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Abstract

Selective Laser Sintering (SLS) is a Powder Bed Fusion technology that embraces a large number of variables influencing
the properties of the parts produced. The well-known dependence and complex interaction established between the main
process parameters demands continuous empirical research for effective SLS monitoring. The assessment of the energy
density supplied by the laser beam to the powder bed during the process, that depends on the combination of the laser power,
hatch distance, scan speed and layer thickness, is frequently considered for that purpose. Therefore, this research intends
to evaluate the influence of the energy density on the dimensional, geometric, mechanical and morphological properties of
SLS parts produced with conventional Polyamide 12 material. In this study, we considered different hatching and contour
parameters in the energy range between 0.158 J/mm? and 0.398 J/mm? through single and multiple exposure types defining
individual and combined parameterization sets, respectively. Results from X-ray computed tomography, tensile tests and
scanning electron microscopy show that the implementation of a skin/core configuration allows the production of SLS parts

with a valuable set of properties, minimizing the trade-off between mechanical strength and overall accuracy.
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1 Introduction

Selective Laser Sintering (SLS) is an additive manufactur-
ing (AM) technology that belongs to the Powder Bed Fusion
(PBF) category [1]. The production of the polymeric parts
occurs under controlled environment and encompasses three
fundamental stages: (i) spread of powder material along a
building platform, (ii) sintering of powder material accord-
ing to the cross-section of the part through a laser source and
(iii) repetition of the process, layer-by-layer, until the whole
production of the part [2, 3]. This sequence of events makes
the PBF processes, in which SLS is embraced, dependent
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on a large number of process parameters with significant
influence on the sintering process and properties of the parts,
including parameters related to the material (e.g., type of
material, particles size and shape, mixture ratio), to the
temperatures (e.g., preheating temperature, process temper-
ature), to the laser beam (e.g., laser power, beam offset), to
the scanning (e.g., scan speed, hatch distance, scan pattern)
and to the part (e.g., position, orientation) [4—7]. For pro-
cess optimization, these parameters are frequently evaluated
through the quantification of the thermal energy supplied
by the laser beam to the powder bed, as opposed to an indi-
vidual analysis of the input variables [§—10]. The thermal
energy provided during the sintering process depends on
key process parameters and directly quantifies the degree of
particle melt, the inter-particle coalescence and the micro-
structural and mechanical properties of SLS parts [3, 8, 11,
12]. A number of different concepts of energy obtained from
experimental and/or numerical methods contemplating dif-
ferent assumptions and simplifications have already been
proposed in literature. Focusing on experiments conducted
with conventional polymeric materials, the energy density
by unit of area (ED,), energy density by unit of volume
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(EDy) and total energy density (EDy) are three of the most
common [10]. ED, is a function of the laser power (P; ,..,)
scan speed (Sg,,) and hatch distance (Dy,), respectively,
related to the intensity, duration and number of times that the
laser acts on the surface of the powder bed (Eq. (1)) [8, 13]:

P
EDA — Laser ( 1 )

EDy is an extension of ED,. It includes the layer thick-
ness (I 4yer), @ process parameter with a well-known influ-
ence on the building time and surface roughness of the parts
(Eq. (2)) [10, 14, 15]:

PLaser

EDy = 2)

SScan X DHatch X tLayer

In turn, ED includes the energy provided during the pre-
heating phase, depending on the specific heat capacity (c,)
and density (p) of the material (Eq. (3)) [10]:

EDT = EDV + ¢y X p X TPrehealing ©)

All of these parameters play a crucial role during the
SLS process. In general terms, previous research proved
that when they are combined to define increased values
of energy, the inter-particle coalescence is improved and
the resulting parts present high density, low porosity, and
great mechanical properties [16, 17]. However, when the
energy is increased above a critical high value, a consider-
able amount of surrounding powder particles is sintered to
the surface of the parts through heat conduction, causing a
phenomenon known as secondary sintering [18, 19]. One of
the main observations is the oversizing of parts which can
be beneficial to contradict effects of shrinkage when the sec-
ondary sintering occurs to a small extent but undesirable for
dimensional accuracy when it takes place to a large extent
[20]. This demonstrates that medium—low values of energy
are advantageous for some properties whereas medium-high
values are beneficial for others, requiring a trade-off between
accuracy and mechanical performance [18, 19]. Under inten-
sive exposure of the laser beam operating with extremely
high levels of energy, the material is susceptible to degrade,
resulting in yellowness parts with large voids, low density,
high shrinkage and reduced mechanical strength [17, 21-24].

Regardless of the concept of energy, most of the research
conducted in this field with conventional polymeric materi-
als is focused on a single set of process parameters, mean-
ing that only one set of variables is considered for analysis.
However, the sintering process and the final properties of
SLS parts are influenced to a different extent by parameters
defining their internal and external layers (i.e., hatching
and contour parameters, respectively) [9]. Although these
parameters induce similar effects on the parts, the hatching
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settings have a predominant impact on their properties due to
the larger volume that it defines, demanding higher process
requirements [9, 25]. The value of energy is also depend-
ent on the properties of the polymeric material, building
orientation and direction of the surfaces of the part [10, 16,
26, 27]. Regarding the building orientation, it is known that
the properties of parts horizontally and vertically produced
stabilize at different levels of energy, depending on the area
of the corresponding cross-section [8, 10, 16]. For the same
values of energy, parts horizontally produced tend to pre-
sent greater overall performance until a high level where it
becomes less dependent on the building orientation [10, 16].
In fact, this multiplicity of factors restricts a trivial definition
of the optimum value of energy for each sintering process.
Because of that, the evaluation of fundamental SLS process
parameters using the concept of energy density requires con-
tinuous research for specific laser-sintering machines and
materials [28]. In this regard, Table 1 summarizes some rec-
ommended ED, and EDj, values to successfully process pure
polyamide powders in different commercial SLS equipment.
This review demonstrates that suitable values of energy are
commonly quantified through empirical data that are specific
on the equipment and experimental protocol implemented.

The purpose of this research is to provide an in-depth
understanding of the influence of fundamental SLS process
parameters on the dimensional, geometric, mechanical and
morphological properties of the parts produced. Since this
AM technology requires a laser source and critical thermal
control for the sintering, the analysis was based on the con-
cept of energy density by unit of volume, EDy, according to
Eq. (2). To this aim, a series of hatching and contour param-
eters were used to define the internal and external layers of
the parts, respectively, that were further evaluated through
single and multiple exposure types. The single exposure
type allowed the production of parts with one set of process
parameters, while the multiple exposure type allowed the
production of parts with two different sets implementing a
skin/core configuration.

2 Materials and methods

An EOS P 396 laser-sintering machine operating with a neat
PA12 material (i.e., the PA2200 supplied by EOS GmbH) in
a standard mixture ratio of 50:50% was considered for this
research. This mixture ratio of virgin and processed mate-
rial was selected to ensure an efficient packaging and the
greatest overall mechanical properties [38]. The experimen-
tal methodology of this work was divided into three main
phases: (i) the individual analysis of hatching parameters,
(i1) the individual analysis of contour parameters, and (iii)
the combined analysis of skin/core parameters. In the initial
phase, EDy, values ranging between 0.158 to 0.398 J/mm? (in
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Table 1 ED, anfl EDy va}ues SLS equipment Material ED, (J/mm?) EDy (J/mm>) Reference
for pure polyamide materials
processed by SLS Sinterstation 2500 Plus DuraForm PA12 >0.012 N/A [16]
EOS P 380 EOS PA 2200 >0.010 N/A [27]
<0.048
EOS P 380 EOS PA 2200 0.027 N/A [29]
N/A DuraForm PA12 0.020-0.080 N/A [30]
Formiga P 100 EOS PA 2200 0.050 N/A [31]
Sinterstation 2500 Plus DuraForm PA12 N/A >0.091 [32]
Sinterstation 2500 HS EOS PA 2200 N/A 0.350-0.400 [33]
N/A DuraForm PA12 0.020 - 0.100 N/A [34]
Sinterstation 2500 Plus DuraForm PA12 0.025 N/A [35]
Sinterstation 2500 HS EOS PA 1101 N/A 0.400-0.580 [36]
EOS P 395 EOS PA 2200 N/A 0.370 (0° parts) [10]
0.460 (90° parts)
Formiga P 100 EOS PA 2200 0.057 N/A [37]
e e e Lasrbeam () P Dp () Se () EDy Qi)
gy
XY-A 0.12 17.10 0.30 3000 0.158
XY-A 0.12 32.00 0.30 4500 0.198
XY-A 0.12 32.00 0.30 3730 0.238
XY-A 0.12 32.00 0.30 2800 0.318
XY-A 0.12 38.70 0.30 3000 0.358
XY-A 0.12 43.00 0.30 3000 0.398
X 0.12 32.00 0.30 2800 0.318
Y 0.12 32.00 0.30 2800 0.318
XY-S 0.12 32.00 0.30 2800 0.318
- In the second phase, the contour parameters were evalu-
g (]:[U:I]:H:UID s - i/ jz‘:‘ {m:[[m:ﬂ]};' ated through different combinations of P; ..., and Sg,, sup-
‘%777' W o ssiei i w plied in a same extent to the top and bottom surfaces of the
x: x: 0 X: X X: parts, cons.idering an optimized hatching set. This allOWE?d
Y0 Y ) v ) Y: the analysis of a range between 0.007 and 0.015 J/mm (in

®0O ®0O ®0O ®K

Fig.1 X, Y, XY-S and XY-A strategies of the laser beam (Adapted
from [39])

constant intervals of 0.04 J/mm?®) were evaluated, through
the definition of specific combinations of Py ..., Sgcans DHatch
and #; ., with the laser beam working in the conventional
xy-alternating-direction (XY-A) (Table 2). Other strategies
of the laser beam path were also assessed, including the
x-direction (X), y-direction (Y) and xy-simultaneous-direc-
tion (XY-S) (Fig. 1). The parameters related to the contour,
edges and processing temperatures remained fixed in the
standard mode.

constant intervals of 0.002 J/mm) (Table 3).

In the end, an advanced parameterization mode was used
to apply two different exposure types in the same part to
maximize its mechanical strength through the core, ensur-
ing the dimensional and geometric accuracy of features
in smooth surfaces through the skin. Based on the results
obtained from the previous phases, a promising combination
of hatching and contour parameters was defined considering
the thickness of the skin (tg;,) varying 20%, 30% and 40%
of the thickness of the part (¢p,,,) (Table 4).

In all experiments, the test specimens required for dimen-
sional, geometric, mechanical and morphological charac-
terization were horizontally produced in the center of the
building platform minimizing the influence of the thermal
gradients created during the sintering. The corresponding
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Table 3 Contour parameters considered for the experiments

Contour parameters

Pl jser (W) Sgean (Mm/s) P} yser/Sscan (J/mm)
30 3000 0.007
38 3000 0.009
34 3000 0.011
34 2000 0.013
34 4000 0.015
Optimized hatching set (Fixed)
Strategy by yer (Mm) PLager (W)
Y 0.12 32
Dyaten (mm) Sgcan (MmMm/s) EDy (J/mm®)
0.3 2800 0.318

exposure types were defined in the EOS PSW 3.8 software,
selecting the path No_Exposure — _Default_EOS for the
individual analysis and No_Exposure — SkinCore for the
combined analysis. After the sintering process, the test spec-
imens were cleaned with compressed air and sand blasting
and then stored in a room with a controlled environment of
22 °C and 40 rH% until testing.

2.1 Characterization tests

The macro and micro-scale tests used to characterize the test
specimens produced with different parameterization modes
are described in this section. After testing, the results were
statistically treated through a normality test (i.e., Ander-
son—Darling type) combined with an outlier test (signifi-
cance level: 0.05), using the basic statistics tools of the
Minitab software, to ensure a normal distribution of the data.

2.1.1 Dimensional and geometric accuracy

An artifact test developed by the National Institute of Stand-
ards and Technology (NIST) covering a large number of
different features (e.g., holes, fine pins, cylinders, staircases)
was used in this research to evaluate the limitations and
capabilities of SLS to produce parts with dimensional and
geometric accuracy (Fig. 2) [40].

The artifact test was measured by X-Ray Computed
Tomography (CT) in a ZEISS METROTOM 800 225 kV

Table 4 Skin/core parameters considered for the experiments

equipment (+(0.0035 +L/100) um) using the METROTOM
OS software. The CT images were taken with 120 kV and
1000 pA, considering 2500 projections. The dimensional
and geometric characteristics were evaluated through a mini-
mum of five measurements per feature using the INSPECT-
plus software according to the criteria and measurement
rules proposed by NIST. These five measurements were
taken to estimate the standard deviation of the position of
the points acquired in the CT images, to reduce the influence
of the irregularities of the surfaces on the uncertainty of the
measurements.

2.1.2 Mechanical properties

The mechanical properties, such as the elastic modulus,
tensile strength, tensile stress at yield (0.2% offset), tensile
stress at break, tensile strain at yield and tensile strain at
break, were determined through uniaxial tensile tests. Five
test specimens per condition, type 1BA (ISO 527-2) (Fig. 3),
were tested at 10 mm/min in an Instron 5969 Universal Test-
ing System (with video extensometer) operating with a load-
cell of 50 kN at room temperature [41].

2.1.3 Morphological properties

Scanning Electron Microscopy (SEM) analyses were per-
formed in a Nano SEM FEI Nova 200 equipment to evaluate
the microstructure, content of porosity and consolidation of
powder particles of the test specimens produced with the sin-
gle and multiple exposure types. Before the measurements,
the test specimens were cryogenically cut and prepared with
15 nm of gold coating. The images of the cross-section were
obtained with an acceleration voltage of 10 kV.

3 Results and discussion

Substantial modifications in the surface finishing, accuracy
of fine pins and holes, mechanical performance and morpho-
logical structure of the parts were detected, in function of
the process parameters selected for the sintering. This sec-
tion covers the analysis of the most relevant results obtained
from the experiments in respect of the single exposure type
of hatching parameters, single exposure type of contour

Skin parameters Core parameters

Skin/core ratio

Hatching Contour Hatching Contour
Strategy EDy (/mm®) Pj,/Seca, 3/mm) Strategy EDy, (J/mm?®) P aser/Sscan (J/mm) Iskin/tpart (%)
X 0.198 0.007 Y 0.318 0.007 20 30 40

@ Springer



Progress in Additive Manufacturing (2022) 7:683-698

687

Fig.2 Artifact test for dimen-
sional and geometric evaluation
(dimensions in mm)

Fig.3 Test specimen for 7 Q?

mechanical analysis (dimen-
sions in mm)

N =AML 0 (T
[eoe0000e |

103" =

parameters and multiple exposure type using a skin/core
configuration.

3.1 Single exposure type of hatching parameters
3.1.1 Description of observations

The primary qualitative analysis of the artifacts test pro-
duced with a single exposure type demonstrated the signifi-
cant influence of the hatching parameters on the quality of
the surfaces and features. In a first observation, it was found
that low EDy, values are desirable for the manufacturing of
fine holes but undesirable for the manufacturing of fine pins
in surfaces at 0° directed to the top (Fig. 4).

In turn, the artifacts test produced with high EDy, values
(i.e., above 0.318 J/mm?), presented pronounced problems of
cleaning, surface quality and accuracy of details, influencing
the holes, fine features and edges (Fig. 5). This was a clear
consequence of the heat conduction empowered by high val-
ues of energy which intensified the thermal gradients in the
powder bed and the secondary sintering of the surrounding
powder particles.

The artifacts test produced with the laser beam operating
with the X, Y and XY-A strategies revealed similar qualita-
tive outputs. On the other hand, the simultaneous action of
the laser beam in both x and y-directions using the XY-S
strategy resulted in non-conforming parts with the full-sin-
tering of holes, loss of precision, poor edges, oversizing and
surface roughness. In consequence of the intensive exposure
of the laser beam, the artifacts test produced with 0.358 J/

"
- ?110—;
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75
7
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-
TEF N i’ll“ il

Fig.4 Fine features of artifacts test produced by SLS with 0.198 J/
mm?® (top), 0.238 J/mm? (middle) and 0.278 J/mm?> (bottom)

mm?, 0.398 J/mm?> and XY-S were not considered for the
dimensional and geometric analysis.

3.1.2 Dimensional and geometric accuracy

The evaluation of the dimensional and geometric accuracy
of the artifacts test encompassed the qualitative analysis of

@ Springer
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Fig.5 Surface of an artifact test produced by SLS with 0.358 J/mm®
(after sand blasting)

the CT images combined with the basic principles of Geo-
metric Dimensioning and Tolerancing (GD&T), including
the analysis of the form of single features and orientation of
features in relation to others using datum reference frames
[42]. The CT images revealed in detail the observations
reported in the previous section concerning the brittleness
of fine pins, quality of holes, surface roughness and straight-
ness of edges, depending on EDy, (Figs. 6 and 7). These
differences had a critical influence on the GD&T measure-
ments, with particular effect on the flatness, straightness and
parallelism of surfaces.

Fig.6 CT images of an artifact
test produced by SLS with
0.158 J/mm’®

Fig.7 CT images of an artifact
test produced by SLS with
0.318 J/mm®

@ Springer

As a result of the enhanced heat conduction to the sur-
rounding powder particles and the warping effects coming
from the sintering process conducted under high levels of
energy, the findings proved that low EDy, values are advanta-
geous to produce flat surfaces (Fig. 8). Until 0.238 J/mm?,
the artifacts test presented a flatness between 0.10 mm and
0.20 mm (on average), with the highest value for 0.158 J/
mm? reflecting the high surface roughness of the surface
(see Fig. 6). A rising trend was verified after that level with
values of flatness above 0.30 mm in the artifact test produced
with 0.318 J/mm”.

The artifacts test produced with low to medium levels of
energy reached similar values of straightness of the primary
surface, registering average values close to 0.18 mm (Fig. 9).
However, a significant increase was verified in artifacts test
produced with high EDy, values, reaching a maximum of
0.30 mm with 0.318 J/mm’.

The parallelism of opposite surfaces was the GD&T
function most influenced by the EDy, value (Fig. 10). The
results indicated that low EDy, values are advantageous to
produce parallel surfaces. In a variation of 0.16 J/mm?,
the parallelism of opposite surfaces increased more than
4 times, from 0.10 mm in the artifact test produced with
0.158 J/mm? to above 0.40 mm in the artifact test produced
with 0.318 J/mm?. This agrees with the results of flatness
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Fig.9 Straightness of primary surface of artifacts test produced by
SLS depending on EDy, (XY-A strategy)

previously discussed since the parallelism tends to increase
when opposite surfaces that are not completely flat are
under consideration, in consequence of the thermal con-
duction empowered to the surrounding powder particles.
The analysis of the dimensional accuracy of pins and
holes with nominal diameters of 2.00 mm, 1.50 mm,
1.00 mm, 0.50 mm and 0.25 mm is reported in Fig. 11.
The results showed that all EDy, values considered for
dimensional and geometric evaluation (i.e., from 0.158
to 0.318 J/mm?®) can produce pins until a minimum of
1.00 mm of nominal diameter. Pins with 0.50 mm and
0.25 mm of nominal diameter were not produced with low
EDjy, values (i.e., 0.158 J/mm? and 0.198 J/mm?). Despite
the capability to manufacture the pins, the results showed

Energy density, EDy; (J/mm?)

Fig. 10 Parallelism of opposite surfaces of artifacts test produced by
SLS depending on EDy, (XY-A strategy)

that its diameter tends to gradually increase with EDy,.
In this way, the artifact test produced with 0.158 J/mm?
exhibited the highest deviation to a minimum value until
0.13 mm below the nominal, while the artifact test pro-
duced with 0.318 J/mm? exhibited the highest deviation
to a maximum value until 0.17 mm above the nominal.
Therefore, the medium EDy value of 0.238 J/mm?® was
the most appropriate to produce fine pins with acceptable
dimensional accuracy. Regardless of the value of energy,
the minimum pin size achievable by the laser-sintering
system was 0.50 mm, assuming an adequate tolerance.
Below 0.50 mm, the deviations exceeded 0.30 mm.
Opposite trends were verified for the holes. In this
regard, EDy, values above 0.238 J/mm?> were not able to
produce fine holes with a nominal diameter equal to or less
than 2.00 mm. As opposed to the pins, the average diam-
eter of the holes tends to gradually decrease with EDy,. For
instance, the EDy, of 0.238 J/mm? was only able to produce
holes until a nominal diameter of 1.50 mm, with a maxi-
mum deviation of 0.62 mm below the nominal. In turn,
EDy, values of 0.198 J/mm?® and 0.158 J/mm?® were able to
produce holes until a nominal diameter of 1.00 mm, with
a maximum deviation until 0.26 mm and 0.10 mm below
the nominal, respectively. Therefore, the lowest EDy, value
of 0.158 J/mm? was the most suitable to produce fine holes
until 1.00 mm with satisfactory dimensional accuracy.
The dimensional and geometric evaluation of the arti-
facts test produced with 0.318 J/mm? using different laser
beam strategies showed some differences in the quality of
the surfaces and edges, with particular effect on the flat-
ness, straightness and parallelism. The results evidenced
that the XY-A and Y strategies allow the production of
SLS parts with similar geometric characteristics. However,
the artifacts test produced with the X strategy presented

@ Springer
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Fig. 11 Diameter of pins (left) and holes (right) of artifacts test produced by SLS depending on EDy, (XY-A strategy)
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Fig. 12 Typical engineering stress—strain curves of test specimens
produced by SLS depending on EDy, (XY-A strategy)

greater quality by obtaining flat, straight and parallel
surfaces.

3.1.3 Mechanical properties

The mechanical analysis demonstrated the significant effect
of EDy, on the mechanical performance of the test specimens
produced by SLS with a single exposure type through the
modification of the hatching parameters, as evidenced in
typical engineering stress—strain curves obtained from the
experiments (Fig. 12).

Regarding the elastic modulus, it was verified that
it increased from low to medium values of energy and
decreased from medium to high values of energy, recording
1197.0+74.2 MPa with 0.158 J/mm?, 1553.6 +93.3 MPa

@ Springer

Energy density, EDy, (J/mm?)

Fig. 13 Elastic modulus of test specimens produced by SLS depend-
ing on EDy, (XY-A strategy)

with 0.278 J/mm? and 1192.7 + 100.8 MPa with 0.398 J/
mm? (Fig. 13).

The tensile stress at yield also increased with EDy,
recording a difference of 38% in 0.24 J/mm?> [Fig. 14 (left)].
For instance, the test specimens produced with 0.158 J/mm?
recorded 22.1 + 1.2 MPa and the test specimens produced
with 0.398 J/mm?® recorded 30.5 + 1.3 MPa. The tensile
stress at break did not exhibit a relevant trend with EDy,
registering values between 35 and 41 MPa [Fig. 14 (right)].

The tensile strain at yield had a non-sensitive effect in
test specimens produced with medium-low values of energy
[Fig. 15 (left)]. However, it significantly increased with high
levels. The tensile strain at break also showed an increasing
trend with EDy, [Fig. 15 (right)]. These results, combined
with the large plastic region evidenced on the corresponding
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Fig. 15 Tensile strain at yield (left) and tensile strain at break (right) of test specimens produced by SLS depending on EDy, (XY-A strategy)

stress—strain curves, prove that SLS parts become less brit-
tle when the sintering process is conducted with high EDy,
values [16].

The tensile strength increased with EDy, to a great extent
from 0.158 to 0.318 J/mm?, achieving a maximum variation
of 22.0% (Fig. 16). After the rising trend until medium-high
levels of energy, an asymptotic value close to 44 MPa was
reached with a variation of less than 1.0% between experi-
ments. This output, as well as the results of tensile stress
at yield, evidenced that medium-high levels of energy are
desired to improve the mechanical strength of SLS parts
above 20.0%. This increasing trend until values between
40 and 50 MPa is in agreement with similar experiments
reported in literature, despite the slight difference in the level
of energy at which properties stabilization begins [10].

In respect of the strategy of the laser beam, the mechani-
cal analysis showed that the highest values of tensile stress

at yield, tensile stress at break and tensile strength were
obtained in the test specimens produced with the laser beam
operating in the y-direction. For instance, the tensile strength
of the test specimens produced with this laser beam path was
9.8% higher compared with the standard XY-A strategy (i.e.,
from 44.1+1.0 to 48.4+ 1.0 MPa) (Fig. 17).

3.1.4 Morphological properties

Figure 18 shows SEM micrographs of the cross-section of
test specimens produced by SLS with low (i.e., 0.158 J/
mm?), medium (i.e., 0.278 J/mm?) and high (i.e., 0.358 J/
mm?) values of energy, using the XY-A strategy of the laser
beam path.

The micro-scale images illustrate that the test specimens
produced with low EDy, values exhibited large voids and
gaps between the layers of powder due to the insufficient
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Fig. 16 Tensile strength of test specimens produced by SLS depend-
ing on EDy; (XY-A strategy)

45 =

Tensile strength, 6,, (MPa)
bvs

¢ Orientation at 0°

20 ' :
@ == @ a»

Laser beam strategy

Fig. 17 Tensile strength of test specimens produced by SLS depend-
ing on the hatching strategy (0.318 J/mm?)

energy density supplied by the laser beam, which is an
essential condition for an efficient inter-particle consoli-
dation. In turn, the cross-section of the test specimens
became more homogeneous with less content of porosity
when medium-high levels of energy were considered for
the sintering. However, an intensive exposure of the powder
particles to the laser beam operating with excessive levels
of energy resulted in a damaged cross-section, with voids
reaching 160 pm of diameter (on average). These morpho-
logical characteristics had a critical effect on the mass and
mechanical properties of the test specimens, explaining the
reduction of the tensile strength from 36.2 +0.9 MPa in test

@ Springer

specimens produced with low EDy, values to 44.4+0.7 MPa
in test specimens produced with medium-high EDy, values.
The strategy of the laser beam did not induce significant
morphological differences in the cross-section of the test
specimens, comparing with the effect of EDy,.

3.2 Single exposure type of contour parameters

The experiments conducted to evaluate the contour param-
eters using a single exposure type proved that the properties
of SLS parts are more influenced by the hatching parameters
defining the largest portion of its bulk volume. In fact, the
morphological analysis did not reveal significant differences
between hatching and contour layers, explaining the low
dimensional, geometric and mechanical variations obtained
in the experiments. However, the test specimens produced
with 0.007 J/mm exhibited slight benefits in relation to the
others. They presented the lowest values of flatness (i.e.,
0.23+0.01 mm), straightness (i.e., 0.23 +0.02 mm) and
parallelism (i.e., 0.29 +0.01 mm) and the highest values of
tensile stress at yield (i.e., 37.2+2.3 MPa), tensile stress
at break (i.e., 50.5+0.5 MPa) and tensile strength (i.e.,
55.6+0.8 MPa). In fact, a medium-high EDy, value defined
for the hatching combined with a low EDy, value defined
for the contour was advantageous to maximize the overall
performance of the test specimens, ensuring a valuable com-
promise between strength and accuracy.

3.3 Multiple exposure type using a skin/core
configuration

The individual analysis of hatching and contour parameters
revealed that when the energy provided during the sintering
process is high, the heat conduction empowers the second-
ary sintering of surrounding powder particles, improving the
mechanical properties but reducing the dimensional and geo-
metric accuracy of the parts. This means that medium—high
EDy, values are beneficial for mechanical strength, while
medium—low EDy, values are preferable for surface finishing
and dimensional and geometric accuracy of features. Based
on these assumptions, this section focuses on the production
of tests specimens with 0.318 J/mm? supplied to the core and
0.198 J/mm? supplied to the skin, defining 20%, 30% and
40% of the tp,,, (Table 4).

3.3.1 Description of observations

The qualitative analysis of the artifacts test produced with
a multiple exposure type revealed the first benefits of the
skin/core configuration. While the artifact test entirely pro-
duced with 0.318 J/mm? using a single exposure type did not
exhibit fine holes equal to or less than 2.00 mm of nominal
diameter, fine holes until 1.00 mm were detectable on the
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Fig. 18 Cross-section of test specimens produced by SLS with 0.158 J/mm? (left), 0.278 J/mm® (middle) and 0.358 J/mm> (right) (XY-A strat-

egy)
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. INTERFACE (ED

SKIN/CORE
INTERFACE (COLOR)

Fig. 19 Details of an artifact test produced by SLS with combination of parameters

top surface of the artifacts test produced with the advanced
parameterization mode. However, in consequence of the
substantial difference of energy density involved, a clear
interface between the layers defining the skin and the core
through an additional edge and slight differences of color
was visible on the features and surfaces of the artifacts test
(Fig. 19).

3.3.2 Dimensional and geometric accuracy

The CT images of the artifacts test produced with the com-
bination of parameters revealed in detail the observations
reported in the previous section that induced significant
differences in the GD&T measurements. As stated before
for the single exposure types, one of the GD&T basics
most influenced by the operating settings is flatness. In this
respect, the dimensional and geometric analysis showed
that the flatness of parts produced by SLS with 0.318 J/
mm? can be reduced until 26.1% (i.e., decreasing from 0.23
to 0.17 mm (on average)) when skin layers sintered with
0.198 J/mm® defining 40% of the fp,,, are included (Fig. 20).

The straightness of the primary surface also showed a
strong dependence on the skin/core combination (Fig. 21).
While the artifacts test entirely produced with 0.318 J/mm?

0.5

e e S
38} w S
T T T
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e
—
T
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Tskin/tpart (%0)

Fig. 20 Flatness of top surface of artifacts test produced by SLS with
combination of parameters

presented straightness above 0.20 mm, the inclusion of skin
layers sintered with 0.198 J/mm?® allowed a reduction to
0.14-0.18 mm, regardless of the 7gy;,.

As expected, the parallelism decreased from 0.44 to
0.29 mm in artifacts test produced with the fg;, increasing
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Fig.21 Straightness of primary surface of artifacts test produced by
SLS with combination of parameters

from 20% to 40% of the tp,,,, respectively, in function of the
overall EDy (Fig. 22). However, the artifact test produced
with 0% of fg;, recorded the lowest value of 0.29 mm. This
proved that the physical interface observed between the skin
and core layers preventing the production of flat lateral sur-
faces, as illustrated in Fig. 22, had a negative effect on the
dimensional and geometric accuracy of the primary surfaces
of the artifact test.

The findings concerning the fine pins were coherent with
the results reported in Fig. 11. The CT analysis demonstrated
that the experiments with 0% and 20% of tq,;,/?p, €0SUTE
similar outputs, while the experiments with 30% and 40%
of tgyin/tpar €Xceed deviations of 0.10 mm in all fine pins.
Within the scope of fine features, the greatest benefits of
the multiple exposure type were in the manufacturing of
holes that were not observed in artifacts test produced with
0% of tgy;, (Fig. 23). In this regard, the condition of 20% of
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Fig.23 Diameter of holes of artifacts test produced by SLS with
combination of parameters

tsyin/tpare @llowed the production of fine holes until 1.50 mm,
while the conditions of 30% and 40% of fg,/tp, allowed
the production of fine holes until 1.00 mm of nominal diam-
eter. However, a satisfactory dimensional tolerance below
0.10 mm was not guaranteed in any experiment.

3.3.3 Mechanical properties

The engineering stress—strain curves obtained from the ten-
sile tests revealed that the mechanical properties of the test
specimens decreased when skin layer sintered with low val-
ues of energy were combined with a medium-high level of
energy defined for the core (Fig. 24).

The reduction of the mechanical properties was observed
in the elastic modulus and tensile strength. The elastic mod-
ulus decreased from 1674.5+77.7 MPa in test specimens
produced with a single exposure type to values ranging from

Fig. 22 Parallelism of opposite
surfaces of artifacts test pro-
duced by SLS with combination
of parameters
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Fig.24 Typical engineering stress—strain curves of test specimens
produced by SLS depending on the combination of parameters

1311.6 to 1409.7 MPa in test specimens produced with the
combination of parameters (Fig. 25). This occurs due to
the increased number of layers sintered with low values of
energy that induce reduced values of elastic modulus, evi-
dencing few brittle characteristics (see Fig. 13).

The tensile stress at yield gradually decreased from
37.2+2.3 MPa in test specimens produced without the com-
bination of parameters to a minimum of 31.1+1.0 MPa in
test specimens produced with 40% of tg; /tp,, recording
a reduction of 16.4% (Fig. 26 (left)). Similar outputs were
verified for the tensile stress at break which reduced 19.2%
from 50.5+ 1.1 MPa in test specimens produced without
combination of parameters to 40.8 +0.9 MPa in test speci-
mens produced with 40% of tq;,/tp,. [Fig. 26 (right)].
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Fig. 25 Elastic modulus of test specimens produced by SLS depend-
ing on the combination of parameters

The results of tensile strain at yield and tensile strain at
break [Fig. 27 (left and right, respectively)], did not reveal a
significant variation with the zg; /fp,, relationship, record-
ing values similar to those obtained in the test specimens
entirely produced with 0.318 J/mm?>. These results combined
with the evolution of typical engineering stress—strain curves
(Fig. 25) suggest that when a combined parameterization
mode is applied, the test specimens require inferior mechani-
cal load to induce similar strain levels, due to their more
ductile behavior (i.e., reduced elastic modulus).

Furthermore, the tensile strength reached a maximum
reduction of 20.3% from 55.6 + 0.8 MPa using the stand-
ard parameterization mode to values ranging between
44.3-46.0 MPa using the combined method (Fig. 28).
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Fig. 27 Tensile strain at yield (left) and tensile strain at break (right) of test specimens produced by SLS depending on the combination of

parameters
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Fig. 28 Tensile strength of test specimens produced by SLS depend-
ing on the combination of parameters

3.3.4 Morphological properties

The SEM micrographs of the cross-section of test specimens
produced by SLS with a multiple exposure type showed that
the cross-section of the test specimens presented high con-
tent of porosity with voids reaching an average of 150 pm of
diameter (Fig. 29). However, the micrographs did not reveal
clear differences between the layers defining the skin and core
configurations, neither significant modifications in the cross-
section of the test specimens produced with different fgy; /fp,
relationships. This suggests that the morphological structure
of SLS parts is mostly governed by the EDy, value supplied
for the hatching layers. With these findings, it is possible to

@ Springer

argue that the intrinsic porosity of SLS parts can be controlled
in advance with proper adjustment of hatching parameters to
provide medium-high EDy, values to their internal layers (see
Fig. 18).

Despite the almost insensitive morphological modifications,
this section showed that the implementation of a multiple
exposure type influences the properties of SLS parts, in terms
of mechanical strength and overall accuracy. Although dif-
ferent process parameters are required to optimize these non-
compatible properties, a promising balance can be established
using a combined parameterization mode. In this research,
improvements in the flatness and straightness of surfaces and
the manufacture of fine holes were reached using an advanced
parameterization method, with an average reduction of 20%
in the mechanical properties. The achievements proved that
the definition of the optimum set of process parameters for
each building job, whether in single or combined approaches,
strongly depends on the part and its technical specifications.

4 Conclusion

The influence of the thermal energy supplied by the laser
beam to the powder particles during the sintering on the
overall performance of parts produced by SLS was evaluated
in this research using single and multiple exposure types.
The experiments demonstrated that medium—-low EDy, val-
ues, from 0.158 to 0.238 J/mm?, supplied to the hatching
layers are desirable to ensure great dimensional and geo-
metric outputs while medium-high EDy, values, from 0.278
to 0.318 J/mm?, are desirable to maximize the mechanical
properties of the parts. Above 0.318 J/mm?, the process
becomes unfeasible due to the excessive level of energy and
negative effects induced by the secondary sintering. In this
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Fig. 29 Cross-section of test specimens produced by SLS with 20% (left), 30% (middle) and 40% (right) of gy /tpart

research, this phenomenon had significant influence on the
dimensional accuracy of the parts with the increasing level
of energy. Regardless of the EDy, value, it was proved that
preference should be given to the xy-alternating-direction
and y-direction strategies of the laser beam, rather than the
xy-simultaneous-direction and x-direction. As opposed to the
hatching, the variation of the contour parameters using a sin-
gle exposure type, from low to high values of energy, did not
have a significant effect on the main properties of the parts.
On the other hand, the valuable potential in combining dif-
ferent process parameters defining a skin/core configuration
was showed. In this regard, promising values of flatness and
straightness of surfaces were allowed without significant loss
of mechanical properties. To conclude, it was proved that an
in-depth understanding of the individual effect of fundamen-
tal SLS process parameters makes it possible for the imple-
mentation of a multiple exposure type with the potential to
ensure a set of properties suited to technical requirements.
This knowledge base combined with analytical solutions
describing the experimental process-structure—property rela-
tionship are useful insights to monitor the sintering process
by estimating the properties of the parts as a function of the
process parameters. Other exposure types will be explored
in future work to enhance the competitiveness of SLS, in
relation to conventional processing technologies.
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