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Abstract:

This article aims to investigate the mechanical characteristics of specimens
fabricated using Selective Laser Sintering technology. The research covers flexural
specimens, produced by PAI2 materials. CAD model dimensions were selected according to
the ISO 178 standard, and the chosen specimen geometry is 96 x 8 x 4 [mm] in bulk. All
specimens were produced using a specialized machine Fuse 1 (FormLabs, Summerville, MA).
Four specimen batches were produced, each with a different printing orientation (i.e. vertical
and horizontal) and location on the printing plate (i.e. in the middle and on the edge of the
powder bed). The specimens are tested using a Shimadzu universal machine for testing the
mechanical characteristics of materials, AGS-X 100 kN, with a unique additional tool for
testing 3-point bending specimens.

Keywords: Selective Laser Sintering; Polyamide 12; 3-point bending; Printing orientation,
Flexural strength.

1. Introduction

Additive manufacturing (AM), which used to be called rapid prototyping, nowadays
also known as 3D printing, began to be applied in the 80s of the 20th century [1-3]. In the
past period, the development of the 3D printing technology has progressed a lot. 3D
technologies are commercially available and offer a wide range of possibilities in all areas.
Compared to conventional technologies, 3D printing offers advantages in the engineering
process. In contrast to conventional methods, which create the final product by removing
material, additive manufacturing creates the product by layering the material. [2, 4-7].

The use of 3D printing in production has made it possible to create complex shapes
that are very difficult to obtain with conventional production processes. It also has the
potential for a faster production time, lower costs and higher efficiency. In addition, 3D
printing can be used to reduce waste, as the process requires only the necessary material to
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produce the desired product. The 3D printing technology has revolutionized many industries
and expanded the possibilities of what can be achieved. 3D printing is continuing to be
explored and utilized in various fields, from healthcare to aerospace, and its potentials are
still being discovered [7-9].

A wide range of AM processes may be classified according to several parameters,
ranging from application to the initial condition of the treated materials or the physical
principle underlying the layered solidification process [10, 11]. There are seven types of AM,
i.e., 3D printing technologies that use materials with different combinations of the properties
of conventional materials [5, 12, 13]. These include: (1) Fused Deposition Modeling (FDM):
Which uses thermoplastic polymers as the material and a heated nozzle to extrude a filament
onto a build platform; (2) Stereolithography (SLA): Which utilizes a liquid photopolymer that
is selectively cured by a UV laser or other light source; (3) Selective Laser Sintering (SLS):
Employs a laser to selectively fuse small thermoplastic or metal powder particles; (4) Direct
Metal Laser Sintering (DMLS): Similar to SLS but uses metal powders as the material; (5)
Electron Beam Melting (EBM): Uses an electron beam to melt metal powders into a solid
structure; (6) Binder Jetting (BJ): A liquid binder fuses small metal, ceramic, or composite
powder particles; (7) Laminated Object Manufacturing (LOM): Uses layers of paper, plastic,
or metal laminates that are selectively cut and bonded together [5, 14].

Each AM process has unique benefits and applications, making them suitable for a
wide range of uses. Examples of AM processes include selective laser sintering, fused
deposition modeling, and direct metal laser sintering. These processes involve the use of
various materials, such as polymers, ceramics, and metals, which can be heated and solidified
in a layer-by-layer fashion to create a finished product [15-17]. Other parameters used to
classify AM processes include the type of energy used to heat the material, the layer
thickness, the building speed, and the post-processing needed to complete the object [1, 18,
19].

Overall, AM processes are highly customizable and can be tailored to meet a variety
of needs. AM processes can create complex parts with high accuracy and repeatability
depending on the type of material used and the parameters selected. Additionally, AM
processes can be used to produce parts quickly and cost-effectively, making them ideal for
prototyping and low-volume production runs.

In this paper, the examination of mechanical characteristics was carried out of a
series of 3-point bending performed in four batches of specimens made from polyamide 12
(PA12) material using the Selective Laser Sintering (SLS) technology printing. The
specimens were tested for different compression orientations and printing locations in the
powder bed. This research aimed to analyze the differences in stress-strain diagrams, flexural
strength, and other mechanical properties with horizontal and vertical compression
orientations as well as in the powder bed's middle or on-the-edge printing locations. The
specimens were tested using a three-point bending machine and the results were analyzed
using dedicated software. The results of this study will help to further understand the
mechanical properties of materials printed using the SLS technology and how they are
affected by different printing orientations and locations in the powder bed.

2. Materials and Experimental Procedures

This chapter is divided into four parts for a better transparency of all segments. In the
first part, there was something more to say about the SLS printing technology. This part is
followed by sections on the actual preparation of the specimens, as well as on the
characteristics of the material used. At the end of the chapter, the testing procedure is
described, which includes the machine on which it was tested as well as the characteristics of
the machine itself.
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2.1. SLS technology

SLS is an additive manufacturing technology and a part of the Powder Bed Fusion
family which produces 3D objects obtained by joining materials. This material bonding takes
place layer by layer [5, 20]. Each of the layers is applied by adding a thin layer of powder,
using roller mechanics, over the already bonded part. After that, a laser beam passes over the
defined cross-section fusing the selected material into the previous layer [21, 22]. As a result,
the powder connects horizontally, making a full layer, vertically connecting the preceding
layer. Several items of various forms and dimensions can be produced at the same time using
the described procedure. The process is followed by post-processing, which entails extracting
the model from the unsintered powder solution and sandblasting it. After the post-processing,
the real benefit of the SLS technology comes to the fore. Unlike FDM, SLS can 3D print
models with complicated geometry without the use of support structures since they are
suspended in powder [23].

Laser sourse Scanner system

Roller
Object to be

Powder supply fabricated

Bed

Powder supply

platform Unsintered powder Fabrication platform

Fig. 1. Schematic representation of the working principle of the SLS device.

Objects produced with the SLS technology may be made of plastics (mostly polyamide-
based), metals (often steel, aluminum, and titanium-based powders), ceramics, and
composites [16, 17, 24, 25]. The most commonly commercially available materials used in
the SLS technology come in the powder form and include polymers such as polyamides (PA),
polystyrenes (PS), thermoplastic elastomers (TPE), and polyaryletherketones (PAEK).
Polyamide, in the form of compound PA12, is the most often used material in the SLS
technology in commercial systems. This polyamide can be glass-reinforced at times, while
compound polyamide PA11 is also utilized.

2.2. Specimen preparation — 3D printing

In this research, 3-point bending specimens with the recommended dimensions were
created by the ISO 178:2003 standard. Specimen 3D models were created in CAD software
(SolidWorks, Dassault Systemes, Vélizy-Villacoublay, France) saved in the STL format, and
then ,,sliced” in the PreForm software (Formlabs, Sommerville, MA, USA). The specimen
length, height, and thickness are 1=96 mm, h=4 mm and b=8 mm, respectively (see Fig. 2).



48 L Jevtic¢ et al.,/Science of Sintering, 56(2024)45-57

According to the standard, the acceptable loading and supporting pin radius for the used
specimen size is 5 mm.

Fig. 2. 3-point bending specimen dimensions.

Four batches of specimens were printed, with ten specimens in each batch. The
batches differed in the printing orientation and printing location. Vertical and horizontal
orientations are applied, and each orientation is combined with the printing location, i.e., in
the middle and on the edge of the powder bed as shown in Fig. 3. Fig. 3 shows that HO is
horizontally printed specimens on the edge of the powder bed, and HS is horizontally printed
specimens in the middle of the powder bed. VO is vertically printed specimens on the edge of
the powder bed, while VS is vertically printed specimens in the middle of the powder bed.

Fig. 3. lllustration of different specimen orientations and locations on the powder bed.

The specimens were fabricated using selective laser sintering (SLS) technology on the Fuse 1
3D printer (Formlabs, Somerville, Massachusetts). Printing layers are typically 20 to 150
microns thick, while in this research the powder thickness was 110 microns. During printing,
all models were at least 5 mm apart. At a working temperature of 180°C, the laser power of
the SLS printer was 63-70 W, while the build volume for this 3D printer is 165x165x300
mm.

During the printing of these specimens, 30% of fresh powder was used, while the rest
of the powder was already used during some other printing, i.e. the rest is the so-called sifted
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powder. Then the powder mixture was poured into a cartridge, which was placed in the
machine and mixed for 15 minutes. The old powder was mixed with the new one. After
mixing, part of the powder, i.e. 4-5 kg, it was fed into the printer as needed for printing. Then
the optical cassette was checked. It contains protection for the camera, as well as protection
for the laser itself. After each print, dust remains on the glass protection. If the cassette is not
cleaned before use, when the laser is turned on it disperses the remains of that powder, which
remains retained on the protective glass. In addition, there is an infrared sensor, which is
checked before printing. The parts of that sensor are printed, and sometimes the filters are
cleaned before putting them into operation. After printing, when the specimens have cooled,
they are cleaned even more thoroughly with a sandblaster. After sandblasting, the specimens
were rinsed under a jet of water to remove the powder parts that remained sandblasting. Then
the specimens were dried at room temperature and were ready for use.

2.3. Materials

The specimens for this research were produced using the PA12 material (Formlabs,
Sommerville, MA, USA). One of the materials that are most often used is the one mentioned,
both for complex assembly and prototypes. It is a strong, long-lasting material that may be
used to make useful parts because of its flexibility, heat resistance, and adequate mechanical
qualities [24]. PA12 is commonly used in the automotive, aerospace, and industrial sectors
for applications such as gears, bearings, and pump components [25]. The glass transition
temperature is around 48.8°C, while the materials' melting point is between 178°C and
180°C, which represents the lowest melting temperature of the material among all
polyamides. The properties of PA12 include minimal water absorption, 1.01 g/cm’ density,
chemical resistance, and lack of sensitivity to stress cracking [26]. Table I shows a review of
some of the mechanical properties of PA12.

Tab. I Properties of the PA12 material [27].

Property Value
Ultimate Tensile Strength 50 MPa
Flexural Strength 66 Mpa
Elastic modulus 1850 Mpa
Break strain 11%

2.4. Testing procedure

For this research, a total of forty specimens were printed, divided into four batches of
ten specimens each. The batches were distinguished by variations in printing orientation and
location. Both vertical and horizontal orientations were utilized, with each orientation paired
with a specific printing location - either in the middle or on the edge of the powder bed.

Shimadzu AGS-X universal testing machine (Shimadzu Corp., Kyoto, Japan) was
used to perform three-point bending tests. The load cell capacity of this machine is 100kN,
with a measurement inconsistency of less than 200 N. The machine may do tensile,
compressive, and bending tests depending on the attached adaptors. The specimen was put on
two supporting pins spaced apart for three-point bending. In this test, supporting pegs were
placed at a predetermined spacing of 70 mm (Fig. 4). With a precision of #0.5%, this
particular device allows for highly accurate measurements [28]. It is capable of reproducing
speeds between 1/1000 mm/min and 800 mm/min with an accuracy of +0.1%. Given research
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approach can be extended by using optical systems such as 3D scanners and digital image
collection (DIC) techniques. 3D scanners are the most often used for dimensional analysis of
polymer and composite materials obtained by additive manufacturing while DIC is used for
deformation analysis of simple and complex shapes, due to different types of loading [29-35].

Fig. 4. Shimadzu AGS-X Universal Testing Machine with a Specimen and 3-Point Bending
Test Tool.

In this testing, the sampling rate was set to 100 Hz. Trapezium-X software (Shimadzu Corp.,
Kyoto, Japan) was used to acquire the results of the 3-point bending tests. Defining the
testing method in the aforementioned Trapezium-X software includes defining the strain rate,
the dimensions of the specimens and the required output. The 3-point bending test was
carried out at a 2 mm/min speed according to the ISO 178:2003 standard. Dimensional
discrepancies were within tolerance limits after 3D printing. The thickness and width of the
specimens were measured three times and the mean results were utilized for tests.

3. Results and Discussion

The 3-point bending tests were performed according to the ISO178 standard, with ten
specimens in each of the four series. In the bending test, the deformation is measured using
the Eq. (1) from the ISO 178 standard:

6Sh
€= (Tz) -100% (1)
where h is the specimen's height, which is approximately 4 mm. h of each specimen was
measured before testing until L is the distance between the supporting fixture and which is 70
mm. S is deflection (ISO178:2003,) which is measured as the displacement of the top
specimen surface's center point (Fig. 5).
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Fig. 5. Schematic of the three-point bending test.

In 3-point bending tests, this point coincides with the loading pin tip. In these tests, the
machine controls the position of the loading pin, which represents the measurement of the top
surface middle point displacement needed by the Eq. (1).

Flexural stresses were calculated using the following Eq. (2):

3Fl
0 = 2pnz 2)

where b is the thickness of the specimens, and its dimension for each specimen was measured
after printing and is approximately 8 mm, while F is the measured force value from the
universal testing machine's load cell.

The average values of the dimensions of the specimens and the mean value of the
force and deflection for each type of the test specimen are given in Table II.

Tab. II Mean values of h, b, S and F sizes for all types of specimens.

Specimens h [mm] b [mm] S [mm] F [N]
HO 3.97 7.25 13.76 82.23
HS 3.97 7.3 13.26 89.35
VO 4.05 7.45 8.29 67.29
VS 4.06 7.28 8.9 74.4

Based on the values shown in Table III and Eqgs 1 and 2 obtained from the ISO 178 standard,
the values of some mechanical characteristics are obtained. 3-point bending test results (i.e.
flexural strength, elongation at flexural strength) for all specimens manufactured specimens

are shown in Table III and the following diagrams.

Tab. III Mechanical properties from the 3-point bending test of the tested PA12 material.

Specimens Flexural strength Elongation at flexural
[MPa] strength [%]
HO 73.93 7
HS 79.9 6.65
VO 55.9 4.12
VS 63.16 4.45
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The results obtained by determining the engineering stress and engineering strain of
horizontally and vertically printed specimens on the edge of the powder bed and in the middle
of the powder bed are shown below.

Fig. 6 shows the result of measurements on specimens of horizontally printed
specimens on the edge. The results of the three-point bending test show the highest values for
flexural strength and failure stress for specimen HQO9, which is 77.21 MPa, while for
specimen HOS that value is 77.09 MPa. The minimum value of engineering stress is about 68
MPa, which is by about 10 MPa lower than the maximum value. The value of engineering
strain is in the range from 6.7% to 7.4% for this series of specimens.
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Fig. 6. Dependence of engineering stress on the engineering strain for HO specimens.

Fig. 7 shows that all ten test specimens have approximately the same values of
engineering stresses, indicating that the material being tested exhibited consistent behavior
under the applied forces. The maximum engineering stress value of 81.5 MPa suggests that
the material can withstand a relatively high amount of stress before failure. The engineering
strain values, ranging from 6% to 7.3%, indicate that the material underwent moderate
amounts of deformation when subjected to the 3-point bending test. The relationship between
stress and strain can provide insights into the material's mechanical behavior, such as its
modulus of elasticity or the material's stiffness.
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Fig. 7. Dependence of engineering stress on the engineering strain for HS specimens.
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If we compare the diagrams in Figs 6 and 7, it can be concluded that horizontally printed 3-
point bending specimens (either on the edge or in the middle of the platform) have similar
values of mechanical characteristics. The values of engineering stress and engineering strain
are similar. With this type of specimen, there is no significant influence on the place of
printing of the specimens.

The characteristics of ten specimens that are printed vertically on the edge of the
platforms are shown in Fig. 8. The specimens are arranged in three series, with several
specimens per series. The arrangement is based on the value of engineering stress and
stiffness. The series are differentiated based on the values of engineering stress and stiffness,
with each series having different values. The minimum value of engineering stress among the
specimens is 50 MPa, while the maximum value is 62 MPa. The engineering strain values for
the specimens range from 3.7% to 4.6%. These values indicate the extent to which the
specimens can withstand applied loads and deform under stress.

In addition, it should be pointed out that the arrangement of the series takes into
account the stiffness of each specimen as well. Stiffness refers to the ability of a material to
resist deformation when subjected to an applied force. The specimens with higher stiffness
values will deform less than those with lower stiffness values under the same applied load.
Fig. 8 presents a graphical illustration of the characteristics of ten specimens, including their
engineering stress, stiffness, and engineering strain values, as well as their arrangement into
three series based on these values.

VO series specimens
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Fig. 8. Dependence of engineering stress on the engineering strain for VO specimens.

The engineering stress-strain diagram for vertical specimens printed in the middle of the
powder bed is depicted in Fig. 9. The information provided in Fig. 9 suggests that the
material being tested had a consistent response to the applied forces, as indicated by the
similarity of the engineering stresses observed in all ten test specimens. The maximum
engineering stress value of 67 MPa indicates that the material can withstand a relatively high
amount of stress before failure, suggesting that it may be suitable for applications where high
strength and durability are required.

The engineering strain values observed in the test ranged from 4% to 5%, indicating
that the material underwent moderate amounts of deformation when subjected to the 3-point
bending test. The relationship between stress and strain can provide valuable insights into the
mechanical behavior of a material, including its modulus of elasticity or stiffness. By
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analyzing this relationship, it may be possible to determine the material's suitability for
specific applications or identify potential areas for improvement in its design or manufacture.
Overall, the information provided in Fig. 9 suggests that the material being tested exhibited
consistent and relatively high levels of strength and durability, with moderate levels of
deformation when subjected to external forces. Further analysis of the material's mechanical
properties and behavior may provide additional insights into its performance and potential
applications.

70 i VS series specimens

ol /

—_—VS
— VS,
VS
VS
e VS,

VS
—VS,
—VS,
—— V'S,

VS]O

n
(=]

=

)
(=1
T

Engineering stress [MPa]
¢

)
(=]
o N e w e W N =

9 |7

L L
0 1 2 3 4 5 6
Engineering strain [%]

Fig. 9. Dependence of engineering stress on the engineering strain for VS specimens.

As mentioned before, both horizontal and vertical specimens printed in the middle of the
platform showed repeatable behavior, i.e. relatively good agreement between the specimens
belonging to the same batch is obtained. The difference in maximum values of engineering
stress parameter was around 20% in favor of horizontal printed specimens in the middle of
the powder bed; both specimens (i.e. horizontal and vertical specimens printed in the middle
of the powder bed) exhibit different values of engineering strain at maximum force. The
difference in maximum values of engineering strain is 30% in favor of horizontal specimens
printed in the middle of the powder bed.

4. Conclusion

This paper presents the results obtained by examining 3-point bending specimens.
They were fabricated by selective laser sintering from polyamide PA12. The examination of
these additively produced specimens enabled the determination of the mechanical
characteristics of these specimens printed in different print orientations and at different
locations. The results of examination of the 3-point bending specimens printed by SLS
indicate that the mechanical characteristics of the printed components vary significantly with
the print orientation and location. The specimens printed horizontally in the middle of the
powder bed exhibit higher engineering stress values than the vertically printed specimens in
the same location.

Furthermore, the results obtained in this study are repeatable, indicating the
consistency and reliability of the testing method used. The findings of this research can aid in
the optimization of the printing process parameters to produce components with desired
mechanical properties. The knowledge gained from this study can also help in the design of
SLS-printed components to ensure their mechanical integrity and reliability.
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The results of this research can also be used to identify opportunities for the application of
SLS printing in specific industries or applications. For example, the higher strength values
observed in horizontally printed specimens could be beneficial in applications that require
components to withstand high loads or stresses.

Additionally, the findings of this study could also be used to develop design
guidelines and standards for SLS-printed components. These guidelines could specify the
minimum requirements for mechanical properties based on the intended application and print
orientation.

In conclusion, the results of this study have significant implications for the additive
manufacturing industry, and further research in this area can have a significant impact on the
design and production of high-performance components. The continued development and
optimization of SLS printing processes can enable the production of complex geometries and
unique designs that were previously not possible with traditional manufacturing techniques,
making it an attractive option for various industries.
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Caxcemax: Osaj pad uma 3a yumnb 0a UCMPAdICU MEXAHUYKE KAPAKMEPUCUKE Y30paKa
npouszeedenux — Kopuwiheroem — mexHono2uje  CeNeKMUBHOZ — NIACEPCKO2 — CUHMEPOBArbA.
Hcempaoicusarwe obyxeama ysopke Ha casujarve, npoussedere 00 IIA12 mamepujana.
Lumensuje L{AJ] mooena cy odabpane npema cmanoapoy UCO 178, a ooabpana zeomempuja
yzopra je 96 x 8 x 4 [mm]. Ceu y3opyu cy npouszeedenu Kopuwherem Cneyujamu3o6ane
mawune Fuse 1 (FormLabs, Summerville, MA). [Ipouszsedene cy wemupu cepuje y3opaxa,
C8aKA €A pAIUYUMOM OPUJEHMAYUjoM wmamne (mj. GepmuKaIHO U XOPUSOHMANHO) U
JIOKAYUjOM HA WMAMRAPCKoj naouu (mj. y cpedunu u Ha ueuyu cioja npaxa). Yzopyu cy
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ucnumanu xopuwherwem Shimadzu ynugep3anne MawiuHe 34 UCHUMUBAILE MEXAHUUKUX
kapakmepucmuka mamepujana, AGS-X 100 kN, ca jeOuncmeenum 0oO0amuum aiamom 3a
ucnumusarse y30paxa casujared y 3 mauxe.
Kuyune peuu: CenexmusHo nacepcko cunmepogarse; nonuamuo 12; casujarwe y mpu mauxe;
opujenmayuja wimamne, casojua uepcmoha.
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