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ABSTRACT

Despite the fact that many 3D printed products have been developed, there are
still issues with the printed product’s physical properties and surface
morphology. This study examines the effects of significant Selective Laser
Sintering (SLS) 3D printer parameters on the material strength of Polyamide-
12 (PA-12). A variety of virgin materials, reheat materials, and recycled
materials were used for the PA-12 material compositions. The test specimens
were prepared at different process parameters and material composition
percentages using the SLS 3D printer. The tensile strength, surface roughness,
and surface morphology were tested. These samples were tested in accordance
with ASTM D638-(IV) for tensile strength and roughness using a 10 mm x 10
mm coated sample prepared for scanning in an electron microscope. The
tensile test results showed that the composition of the 100% virgin (CP1)
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material samples appeared to be stiffer, with a lower plastic deformation at
maximum tensile stress (45 MPa) and a smoother surface roughness
(10.75um). Furthermore, the SEM results showed that the specimens were
partially melted with a significant amount of PA-12 powder before being
sintered and coalesced.
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Introduction

Additive manufacturing (AM) techniques offer the efficiency of the bottom-
up development of 3D structures by selectively inserting material based on
CAD data. These techniques have become faster, cheaper, more cost-effective,
complex, better in resolution and quality [1]-[3]. AM has the potential to
improve the efficiency of various industrial sectors while also serving as a
valuable resource for aerospace, automotive, and biomedical engineering [3]-
[5]. The variety of materials that can be used today include metals, ceramics,
polymers (thermoplastics, thermosets, hydrogels), and some composite
materials, such as magnetic particles, in polymer sand cells suspended in
hydrogels [1, 6]. However, it is necessary to select the right AM technology
by taking into account factors such as the type of product, material properties,
volume, production time and cost [7, 8].

This research focuses on a specific type of 3D printing machine, the
Farsoon FS402P Selective Laser Sintering (SLS) technology model. The
advantages of using this SLS machine include durable parts for functional
testing or low-volume production, as well as a low cost with applications in a
wide range of industries including aerospace, automotive, medical consumer
products, and electronics [9].

Since SLS involves the creation of parts with no supports, the design
possibilities are nearly infinite. In contrast to standard melting with high shear
mixing and fluidity, SLS technology does not compact during processing,
making it an essential 3D printing technique for the fabrication of porous
segregated structures [10]. SLS uses a CO; laser as the heat source to fuse the
powders under pressure-free conditions [11]. The main materials used in SLS
are polyamide (PA-12), poly (ethylene terephthalate) PET, and poly (ether
ether ketone) PEEK. Material properties like particle size distribution,
crystallinity, powder flowability, melting temperature, and melt viscosity, as
well as process parameters such as faster rate and path, laser power, and
ambient bed temperature all play an important role in determining the part
quality and results [12]. The sintering process and product properties (surface
roughness, dimensional accuracy, tensile properties, flexural properties, and
time of manufacturing) are all affected by the laser processing parameters.
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Both the external layers (contour of the object) and the product interior layers
(hatching) can have their processing parameters changed separately.
Furthermore, the amount of energy density fuel fed to the reactor determines
the mechanical properties of the product. Based on the existing literature and
experiments performed by other researchers, the processing conditions can be
calculated using energy density [7]. However, the findings showed that high
laser speeds reduced the amount of time the powder exposure to the beam,
which led to poor mechanical strength of the printed structure. Thus, SLS
printability is influenced by the laser energy density (ED) by altering the
temperature of the powder bed [13]. Therefore, the SLS 3D parameter can have
an effect on the quality of the produced part. The energy density parameter can
be calculated using this formula [13, 14]:
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Thermoplastic polymer materials are the most commonly used in the
SLS machines because of their ability to be recycled [15]. PA-12 has become
the most commonly used thermoplastic material due to its supercooling
window, small crystallisation shrinkage, and stable processing [16]. There are
four main types of nylon or PA-12 materials; glass bead nylon, carbon fiber
nylon and mineral-filled nylon [17]. Farsoon Technologies have developed a
thermoplastic semi-crystalline polymer material based on PA-12 and SLS FS
3300PA parts, which has good mechanical properties and is manufactured to
high quality standards [18]. However, the composition (CP) of the powder will
affect the shape, strength, and capability of the powder discharge [13]. PA-12,
commonly used in the SLS processes, melts and crystallises (during cooling)
at a wide range of temperatures. The temperature ranges are referred to in terms
of SLS windows and having a wide sintering window reduces the impact of
crystallisation during the printing process. A stable crystallisation during the
printing process prevents shrinkage and warpage of the printed part [16].
Normally during the SLS printing process using a maximum laser beam power
of 100W and oxygen level of 20%, approximately 5 to 20 percent of the
powders are used to produce the parts, while the rest are required to support
the parts. Therefore, the recycling of un-sintered powders is beneficial to
reduce costs. Unfortunately, the molecular properties and the particle
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durability limit recycling. Hence, PA-12 is relatively easy to recycle and is
frequently used in the SLS production. In addition, some studies have shown
that un-sintered polyamide powders (recycle powder) are affected by exposure
to elevated temperatures during SLS [2]. However, the exact relationship is
hard to quantify [19].

This study aims to investigate the effects of different PA-12
compositions on the mechanical properties and surface morphology using the
SLS printed samples. These printed parts’ properties are essential in both
manufacturing and prototyping applications and are mainly influenced by the
process parameters.

Methodology

Figure 1 shows the experimental approach to examine the mechanical
properties of PA-12 material. All preparation and testing of samples adhered
to the American Society for Testing and Materials (ASTM) standard.
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Figure 1: Experimental approach.
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Specimen preparation

The specimens were prepared using three different composition percentages
(CP) of PA-12 material, as shown in Table 1. Table 2 shows the mechanical
characteristics of virgin PA-12 material as verified by the manufacturer. The
PA-12 material was then compared between virgin and recycled powders. The
results showed that scratched samples sintered with virgin powder were more
fractured with smaller and smoother spheres than the adhered powder samples

[2].
Table 1: PA-12 Composition percentage

Composition (CP) (%) Virgin (%) Reheat (%) Recycled

1 100 0 0
2 40 20 40
3 0 0 100

*Virgin: material refers to a new manufacturer's material
*Reheat: material heating in the powder feeder chamber but never exposed to

the laser beam (overflow powder)
*Recycled: un-sintering material and exposed to laser beam

Table 2: PA-12 mechanical properties based on manufacturer’s data

Properties Value
Density 0.95 g/cm?®
Tensile strength 48.1 MPa
Impact strength 3.6 KJ/m?

Figure 2 presents the tensile test carried out on the five CP specimens
printed with the SLS 3D printer in accordance with the ASTM D638 type IlI
[20]. As shown in Figure 3, the five specimens were printed along the XY
plane orientation. According to Yao [21], orientation is also an influencing
factor to increase the printed part tensile strength.
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Figure 2: Tensile test ASTM D638 type 111 specimen.
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Figure 3: The printed specimens in a XY plane orientation.

Three CP specimens printed using the SLS 3D printer were prepared
for the roughness test. The top layer surface roughness test locations of the
printed specimen are shown in Figure 4.

Top SIS

Figure 4: Specimen size and roughness test locations.

Each of the three CP PA-12 samples were coated with titanium prior to
the electron microscope (SEM) scanning process. The SEM technique was
used to examine the variations in coalescence and microstructure.

3D printing process

The operation setup consisted of three main stages: (i) pre-process stage
(Figure 5 A-B), (ii) 3D printing process stage (Figure 5 C-D) and (iii) post-
process stage (Figure 5 E-G). The SLS 3D printer has four main chambers: a
feeder chamber, a building chamber, a collector chamber and a powder
overflow chamber with roller for levelling (Figure 6). During the first stage,
the material volume and weight were calculated using Materialise Magics
software based on the quantity of the component that needed to be printed. In
the 3D printing process stage, the primary constant parameters for the SLS 3D
printer were set according to the configuration shown in Table 3. Next, during
the post-processing stage, the material block was removed from the SLS
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machine-building chamber and transferred to the sieve machine as shown in
Figure 5 (E-G). Figure 5 (H) shows all the finished specimens that were ready
for testing. Figure 6 shows the Farsoon model FS4092P SLS 3D printer which
was used to produce all specimens with a maximum usable area of 350 x 350
X 400 mm.

Table 3: Experiment constant configuration SLS 3D printer

Properties Value
Laser beam velocity 7.6 m/s
Layer thickness (LT) 0.06 mm

Hatch Distance 0.30 mm
Chamber temperature 169.5°C
Laser power 70 Watt

Figure 5: SLS 3D printing process flow.
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Figure 6: SLS process for Farsoon FS402P.

Test setup

The two main tests conducted for this study were the tensile strength and
surface roughness. The INSTRON 600DX universal testing machine was used
to test the tensile strength and material elongation. According to the ASTM
D638 standard, the tensile was tested at a speed of v = 5 mm/min and a room
temperature of 24 °C. These data were also useful in qualitative
characterisation to identify a stiffer CP material.

Next, the measured surface roughness Ra, Rq and Rz values were
obtained directly from the device’s LCD display. The Mitutoyo SJ-410
machine was used as a table surface tester with a probe travelling length of 5
mm, a stylus tip radius of 2 mm and a detecting force of 4 mN. The
measurement of point P1-P3 were repeated 3 times (N = 3) to ensure data
precision.

A scanning electron microscopy (SEM) ZEISS EVO 18 was used to
examine the morphology of the PA-12 different compositions; CP1, CP2 and
CP3 sintered samples. The magnification setup was between 50 um — 100 um
with an electron high tension (EHT) of 15 Kv, and the material microstructure
were observed by scanning in the 20 range of between 0 and 90°.

Results and Discussion
The most important key to obtaining a stiff material and a smooth surface is to
understand the effects on the process parameters involved. Hence, the effects

of the different material compositions on these process parameters were
analysed in this section.
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Material composition effect on tensile stress

Figure 7 shows the tensile stress versus strain graph for the three sample types
with different material compositions; CP1, CP2 and CP3. CP1 showed a higher
tensile strength with approximately 45.98 MPa and a strain rate of about
17.35%. Meanwhile, CP3 showed a lower tensile strength (approximately
36.28 MPa) than either CP 2 and CP 1. After being exposed to the laser beam
more than two to three times, CP3 showed a reduced tensile strength indicating
a change in the microstructure and the melting point of the material. According
to Pilipovi¢ [7], CP1 should have a maximum tensile strength of between 40.74
and 46.44 MPa when subjected to varying chamber temperatures. However,
this value is still lower than the manufacturer's maximum tensile test result.
Yao [2] stated that recycled powder typically has a lower tensile strength due
to adhesive bonding on the powder surfaces after the material was re-heated.
This was consistent with the obtained results by CP2 and CP3. In addition, the
laser power and scan spacing optimisation were also the influencing factors in
obtaining tensile strength for CP1, CP2 and CP3 [19].
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Figure 7: Tensile stress-strain with different material percentages.

Material composition effect on surface roughness
Figure 8 shows the significance of R, values on the CP1, CP2 and CP3
samples. From three different measurement positions, the surface of CP1 was
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found to be uniformly smooth with a total mean roughness of 10.75 um.
However. CP3 (100% recycle) was found to have a higher surface roughness
than CP2 and CP1. Thus, the overall surface roughness conducted in this
experiment produced better results of around 10-12 um compared to the
previous study conducted by Petzold [22]. Moreover, the surface roughness of
the virgin and recycled material was in a range of 12-23 pm. Therefore, the
study results inferred that the surface roughness was affected by the different
CP material compositions. In addition, the part orientation also significantly
affected the surface roughness of a prototype [23]. Referring to Figure 9, CP1
surface was smoother due to the bonding and spacing between the particles.
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Figure 8: Surface roughness measurement.

PA-12 material composition morphology

The surface morphology of PA-12 powders with varying compositions is
shown in Figure 9. The findings confirmed that the powder shape, size, and
distribution were clearly different between the CP1, CP2, and CP3 materials.
The CP1 result indicated that the powder shape and size were bonded to each
other at the chamber temperatures ranging from 180 °C to 190 °C, sufficient to
melt virgin powder [19]. Therefore, according to Dadbakhsh's study [19], the
chamber temperatures for CP2 and CP3 must be increased in accordance with
the melting points of mixed powder (180-200 °C) and aged powder (180-210
°C). The surface morphology of CP2 exhibited a high degree of porosity
compared with CP1 and CP2. There were a few other distinct differences
between the virgin powder and the adhered powder. The adhered powder
melted when heated to a higher temperature, increasing the molecular chains
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mobility. The powder shape changes to a sphere as a result of surface tension
[20], whereas more fractured powder appeared in the adhered powder.

»

-{Meltfng

Figure 9: PA12 SEM images for (a) CP1, (b) CP2 and (c) CP3.

Conclusion

This research is advantageous as a guide for SLS 3D printer users who would
like to print composite material products. The results of the study showed that
the different PA-12 compositions had an effect on the mechanical properties
and product surface quality during the SLS printing process. A CP1 with 100
percentage virgin material had higher tensile strength and a smoother surface
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due to the high adhered powder content and the right melting point. The CP1
also consolidated rapidly during heating, in contrast to the CP2 and CP3, which
morphed similarly to the CP1 but remained in the fully molten phase until at a
significantly higher temperature (at which fully molten phase appeared). In
general, the CP2 powder behaved similarly to the CP1 and CP3 powders. For
future work, the recycled material will require a higher melting point
depending on the previous recycling times and the increase in the amount of
adhered powder.
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