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Selective laser sintering (SLS) had been recognized as production expertise (additive manufacturing). The complication restricting the use
of SLS in additive manufacturing in an extensive range of industrial scope is the limited selection of usable polymers as it is only limited
to polyamide 12. Other polymeric materials such as polypropylene and polyethylene are needed to establish pristine market avenues in
industry. In selective laser sintering, the powder is reused in consecutive cycles of the route for the reason that it is sustainable and cost

microstructures, morphology along with flowability. Subtle disimilarities linking virgin and used powder have been identified through

characterization.
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INTRODUCTION

Laser sintering (LS) or selective laser sintering (SLS)
is a layer producing technique, which utilizes material that is
powdered, mainly thermoplastics and a CO, laser to fuse and
discerningly heats the powder to form a layer which is complete
[1-3]. This technique is found in the powder bed fusion category
and allows manufacture of intricate and functional metal parts
[4-6]. The strong point of the additive manufacturing (AM)
methods as equated to other conventional production techni-
ques such as injection moulding, is that more intricate and
geometrically intricate parts can be manufactured without
requirements of mould tools. These processes are especially
equipped to produce low volumes of parts and in addition enable
the production of compact miniature batch sizes with
customized properties leading to reasonable costs [7,8].

Nylon polyamide (PA2200) is an extremely tough but
flexible material in 3D printing and has high adhesion between
layers [9,10]. Nylon polyamide (PA2200) has some disadvan-
tages such as degradation after processing and its water
absorption characteristic [11,12]. One of the major benefits
of this material is its high reprocessability to a value of 50%
by weight for a new common laser sintering process [13]. The
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success of this powder then is not only because of its good
properties in terms of flow and processability but also due to
its cost that it is made competitive through its high recycling
performance [14,15]. According to Kruth et al. [16] polyamide
powder can be recycled for a certain number of runs, until the
flowability becomes detrimental for the spreading of powder
within a laser sintering system and the melt viscosity increases
up to a point that causes deleterious surface finishing effects
in the parts, known as “orange peeling”.

The aim of this research is to assess the useability of
polyolefins specifically polyamide (PA 2200) in the selective
laser sintering (SLS) applications and poly(methyl metha-
crylate) (PMMA). The investigation is centered on a theoretical
review as well as some experimental investigations to study
polyamide (PA2200) and the deterioration of the powder prop-
erties during laser sintering and suggest a system of methods
for systematic polymer powder recycling.

EXPERIMENTAL

In selective laser melting polyamide 12 (PA2200) powder
is used commercially. An unmodified PA 12 laser melting powder
type PA2200 form the supplier EOS GmbH, Germany was
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used [17]. The categories ‘used’” and ‘virgin’ will be used to
mention the state of metal powders [18]. The virgin state applies
to powder as obtained from supplier and used refers to the same
powder batch that has been employed in the operation for more
than one build cycle. Nylon polyamide PA2200 is white in
colour, has a melting temperature 176 °C [19] and an onset
crystallization temperature of 150-152 °C. Accessible in a
distinct number of composite materials optimized for laser
sintering, PA2200 is one of the most well accepted materials
for laser sintering. It powder exhibits good chemical resistance,
high strength and stiffness, biocompatibility and offers the
potential for surface finishing [20].

Infrared spectroscopy: Fourier transform infrared spectro-
scopy (Thermoscientific Nicket IS10) was used to characterize
the PA2200 and PMMA.

X-ray diffraction: X-ray diffraction (XRD) patterns were
taken using a Philip X Pert X ray diffractometer (anode 45
kV, filament current 40 mA) with a nickel filtered CuKo. (A =
0.1545 nm) radiation with scan speed of 1°/min in this work.
Scans were recorded from O to 35° on fine attenuated sheet
samples prepared via compression moulding.

Particle size distribution: The PA2200 and PMMA were
investigated using Olympus BX 41 optical microscope. Particles
and size distribution was measured via optical imaging. Accor-
ding to this a small amount of powder is distributed on a glass
plate and afterwards with a microscope an image of each
particle is taken. All experiments were carried out in duplicates
and resolved in triplicates to corroborate the accuracy of the
procedure.

Polarized optical microscopy: Spherulites in PA2200 and
PMMA were examined using a cross polarized Leica DMRX
optical microscope. Specimens were melted at 215 °C for 5 min
and pressed between microscope glass cover slides to produce
a thin layer before cooling to ambient temperature.

Melt-flow rate: Melt flow rate is a measurement of a
melted thermoplastic and how easily it flows. This is expressed
as g/10 min in ST units. Alternately, the volume flow rate (VFR)
(cm*/10 min) can also be used. A small thermoplastic sample
(granule, flake, powder) is heated to a viscous state in a heated
barrel and extruded through a capillary die. A piston loaded
with dead weights forces the melted plastic material through
acapillary die. After enough sample material has been extruded,
it is removed and weighed [21]. Fig. 1 shows a melt-flow index
machine and corresponding diagram of internal components.

The die size, barrel temperature and piston force are set
per standards for each tested material. In order to lower the
noise and disparity in the MFR measurement, three quanti-
fications from each same sample were taken and standards
determined.

Particle size distribution: The particle size distribution
(PSD) test gives the size distribution of the single units, particles
or grains, constituting a bulk material. The scope of this tech-
nique has been to evaluate the particle size distribution of estab-
lished laser sintering materials and new potential powders. Most
of the tests were evaluated by employing a Saturn DigiSizer.
The instrument gives the distribution size of particles in a sample
and detected by light scattering. The sample is suspended in a
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Fig. 1. Melt-flow rate index machine and diagram of internal components

specified solution and hit by a laser source, hence creating a
diffraction pattern specific to size of the particles involved. A
solution of 0.5% sodium hexametaphosphate is used.

Three measurements were performed on the individual
material and average responses of the three repeats were recorded.
Although this test assumes that the particles are spherical or
nearly spherical, it is widely used in the laser sintering comm-
unity and therefore utilized here.

RESULTS AND DISCUSSION

Infrared spectroscopy: The FTIR spectra in Fig. 2 shows
that there is not much change of chemical structure on the virgin
PA 2200 and damaged PA 2200 powders. In Fig. 2, the predict-
able adsorption peak at 3303 cm™ is for NH vibration and bands
close to 2938 and 2864 cm' represent CH,, vibration. The amide
absorption (C=0) at 1636 cm™ and the amide absorption (N-H)
at 1539 cm™ can be also seen.
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Fig. 2. FTIR spectra of (1) PA2200 virgin, (2) PA200 used

The spectrum of virgin PMAA is also the same as that of
damaged PMMA as shown in Fig. 3. Absorption bands were
seen at2995-2953 cm™! (-CH; and -CH, stretching, respectively),
1433 cm™ (-CH,; bending vibration), 1065 cm™ (C-O; bond
stretching), 1386-749 cm™ (ai-methyl group vibrations), as well
as PMMA absorption bands at 1194-1146 cm™ and shifting of
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Fig. 3. FTIR spectra of (3) PMMA virgin, (4) PMMA damaged

oxygen bonded to CH; (ether group O-CHs). Intense absorption
bands at 1725 cm™, associated to stretching of carbonyl group
(C=0), are also observed in the spectra, which is found to
conform with the prior reported observations [22-24]. Numerous
intense absorption bands are observed under 1510 cm™ and
the region has strong absorption features owing to varying
(C-H) deformation modes of methyl subunits in the range
~1510 to 1350 cm™. The (C-C-O) stretching vibrations from
methyl of the carbonyl group is seen in the range 1265 and
1155 cm™ whereas (C-O-C) vibrations are located in the range
1195 to 1155 cm™. The absorption features under 1005 cm’!
have been allocated to C-H rocking modes together with C-C
skeletal modes [25].

X-ray diffraction: As stated by Khanna & Kuhn [26],
PA2200 may have two distinct crystallographic forms, y-pseudo-
hexagonal and o-monoclinic. Hydrogen bonds form between
antiparallel chains in o-form whilst in y-form hydrogen bonds
are found in parallel chains causing the molecular chains to
twist in a zig-zag manner. The crystal density, heat of fusion
of y-form where interactivity between chains are weaker and
less in the a-form as a result of this phenomenon. The o-form
is observed in the XRD pattern exhibiting a diffraction peak
at 26 round about 24.1°. Semi crystalline y-form observed in
Fig. 4 with a peak between 21.1 and 22.1°.
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Fig. 4. XRD pattern of virgin PA2200

The XRD pattern of damaged PA2200 also exhibits similar
characteristics as that observed in the virgin PA2200 powder
as shown in Fig. 5. poly(methyl methacrylate) (PMMA) is an
amorphous polymer which is well known. The shape of the
initial most intense peak at 26 values of 13° and 23.7° and d
spacing at about 3.745, 3.742 reflects the ordered packing of
polymer chains while the second peak denotes the ordering
inside the main chains with their intensity decreasing methodi-
cally as shown in Fig. 6. This accounts for the homogenous
identity of PMMA thin films and identical results have been
documented [27]. Pure PMMA shows the principal and broad
peak with a maximum at 20 13.2° along with broad but low
intensity peak at 31° and 35°. The broad peaks demonstrate the
amorphous nature of the polymer as described in literature
[28,29]. The peaks appear at 20: 13.20°, 15.95°, 31.04°, 35.00°,
corresponding to the diffraction pattern of (111), (002), (112)
and (211) plains, respectively. The observed broad humps in
the XRD spectrum indicate the existence of crystallites of very
low dimensions. The absence of any prominent peaks in the
PMMA thin films indicates its amorphous nature [30]. Similar
corresponding peaks are also observed in the recycled PMMA
as shown in Fig. 7.
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Particle size distribution: Powders must have a certain
particle size distribution (PSD) and the distribution is positively
around 20 um and 80 um. Fig. 8 showed that the virgin PMMA
appears to be of finer sizes and the recycled PMMA exhibits
the most of the coarse powder or granular particles. With
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Fig. 8. Particle size distribution for PA2200 virgin/recycled and PMMA
virgin/recycled

P .

respect to the cumulative distribution (Fig. 8), no significant
difference is visible between the virgin and aged powders. It
can be concluded from this result that systematic aging of
PA2200 or PMMA powders neither led to a change of density
nor the cumulative distribution.

Polarized optical microscopy: The particles look circular
or slightly elongated, round with smooth but cracked surface
in both materials. As PA2200 represents a well-established
laser sintering material. Most of the particles confirmed to be
round and nearly spherical as observed in Figs. 9 and 10. This
result indicates that there is not much differentiation between
the contrasting particle sizes even when the powder was
repeatedly used.

From Figs. 11 and 12, it is very clear that for both virgin
and new PMMA polymer powders the light is being reflected
back and hence no clear images can be observed. This may be
attributed to cohesive forces between the powder particles and
there might also be static interactions. The recycled PMMA
does not have any flowing properties like the virgin PMMA
and seems to clump together in a distinct mass. It is a highly
electrostatic powder and the electrostatic charges generated
on polymer powders during mixing may lead to electrostatic
problems due to the poor conductivity of these powders. To
eliminate the charge on the powder, several methods such as
ionization, humidification and addition of an antistatic agent
have been practiced in industrial processes [31].

Electrostatic charging is a complex prodidy when handling
mixtures of powders that are polydisperse particles as a result
of bipolar charging where small particles become charged
opposite to their counterparts, which are larger. Bipolar charging
leads to drawbacks such as segregation, agglomeration and
critical adhesion to contact surfaces or walls. In order to charac-
terise electrostatic properties of powders, it is prudent to measure
not only the polarity but also the charges on a powder [32].
Tiny particles carry negative charges when exposed to coarse
counterparts of similar material. They however carry a positive
charge from charge transfer of conductive contact walls.

Electrostatic charge build-up is significantly enhanced for
aged polymer powder material, likely contributing to altered
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Fig. 9. Optical microscope images of virgin PA2200 at different magnifications
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Fig. 12. Optical microscope images of “used” PMMA at different magnifications
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performance in SLS processing [33]. Due to the elevated temp-
eratures during processing, polymer powders can exhibit altered
properties even though they are not used for part generation
[34,35]. Especially polyamides suffer from high temperatures
because of solid-state post-condensation, resulting in a prolon-
ged molecular chain length.

Melt-flow rate: A melt flow rate (MFR) test is conducted
to establish quality of the powder. A high MFR means that the
material is likely to be virgin material and will have better thermal
and processing properties. From Fig. 13, a melt flow rate of
36.76 g/10 min was observed for the virgin PA2200 with the
damaged powder having a rate of 7.47 g/10 min. Low resis-
tance to flow in the virgin PA2200 is a result of low entangle-
ment with a short molecular chain. “Recycled PA2200” morph-
ology has longer molecular chains and this means melt viscosity
and higher molecular weight.
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Fig. 13. Comparison of virgin to used PA2200

The chemical structure of any polymer determines its flow-
ability. Polymer chains having non-complex geometry and are
relatively of short length, slide past one another easily with
little or no flow resistance. By disparity, long chains of high
molecular weight and complex structure produce viscocity and
greater flow resistance [36-38].

Fig. 14 shows that by adding the higher amount of better
quality PA2200 increases gradually the MFR value. This means
that the powder quality and melt viscosity are correlated. This
could be due to the less deteriorated PA2200 powder having a
lower entanglement with a shorter molecule chain, which
initiates a higher MF value and thus low resistance to flow.
This could produce a better powder melting and fusion during
the sintering process. The melt viscosity improves when the
less deteriorated powder was blended.

The MFR was chosen as a benchmark because the flow
attributes of a molten polymer are very responsive to changes
in the basic polymer structure and its molecular weight [39,40].
The fundamental polymer property that is measured in this
test is the molten plastic flow at a particular shear stress that is
related to the applied load and temperature. The MFR test accords
a comparatively rapid and economical measuring method of
the rate of degradation of PA2200 powder during the laser
sintering process.
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Fig. 14. Comparison of damaged to virgin PA2200 at optimum temperature

Powder quality and melt viscosity are correlated. This
could be due to the less deteriorated PA2200 powder having
shorter molecular chains with lower entanglement leading to
a higher MFR value and thus a low resistance to flow. This
could produce a better powder melting and fusion during the
sintering process, which results in a good surface finish. Melt
flow index (MFI) indicates how viscous a polymeric molten
material is. The smaller the MFI value is, the more viscous the
polymer [41].

Conclusion

It was validated that the melt flow rate (MFR) index is a
subtle and delicate measure of changes in properties of the
powder and accords a relatively quick and cheap method of
calculating the rate of degradation of polymer powder during
the laser sintering process.
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