Additive manufacturing (AM) technology has attracted significant attention with the
rapid fabrication of 3D parts for various applications. The two most popular techniques in this
technology, Fused Deposition Modelling (FDM) and Stereolithography (SLA), make it possible to
produce functional parts with complex shapes quickly and cheaply. Determining the mechanical
properties of the parts fabricated by these methods is important in terms of efficient operation in the
relevant fields. In this study, forty-five test specimens were fabricated using three different polymer
materials (UVR, PLA, and ABS) in SLA and FDM type 3D printers, including tensile, compression,
and 3-point bending tests. Samples are printed at a 75% fill rate according to ASTM standards.
Experimental studies were carried out to determine the mechanical properties of the samples. Among
the samples, the highest strength values in tensile, compression and bending test samples made of
UVR material were 60.39 MPa, 127.74 MPa and 118.35 MPa, respectively. In addition to mechanical
properties, hardness, and SEM analyses were performed to examine the surface roughness, surface
topography, and composition of the samples.

Keywords: Additive manufacturing, Compression test, Fused deposition modelling,
Stereolithography, Tensile test, 3-point bending test.
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1. INTRODUCTION

Additive manufacturing (AM) produces objects directly from three-dimensional (3D) models
by combining materials layer by layer. Appropriate application of AM can help to save fabrication
time and cost, shorten the product development cycle, and increase fabrication capability and
complexity (Singh et al., 2017). Thanks to its unique fabrication technique, AM is adopted in many
industrial applications such as aerospace, automobile, automation, food, and pharmaceutical (Haleem
and Javaid, 2019; Bocking and Tillman, 2019; Ble-Bail et al., 2020). The main additive
manufacturing applications include rapid prototyping, rapid tooling, and rapid manufacturing. Much
research is being done to improve the AM process by developing new fabrication technologies,
evaluating environmental sustainability performance by performing cost analysis and evaluation, and
improving printing accuracy and quality (Cheeser et al., 2019; Uludag et al., 2023). AM technologies
are primarily applied for fit and function prototyping and tooling in the design and modeling phase.
In such cases, the mechanical properties of prototypes or tools are very important (Shassere et al.,
2019; Du Plessis et al., 2020). Because products must withstand high pressure from the rig or injection
molding testing. It is important to determine these pressure data in tension, compression, and bending
conditions before the product is used.

The distinguishing features of AM are often presented in the context of comparison with
traditional manufacturing processes. The term "additive manufacturing” is ultimately defined by the
American Testing and Materials Corporation (ASTM) F42 committee as a technique. AM techniques
can be divided into seven categories according to the ASTM standard (Kawalkar et al., 2022):
material extrusion, powder bed fusion, vat photopolymerization, material sputtering, binder
sputtering, sheet lamination, and directed energy deposition (Li et al., 2020; Duman and Ozsoy,
2022). These processes include stereolithography (SLA) (Ertugrul et al., 2023), electron beam
melting (EBM) (Galati et al., 2018) selective laser melting (SLM) (Cheng et al., 2016), fused
deposition modelling (FDM) (Ozsoy et al., 2022), polyjet (Patpatiya et al., 2022), two photon
polymerization (2PP) (Nguyen and Karayan, 2017) and digital light processing (DLP) (Chaudry et
al., 2023) are also widely used in AM. In the current study, FDM, a material extrusion process, and
SLA, a photo polymerization-based method, were preferred. These methods are the most preferred
and researched technologies in the 3D printing process.

While various methods exist for the 3D printing process, FDM is a widely used methodology.
In the FDM technique, the 3D printers used a thermoplastic type filament, which is heated until it
reaches its melting temperature, then extruded layer by layer (Shi et al., 2021). The uninterrupted
usability of the given material is made by using printing pieces in a layered manner. The heating
element in the liquefier head is used to bring the filament to a semi-liquid phase, which is then
extruded from the nozzle into the printing area to print the actual component. The most important
task in this process is to melt the next layer before it solidifies since solidification before fusing can
have a greater impact on other properties of the component. The most used raw materials in the FDM
fabrication process are Acrylonitrile Butadiene Styrene (ABS), Polylactic Acid (PLA), Polycarbonate
(PC), Polyethylene Terephthalate Glycol (PETG), and Thermoplastic Polyurethane (TPU) (De Leon
et al., 2019; Yadav et al., 2020). Parts fabricated with FDM are suitable for detailed functional
prototypes, durable fabrication tools, and low-volume fabrication. FDM is used in aviation, medicine,
consumer goods, architecture, and automotive (Chohan et al., 2017; Kempin et al., 2017).

SLA is the first AM technology in which a liquid photosensitive resin is converted into a solid
by selectively exposing it to an ultraviolet (UV) light (Prabhakar et al., 2021). The liquid-based

materials used in the SLA process are complex chemical compounds specially designed for each SLA
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printer. Both solid and powder-based materials used in SLA are polymers such as photopolymer resin,
PLA, and ABS (Miedzinska et al., 2020). While SLA materials are fragile, toxic, or vulnerable to
light exposure, recent developments gradually reduce these limitations. During the process, a thin
layer of liquid in contact with UV light is solidified into the fabrication bed. When the process is
complete, the fabrication bed is removed with the fabricated object attached to it; then, it is un-
breakable and cleaned with alcohol-based chemicals. Depending on the material selection, the part is
either post-treated with other chemicals or cured briefly under intense UV light (Kafle et al., 2021).
SLA is widely used in the fabrication of medical prototypes and prosthetics, small and sensitive
prototypes, optical parts and transparent fabrications, and dental fields (Dehurtevent et al., 2017;
Mukhtarkhanov et al., 2020).

Many studies are carried out to determine and develop various properties of products fabricated
with SLA and FDM methods (Heidari-Rarani et al., 2019; Camargo et al., 2019; Marsavina et al.,
2022) Mercado-Colmenero et al., (Mercado-Colmenero et al., 2020) present numerical and
experimental analysis of polymeric material PETG fabricated by FDM technology, aiming to obtain
its mechanical characterization under uniaxial compression loads. Yadav et al., (Yadav et al., 2020)
discussed the effects of material density, filler density, and extrusion temperature on the tensile
strength of ABS, PETG, and multi-material test pieces. The multi-material is fabricated by layer-by-
layer bonding of 50% ABS and 50% PETG in an FDM 3D printer. A total of 30 test pieces were
printed according to ASTM D638-(1V) standard with different fill densities, extrusion temperatures,
and material densities. In addition, the fill density and extrusion temperature are optimized to increase
the tensile strength of the FDM fabrication units. Ozsoy et al., (Ozsoy et al., 2021) fabricated 36 test
specimens, including two different polymer materials (PLA and ABS), tensile, compression tests, and
3-point bending tests, in the FDM-type printer. Chacon et al. (Chacon et al., 2017) aimed to
characterize the effect of structure direction, layer thickness, and feed rate on the mechanical
performance of PLA samples fabricated with a low-cost 3D printer.

Tensile and three-point bending tests were performed to determine the mechanical response of
the printed samples. Due to the layer-by-layer fabrication, it was observed that the samples exhibited
anisotropic behaviour, and vertical orientation showed the lowest mechanical properties. Regarding
layer thickness and feed rate, it was determined that ductility decreased as the layer thickness and
feed rate increased. The current study is aimed to compare the mechanical properties of the samples
by producing tensile, compression, and bending tests with these three types of materials in SLA and
FDM-based 3D printers. Thus, innovation will be added to the literature.

In this study, test samples were fabricated using three different polymer materials (UVR, PLA,
and ABS) to examine the material properties of SLA and FDM 3D printing methods, which are AM
methods. Test specimens were prepared according to ASTM standards for plastic materials. While
UVR material was used in the SLA to produce the samples, PLA and ABS materials were used in the
FDM. Forty-five test specimens were fabricated for each process parameter, including fifteen tensile,
fifteen compressions, and fifteen bending tests.

2. MATERIALS AND METHODS

2.1 Materials
This section presents the types of 3D printers and materials used in the additive manufacturing
process of the test samples whose mechanical properties will be examined. Since the samples will be
fabricated by Stereolithography (SLA) and Fused Deposition Modelling (FDM) methods, two types
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of printers were used. FDM-based 3D printing can be obtained from these printers with the printer in
Figure 1a. Creality Ender 6 brand printer has a large print volume of 250x250x400 mm. In addition,
the printing speed can reach 150 mm/s with 0.1 mm resolution. Printing with PLA, ABS, TPU, Nylon,
HIPS, and conductive filament types is possible with the Creality printer. The slicing program named
Cura was used for the printing process with this printer. SLA-based 3D printing is possible with the
printer in Figure 1b. The FlashForge Foto 6.0 brand printer has a low print volume of 130x78x155
mm. However, finely detailed prints can be obtained in small volumes with high efficiency and
precision. The printer has a pixel resolution of 2560x1620 and offers a print speed of 30 mm/h. The
slicing program called Chitubox was used for the printing process with the printer. Ultraviolet light-
sensitive fluid resin was used as the printing material in the Flashforge Photo 6.0 printer.

Figure 1. FDM and SLA type printers used in 3D fabrication (a) Creality Ender 6 (b) Flashforge Foto 6.0

Three materials were used to produce test samples: ABS, PLA, and UVR. PLA and ABS were
used in filament form, while UVR was used in fluid form. ABS is a common thermoplastic polymer
typically used for injection moulding applications. This engineering plastic is popular for its low cost
of manufacture and ease of processing by the material's plastic manufacturers. ABS material is
advantageous in various industries due to its properties such as structural strength and rigidity,
chemical resistance, and excellent electrical insulation. However, it also brings restrictions due to its
properties such as being damaged by sunlight and being dangerous when burned. PLA is a completely
biodegradable thermoplastic polymer composed of renewable raw materials. Another advantage of
using PLA filament is its environmentally friendly properties (Morao and De, 2019).

Table 1. Properties of ABS, PLA and UVR materials

Compression Density Tensile Elongation at Bending Impact Strength
Temperature (°C) (g/cm®)  Strength (MPa) Break (%) Strength (MPa) (kJ/m?)
PLA 180-215 1.24 65 28 92 6.8
ABS 210-230 1.04 40 40 75 7.6
Y mepy oelenst MO s 0
UVR 150-200 1.25 52 20 405 84

As a biodegradable material made from renewable resources, it produces fewer emissions
during the printing process compared to other materials. Among all 3D printing materials, PLA is
part of the most popular materials used for additive manufacturing for filament fabrication. The UV
resin material is viscous and is fabricated for 3D printing devices. The photopolymer-based resin
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material has fast-drying properties after exposure to UV light. After curing, UV resin is non-stick,
clear, yellowing, and scratch resistant. Recently, it has been used frequently in industrial applications
and biomedical fields. Some technical specifications of ABS, PLA and UVR materials are given in
Table 1 (Aloyaydi and Sivasankaran, 2020; Kim et al., 2007; Turan et al., 2022).

ASTM standard was preferred for sizing test samples. The technical drawing and dimensions
of the samples are shown in Figure 2. ASTM D638-14, ASTM D695, and ASTM D790 standards
were used for tensile, compression, and 3-point bending tests, respectively (Laureto and Pearce, 2018;
Salman et al., 2015; Ishak et al., 2010). The samples were fabricated in the dimensions shown in
Figure 2 and with a thickness of 3.20 mm. Solid models of the samples were made in 3D with
SolidWorks software within the framework of the specified dimensions.
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Figure 2. Dimensions of test specimens in ASTM standards (mm) (a) Tensile specimen (b) Compression specimen (c)
3-point bending specimen
2.2 Methods

In this section, the fabrication process of tensile, compression and bending test samples is given.
The printing parameters of SLA and FDM-based printers must be adjusted for fabrication with 3D
printers. The printing parameters selected for ABS, PLA, and UVR materials. Although the
occupancy rate was chosen as fixed in both printers, other parameters had to be selected differently
because there were different types of printers. In addition, since the printing temperature values
materials are different in FDM technique, two nozzle and table temperatures were determined.

The parameters in Table 2 are defined in the slicing program of the 3D printer to generate the
G-codes of the solid modelled samples. This code defines settings such as the position and angle of
the part to be printed on the printer table. The G-codes fabricated in the program are transferred to
the 3D printer with the help of a USB, and the part is made ready for printing. The printer table needs
to be calibrated manually for both 3D printers. After this process, the necessary material is attached
to the printer or poured, and fabrication is started. Before starting the manufacturing process, a thin
film of adhesive was applied to the print bed in the FDM method to ensure better adhesion of the first
layer of the sample to the glass print bed during fabrication.

Table 2. 3D printing parameters used in FDM and SLA methods.

Fill Rate Layer Wall Thickness  Print Speed Nozzle Table
(%) Thickness (mm) (mm) (mm/s) Temperature (°C) Temperature (°C)
FDM 75 0.15 0.9 50 200/220 70/80
Fill Rate Layer Number of Print Speed Number of Exposure Time
(%) Thickness (mm) Base Layers (mm/s) Transition Layers (s)
SLA 75 0.03 15 1.8 10 80
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Calibration settings were made on the FDM 3D printer, and the red color Creality, brand PLA
material, was attached to the printer for the fabrication of tensile test specimens. The samples were
fabricated according to the parameters in Table 2 as in Figure 3a. The same print settings were
repeated, and the fabrication was made with yellow Creality brand ABS material. Ten tensile
specimens were fabricated by the FDM method, five for each material type. Finally, the tensile
samples in Figure 3a were fabricated on an SLA-based printer using transparent Anycubic brand
UVR material. Thus, fifteen tensile test specimens were fabricated following ASTM D638-14
standards with three materials and two different fabrication techniques. Using the same printing
parameters and material types, fifteen 3-point bending test specimens were fabricated in ASTM D790
standards as in Figure 3b. Finally, fifteen compression test samples were fabricated in accordance
with ASTM D695 standards as in Figure 4.

(a) (b)
Figure 3. Tensile and 3-point bending test specimens fabricated on a 3D printer using PLA, ABS and UVR materials:

(a) Tensile test specimens (b) 3-point bending test specimens

SRR ARMERE
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Figure 4. Compression test samples fabricated on a 3D printer using PLA, ABS and UVR materials
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3. RESULTS AND DISCUSSION

Mechanical test sample groups fabricated by FDM and SLA additive manufacturing methods
are named according to the mechanical tests to be applied. The tensile test sample group is named the
letter 'T', the compression test sample group is named the letter 'C', and the 3-point bending test
sample group is named 'B'. The results are given both graphically and in tabular form.

3.1 Tensile Strength Tests Results

Tensile experimental studies were performed on a 50 kN capacity test device (AG-X,
Shimadzu) using the ASTM D638-14 standard. The device has a reading range of +0.1% between
50kN and 50N according to ISO 7500/1, ASTM E4, and DIN51221 standards. The test speed range
is 0.0005mm/min-1000mm/min. Experimental studies were carried out at a tensile speed of 1 mm/s.
The stress-strain diagrams resulting from the tensile test of the samples fabricated with PLA, ABS,
and UVR materials are shown in Figure 5. The stress, percent elongation, and modulus of elasticity
calculated according to the applied force and elongation are given in Table 3.

Table 3. Tensile test results of PLA, ABS and UVR materials

pLa  Stengh st Qo ags Stengh swin (LY wv stengh st g0

(GPa) (GPa) (GPa)
T1 36.12 2.48 1.452 T1 25.75 2.37 1.084 T1 61.75 4.39 1.403
T2 36.42 2.26 1.592 T2 27.74 242 1.114 T2 54.42 3.72 1.627
T3 36.51 2.19 1.716 T3 28.72 244 1.117 T3 61.31 4.48 1.366
T4 36.21 2.35 1.552 T4 31.65 243 1.319 T4 62.36 4.47 1.391
T5 36.73 2.49 1.478 T5 32.81 244 1.332 T5 62.14 4.27 1.453
Average  36.39 2.35 1.558 29.33 242 1.193 60.39 4.26 1.448

The highest tensile strength value occurs in the samples fabricated with the SLA technique
using UVR material. When Figure 5 is examined, it can be said that the strength-strain curves of the
samples fabricated using different materials coincide. When the strength-strain curves of the products
fabricated with UVR and ABS materials are compared, the tensile strength values of the products
fabricated with UVR material are approximately 90% higher than those fabricated with ABS material.
The elongation at break values of the products fabricated with ABS material is 60% higher than those
fabricated with UVR material. This is because the bond structure between the layers in the 3D printing
process is better in UVR material samples than in PLA and ABS materials. The average elongation
amounts of PLA, ABS, and UVR samples were determined as 2.35 mm, 2.42 mm, and 4.26 mm,
respectively. The mean modulus of elasticity values of PLA, ABS, and UVR material samples was
calculated as 1.558 GPa, 1.193 GPa, and 1.448 GPa, respectively.
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Figure 5. Strength-strain diagrams of tensile tests for tensile specimens made of different materials (a) PLA materials
(b) ABS materials (c) UVR materials (d) All materials

The tensile strength of the samples fabricated by the SLA method is higher than FDM because
they have isotropic properties. With this feature, SLA-type specimens have the same force value in
all directions. When the tensile and elasticity modulus data obtained as a result of the tensile test and
the existing studies in the literature are examined, it is seen that there is a similarity in terms of
material properties. Zhao et al. (Zhao et al., 2019) investigated the effect of compression angle and
layer thickness on the tensile strength and Young's modulus of PLA materials fabricated with FDM.
According to the results, the printing material with a 90° compression angle and 0.1 mm layer
thickness had the highest tensile strength with 49.66 MPa. In contrast, the printing material with 0°
compression angle and 0.3 mm layer thickness had the highest tensile strength with 19.16 MPa.
Grabowik et al. (Grabowik et al., 2017) presented tensile test results for samples from ABS, PLA,

PET, PMMA, ASA, and wood material groups. The peak stress value for ABS material is between
34.6 and 35 MPa.

3.2 Compression Tests Results
Compression test experimental studies were performed on a 50 kN capacity test device (AG-X,
Shimadzu) using the ASTM D695 standard. The study applied a constantly increasing compression
load to PLA, ABS, and UVR material samples placed between two jaws. The stress-strain diagrams
resulting from the compression test applied to the specimens are given in Figure 6. The stress, percent
elongation, and modulus of elasticity calculated according to the applied force and elongation are
given in Table 4.
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Table 4. Compression test results of PLA, ABS and UVR materials

pa St st SO0 gg stegn st SRS g Stegh s g0

(GPa) (GPa) (GPa)
C1 94.63 6.63 0.601 C1 86.56 6.51 0.531 C1 130.02 2.90 1.752
C2 93.57 6.51 0.602 C2 88.66 6.44 0.538 C2 131.42 3.06 1.685
C3 93.82 6.74 0.603 C3 88.52 6.68 0.528 C3 116.12 2.35 1.945
C4 94.12 6.52 0.592 C4 88.42 6.64 0.529 C4 127.54 2.93 1.712
C5 95.15 6.73 0.598 C5 88.75 6.56 0.536 C5 133.62 3.02 1.743
Average 94.25 6.62 0.599 88.18 6.56 0.532 127.74 2.85 1.767

The UVR material samples have higher compressive strength values than ABS and PLA
samples (Figure 6). The most important factor affecting compressive strength is the material's
molecular structure. The differences in the molecular structures of the materials used in the test
processes, the chemical composition, metallographic structure, and the number of functional groups
of the polymers affected the compressive strength. The UVR material structure consists of resin +
photoinitiators. Photoinitiators absorb light of different wavelengths and form free radicals that
initiate crosslinking and curing of a formula. Among the process parameters, the elastic range of ABS
material is minimal and visible for UVR and PLA. Taking the average of the experimental studies,
the compressive strengths for PLA, ABS, and UVR were calculated as 94.25 MPa, 88.18 MPa, and
127.74 MPa, respectively. The mean modulus of elasticity values of PLA, ABS, and UVR material
samples was calculated as 0.599 GPa, 0.532 GPa, and 1.767 GPa, respectively.

When the strength data obtained as a result of the compression test and the existing studies in
the literature are examined, it is seen that there is a similarity in terms of material properties. Kholil
et al. (Kholil et al., 2022) aimed to determine the compressive strength of FDM with parameters. The
sample fabrication process includes ABS and PLA materials. The highest compressive strength was
found in PLA material with a yield strength value of 66.78 MPa and a layer thickness of 0.15 mm.
The lowest compressive strength was found in ABS material, with a yield strength value of 33.41
MPa and a layer thickness of 0.35 mm. Miedzinska et al. (Miedzinska et al., 2020) present the results
of durability tests on selected materials used for printing with SLA technology. To determine the
properties of these materials, two types of tests differing in strain rate were used: the quasistatic test
on the Zwick & Roell Kappa 50DS strength machine and the dynamic test on the Hopkinson bar. As
a result of the experimental studies performed with Tough and Clear type resins, the average values
of the maximum compressive strength were found to be 189.5 MPa and 231.2 MPa, respectively. The
strain ratios at these values were measured as 4.568 and 5.994. Based on the results obtained, the
tested Tough and Clear light-curable resins revealed that the strain rate significantly affected the
compressive behaviour, yield strength, material weakening, and strain hardening. Static compression
tests revealed the elastic-plastic behaviour of the material. The 50% of strains obtained in the tests
did not cause cracking in the samples. The samples were deformed but remained consistent.
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Figure 6. Strength-strain diagrams of compression tests for compression specimens made of different materials (a) PLA

materials (b) ABS materials (¢) UVR materials (d) All materials

3.3 3-Point Bending Tests Results

The 3-point bending test is usually performed on brittle materials rather than a tensile test. For
this reason, the 3-point bending test gives more meaningful results in brittle materials. Bend test
studies were performed on a 50 kN force transducer capacity machine (AGS-X, Shimadzu) using the
ASTM D790 standard. The mandrel's diameter and the supports' diameter were fixed in accordance
with the standard. After the assemblies were fixed, both PLA, ABS, and UVR materials were placed
on the supports for the test specimens, and the specimens were bent with the help of a mandrel by
applying the load. The strength-strain diagrams resulting from the 3-point bending test of the samples
are shown in Figure 7. The stress, percent elongation, and modulus of elasticity calculated according
to the applied force and elongation are given in Table 5.

Table 5. 3-point bending test results of PLA, ABS and UVR materials

pa St stan S0 gg stegn st SR e Stegh s g0

(GPa) (GPa) (GPa)
Bl 78.35 3.26 0.913 Bl 37.57 3.44 0.406 Bl 117.91 2.72 1.205
B2 80.60 3.12 0.881 B2 56.72 3.43 0.621 B2 120.22 3.03 1.214
B3 80.28 2.87 0.901 B3 44.82 3.42 0.493 B3 121.34 3.32 1.195
B4 80.68 3.44 0.865 B4 54.18 3.39 0.598 B4 118.38 2.95 1.186
B5 80.01 3.15 0.910 B5 53.45 3.44 0.615 B5 113.92 3.43 1.198
Average 79.98 3.16 0.894 49.34 3.42 0.546 118.35 3.09 1.199
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The highest bending strength was observed in the samples made of UVR material. The lowest
bending moment was found in ABS materials. The average bending strength values for PLA, ABS,
and UVR samples were 79.98 MPa, 49.34 MPa, and 118.35 MPa, respectively. It can be seen that
results similar to the compression test were obtained. The most important reason for this is the
difference between the molecular structure of the materials. In addition, the high bending strength of
the UVR material led to higher bending strength values.
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Figure 7. Strength-strain diagrams of 3-point bending tests for 3-point bending specimens made of different materials
(a) PLA materials (b) ABS materials (¢) UVR materials (d) All materials

This bending strength was followed by PLA and ABS materials, respectively. While the bending
strength values of UVR and PLA samples were close to each other for five tests; there are 25%
differences in ABS materials. The elastic range is visible for all materials. When the average of the
experimental studies is taken, the percent elongation values for PLA, ABS, and UVR materials were
calculated as 3.16%, 3.42%, and 3.09%, respectively. The mean modulus of elasticity values of PLA,
ABS, and UVR material samples was calculated as 0.894 GPa, 0.546 GPa, and 1.199 GPa,
respectively.

When the data obtained as a result of the 3-point bending test and the existing studies in the
literature are examined, it is seen that there is a similarity in terms of material properties. Atakok et
al. (Atakok et al., 2022) used the Taguchi methodology to investigate the effects of FDM fabrication
parameters (tensile strength, three-point flexural strength, and 3D-printed PLA and Re-PLA) on
impact strength. Filaments (PLA, Re-PLA), three different layer thicknesses, filling ratios, and filling
structure were determined as FDM process parameters.
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3.4 Hardness Measurement Results

Hardness measurements of the test sample were made with the TRONIC PD-801 Analog
Shoremeter device in SHORE D. The Shoremeter device is suitable for measuring hard rubber,
synthetic materials, thermoplastics, vinyl sheets, cellulose acetates and MDF. Tensile test sample was
used for hardness measurements. Hardness measurements were made from 5 different points on the
upper and lower surfaces of each sample and calculations were made by taking the average values.
The measured hardness values are given in Table 6. When the test samples fabricated with PLA, ABS
and UVR materials are compared among themselves, it is seen that the hardness values of the products
fabricated with UVR material are higher than the products. Made from PLA and ABS. The reason
for this is that the void structure in products fabricated with UVR is quite low compared to other
materials. When the upper and lower zone hardness values are examined, it is seen that the lower
surface hardness is higher than the upper surface hardness. It is thought that the adhesives applied to
ensure the adhesion of the sample to the glass table in the manufacturing made with the FDM
technique cause the hardness of the lower surfaces of the samples to increase. For this reason, the
substrate hardness of ABS and PLA samples was higher. Similarly, the hardness of the sample
fabricated with the SLA technique was higher on the surface that first adhered to the table, that is, the
lower surface.

Table 6. Hardness values of PLA, ABS and UVR materials

Shore D Hardness Values

Top Surface Bottom Surface
Average Average
PLA 62.15 75.13
ABS 69.77 80.35
UVR 72.54 84.76

3.5. Surface Analysis Results

Surface image analysis was performed with a scanning electron micro-scope (SEM) device to
examine the surface morphology of the tensile test specimens fabricated from PLA, ABS, and UVR
materials after breaking within the scope of experimental studies. With SEM, besides taking surface
images at high magnifications, information about the chemical composition of the material can also
be obtained. Images of the fractured areas of the specimens broken in the tensile tests were taken with
the ZEISS Gemini 500 FESEM.

After the tensile test was applied to PLA, ABS, and UVR materials, pictures of the fractured
areas of the fracture test specimens were taken in the SEM device with 40x, 100x, 2000x, and 5000x
magnifications and are given in Figure 8. SEM analysis of the UVR test sample shows that the
material interface is better compared to ABS and PLA samples. It is seen in Figure 8f that there is
almost no gap in each layer of the sample fabricated with UVR material. The gaps between the 3D
printed fibers in each layer of the fabricated samples are higher in ABS samples (Figure 8g). In the
5000x magnified images of the fracture areas of the fabricated samples in SEM, it is seen that the
interlayer gaps in the ABS sample are much larger. The sample’'s hardening and strength are reduced
by its extensive void structure. When the samples fabricated with ABS and PLA are examined, it is
seen that the 3D-printed fibres in each layer are in linear contact with each other (Figure 8a and Figure
8b).

It can be said that the ABS material test sample behaves like a ductile material because the

interlayer bonds are weaker. Surface fractures of PLA and UVR materials indicate a brittle fracture.
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Although it seems to be a partially brittle fracture in ABS material, it exhibited a slightly different
fracture behaviour as it has a hollower structure. In the SEM image of the PLA sample in Figure 8e,
up to half of the material is where the fracture starts and where the fracture is very rapid and brittle.
Later, as the shrinkage continued, the lower part of the material was catastrophically broken, and a
wavy structure was formed. The UVR material also appears to have a very brittle fracture.

(b) PLA 200 pm-40x

(d) ABS 100 pm-100x " (¢) PLA 100 um-100x _ ~ () UVR 100 um-100x
5 : .‘I‘y; 8 \ . X M

. S

() ABS 2 um-5000x | (k) PLA 2 pm-5000x (1) UVR 2 um-5000x

Figure 8. 40x, 100x, 2000x and 5000x magnified images taken from SEM of the broken parts of the samples as a result
of the tensile test (a) ABS 200 pm-40x (b) PLA 200 pm-40x (¢) UVR 200 um-40x (d) ABS 100 pm-100x (e) PLA 100
pum-100x (f) UVR 100 pm-100x (g) ABS 2 um-2000x (h) PLA 2 pm-2000x (i) UVR 2 um-2000x (j) ABS 2 pm-5000x
(k) PLA 2 um-5000x (1) UVR 2 um-5000x
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4. CONCLUSION

This study fabricated tensile, compression, and 3-point bending test specimens following the
standards using PLA, ABS, and UVR-type materials with FDM and SLA-based additive
manufacturing methods. The mechanical properties of these materials were examined and compared
with the tests performed. For each material type, fifteen test specimens were fabricated. ASTM
standard was used for sizing forty-five test samples fabricated with a 3D printer. PLA, ABS, and
UVR is important for efficient parts operation and the widespread use of the fabrication technique.
The best mechanical properties were observed in the test specimens made of UVR material. The
highest tensile, compressive, and bending strengths were measured in these samples. These values
are, on average, 60.39 MPa, 127.74 MPa, and 118.35 MPa, respectively. After the UVR material, the
highest strength values were observed in the PLA sample, while the lowest values were measured in
the ABS samples. When the test samples fabricated with PLA, ABS, and UVR materials are
compared among themselves, it is seen that the hardness values of the products fabricated with UVR
material are higher than the products fabricated with PLA and ABS. This is because the void structure
inside the UVR samples is very small compared to other materials. Finally, surface image analysis
was performed with the SEM device to examine the surface morphology fabricated from PLA, ABS,
and UVR materials after breaking. As a result of the analysis, the excess of the void structure and the
bond weakness in the ABS samples were observed.
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