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Abstract

This research aims to determine how the orientation and
placement of printing impacts the compressive strength of
specimens manufactured by Selective Laser Sintering (SLS).
The research includes compressive specimens in which the
CAD model dimensions are selected according to the ISO
604 standard, and specimen geometry @10x20 mm in bulk.
All specimen configurations are additively manufactured in
two different printing orientations, horizontal and vertical,
and printed in the middle and on the edge of the powder
bed. All specimens are additively manufactured using Poly-
amide 12 (PA 12) material on a Fuse I device (FormLabs,
located in Summerville, MA). Compressive strength testing
was carried out using a Shimadzu AGS-X universal testing
machine (Shimadzu Corp., Kyoto, Japan).

INTRODUCTION

Additive Manufacturing (AM), often referred to as 3D
printing, has witnessed an unprecedented evolution, revolu-
tionizing the way we design and manufacture complex
components across various industries, /1/. Among the multi-
tude of AM techniques, selective laser sintering (SLS) stands
out for its versatility and capability to produce intricate parts
with high precision and efficiency. As SLS continues to find
applications in fields such as aerospace, automotive, and
medical devices, the quest for optimising material properties
becomes ever more crucial.

Selective laser sintering (SLS) is an additive manufactur-
ing technique that relies on powder bed fusion technology
/2/. In this process, laser energy is precisely applied to selec-
tively heat powder particles, causing them to partially melt
and fuse together, ultimately solidifying them into a 3D
structure using computer-aided design (CAD) /3, 4/. Figure
1 illustrates the structure and components of an SLS system.
During the SLS process, it is crucial to maintain the tempera-
ture of the powder bed within a specific range known as the
sinter window, which lies between crystallization and melt-
ing temperature, /5-7/. As a result, only semi-crystalline ther-
moplastics can be processed using SLS /5, 7/. The subse-
quent cooling phase is carefully controlled to prevent rapid
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Izvod

Istrazivanje ima za cilj da se odredi kako orijentacija i
polozaj Stampe uticu na pritisnu ¢vrstocu uzoraka proizve-
denih koris¢enjem tehnologije Selektivnog Laserskog Sinte-
rovanja (SLS). Istrazivanjem su obuhvaceni uzorci na priti-
sak, kod kojih su dimenzije CAD modela odabrane prema
standardu ISO 604, a izabrana geometrija uzorka je 910x
20 mm. Svi uzorci su proizvedeni u dve razlicite orijentacije
Stampe, odnosno, horizontalnoj i vertikalnoj, i na dva mesta
Stampe, odnosno, Stampane u sredini i na ivici sloja praha.
Svi uzorci su aditivno proizvedeni korisc¢enjem materijala
Poliamid 12 (PA 12) na uredaju Fuse 1 (FormLabs, iz
Samervila, Masacusets, SAD). Za ispitivanje pritisne cvrsto-
Ce koriscena je univerzalna masina za testiranje Shimadzu
AGS-X (Shimadzu Corp. Kjoto, Japan).

recrystallization and promote the fusion of molten powder
/6-8/. Rapid recrystallization can reduce dimensional accu-
racy, causing deformations and curling effects /6, 7/. Addi-
tionally, the outcome of the printing process is influenced by
various parameters, including laser power, hatch distance,
layer thickness, and scanning speed. Optimising these parame-
ters while considering minimal distances between compo-
nents enables efficient use of the building platform, allowing
for the reuse of surrounding, non-solidified residual material
/5, 7/. Besides the printing phase, the complete SLS process
involves pre-processing and post-processing steps /5, 7, 9,
10/. Modern SLS 3D printers utilize different types of lasers,
including diode, fibre, and carbon dioxide (CO,) lasers, with
CO;, lasers being the most common. These lasers enable the
creation of highly precise structures.

SLS is highly versatile and capable of producing a wide
range of parts with different shapes, /12-13/. Among the
materials suitable for SLS, polymers were among the first
and are still widely used due to their low processing tem-
perature, low laser power requirements, and high dimen-
sional accuracy /14, 15/. Specifically, polyamide 12 (PA12)
is the most frequently used semi-crystalline polymer in SLS
applications across various industries, including medical,
automotive, aerospace, and biomedical sectors, /16, 17/.
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Figure 1. Design of an SLS system. Subdivision of the SLS system into three areas, /11/.

This paper presents an investigation into the mechanical
properties of compression-printed polyamide 12 (PA12)
specimens created using SLS technology. The study encom-
passes four series of specimens subjected to various com-
pression orientations and locations within the powder layer.
The primary objective of this research is to analyse the
variations in compressive strength between horizontal and
vertical compression orientations and between middle and
edge printing locations within the powder layer. The findings
from this study contribute to a deeper understanding of how
different print orientations and powder bed locations affect
the mechanical characteristics of materials produced with
SLS technology.

MATERIALS AND METHODS

Materials

The study utilizes specimens generated from PA12 mate-
rial (Formlabs, Sommerville, MA, USA) for research pur-
poses. Polyamide 12 (PA 12) is a widely adopted material
in the field of 3D printing, particularly in the realm of SLS
technology. PA 12 showcases exceptional mechanical prop-
erties, including high tensile strength, robust impact resis-
tance, and remarkable flexibility, making it highly suitable
for the fabrication of functional and enduring components
/18/. Notable mechanical characteristics of this material
include a tensile strength of 50 MPa, flexural strength of 66
MPa, a modulus of elasticity of 1850 MPa, and compres-
sive strength values of 13/24/55 MPa at 1, 2, 5 % strain, in
respect, /19/.

CAD design

The cylindrical-shaped specimen having dimensions of
20 mm height and diameter of @10 mm, selected according
to /20/ was designed using CAD software (SOLIDWORKS
Premium® 2017 x64 Edition by Dassault systems). The CAD
file is converted into .stl file, readable by printer software.

Method

Four specimen types are used for testing mechanical char-
acteristics, i.e. compressive strength, according to standard
/20/. Compressive specimens are @10x20 mm in bulk in-
tended for compressive strength testing. All specimen con-
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figurations are additively manufactured in two different
printing orientations, i.e., horizontal and vertical, and two
printing locations, i.e., printing at the edge and on the
middle of the powder bed. All specimens were produced on
the Fuse 1 device (FormLabs, Summerville, MA), using
polyamide 12 (PA 12) material. For purposes of the study, a
total of four sets, each containing ten specimens, were pro-
duced, and the most promising specimens were selected for
further investigation (see Fig.2). Compressive specimens
were produced separately, necessitating the completion of

two distinct SLS processes.

Figure 2. Four sets of compressive specimens.

Compressive specimens were printed in two directions:
horizontal (HO_1-HO10 and HS 1-HS 10) and vertical
(VO_1-VO _10 and VS _1-VS_10). HO stands for horizon-
tally printed compressive specimens at the edge of powder
bed, HS stands for horizontally printed compressive speci-
mens in the middle of powder bed, VO stands for vertically
printed compressive specimens at the edge of powder bed,
VS stands for horizontally printed compressive specimens
in the middle of the powder bed. All of the printed com-
pressive specimens were tested on Shimadzu brand apparatus
AGS-X of capacity 100 kN, and five of the best results we
have taken into consideration (Fig. 3). The Shimadzu Auto-
graph AGS-X series provides superior performance and prac-
tical testing solutions for a wide array of applications. Offer-
ing high-level control and intuitive operation, the AGS-X
series sets a new standard for strength evaluations while
providing the utmost in safety considerations in a modern
design. Real-time auto-tuning of control parameters is
offered, based on measured test force and strain data. Com-
parisons to unknown sample data are made safely without
the need for preliminary tests. In addition, the ‘autotuning
function’ easily performs strain control, as an ISO 6892-
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2009 requirement. Specifications of the AGS-X 100 kN are

121/:

« capacity, 100 kN,

+ dimensions, W945xD725xH2164 mm,

« test method files, 40 files (PC link: 20 files, standalone con-
troller: 20 files),

+ sampling speed, 1000 Hz max,

- effective test width, 600 mm,

« crosshead, table distance (tensile stroke), 1255 mm,

« crosshead speed accuracy, £0.1 %,

« weight, 525 kg.

Figure 3. Testing on the Shimadzu AGS-100kNX.

To expand our research approach, we can incorporate
optical systems, such as 3D scanners and digital image
collection (DIC) techniques. In the context of additive manu-
facturing, 3D scanners are frequently employed for dimen-
sional analysis of polymer and composite materials, while
DIC is utilised to assess deformations in structures subjected
to various types of loading, /22-25/.

RESULTS AND DISCUSSION

Tables 1-4 show testing results. Charts 1-4 are made for
each test. In Table 1, elongation test results for specimens
printed horizontally are presented at 1, 2, and 5 % deforma-
tion, with compressive strengths 13, 24, and 55 MPa, in
respect. Notably, the 5 % deformation level exhibits the
least deviation from the expected PA12 material properties.

Table 1. Results of HO series testing.

As with the HO and HS test specimens, the smallest devia-
tion obtained by testing in relation to the value of the PA 12

material is at 5 % deformation.
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Chart 1. Testing of HO Series.
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Table 2. Results of HS series testing.

Compressive Compressive Compressive
strength 1 % strength 2 % strength 5 %
HS 1 6.17 19.18 54.27
HS 2 5.10 17.91 55.44
HS 3 4.39 13.79 48.53
HS 4 5.66 16.87 53.72
HS 5 4.58 14.32 53.97
Average HS 5.18 16.41 53.19
60.00
T s000
£
£ 20.00
% 30.00
=z
@ 2000
S F W F N
. [ | [ [ | | [ |
Hs_1 Hs_2 HS_3 H5_4 HS_5  Averzge HS

m Compresive strength 1% m Compresive strength 2% m Compresive strength 5%

Chart 2. Testing of HS Series.

The compressive strength of vertically printed specimens
on the perimeter of the powder bed is shown in Table 3.
Based on the obtained results, it can be observed that the
compressive strength values at 1 and 2 % deformation are
quite different from PA 12 compressive strength.

Table 3. Results of VO series testing.

Compressive | Compressive | Compressive

strength 1 % | strength 2 % | strength 5 %
HO 1 5.60 18.51 53.96
HO 2 6.10 18.58 52.14
HO 3 5.55 17.58 50.74
HO 4 5.69 17.85 50.99
HO 5 4.15 16.81 54.06
Average HO 542 17.87 52.38

Table 2 shows elongation results of 1, 2, and 5 % of hori-
zontally printed specimens in the middle of the powder bed.
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Compressive | Compressive Compressive

strength 1% strength 2% strength 5%
VO_1 5.64 18.68 51.82
VO 2 6.04 18.64 49.72
VO 3 6.25 19.89 52.69
VO 4 5.17 18.14 51.74
VO 5 5.24 18.25 51.63
Average VO 5.67 18.72 51.52

Table 4 shows the compressive strength of specimens
that were vertically printed in the middle of the powder bed.
Notably, the compressive strength values at 1 and 2 %
deformation markedly differ from those associated with the
PA 12. The lowest average compressive strength during the
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elongation of 2 % is for compressive specimens printed in
the VS series direction.
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Chart 3. Testing of VO Series.

Compressive strength averages at 1, 2, and 5 % deforma-
tion are illustrated on the graph. It is worth noting that HS
samples exhibit the highest compressive strength at 5 %
deformation, and this value closely aligns with the inherent
strength of the PA 12 material.
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Table 4. Results of VS series testing.

Compressive Compressive Compressive
strength 1 % strength 2 % strength 5 %
VS 1 4.90 16.31 51.96
VS 2 4.96 16.69 52.29
VS 3 4.62 16.53 52.20
VS 4 4.62 15.54 51.47
VS 5 4.63 15.51 51.76
Average VS 4.75 16.12 51.94
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Chart 4. Testing of VS Series.
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Chart 5. Comparative analysis of all testing.

CONCLUSIONS

This research paper presents a comprehensive analysis of
compressive specimens that were crafted through the innova-
tive technique of selective laser sintering, using polyamide
PA12 as the primary material. The primary objective of this
study was to delve deep into the mechanical properties of
these additively manufactured specimens, scrutinizing them
from various perspectives, including print orientation and
location.

Our results indicate that the mechanical characteristics of
the printed components show minimal variations regardless
of print orientation and placement. This discovery contradicts
the traditional belief that these variables could have a sub-
stantial influence on the mechanical properties of additively
manufactured parts.
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However, what stands out as particularly noteworthy from
our research is the substantial difference in compressive
strength values at 1 and 2 % deformation when compared to
the base PA12 material. In fact, the compressive strength at
1 % deformation is observed to be a staggering 60 % lower
than that of PA12 material. This revelation opens up possi-
bilities for further research and analysis, prompting questions
about the underlying reasons for this significant divergence
in mechanical properties.

In summary, this study represents a valuable addition to
the realm of additive manufacturing. It offers a deeper under-
standing of intricate responses of selectively laser sintered
polyamide PA12 specimens when subjected to compressive
loads. These discoveries not only challenge established
beliefs about the effects of print orientation and placement
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but also beckon for more comprehensive investigations into
the distinct properties of these additively produced compo-
nents. These insights hold the promise of driving improve-
ments in the optimisation of 3D printing processes and mate-
rials, with potential ramifications for diverse sectors, includ-
ing aerospace and healthcare.
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