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Abstract: Additive manufacturing (AM) of polymeric materials offers many benefits, from rapid
prototyping to the production of end-use material parts. Powder bed fusion (PBF), more specifically
selective laser sintering (SLS), is a very promising AM technology. However, up until now, most
SLS research has been directed toward polyamide powders. In addition, only basic models have
been put forward that are less directed to the identification of the most suited operating conditions
in a sustainable production context. In the present combined experimental and theoretical study,
the impacts of several SLS processing parameters (e.g., laser power, part bed temperature, and
layer thickness) are investigated for a thermoplastic elastomer polyester by means of colorimetric,
morphological, physical, and mechanical analysis of the printed parts. It is shown that an optimal
SLS processing window exists in which the printed polyester material presents a higher density
and better mechanical properties as well as a low yellowing indeX, specifically upon using a laser
power of 1720 W. It is further highlighted that the current models are not accurate enough at
predicting the laser power at which thermal degradation occurs. Updated and more fundamental
equations are therefore proposed, and guidelines are formulated to better assess the laser power
for degradation and the maximal temperature achieved during sintering. This is performed by
employing the reflection and absorbance of the laser light and taking into account the particle size
distribution of the powder material.

Keywords: laser sintering; additive manufacturing; 3D printing; energy density; degradation

1. Introduction

Polymeric additive manufacturing (AM) technologies are relatively recent, and their
development is growing steadily. AM has mainly been used as rapid prototyping tech-
nology, but its application in manufacturing of customized end-use polymeric parts in
small-series production is growing [1-4]. AM is a general term applied for describing
production technologies that rely on the addition of material in a layer-by-layer fashion,
which is opposed to the more commonly used subtractive production methods such as
turning, milling, or drilling [5,6].
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AM production methods offer remarkable advantages, such as considerably shorter times
to develop prototypes, large freedom of geometrical design, and a fine resolution [6-9]. AM
technologies encompass a broad range of possibilities, including fused deposition modeling
(FDM) [10] or fused filament fabrication (FFF) [11], powder bed fusion (PBF) [12], pellet-
extrusion-based AM [13], and stereolithography (SLA) [14]. Each of these technologies has
specific advantages and has been developed for AM production of polymeric materials such
as polylactic acid (PLA), acrylonitrile-butadiene-styrene (ABS), and polyamide 12 (PA12) [15].

In particular, PBF technology, of which selective laser sintering (SLS) is one of the
most commonly used printing techniques, is interesting. Its working principle is illustrated
in Figure 1 and consists of subsequent steps, starting with the dispersion of a powdered
material over a printing bed by a roller, forming a layer with uniform thickness (z), followed
by heating up the layer to the print bed temperature (T;). Once (pre)heated, a laser is
applied, melting specific areas of the material and forming the so-called 2D section of
the desired part (since the thickness is very small). Subsequently, the print bed moves
downward one layer of thickness, and a new layer of powder is supplied to the print bed.
This process continues until the printing of the entire part is completed. SLS at first sight
seems to be a relatively simple process, but it requires a set of processing parameters that
need to be correctly set in order to successfully achieve the desired properties of the final
part. These processing parameters include the print bed temperature (T}), the removal
chamber temperature (T;,), the laser power (P), the laser speed (v), and the laser scan

spacing (S) [16].

Figure 1. Schematic representation of the selective laser sintering (SLS) process. (1) Laser source.
(2) Lenses. (3) Mirror. (4) Roller. (5) Feedstock. (6) Part bed. In the present work, printing occurs in
both the XY and ZX directions.

The determination of the optimal processing parameters in SLS has proven to be a
very time-consuming and costly process, as it is still predominantly based on empirical
trial-and-error attempts. As a result, there is only a limited number of materials for which
the optimal SLS processing parameters are known. The most commonly used materials are
polyamide 11 (PA11) (e.g., Duraform EX natural, 3D-Systems), polyamide 12 (PA12; e.g.,
PA2200, EOS GmbH), and a few thermoplastic elastomers [17,18]. Some studies have been
performed in order to develop new materials suitable for SLS technology, such as ultra-
high molecular weight polyethylene (UHMWPE), polypropylene (PP), and polystyrene
(PS) [12,19]. However, the demand for very specific material properties for the development
and optimization of new polymeric materials limits the number of available materials for
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SLS. Additionally, only more recently has the focus shifted to the use of more sustainable
SLS materials.

Nevertheless, significant advances have been made during the last few decades. For
example, Vasquez et al. [12] proposed the stable sintering region (SSR) method for the
development and optimization of new semi-crystalline polymeric materials. The SSR
method consists of defining a temperature range for the SLS process based on differential
scanning calorimetry (DSC) and thermogravimetric analysis (TGA). It has been suggested
that this SSR encompasses a temperature range between the melt peak temperature (T},)
and the temperature of degradation at which 1% mass loss occurs (Ty,). In addition, a
super-cooling region (SCR) was proposed, in which T; and T;, should be in the range
between T}, and the onset of the crystallization peak (Tconset). This desired range is chosen
in order to easily melt the polymer with a sufficiently low laser power that keeps it in a
semi-solid state after scanning of the laser has occurred [20]. The latter reduces the thermal
stresses and warpage in the produced parts [21,22].

Caulfield et al. [23] investigated the effect of the energy density (Ep) on the mechanical
properties of polyamide-printed parts, more specifically DuraForm™ polyamide (3D
Systems). They proposed an equation for the determination of Ep (Ep = P- (S-0)7), in
which P is the laser power, S is the scan spacing, and v is the scan speed, in order to obtain
adequate mechanical properties for the final printed parts. Lupone et al. [24] pushed the
tuning of the processing parameters even further by optimizing the existing theoretical
models. They evaluated the overall and apparent activation energy of degradation (E 4),
Ty, and Tj,e and calculated the volume energy density (Epy,) based on the work of Starr
et al. [25]. Furthermore, the specific density (p), packing factor (®), and Hausner ratio (ratio
of powder tapped and bulk density) are known to influence the printability of SLS materials.
Moreover, Lupone et al. [24] showed that an accurate application of the SSR method reduces
the number of trial-and-error tests needed to optimize the processing parameters and leads
to a better comprehension of the relation between the intrinsic properties of the materials
and the optimal processing parameters.

Even though the knowledge regarding the relationship between the material proper-
ties, SLS processing parameters, and final printed part properties is gradually progressing,
the development of new SLS materials still requires further investigation. An important
aspect concerns sustainability both on the level of the material (e.g., being biodegradable)
and on the level of the production machine being more efficient in energy use and material
usage. In this sustainability context, the main purpose of the present work is to verify
the effects of different SLS processing parameters on the properties of printed elastomeric
polyester, a recyclable material. It is highlighted that an optimal laser power exists in terms
of avoiding degradation of the processed material and that it is the combination of several
SLS parameters that determines the overall macroscopic behavior.

In light of more generic process design, the suitability of improved theoretical for-
mulas to optimize SLS parameters is also evaluated by expanding the range of the AM
settings compared with the polyamide-oriented state of the art. Specific emphasis lies
on the relevance of the interaction of the laser with the polymer reflectance, absorbance,
transmittance, and particle size (distribution) of the powder. These characteristics have
generally been overlooked in previous studies, and the results in the current work show
that they should be considered in light of developing new materials and improving further
modeling frameworks for SLS.

2. Materials and Methods
2.1. Materials

The polymeric material used in this research is a semi-crystalline elastomeric polyester
(Amphora™ 3D Polymer SP1621 Natural, Eastman Chemical Company, Kingsport, TN,
USA). This material has especially been developed for powder-based AM applications.
According to the technical datasheet, this polyester has a bulk density of 0.53 g-cm 3, a solid
density of 0.99 g-cm~3, a Shore A hardness of 94, and in the X-axis of laser sintered test
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specimens, a tensile modulus of 143 MPa, a tensile strength of 17 MPa, and an elongation
at break of 129% [26]. PA12 (PA2200, EOS) is used as a reference material.

2.2. Material Characterization

Thermal characterization of the polyester powder was performed using differential
scanning calorimetry (DSC) and thermogravimetric analysis (TGA), conducted on a Net-
zsch DSC 214 and Netzsch STA 449 F3, respectively. Both analyses were performed using a
heating rate of 10 °C-min~! according to standards ISO 11357-1 and ISO 11358-1, respec-
tively. A nitrogen (N,) atmosphere was used for all tests, with a gas flow of 40 mL-min~!
in the DSC and 50 mL-min~! in the TGA experiments. Each tested sample had a mass of
ca. 10 mg.

The specific heat capacity (Cp) of the polymer was measured according to the ASTM
E1269 standard. The (overall and apparent) activation energy of degradation (E 4) of the
material was obtained from TGA analysis at heating rates (3) of 10, 20, 30, and 40 °C-min!
by applying the Ozawa-Flynn-Wall method [27]. This isoconversional method [27] as-
sumes that the reaction rate at a constant conversion («) value is only a function of the
temperature [28]. From a series of decomposition curves obtained at different 3 values, at a
given conversion, a linear correlation is observed by plotting logf as a function of T}, and
E 4 is obtained from the slope of the linear regression [27,29].

The particle size characteristics of the polyester powder were evaluated by optical
microscopy (VHX-7000, Keyence). Microscopy images of the powders were taken, and the
images were processed in Image] 1.52a software in order to assess the particle size and
particle size distribution.

Fourier transform infrared (FTIR) spectroscopy was conducted on compression-moulded
films of the polyester material. The material was dried at 80 °C for at least 8 h and
subsequently compression moulded at 230 °C under ca. 3 MPa for 1 min. The FTIR spectra
were obtained in a Tensor 27 spectrometer (Bruker) in transmittance mode in the interval of
4000-650 cm ! using a resolution of 4 cm~! and 24 scans per measurement. Two films with
thicknesses of 137 and 210 pm were measured, and 5 measurements per film were collected.
After the analysis, no further processing of the spectra was conducted, and the average of
the 5 measurements was considered for the determination of the absorbance coefficient.

The energy absorbed by the polymer (A) from an incident light of a specific wavelength
A depended on the chemical structure of the material. This absorbed energy can be
evaluated by the Beer-Lambert-Bouguer law:

To1-A= L e 1)
Io
in which 7 is the transmittance (dimensionless), I is the transmitted light intensity, Iy
is the incident light intensity, | is the thickness of the sample (or pathlength), and « is
the absorption coefficient. Specifically, « depends on both A and the polymer’s chemical
structure.

Colorimetric tests were conducted in an UltraScan VIS spectrophotometer (Hunterlab)
with D65 Illuminant and a CIE 1964 standard calorimetric observer (10°). The results were
used to calculate the yellowness index (YI) and whiteness index (WI) according to the
ASTM E313 standard. The equations used are based on the CIE Tristimulus values X, Y,

and Z: 100-(Cy-X — Cz-Z

WI =Y + Wl (xy — x) + Wl (yn — ) ®)

YI

in which x and y are the chromatic coordinates of the specimen. Note that care should be
taken upon interpreting x and y vs. X and Y.
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The dimensionless constants in Equations (2) and (3) were selected according to the
standard with regard to the D65 Illuminant and CIE 1964 colorimetric observer: C, = 1.3013,
C; = 1.1498, x, = 0.3138, y, = 0.3310, W1, = 800, and W1, = 1700.

The reader is referred to Section S1 of Supporting Information for details on the
mechanical testing.

The morphology of the samples obtained under different SLS conditions were analyzed
by scanning electron microscopy (SEM; Phenom Pro, Thermofisher, Waltham, MA, USA).
The samples were fractured after immersion in liquid nitrogen (—196 °C) for ca. 1 min, and
the surfaces of the fractured samples were investigated.

2.3. Equations for Ideal SLS Settings: From State-of-the Art to Novel Concepts

The properties of the chosen polymer for the SLS process considerably affect the
ideal window of the processing parameters. Therefore, based on the characteristics of the
material and the process, one can calculate the energy for melting (E;;) and the energy for
degradation (Egg) of the polymer [24]:

En= [Cpsolid(Tm - Th) + AHm]P'q) (4)
Ea

Edeg =Epn+ [Cpnlelt(Tdeg - Tm) + M ]P ®)
m

in which Cpgp1ig and Cpypert (]-(kg~°C)_1) are the specific heat in the solid and in the melt
state, respectively, T, (°C) is the melting peak temperature, AH,, (J-kg ') is the enthalpy
of melting, p (kg-m~3) is the specific density, ® (-) is the packing factor of the powder
(the ratio between the bulk density and the specific density), Ty, (°C) is the degradation
temperature (generally defined as the temperature at which 1% of the mass loss occurs), E 4
(J-mol~1!) is the overall and apparent activation energy of degradation, and My, (kg-mol~1)
is the mass average molar mass, which are thus all intrinsic to the polymeric material. The
only factor not fully related to the polymer but to the SLS process, affecting both E,, (J-m~3)
and E g, J-m~3), was the part bed temperature (Tp).

Additional formulas in the literature [24,30] aim to evaluate the effect of the laser
power (P) (W), laser speed (v) (m-s~1), scan spacing (S) (m), layer thickness (z) (m), and
laser scan count (C) (-) (i.e., the number times the laser hits the same area of the powder) on
the energies correlated to the SLS process. For instance, the volume energy density (ED )
(J-m~3) follows from Equation (6):

P
ED 4 = T (6)

Sz

From Equations (4)—(6), the energy melt ratio (EMR) (-) and the energy melt ratio for
degradation (EMRp) (-) can be calculated by Equations (7) and (8) [30]:

EDvol

EMR = %)
m
E
EMRp = —28 ®)
Em

Furthermore, the laser power at which the polymer starts to degrade (Pp) can be
determined by combining Equations (6) and (8) [24,30]:

_ EMRD'Em'S'I/'Z Edeg'S'V'Z

C G ©)

Pp

In order to properly evaluate Pp, one can additionally expect that the maximum
temperature of the material after being exposed to the laser Tj;4y should not exceed Teg to
avoid degradation. The temperatures Tyqx and Tyq are influenced by a series of factors.
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For example, the exposure time of the laser f., (Equation (10)) directly affects T}y, with Dy,
being the diameter of the laser beam (420 pum here):

D
tex = 7b (10)

It is further known that if the material is irradiated by a laser for a relatively short
time, it shows a higher temperature near the irradiated surface than in positions far from
the surface. Furthermore, the layer thickness z in the SLS process generally consists of
several solid particles showing a certain packing factor. Considering that the particles on
top of the layer will be directly exposed to the laser and will reach higher temperatures
than the particles just below them, and that during the very short t.y, the heat transfer
between particles is negligible since the particles share a very small area of contact, Tyax
can be estimated for particles with a median diameter D located on top of z.

An additional important aspect that affects the absorbed energy from the laser during
the SLS process, and which is usually overlooked, is the reflectance of the incident light on
the material (R). During the SLS process, the material changes from an irregular powder in
the solid state to, after melting and sintering, a material with a relatively smooth surface.
Consider that a slab-shaped sample R can be determined by the Fresnel expression. For
the normal incidence of light (perpendicular to the surface, angle of incidence # = 0°), R is
therefore given by [31]

2
R = % (11)
(n+1)

in which 7 is the refractive index of the irradiated material. The value of # for polymers
is generally between 1.3 and 1.7 [32]. The refractive index of the polyester studied in the
present work was taken to be equal to 1.52, based on the data given in various works such
as Sreekanth et al. [33], Brandup et al. [32], and Jabeen et al. [34]. It is important to highlight
that the value of R from Equation (11) is valid for relatively smooth materials in the SLS
process (i.e., once the particles are in the molten state).

If a source of light irradiates on closely spaced particles that are large compared
with the wavelength of the light, such as on SLS solid powders, the particle size and the
absorption coefficient will also affect the reflectance [35,36]. Assuming that the powder
particles are spherical and of similar dimensions, the hemispherical reflectance of the SLS
powders (R;) can be approximated by [36,37]

R — 1-V1-w
P 142c0s(0)V1—w

in which 8 is the angle between the normal direction and the incident beam (for normal
incidence light, cos(6) = 1) and w is the single-scattering albedo that follows from [35-37]

(12)

w=S+(1-8).e P (13)

in which S is the external surface scattering coefficient, or the coefficient for specular
reflection from the surface of the particle averaged over all directions of incidence on one
hemisphere of the external surface. Considering n values between 1.2 and 2.2, S can be
approximated by [31]
(n—1)?
§=-—-"75+005 (14)
(n+1)

Furthermore, the transmittance of light through the particles 7, can be calculated from

T, =e %l (15)
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Tmax = Tm +

in which the average thickness of the particle [, is calculated as the thickness of a cylindrical
slab with the same volume as the considered particle:

_ in(05D)°

" n(0.5-D)? (16)

Taking into account the previously introduced R, Ry, and 1), relations, novel SLS design
equations are within reach. In the present work, we explore such equation development
considering, for simplicity, a single particle with a specific size so that there is no formal
need for a packing factor. As explained in Supporting Information, from the volume of a
powder particle V), the projected area of the laser beam Ary, and the projected area of the
powder particle Ary, one can calculate the laser power for degradation Pp,,. ., and the
maximal temperature reached in the particle Tj;4y:

_ Vy-p-Ary [Cpsolid'(Tm —-Ty) + AHm] VP'P'Arb'CPWu'(Td@g - Tm)

PD,‘ngrabs - tgx'(l _ Rp)-(l _ Tp>~A1’p tex'(l _ R).(] _ Tp) -Arp (17)
P-(1- R)-(l — Tp)~A1’p b — (VP'P'Arb)'[CPsolid'(Tm —Tp) + AH’"] (18)
Arb.p.vp.cpmelt P(l - RP)(l - Tp)'ATp

In Equation (17), the subscripts “ref” and “abs” are explicitly used in order to highlight
the consideration of reflectance and absorbance compared with Equation (9).

2.4. Experimental SLS Printing Specifications

The AM experiments were performed with an EOS Formiga P10 machine (EOS GmbH
Electro Optical Systems, Krailling, Germany) using a CO; laser with a wavelength in the
range of 10.2-10.8 um and a diameter of the focused beam of approximately 0.42 mm.
In order to evaluate the influence of the processing parameters, three types of setting
conditions were initially selected, as shown in Table 1. The laser power (P) was varied
between 13 and 28 W. Parts printed with the same settings were distributed equally along
the print bed, taking into account that the parts were far enough from each other and far
enough from the side of the print bed in order to avoid boundary effects. The scan count
was maintained at 1, as this is the standard setting of the SLS machine.

Table 1. Initial experimental SLS parameter settings. Bold entries are variables vs. first setting.

Parameter 1st Setting 2nd Setting 3rd Setting
Part bed temperature (T3) (°C) 169.0 169.0 172.0
Removal chamber temperature
° 150.0 155.0 155.0
(Trr) (°C)
Laser power (P) (W) 13,17,21,25,28 13,17,21,25,28 13,17,21, 25,28
Laser speed (v) (mm-s~1) 2500 2500 2500

Scan count (C) (-) 1 1 1
Scan spacing (S) (mm) 0.25 0.20 0.20
Layer thickness (z) (mm) 0.10 0.18 0.18

Parts with dimensions of ca. 10 x 10 x 5 mm were printed according to the settings
mentioned in Table 1. These parts were subsequently characterized by their density and
colorimetric properties. Afterward, tensile, flexural, and impact test specimens were made
based on the third type of setting conditions in Table 1 but only at a laser power P =21 W
and using different layer thicknesses (z equal to 0.10 or 0.18 mm), and build orientations
(XY- or ZX-plane, as seen in Figure 1).
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3. Results and Discussion

Emphasis is first put on the polyester material properties and subsequently on the
SLS process, considering three types of production settings and inspecting the macroscopic
properties of the printed parts. Finally, the experimental results are utilized to improve
the predictive nature of the theoretical equations introduced above, and guidelines are
formulated for future developments.

3.1. Analysis of Polyester Material Properties

As shown in Table 2 (polyester column), the DSC results for the polyester mate-
rial showed a melting peak temperature (T};) of 210.8 °C and a melting enthalpy (AH,;)
of 20.18 J-g~1. The specific heat capacities were Cp_,,, = 2376 J-(kg-°C)"! and C,,, =
2524 ]-(kg-OC)’l. M, was assumed to be 31129 g-moF1 [38]. The TGA results for the
polyester material reveal that the temperature at 1 % of mass loss (Tj,,) was 348 °C. The
overall and apparent activation energy of degradation (E 4) was calculated as described in
Section 2.2. Considering a conversion of 1% (« = 0.01), the activation energy of degradation
equaled E4 = 143.0 kJ-mol L.

Table 2. Properties of the polyester studied in the present work and, for comparison, of PA12 [30].

Property Polyester PA12 [30]
Melting peak temperature (Ty;) (°C) 210.83 185.0
Crystallization peak temperature (T;) (°C) 164.13 149.13
Specific heat capacity of the solid (Cp,,,,,) (J-(kg-°C)™") 23763 3155
Specific heat capacity of the melt (Cp,,,) (-(kg-°C)~1) 25243 3250
Enthalpy of melting (AH,,) (J-kg™!) 20,1803 97,200
Bulk density (Q) (g-cm™3) 0.530! 0.485
Specific density (p) (g-cm™3) 0.99 1 0.97
Packing fraction (®) (-) 05351 0.500
Temperature of degradation <Tdeg> (°C) 3483 325
Activation energy of degradation (E4) (kJ-mol~') 143.03 279.5
Mass average molar mass (M) (g-mol_l) 31,129 2 18,800
Median particle diameter (Ds) (um) 453 56

1 From [39]. 2 From [38]. % Data evaluated by the authors.

It can be further seen in Table 2 that T), and T, were slightly higher for the polyester
compared with PA12 (last column), while PA12 showed a much higher AH,, and E4 as
well as higher C,_ ., and Cp, . values.

Figure 2b shows one of the six analyzed pictures for the particle size distribution
measurement. It follows that the median particle diameter (Dsp) of the polyester was
45 pm, with a maximum particle diameter of ca. 150 um, as is also clear from Figure 2a.
Furthermore, the particles showed a broad size distribution, as can also be seen in Figure 2a.
The particles presented sharp corners, as shown in Figure 2b, indicating that the powder
was likely produced by cryogenic milling [18,40—-42].

The Fourier transform infrared spectra (FTIR) of compression-moulded polyester
films investigated in this study indicated a transmittance (1) of 4.61 & 0.1% for a film of
thickness = 137 £ 5 um, and 7 = 0.77 £ 0.1% for a film of thickness equal to 210 + 5 um at
A =10.6 pm, being the average wavelength of the laser used for sintering and correspond-
ing to a wavenumber of ca. 943.2 cm~!. The absorption coefficient a for the polyester
was 22,816 £ 1756 m~!. PA12 is the most extensively investigated polymeric material
used in SLS today. For PA12, at A = 10.6 um, the a value was found to be 13,000 m~ ! [43].
For comparison reasons, Figure 2c shows the calculated transmittance of polyester and
PA12 as a function of the sample thickness. One can clearly notice that there was an
exponential decrease of the transmittance with an increasing sample thickness and that,
when considering the same value of [ for a large range of thicknesses, the polyester showed
substantially lower transmittance values compared with PA12. A lower value of T at
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a)
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an identical value of I implies that the polyester absorbed more laser energy than PA12.
Therefore, the polyester heated up at a faster rate and could start degrading at lower values
of P compared with PA12.
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Figure 2. (a) Particle size distribution for the polyester Amphora material and (b) optical microscopy
image showing general powder geometries. (c) Transmittance T as a function of the thickness I for
the polyester and PA12. Calculated results are based on Equation (15).

3.2. Effect of SLS Settings on the Printed Material Properties

Emphasis was first put on the typical settings for AM of PA12 (PA2200, EOS), with the
first setting shown in more detail in Table 1. This was performed since some characteristics
of this polymer and the selected polyester were rather similar (e.g., p, ®, and Tj,) (see
Table 2). The parts printed using the first setting presented important deformations and
thus deviations from the expected plate shape (ca. 10 x 10 x 5 mm). These deformations
could be attributed to the low removal chamber temperature (T,;) compared with the
crystallization temperature of the polyester (T;). If T,, was below T, the part shrinkage
was uncontrolled and occurred in a faster way [44]. Furthermore, although the median
particle diameter (Ds) of the polyester powder was similar to that of PA12, the particle size
distribution measurement of the polyester indicated the presence of particles larger than
100 um, as shown in Figure 2a. Hence, the layer thickness z = 0.10 mm could be considered
too small to allow for an adequate process without deformation of the printed parts during
the dispersion of a new layer of powder over the printing bed (cf. Figure 1). Hence, the layer
thickness for the second and third setting conditions in Table 1 was increased compared
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with the first setting, although one should realize that a complete set of parameters defines
the overall SLS performance. Due to the differences in T, and T¢, both T;, and T,, were
increased for the second and third settings. In total, several variations were included in the
present work to enable better verification of the generic nature of the current theoretical
models. Despite how T, and T}, could be set to even higher values according to the SSR
and SCR methods [21,30], the maximum values for T, and T, were practically 155 °C and
172 °C due to the heat fuses used in the machine. Increasing T, and Ty, should lead to an
increase in the melt volume rate and decrease the (thermoplastic) viscosity, reducing the
warpage and thermal stresses in the final parts [12]. For the thirrd setting conditions, test
specimens were also printed with part orientations in both the XY- and ZX-planes to better
understand the inter- and intralayer adhesion (cf. Figure 1). This was performed with a
layer thickness (z) of 0.10 and 0.18 mm and a laser power P = 21 W. Note that the laser
power of 21 W was still far below the calculated Pp (see in detail in the next subsection),
and therefore the polyester powder should (at least theoretically) not have degraded. The
flexural and impact test specimens obtained using z = 0.10 mm for the ZX-plane presented
severe deformations upon comparison with the expected final dimensions and shape. Here,
the reliable mechanical characterization of these specimens was impossible, highlighting
the future need of an interlayer SLS design. The results of the mechanical properties that
could be recorded are summarized in Table 3.

Table 3. Mechanical properties of polyester parts printed according to the third setting conditions
from Table 1, with orientations defined in Figure 1. The general trend in tensile properties can also be
seen from the stress—strain diagram shown in Supporting Information, Section S3.

z =0.10 mm z=0.18 mm
Property
XY X XY zX

Tensile strength (MPa) 143 +£0.1 9.7 £0.2 11.3+04 59+£09
Tensile modulus (MPa) 1339 + 2.5 131.0 £ 2.0 96.7 £ 7.7 105.6 = 3.6
Tensile strain at break (%) 60.5 £ 4.0 16.3£1.0 36.1 4+ 3.0 75+22
Flexural modulus (MPa) 914 +26 * 82.6 + 3.5 875+ 3.6
Charpy(ﬁﬁfgitrength 8.18 £ 1.12 * 1045+ 094 438 £ 047

* Analyses not performed due to deformations of the test specimens during the SLS process.

It is shown in Table 3 that both z and the build orientation (Figure 1) affected the
mechanical properties. The test specimens built in the XY direction showed higher tensile
strengths and tensile strains at break. Increasing z led to a decrease in the tensile properties,
consistent with the recent FFF work of Fernandez et al. [45]. The flexural modulus showed
a small dependency on both z and the build orientation, while the impact strength showed
a slight increase if z was increased in the XY-plane. The decrease in both the tensile and
flexural moduli can be explained by poorer interlayer bonding upon using a higher layer
thickness, thus overruling the aforementioned particle size effect. These results are also
similar to the results found by Caulfield et al. [23] and can be explained by a decreased
volume energy density (ED,,;) with the increase in layer thickness. One could thus expect
that a higher laser energy should therefore be used upon using a higher layer thickness to
keep ED,,; constant, as expressed in Equation (6).

Diverging from the results of Caulfield et al. [23], the impact strength of the printed
parts tended to increase with the decrease in ED,,,;, and the strain at break was higher for
the XY-oriented parts compared with the ZX-oriented parts. The higher impact strength
observed for the samples obtained at z = 0.18 mm and the XY-orientation was likely related
to the larger number of voids, and thus a lower density was found in the samples produced
using a higher z, which facilitated deformation and energy dissipation, again reminiscent
of the interlayer aspect. The higher strain at break as well the higher tensile strength were
noted by Hofland et al. and could be attributed to anisotropy. This anisotropy was caused
by the layer-wise production and how the stresses and forces were oriented according to
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the interlayer bonding [46]. In a similar fashion, Caulfield et al. found a lower impact
strength for parts printed according to the ZX-plane [23]. The tensile and density results
also showed the same tendencies as those found by Riisenberg et al. [47]. However, these
authors did not observe substantial differences in the impact strength for samples obtained
at different layer thicknesses, while the impact strength decreased for the XZ-oriented parts.
This decrease in impact strength was most likely due to the orientation of the applied force
compared with the orientation of the interlayer bonding within the manufactured parts.

It is important to highlight that during SLS of the parts in the present study, inde-
pendent of all other setting conditions, fumes were observed upon using a laser power
(P) equal to or above 21 W, suggesting that significant degradation phenomena then oc-
curred. Similar to this observation, Dadbakhsh et al. [48] observed fumes upon sintering a
polyurethane (TPU) powder in which, due to polymer degradation, the release of fumes
increased in cases of high ED values.

The colorimetric results are shown in Figure 3a. A substantial decrease in the whiteness
index of the sintered parts can be noticed upon increasing the laser power, indicating that
chemical modifications in the polymer structure were occurring. The YI showed an initial
drop when P increased from 13 to 17 W, followed by a gradual increase with the increasing
P. The initial decrease in the YI was most likely related to a lower surface roughness of the
sample obtained at P = 17 W compared with the one made at 13 W, since a lower sintering
efficiency was expected when using the lowest laser power. It has been previously observed
that decreasing the surface roughness increases the luminance (luminance is represented
by “Y” in Equation (2)) [49]. Therefore, an increase in Y leads to a reduction in the YI.
However, if P > 17 W, a gradual increase in the YI of the produced parts was observed
upon increasing P, indicating that a modification in the color characteristics (“X” and “Z”
in Equation (2)) of the material was occurring due to degradation. The WI and YI results
agreed with the conclusions drawn by Dadbakhsh et al. [48].

a) o b) —— 1st setting
T T T T T T T e ;’d 1 =— 2nd setting
— «— 3rd setting
L 70 1.12 1 1 1
L
L 60 141 \
x x 4
b > =
£ 2 5 1104 y A
- L50 @ k=) 5 \
@ 4 > /
§ = B / .
3 2 S 1.00 / ] —3 l
2 R B VA
7 I N ‘
1.08 - ? Dt
L 30 % 3
T T T T T T T T T 1

12 14 16 18 20 22 24 26 28 30
Laser Power P [W]
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Figure 3. (a) Yellowness index (YI) and whiteness index (WI) for the second and third setting
conditions at different laser powers (P) (Table 1). (b) Density of the samples obtained using the three
SLS settings at different laser powers (P) (Table 1).

From Figure 3b, one can observe that the density values were higher if z = 0.10 mm
(first setting) in comparison with the results found for z = 0.18 mm (second and third
setting). This means that as long as the larger particles did not induce any deformations to
the final part, one could still consider lower z values. Furthermore, the increase in P up to
21 W led to an increase in density, and with P > 21 W, the density results tended to decrease
again due to material degradation. The decrease in density with an increase in P was
also found by Ho et al. [50] at too high an energy input for the sintering of polycarbonate.
Furthermore, a higher part bed temperature (T}) also increased the density, as was clear
when comparing the results of the third setting (T; = 172 °C) with those of the second
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300 pm

setting (T}, = 169 °C) (Table 1). This finding is in accordance with those of Tontowi et al. [51].
Furthermore, for all settings, the maximum density arose for a similar P (close to 21 W in
Figure 3b), but this specific P was not exactly the same as the minimum value of the color
change (Figure 3a).

With SEM analysis, the morphology of the samples obtained at different laser powers
P (13, 17,21, and 28 W) was investigated. The results are presented in Figure 4. This figure
clearly indicates that the laser power affected the morphology of the samples. The sample
obtained at P = 13 W (Figure 4a) showed incomplete melting of the powder and several
irregular voids formed due to incomplete sintering. The sample obtained at P = 17 W
(Figure 4b) displayed a more uniform fracture surface, indicating an improved sintering
process. However, spherical voids were observed, indicating degradation of the polymer.

X

300 pm i i 300 pm

300 pym

Figure 4. SEM images of the samples obtained under different conditions. Third setting condition:
(@) P=13 W; (b) P =17 W; (c) P = 21 W; (d) P = 28W. First setting condition: (e) P = 17 W. Circles
indicate voids formed due to degradation, and arrows indicate voids formed due to incomplete
sintering.

The samples obtained using P = 21 W and 28 W (Figure 4c,d, respectively) showed
fracture surfaces similar to the one obtained at 17 W, albeit with a larger number of voids
that were also larger in diameter, indicating a more severe degradation with the increase
in P. Figure 4e shows the morphology of the sample from the first setting condition at
P =17 W. One can observe the presence of spherical voids caused by degradation of the
material, similar to Figure 4b (17 W, third setting condition), but almost no voids due to
inefficient sintering were observed. All these results thus corroborated the density results.
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3.3. Theoretical Interpretation and Further Optimization

The results of the theoretical calculations for the energies and laser power for degrada-
tion (Pp) are presented in Table 4. According to the results shown in Table 4, the polyester
should have started degrading at P > 25.7 W during the first setting. Furthermore, the
polymer should not degrade under any value of P for the second or third setting condi-
tions, since all Pp values were higher than the maximum laser power in this study. The
aforementioned experimental colorimetric, density, and morphological results indicate,
however, that the polymer did indeed partially degrade at P > 17 W. This implies that the
theoretical formulas currently in use fail at predicting Pp. They are much more conservative
than reality, as they predict that the material should degrade once P > 25.7 W for the first
setting or once P > 37.0 W or 36.6 W for the second and third settings, respectively. The
discrepancy between the theoretical and experimental results partially explains why the
development of new SLS materials is still is a long, time-consuming, trial-and-error process.

By examining Equation (5) for the energy for degradation (E ), one can observe
that the packing factor (®) was not considered, while ® was taken into account for the
evaluation of E;, (Equation (4)). As a result, Equation (5) neglected the presence of voids
in the powder, leading to higher values of Ej,,. In the current study, a modified (“mod”)
calculation for Eg,, is therefore proposed:

Egog . = Em + {cpmm (Tdeg - Tm) n 1511] px ® (19)

With Equation (19), the values of the energy for degradation (Eg ), energy melt ratio
for degradation (EMRp), and laser power for degradation (Pp) for the polyester material
were recalculated (see Table 5).

When comparing the data from Table 4 with those in Table 5, one can observe that the
application of Equation (19) resulted in lower values for Ej.,, EMRp, and Pp, as expected.
The new values of Pp found for the second and third setting conditions partially supported
the colorimetric and density results previously discussed, as the application of P > 17 W led
to substantial degradation. However, for the first setting, the value of Pp was rather low
(only 15.6 W), indicating that a considerable degradation should have occurred at P = 17 W,
which was not observed. Therefore, Equation (19) and the other equations used for the
evaluation of Pp still should be considered approximations.

A factor that has been neglected for the tuning of process parameters for SLS is
the interaction of the laser, presenting a particular wavelength (1), with the polymer, as
reflection, absorption, and transmittance of the light will occur. The existing theoretical
models do not consider the absorptivity coefficient of the laser for the polymer of interest
(cf. Figure 2c). This partially justifies the failure of the theoretical models upon predicting
the optimal SLS conditions for materials other than PA12. Another factor was the packing
factor, which was considered a fixed factor and taken from the datasheet (0.535).
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Table 4. Calculated results for the energies (E;;, Edeg/ EMRp, ED 4, and EMR) and laser power for degradation (Pp) related to the SLS process of the polyester

(Equations (4)—(8)).

Theoretical Property First Setting Second Setting Third Setting
Energy for Melting (Ey;) (mJ-mm~3) 63.3 63.3 59.5
Energy for Degradation (Edeg> (mJ-mm~3) 410.7 410.7 406.9
Energy Melt Ratio for Degradation (EMRp) (-) 6.485 6.485 6.833
Laser Power for Degradation (Pp) (W) 25.7 37.0 36.6
Laser power (P) (W)
13 17 21 24 28 13 17 21 24 28 13 17 21 24 28
Volume E“(ffﬁ_};n]ﬁﬁ;ty (ED 4o1) 2080 2720 3360 4000 4480 1444 1889 2333 2778 3111 1444 1889 2333 277.8 3111
Energy Melt Ratio (EMR) (-) 33 43 53 6.3 7.1 2.3 3.0 3.7 44 49 24 3.2 39 4.7 52
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Table 5. Optimized theoretical results for Edeg,oss EMRD,,;/ and Pp, . using Equations (8), (9)
and (19).
. First Second Third
Theoretical Property Setting Setting Setting
Energy for Degradation (Edegnmd) (mJ-mm—3) 249.3 249.3 245.5
Energy Melt Ratio for Degradation (EMRp, ) (-) 3.9 4.1 4.1
Laser Power for Degradation (Pp, ,) (W) 15.6 224 221

Therefore, it is worthwhile to explore the relevance of the novel equations for Pp .
and Tu.x (Equations (17) and (18)). The effect of the particle size, according to the proposed
equations, is shown in Figure 5. The range of D corresponded to the particle size distri-
bution presented in Figure 2a. As shown in Figure 5, there was a specific particle size (ca.
10 pm) for which the laser power Pp ftabs reached a minimal value (Figure 5a), leading to a
maximal temperature T};4y in the polymeric material (Figure 5b). From the results shown
in Figure 5, one can, for example, observe that with Tj,, = 348 °C (temperature at which
1% mass loss is observed) and D = 10 pum, the calculated laser power for degradation
Pp,,; ., Was approximately 20 W. This value was still above the value of P =17 W, in which
degradation was observed in the morphological results (see Figure 4). However, one could
expect that the thermal degradation of the polymer, with the generation of decomposition
gases, started at a substantially lower temperature than 348 °C.

a) 504 b) 450
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40| R

= 35 o P \
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» \
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Figure 5. (a) Laser power for degradation Pp as a function of the individual particle size D,

ref+abs
considering different degradation temperatures (T, = 348, 328, and 308 °C). (b) Maximal temperature
Tiuax as a function of particle size D, upon considering different laser powers for sintering (P =13, 17,

21,25, 28). At T, =172 °C.

To illustrate the effect of Ty, on Pp,, f+as FigUTeE 5a also presents the theoretical values
of Pp, ftabs with respect to D at three Tj;,, values (348, 328, and 308 °C). One can notice that
the minimum values of Pp frabs At D =10 um reduced to ca. 18 W and 16 W at Tj,q =328 °C
and 308 °C, respectively. Therefore, Ty, should be defined in a lower temperature range
than the one at which 1% of mass loss is observed. Further insights were obtained from
Figure 5b, in which the increase in P led to an increase in Tj;5x. The peaks of Ty;4x found
at different P values occurred in the range of 7.9 < D < 13.4 pm. Figure 5b indicates that
Tinax = 317° Cat P =17 W and D = 10 um. Since only a slight degradation was observed
at P = 17 W independent of the value of z, this indicates that thermal decomposition of the
polyester occurred at temperatures of ca. 317 °C, the maximum T,y found at this laser
power. This result also supports that the value of Ty, should be defined as lower than the
temperature at which 1% of mass loss occurs

Finally, when considering the proposed models for estimation of the SLS parameters,
the energy necessary for printing could be reduced by properly selecting the particle size
range that more efficiently absorbed the laser power. These models also indicate that a
narrower particle size distribution around an adequate median would be beneficial for
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selecting the optimal sinter parameters for a given material, because the variation in Tj,,
and Pp fiabs would then be smaller.

4. Conclusions

The influence of the SLS processing parameters on the colorimetric, morphological,
physical, and mechanical properties of AM parts made with a thermoplastic elastomer
polyester were evaluated. A higher part bed temperature Tj, a lower layer thickness z, and
the XY-plane build orientation resulted in a higher density and better mechanical properties.
However, the optimal value of z depended on the particle size distribution, with particles
that were too large inducing unacceptable deformations during printing.

Evaluation of the colorimetric characteristics, specifically the yellowness and white-
ness indices, is an effective approach to assess the degradation of the material in the
manufactured parts. Degradation of the material can also be evaluated by the evaluation of
the density and by microscopic analysis. In any case, a most suitable laser power value can
be put forward, which in the current work was around 17-20 W.

In general, the predicted laser energy inducing degradation (Pp), even the optimized
one in the present work, was still approximate, so further optimization is still recommended.

The defined temperature of degradation Ty, should be lower than the currently recom-
mended temperature at which 1% mass loss occurs, as it was noticed from SEM microscopy
that degradation started well before the temperature at which 1% mass loss occurs.

The novel modeling concept revealed that a D range existed in which Pp was at its
minimum and T4y reached its maximum, indicative of design possibilities for the SLS
process. Selecting the range of D in which Pp is at its minimum could also reduce the
energy necessary for printing, reducing costs and increasing the sustainability label of SLS.
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