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A statistical analysis of the response of the parameters has been led by a design of experiments to extract the most influential
parameters in the selective laser sintering process. The parametric study was carried out by varying five parameters on the SLS
machine and by looking at their influence on five groups of responses relating to the physical, mechanical, and thermal properties
as well as to the printing duration. The mathematical models of the response surfaces were established by linking the responses to
factors and their interactions. The model of regression uses not only the interaction between regressors but also nonlinear logical
functions. These statistical models were used to define an optimal set of parameters. The geometry and density of specimens made
of polyamide 12 confirm that increasing the distance between successive laser beam passes allows a significant manufacturing time
reduction. The mechanical properties depend mostly on laser power and scan count. We conclude that a low laser power applied
twice can improve the properties of the printed part. By optimizing the laser parameters, the targeted mechanical properties are

obtained with over 33% of production time savings.

1. Introduction

The selective laser sintering (SLS) process is an advanced
manufacturing technology to print polymeric parts with
high dimensional accuracy. The principle of SLS is to sweep a
powder bed with a laser beam to melt the powder layer by
layer. However, the printed parts suffer from mechanical
resistance, which limits the printed parts as functional parts.
Moreover, the printing cycle lasts a few hours, and conse-
quently, the manufacturing costs are high. Improving the
mechanical properties and reducing the manufacturing time
are the key points of the widespread SLS process. Polyamide
12 (PA12) is the most used polymer in SLS. In order to
improve the properties of the printed parts, it is necessary to
obtain more information on the process parameters. From
recent works [1-3], we know that the build parameters are as

follows: supplied laser energy density and energy absorption,
part bed orientation, feed and bed temperature, layer
thickness and width, material type, and powder properties.
These parameters can be classified into two categories: (a)
part-dependent parameters and (b) build or layer parame-
ters. Supplied laser energy and absorption and part orien-
tation are part of the first group while preheating and
processing temperature, heating rate from the preheating
temperature to processing temperature, thickness and width
of the sintered layer, material type, and its properties are part
of the second one. The part-dependent parameters are
different for each part in the build chamber, while the build
or layer parameters (second category) can vary according to
the height position of the part being processed into the build
chamber. However, the build or layer parameters lead to the
same properties within every single layer.
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Several studies report an experimental investigation of
the effect of parameters on the properties of sintered parts.
The sintered structure is affected by the supplied laser energy
density (ED). The energy density, also called Andrew
number, is defined by the ratio of laser power over scan
speed. The ED is known to impact the melting and solidi-
fication of the polymer, but above, each individual pa-
rameter, laser power, and scanning speed affect the
properties of the printed parts for the same material. Sin-
tering of polymers with low melting temperatures usually
requires using CO, lasers with a wavelength of 10.6 ym. In
the literature, the range of energy density for polyamide 12 is
between 0.001 J.mm * and 0.048 J.mm 2 [4, 5]. The value
below 0.01 ].mm™” leads to not proper sintering, while the
value above 0.048].mm > causes the degradation of the
polymer. Caulfield et al. [6] reported that the parts fabricated
at high energy density levels (0.028].mm ) have more
ductile behaviour than PA12 samples made at low energy
density levels (0.008 J.mm™?). It has been found for Dura-
form PAI12 (3D Systems) a maximum tensile strength of
48 MPa for horizontally printed samples and 44 MPa for
vertically printed samples. According to the technical
specification, the tensile strength of Duraform PAI12 is
43 MPa. This leads to the conclusion that maximum strength
can be obtained with a relatively low energy density.
However, the elastic modulus has been reported at extremely
low values of 1100 MPa for horizontal samples and 900 MPa
for vertically printed samples. Nevertheless, Caulfield et al.
[6] and Goodridge et al. [7] suggested that high laser power
values may result in excess heat, which will result in
damaged or burnt powder, shear stresses between layers, and
part distortion. Khalil et al. [8] have also studied the in-
fluence of energy density in the range from 0.016 J.mm ™~ to
0.032].mm > on flexural properties of ultra-high molecular
weight polyethylene (UHMWPE). The elastic modulus and
flexural stress increase with an increase in laser energy
density. The maximum elastic modulus and flexural stress of
47 +3MPa and 2.12+0.05 MPa, respectively, are obtained
for 0.027 J.mm 2.

Some authors used response surface modelling (RMS)
for the determination of the correlation between process
parameters and part properties in SLS. Thus, Wegner and
Witt [9] studied the effect of the laser power, scan spacing,
scan speed, preheating temperature, and layer thickness on
the tensile strength, tensile modulus, elongation at break,
and part density of polyamide parts (PA 2200 from EOS).
They reported that the most important parameters are the
scan spacing and layer thickness. Negi et al. [10] investigated
the effect of process parameters as preheating temperature,
laser power, scan speed, and scan spacing on the properties
such as tensile strength, elongation, yield strength, and
tensile modulus of glass-filled polyamide parts (PA 3200 GF
from EOS) produced by SLS. Several authors [6, 9-12]
confirm that the mechanical properties of sintered parts
increase with an increase of laser power and preheating
temperature and decrease with an increase in scan speed and
scan spacing. The scan speed and scan spacing are found to
have a positive effect on the properties, while the preheating
temperature and laser power have a relatively small influence
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on the properties. Moreover, Ajoku et al. [13] found that, for
PA12 (no material reference is cited in this work), better
properties of tensile strength, Young’s modulus, and elon-
gation at break are obtained with a part build orientation
parallel to the layer orientation (0°) than for parts built
perpendicularly to layer orientation (90°). To sum up, the
experimental studies are time-consuming, and the param-
eters cannot be separated to understand their effect because
they are interdependent.

To facilitate the analyses, different process parameters in
SLS are often correlated with part properties by applying the
design of experiments (DoE). This approach is used to plan the
experiments, and regression models can be developed to study
the effect of selected parameters, including their interactions
concerning output. Hofland et al. [14] present the study for
polyamide 12 (PA 2200 from EOS), using the sensitivity
analysis, considering laser power, scan speed, scan spacing, part
build orientation, preheating temperature, and layer thickness.
They have shown that the most important variable is scan
spacing, with a result of 30% and 23% for horizontal and
vertical printed samples, respectively. Next, the layer thickness
of 29% for horizontal printed samples and 28% for vertical
printed samples were obtained from calculations. Scan speed
led to the third-largest impact on the part properties, followed
by preheating temperature and laser power. Kumar et al. 2]
have analysed the influence of laser power, temperature, and
part orientation for the dimensional accuracy and micro-
hardness of parts. They conducted their experiments using the
Taguchi method for the Ly orthogonal array setting with
Duraform PA (3D Systems). The Taguchi technique can be
successfully used to optimize and investigate the effect of
parameters over the variables. They confirm that laser power
and temperature have a major influence over the dimensional
accuracy; moreover, the temperature has an important influ-
ence on the microhardness of the SLS prototypes. Another
method of design of experiments is response surface modelling.
This method was used by Wegner and Witt [9] or Negi et al.
[10]. They both have designed orthogonal and rotatable,
Wegner and Witt studied 36 experiments, and Negi used 50
experiments. In orthogonal designs, the coeflicients are inde-
pendent of each other, resulting in a simpler interpretation of
the data. Rotatable designs have experimental variances which
are equal for all points with the same distance from the centre
point, being independent of the chosen direction. Yusoft and
Thomas [15] have justified that the laser energy density de-
pends on three variables, laser power, scan count, and laser scan
spacing, for Duraform PA (3D Systems) and PA 2200 (EOS).
The latter plays a significant role in experimental results.
According to Stwora and Skrabalak [16], the scanning speed
does not influence the properties of the part. However,
maximizing scan speed might reduce the manufacturing time
in the case of building large elements.

Most of the time, several parts are manufactured at the
same time in the same build chamber for powder savings.
During one manufacturing cycle, the parameters can be
chosen for each individual part. Many parameters affect the
properties of the printed parts, so the studies aiming to
understand the effect of parameters take a long time, and
they are expensive. Moreover, understanding the effect of
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each parameter is tricky since the parameters are interde-
pendent. To understand the effect of process parameters, the
use of mathematical methods such as the design of exper-
iments is required. Shen et al. [17] have proposed experi-
mental testing and numerical modelling to evaluate and
predict the temperature distribution and dimensions of their
melt pools. Their model takes into account the interaction
between the laser beam and powder bed, as well as the
temperature-dependent material properties and the solid-
liquid phase transition. The process modelling can provide
an insight into the mechanism of the sintering process by
heat transfer model and heat source modelling. The process
parameters for SLS of the nanocomposite powders are
optimized through the process efficiency maps. Korycki et al.
[18] also studied a combined experimental-numerical ap-
proach to estimate the influence of each thermal cycle on the
crystallinity and the mechanical properties of the printed
layers during SLS. A dual experimental-theoretical method
has been investigated by Yuan et al. [19] on multiwalled
carbon nanotubes coated polyamide 12 (CNTs/PA12)
powders. The energy required for melting and decomposi-
tion was predicted by a theoretical model after the imple-
mentation of characterized heat capacity and density in the
powder, melting, and liquid phases. It is noted that this
method of material evaluation and process optimization is
cost-effective. Another method proposed to save optimi-
zation time and manufacturing costs is the adaptive net-
work-based fuzzy inference system (ANFIS) studied by
Aldahash et al. [20] for cement-filled polyamide 12 com-
posite. It is an iterative tool for optimizing nonlinear and
multivariable manufacturing operations. For this study, a set
of cement-filled PA12 test specimens was manufactured by
SLS with 8 different values of laser power (4.5-8 W) and 8
different weight fractions of white cement (5-40%). ANFIS
is used for the prediction of chaotic time series, where the
goal is to minimize the prediction error.

We propose the iconography of correlation (CORICO)
as a method [21, 22] to help to get insight into the effect of
process parameters. It is an extension of interactions of
partial correlation as a factor selection tool and synthetic
diagram including the chosen factors. Figure 1 shows an
example in the case of corrosion study for which the factors
are concentration, temperature, and time. This method al-
lows the screening of factors and the construction of non-
linear models by a study of interactions such as
concentration and temperature, as shown in Figure 1. The
responses are expressed as multiple regressions. In the
CORICO method, the selection of predictors takes place
before the model is fitted and the calculation of coefficients is
performed. The number of variables is unlimited, and the
CORICO method proposes the model which fits the best
with the experimental data. To our knowledge, it is the first
time that the iconography of the correlation method is
applied to parts manufactured in the selective laser sintering
process.

For this study, in experimental analysis, 400 specimens
of Duraform FR1200 have been sintered on the ProX500
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Figure 1: CORICO software: global data analysis.

SLS. The specimens have been characterized to measure their
density, porosity, flexural and tensile properties, and thermal
transitions. Also, the manufacturing time has been measured
for each specimen. To our knowledge, it is the first time that
the production time of sintered parts is included in such a
study.

In this work, the level of input of each parameter has
been chosen following the recommendation of the supplier
of the machine and powder. However, the parameters can be
applied as well on the others SLS machines and powders. We
target the best performance for the printed parts. Therefore,
the influence of the different parameter settings on density,
thermal transitions, and mechanical properties of laser-
sintered polyamide 12 parts is analysed.

In the second part of this work, the iconography of
correlations method as statistical analysis allows optimizing
the process parameters in order to improve the mechanical
properties and to decrease the production time of printed
parts.

2. Materials and Methods

2.1. Materials. Sintered material was polyamide 12, under
the commercial name of Duraform FR1200 from 3D Sys-
tems, with a melting temperature of 180°C. The sintered part
density is about 1.02 g.cm ™. Duraform FR1200 is charac-
terized by flame retardant with excellent surface quality for
applications such as aerospace, transportation, and con-
sumer goods. The safe level of smoke density and toxicity
allows introducing direct 3D production in aerospace to
accelerate parts delivery and reduce downtime.

The sintering experiments were carried out by using a
commercial ProX500 SLS machine from 3D Systems,
equipped with a CO, laser of 500 microns diameter beam
size, which allows sintering of specimens with a maximum



power of 100 W and maximum laser scanning speed of
12000 mm.s~'. The scan count can be once or twice. The
maximum scan spacing is 0.25 mm.

2.2. Experimental Methods. The Archimedes principle [23]
was used to determine bulk density ppux by hydrostatic
weight. This method can measure the density of the entire
part considering its porosity. The measurement procedure
for the hydrostatic density of the sintered part is as follows:

(i) Drying at least 3h at 100°C
(ii) Weight of dried sample in the air (M)
(iii) Weight of water-saturated sample in water (M) at
27°C, while the density of water (p) is 0.9965 g.cm ™

The determined M;, M,, and p are substituted in
equation (1). The bulk density is obtained in g.cm™.

S (1)
Poulk = M, - M, PH,0

The relative density in equation (2) includes porosity. It
is calculated by the ratio of bulk density p;,;x and theoretical
density of fresh powder p;,. (1.095 g.cm73, measured by
pycnometer in ethanol).

Puik
Prelutive = = % 100 %. (2)

true

The dimensional control of specimens is done according
to ISO 2768. A medium tolerance class is applied to linear
dimensions of sintered parts. Three individual measure-
ments (length, thickness, and width) of each dimension are
taken, and an average value is obtained. The dimensions are
measured using Vernier calliper with an accuracy of 0.1 mm,
while the length of tensile samples is measured by a ruler
with an accuracy of 0.1 mm. The results are compared to the
dimensions of the input drawing.

The linear shrinkage of sintered parts is calculated as
follows:

L,-L
Lshrinkage = ( OL ) [%]a
0
W,-W
Wshrinkuge = ( ;)/V ) [%]>
0
(T, - T) (3)
Tshrinkuge = (?T [%])
0
VoV
Vshrinkuge = % [%]’
0

where Ly (length), W, (width), and T, (thickness) are the
nominal size of the printed parts, L, W, and T are the actual
size of length, width, and thickness (mm), respectively, and
Vo and V are the nominal and actual volume of the printed
parts (mm?>).

The mechanical tests are carried out on the Instron
Universal 33R4204 traction machine. The tests are per-
formed on flexural specimens by three-point bending tests
according to ISO 178. The flexural samples are designed with
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a nominal dimension of 127 mm, 12.7 mm, and 3.2 mm
corresponding to long, wide, and thick, respectively. The
tensile specimens are prepared according to ISO 20753
(types and dimensions), and their properties are determined
by ISO 527. The samples are designed with a nominal di-
mension of 170 mm, 10 mm, and 4 mm corresponding to
long, wide, and thick, respectively. The test parameters are as
follows: movement speed of 2mm.min~', 5kN force cell,
span length of 56 mm for flexural specimens only, and
Instron 2620 series extensometer for tensile specimens only,
and end of the test criterion is the rupture of the test
specimen.

The thermal transitions are measured with DSC Q200
from Thermal Analysis Instruments. The measurements are
performed under nitrogen sweep at 50 ml.min~"' and heating
and cooling rates of 15°C.min"" from room temperature to
300°C. A sample mass between 8 mg and 16 mg is placed in
an aluminium hermetic crucible. The glass transition tem-
perature (T',), crystallization temperature (7), and melting
temperature (T,,) are determined. The apparent degree of
crystallization (X,) is calculated with the following formula:

x. = 2Hm 1000 (4)
~ AH,, >
where AH,, is the melting enthalpy and AHy, is the theo-
retical melting enthalpy of 100% crystalline phase equals
209.3 ].g’1 for PA12 of 100% crystalline phase [24].

The production time in seconds is calculated to obtain
the time needed to print a single sample for a set of
parameters.

TS araaL
=\sst s, + T2

T SC,

SST LS,

(5)

sc, W)
t
P

LS, LPT

where T is the actual thickness (mm), L is the actual length
(mm), W is the actual width (mm), LPT is the layer thickness
(mm), SS is the laser scan spacing (mm), SC; is the fill scan
count, LSis the fill laser beam speed (mm.s™Y), SC, is the outline
scan count, and LS, is the outline laser beam speed (mm.s™ ).

2.3. Statistical Method

2.3.1. Iconography of Correlation. The empirical models for
mechanical properties and the influence of selected pa-
rameters were studied. The models were developed by the
design of experiments based on energy density. The selected
combinations consist of factors at two, three, and five levels.
The design of experiments is analysed by using the ico-
nography of correlations method named CORICO and
discussed per output response.

The correlation coeflicient allows the comparison of
deviations around the mean of two variables x and y, and the
mathematical evaluation distinguishes their variations [25].
The variation of each variable can be represented by a vector
represented in n-dimensional space. The correlation coef-
ficient is the cosine (in a space with n dimensions) of the
angle that differentiates the “deviation vectors” X and Y,
whose respective coordinates are X; and Y;:
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XY+ XY, +..+ XY,
\/Xf + Xﬁ +..+ Xfl\/Yf + Y% +..+ Yfl
(6)
The CORICO method relies on the calculation of total
and partial correlations. Each observation pair corresponds
to one moment and only one. If the vectors are collinear, the

cosine is equal to 1. If the two vectors are orthogonal, the
cosine is equal to 0.

r(x, ¥) = cos(X,Y) =

2.3.2. Design of Experiments. Based on the literature, the
process parameters, such as fill laser power, fill scan count,
outline laser power, outline scan count, and scan spacing, are
selected due to their dominant influence on sintered part
quality. These process parameters are defined as follows:

(i) Laser power, the amount of power or energy
available from the laser beam.

(ii) Scan count, the number of rescan passes for laser
movements on the surface of part.

(iii) Scan spacing, the distance between two neigh-
bouring parallel scan lines.

The ranges of factors were optimized based on energy
density [26]. The fill and outline energy density ED in
J.mm™ that affect the part quality have been calculated
according to the following equation:

_LPxSC

= 7
SSx LS’ 7

where LP is the laser power (W), SC is the scan count, SS is
the laser scan spacing (mm), and LS is the laser beam speed
(mm.s™"). The standard print mode is characterized by a
scanning strategy “fill and outline” option. With our printing
SLS machine, the laser beam can scan the entire cross-
section with 12000 mm.s ' speed and the contour with a
speed of 3500 mm.s™".

The energy density for polyamide 12 was kept between
0.01 J.mm 2 and 0.048 J.mm ™ [27]. The experiments were
executed at five independent input variables, which were
varied up to five levels in the range of parameters available in
the machine. Different process parameters and their values,
which have been optimized through the experimental study,
are presented in Table 1. The rest of the parameters, such as
fill scan speed, outline scan speed, temperature, and powder
layer, were kept constant.

The laser power has been chosen at a maximum of 45 W
to limit the possibility of material degradation. Scan count
was defined at 1 or 2 to be sure to give enough energy to melt
the material without significantly affecting the production
time. Finally, scan spacing from 0.15mm to 0.25mm cor-
responds to the overlap, which has been defined from 30% to
50% of the beam diameter in order to melt the material to a
greater or lesser extent and thus to act on the cohesion
between two adjacent lines.

Any design of experiment allows characterizing not only
the factors and their influences but also the desired answers.
As the development of parameter sets on the used SLS

5
TaBLE 1: Process parameters and their values.
Studied parameters
Process parameters
1 2 3 4 5

Fill laser power, LPf (W) 15 20 30 40 45
Fill scan count, SCf [-] 1 2
Outline laser power, LPo (W) 10 13 15 — -
QOutline scan count, SCo [-] 1 2
Scan spacing, SS (mm) 015 020 025 — —

machine is required, the answers concern the mechanical
and geometrical characteristics of printed parts. Production
time is investigated to reduce the manufacturing time and
costs.

The forty sets of parameters presented in Table 2 have
been selected according to the range of energy density to
obtain proper sintering parts without degradation. The inert
gas atmosphere of nitrogen has been used during the sin-
tering process to prevent polymer degradation. The tests
were performed for the fixed preheating temperature of
130°C, part bed temperature of 173°C, and powder layer of
0.1 mm. Experiment N°9 corresponds to processing pa-
rameters recommended by the supplier 3D Systems: fill laser
power of 2 x 20 W, outline laser power of 2 x 10 W, and scan
spacing of 0.20 mm proposed by the supplier of machine and
powder (3D Systems).

Five tensile specimens and five flexural specimens were
manufactured in YZ axis Y orientation. Their length is
parallel to the Y-axis, width parallel to the Z-axis, and
thickness parallel to the X-axis. Figure 2(a) shows the ge-
ometry and dimensions of the specimen. The laser pass,
which is perpendicular to the specimen length, is drawn in
the same figure; the red lines represent laser passes. Firstly, a
contour line (outline) with a 90° rotation sinters the outline
of the specimen for each layer, and then, parallel laser lines
fill the inner specimen (inline). The sintered parts were
fabricated following standards for comparison of their
properties. The printed specimens are displayed in
Figure 2(b).

The models of regression were developed by analysing
the measured data with the CORICO method. The effects of
significant variables and potential interactions were esti-
mated on the studied answers. In the models, the different
terms are ranked by decreasing importance, each of them
explaining the residue not explained by the preceding ones.

In order to optimize the set of parameters, the models of
regression can be used to minimize or maximize the re-
sponse (Monte Carlo method). The results may be subjected
to one or more validation tests which, integrated with the
previous results, will refine the model.

3. Results and Discussion

3.1. Experimental Analysis

3.1.1. Density and Porosity. The powder particles are sin-
tered by the heat of the laser beam, and therefore, the part
density and porosity depend on the energy density provided
by the laser [28]. The sintered parts have achieved bulk
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TaBLE 2: Experimental design with variable values for Duraform FR1200.
Exp. N° Fill laser power Fill scan count Outline laser power Outline scan count Scan spacing Fill energy density Outlcilelrei;g,ergy
W) [-] W) [-] (mm) (J.mm™?) (J.mm™?)
1 15 2 10 2 0.15 0.017 0.038
2 15 2 10 1 0.15 0.017 0.019
3 15 2 13 1 0.15 0.017 0.025
4 15 2 15 1 0.15 0.017 0.029
5 20 2 10 2 0.15 0.022 0.038
6 20 2 10 1 0.15 0.022 0.019
7 20 2 13 1 0.15 0.022 0.025
8 20 2 15 1 0.15 0.022 0.029
9 20 2 10 2 0.20 0.017 0.029
10 20 2 13 2 0.20 0.017 0.037
11 20 2 13 1 0.20 0.017 0.019
12 20 2 15 2 0.20 0.017 0.043
13 20 2 15 1 0.20 0.017 0.021
14 30 1 10 2 0.15 0.017 0.038
15 30 1 10 1 0.15 0.017 0.019
16 30 1 13 1 0.15 0.017 0.025
17 30 1 15 1 0.15 0.017 0.029
18 40 1 10 2 0.15 0.022 0.038
19 40 1 10 1 0.15 0.022 0.019
20 40 1 13 1 0.15 0.022 0.025
21 40 1 15 1 0.15 0.022 0.029
22 40 1 10 2 0.20 0.017 0.029
23 40 1 13 2 0.20 0.017 0.037
24 40 1 13 1 0.20 0.017 0.019
25 40 1 15 2 0.20 0.017 0.043
26 40 1 15 1 0.20 0.017 0.021
27 45 1 10 2 0.15 0.025 0.038
28 45 1 10 1 0.15 0.025 0.019
29 45 1 13 1 0.15 0.025 0.025
30 45 1 15 1 0.15 0.025 0.029
31 45 1 10 2 0.20 0.019 0.029
32 45 1 13 2 0.20 0.019 0.037
33 45 1 13 1 0.20 0.019 0.019
34 45 1 15 2 0.20 0.019 0.043
35 45 1 15 1 0.20 0.019 0.021
36 45 1 10 2 0.25 0.015 0.023
37 45 1 13 2 0.25 0.015 0.030
38 45 1 13 1 0.25 0.015 0.015
39 45 1 15 2 0.25 0.015 0.034
40 45 1 15 1 0.25 0.015 0.017

hydrostatic density in the range from 1.006g.cm™> to

1.036 g.cm . The highest density was obtained for exp. N°13,
while the lowest density had exp. N°38. We target the highest
density since a high porosity rate means poor mechanical
resistance. Very close to our results, Wegner and Witt [9]
have reported the density of PAI12 approximately at
0.998 g.crn_3 , while Caulfield et al. [6] found higher values of
1.050 g.cm ™ for horizontally printed specimens. According
to the datasheet of Duraform FR1200 [29], the bulk density
of the sintered part is 1.020 g.cm . So, this high density
indicates that the sintering process works well with this
range of energy density.

The relative density of our specimens is in the range of
92-95%; it corresponds to a very low porosity rate of around
5-8%. The highest relative density of 95% was obtained for a
fill energy density of 0.017J.mm > (exp. N°13). The highest

porosity rate of 8% was achieved with a fill energy density of
0.015 J.mm 2 (exp. N"38). In Figure 3, it can be seen that the
porosity rate decreases, while the fill energy density in-
creases. Ajoku et al. [13] have reported the density of the
sintered sample of 0.96 g.cm ™, while the density of injection
moulded PA12 was measured at 1.03g.cm . In injection
moulding, the porosity rate is usually very low due to the
high pressure applied to the melted polymer when it is
pushed into the mould. When comparing to injected
specimens, a difference of 7% of porosity rate is measured for
sintered parts.

3.1.2. Geometry and Dimensions. The dimensions of the
printed parts are calculated by comparing the dimensions of
the CAD models to the real dimensions of the printed parts.
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FIGURE 2: (a) Specimens design dimensions. (b) Printed specimens.
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FiGure 3: Effect of fill energy density on the relative density.

We target the minimum shrinkage since a high shrinkage leads
to internal stress and part distortion. The thickness and width
grow for all specimens, while their length decreases compared
to the CAD model. The thickness and width are affected by the
beam offset. Indeed, when the laser beam is absorbed by the
polymer powder, the thermally affected zone is higher than the
surface of the laser spot. As a result, the dimensions of the part
are above the expected dimensions. The decrease in length can
be attributed to shrinkage as the beam offset plays a minor role
compared to the 170 mm of specimen’s length. Indeed, when
more energy is applied in a small area of thickness and width
of samples, the specimens have a larger section (thickness
x width). The higher growth is due to the scan spacing of
0.15 mm. The acceptable dimensional results (medium toler-
ance in length, thickness, and width for at least three samples),
meaning low shrinkage, are seen in Figure 4 for exp. N"33 and
N"38 for flexion and in Figure 5 for exp. N°38 and N°40 for
tensile samples.

The shrinkage in the length and width is smaller than in
the thickness of printed specimens. The high growth in the

thickness shrinkage fluctuates in the range of —3% to —15%
(exp. N’5) for the flexion samples and from —2% to —16%
(exp. N°5) for the tensile samples. The max linear shrinkage
is 0.4% in both length and width for tensile parts. In the case
of flexion parts, the maximum linear shrinkage is 0.6% and
0.5% in length and width, respectively. Thus, the thickness
depends on the outline scan count. For the outline scan
count of two, the thickness shrinkage is lower.

The volume of flexion samples increases with the in-
crease of fill energy density, as seen in Figure 6. This is due to
high growth in the parts’ thickness.

The shrinkage must be prevented as it implies the de-
formation of sintered parts. The distortion in SLS parts can
be caused by stresses during the building and cooling
processes [30]. The shrinkage is according to the type of
materials, process parameters, and orientation of the sin-
tered parts. The growth in part section may also occur
because of thermal inhomogeneity within the powder bed.

3.1.3. Mechanical Properties. The stress-strain curves de-
scribe the typical yield behaviour of the material. The curves
have been normalized to the maximal stress of each ex-
periment. Strain-stress curves, as seen in Figure 7, are
presented for exp. N°I, N5, N"14, N°18, and N°27 corre-
sponding to fill laser power of 15 W, 20 W, 30 W, 40 W, and
45W, respectively.

The material behaviour is typical of polymeric specimens
with a nonlinear curve. At first, the curve shows an elastic
linear behaviour followed by a nonlinear viscoelastic be-
haviour. The curves have similar trends for all the tests
performed; very little scatter is observed for different
samples with the same set of parameters. Figure 7 shows a
difference in mechanical response for tensile samples
depending on the laser power. The effect of fill laser power
on stress-strain curves of tensile specimens shows that in-
creasing the laser power causes increasing in elastic modulus
and elongation at break.

The viscoelastic behaviour of semicrystalline PA12 is
associated with the deformation caused by straining the
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interlamellar amorphous regions enclosed by crystallites. It
can be said that a low degree of crystallinity may result in a
low elastic modulus and a higher crystallinity in a higher
modulus as the molecular chains are packed closely and
parallel [17].

The mechanical properties of all sets of parameters do
not reveal significant variations. The maximum flexural
modulus and strength presented in Figure 8 are 1989 MPa
for exp. N"3 and 68 MPa for exp. N°9, while the minimum
values are 1764 MPa for exp. N°38 and 58 MPa for exp. N"38,
respectively. The differences between the highest and the
lowest values are 12% for flexural modulus and 14% for
flexural strength obtained from normalization of the results
to exp. N9, as the results for a set of parameters proposed by
the supplier. According to the datasheet of Duraform
FR1200 [29], the flexural modulus and strength are

1770 MPa and 62 MPa, respectively. It means that higher
values for flexural modulus and strength are obtained for
almost all the SLS experiments.

The maximum and minimum elastic moduli presented
in Figure 9 are 2142 MPa for exp. N°11 and 1888 MPa for
exp. N"36, respectively. The values for tensile strength are at
most 44 MPa for exp. N'3 and the lowest at 38 MPa for exp.
N"36. Considering elongation at break, 5% has been found as
the highest value for exp. N°31, while 3% is the lowest one for
exp. N°33. The technical specification of Duraform FR1200
[29] indicates the elastic modulus of 2040 MPa and tensile
strength of 41 MPa. Our results are close to these values. The
elongation at break is lower than the value of 6% in the
technical specification.

Considering another polyamide 12 (named PA2200),
Wegner and Witt [9] found max values of 1758 MPa and
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FIGURE 7: Normalized stress strain for (a) flexion samples and (b) tensile samples.

51 MPa (ED =0.33].mm°) for elastic modulus and tensile
strength, respectively. Still, with PA2200, Hofland et al. [14]
have obtained the max of 2239 MPa (ED =0.61 J.mm ) and
50.1 MPa (ED=0.52].mm™), respectively. The values for
elongation at break are 21% (Wegner and Witt) and 26%
(Hofland et al.), which correspond to the value of 24%
verified with the datasheet of material. Goodridge et al. [7]
and Zarringhalam et al. [31] have reported that rapidly
cooled products have a higher elongation at break than
slowly cooled products. In addition to a difference in
elongation at break, it is important to know that slow cooling
results in higher crystallinity and more shrinkage [32].
The exp. N'11 and N"13 seem to offer the best mechanical
properties by comparing flexural and tensile results (Fig-
ures 8 and 9). The flexural modulus and strength are
1957 MPa and 65 MPa, respectively. The elastic modulus,

tensile strength, and elongation at break are 2118 MPa,
43 MPa, and 4%, respectively. It is worth noticing that even
though some sets of parameters result in improved prop-
erties, the improvement is low (between 1 and 5%) com-
pared to exp. N°9.

3.1.4. Thermal Transition. The thermal transitions and ap-
parent crystallinity have been measured for all the speci-
mens. The ranges of glass transition, crystallization, and
melting temperatures vary around 10°C, 5°C, and 15°C of
differences, respectively. The apparent crystallinity rate
varies from 28.5% for exp. N40 to 33.5% for exp. N°15. The
uncertainty of measurement by differential scanning calo-
rimeter is more or less 1%, while for the crystallinity rate, the
accuracy is around 2%. The differences between experiments
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stem from the various thermal history undergone by each
specimen. We target the highest crystallinity rate since it
signifies higher mechanical strength. The results are pre-
sented elsewhere [33], but they are included in the following
statistical analysis to find correlations between process pa-
rameters and crystallinity.

3.1.5. Production Time. In Figure 10, the production time
decreases from exp. N°1 to exp. N°40, while the fill laser
power increases. Nevertheless, the production time is in-
dependent of the laser power, as seen in (5), but it depends
on scan count and scan spacing.

The longest production time obtained is 91 s for exp. N°5
with LPf=2x15W, LPo=2x10W, and SS=0.15 mm. The
lowest one is 28s for exp. N°40 with LPf=1x45W,
LPo=1x15W, and SS =0.25 mm. It can be noticed that the
production time is higher with twice the scan count, which is
caused by the double pass of the laser. Moreover, the higher
scan spacing reduces the sintered area, so the production
time is shorter. These results compared with the results of

dimensional tolerances can draw the conclusion that the
highest production time gives the best dimensions of
samples.

3.2. Statistical Analysis

3.2.1. Global Sphere. A lighten approach with total data in
Figure 11 illustrates the iconography of correlations diagram
for 40 experiments and 26 variables: 5 studied parameters
and 21 studied answers, presented in Table 3.

The threshold chosen for the lines representing re-
markable correlations is 0.3. It is the default value used in the
iconography of correlations. The link between two variables
is named “remarkable” if this link subsists when any of the
other variables are constant. For this global sphere, hy-
drostatic density and relative density are considered as
variables correlated positively or negatively. Thus, this
method removes relative density as the redundant variable.
Moreover, links that are only due to one observation are not
drawn.
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TaBLE 3: Variables during CORICO method.

LPf Fill laser power
SCf Fill scan counting
Studied answers LPo Outline laser power
SCo Outline scan counting
SS Scan spacing
EDf Fill energy density
EDo Outline energy density
Dhyd Hydrostatic density
Drel Relative density
LSF Flexural length shrinkage
TSF Flexural thickness shrinkage
WSF Flexural width shrinkage
VSF Flexural volume shrinkage
LST Tensile length shrinkage
TST Tensile thickness shrinkage
Studied parameters WST Tensile width shrinkage

FlexuralM Flexural modulus
FlexuralS Flexural strength
TensileM Tensile modulus
TensileS Tensile strength
TensileE Elongation at break

Tp Production time

Tg Glass transition temperature
Tm Melting point

Tc Crystallization temperature
Xc Apparent crystallinity

The geometric approach obtained from total data as a
unique value produced by CORICO shows positive and
negative correlations between variables. To give an example,
the total correlations R* higher than 0.80, according to
variables A and B, are presented in Table 4.

The obtained correlation can be justified. The best
correlation of 0.92 is indicated for negative correlation,
which comes from equation (7); the fill laser power (LPf)
increases when the fill scan counting (SCf) decreases. Then,
by considering positive correlations, when the fill scan
spacing (LPf) passes more times, the production time (tp) is
longer. From the calculation in equation (7), it is obvious
that the outline energy density (EDo) increases when the

TaBLE 4: Positive and negative correlations of all the results.

A B R?

LPf -SCf 0.92
SCf tp 0.88
SCo EDo 0.80

outline scan counting (SCo) is higher because the laser
passes more times with the same energy density at the same
location.

3.2.2. Multiple Regression Models. The results of a global
sphere and obtained correlations allow the calculation of the
models of regression. The total correlations R* for energy
density, mechanical properties, and production time,
according to CORICO models for 5 regressors, are presented
in Table 5.

The adjusted R* presents a total coefficient correlation.
The best correlations are obtained for the fill energy density
of 0.95, outline energy density of 0.99, and production time
of 0.99. These values were directly calculated from the laser
properties, so it confirms that the models are correct.

The several interactions obtained from models explain
the most important interactions. The regressors involve
nonlinear logical functions of factors, and the explanation is
given as follows: the use of high laser power and short scan
spacing has a strong influence on energy density (LP-SS). It
means that a higher energy density is required. Strong in-
fluence on flexural properties is observed for two correla-
tions with (a) medium outline laser power if low fill laser
power (LPo{-LPf) and (b) high outline scan count while
short scan spacing (SCo-SS). Moreover, low fill laser power
and high scan count (LPf-SCf; SCf&SCo) influence tensile
properties. The high fill scan count and short scan spacing
(SCf&-SS) have a strong influence on production time.

The interactions of nonlinear logical functions can be
demonstrated by three-dimension plots among the most
significant process parameters for mechanical strength and
production time, for example.
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TaBLE 5: Models of CORICO for 5 regressors.

EDf =1.910%+1.6:10"> LPf-SS + 1.5.10"> SCf}LPf + 7.8-10 > LPf&-SS

R? =0.95

EDo =4.0107 +3.1:102 LPo-SS + 1.7-10"% SCo +6.0-10~> SCo}SS — 4.2.107> SS&-LPo

R? =0.99

FlexuralM =1888.5+163.8 LPo{—LPf—133.6 SCf-SCo + 131.3 LP0’SS + 97.6 LPf{-LPo

R? =0.22

FlexuralS =64.7 + 7.7 SCo-SS

R’ =0.31

TensileM =1995.1 — 304.7 LPf{LPf-137.9 SCo&-LPo

R? =0.42

TensileS =40.9 — 7.5 LPf-SCf - 5.0 SCo-SS + 3.1 LPfISS + 1.9 LPf#SS

R? =0.75

TensileE =4.1-1.1 SCf&SCo

R? =0.12

Tp =51.4 +93.2 SCf&-SS + 41.6 SCo-SS+17.6 SS|SCf + 6.3 SCf&SCo — 5.4 LP0’SS

R? =0.99

EDo

FlexuralM

Dvol
exuralS

F1GUrE 11: CORICO diagram of total results at threshold 0.3.

The flexural strength in Figure 12(a) shows significant
interactions between outline scan count and scan spacing,
while high values increase the flexural strength. This is
because high flexural strength can be obtained by double
outline scan count with shorter scan spacing. This is linked
to high density, while more laser power on smaller areas
causes a higher level of sintering. However, in Figure 12(b),
the high tensile strength is caused by high fill laser power and
low fill scan count or the opposite, meaning low fill laser
power and high fill scan count. Moderate laser power is
required instead of too high or too low impact of
temperature.

The graph for production time in Figure 13 presents the
interaction plots for fill scan count and scan spacing. With a
high level of fill scan count and a short distance between laser

passes, the production time is longer than for the specimen
sintered at double fill scan count and high scan spacing. This
can be explained by the fact that the part sintered with high
scan spacing takes less time during printing. The production
time is one of the most important parameters from the
industrial point of view.

3.2.3. Optimization. The next step is to determine the op-
timal set of parameters in order to achieve desirable
properties. The density and mechanical properties were
maximized, while production time was minimized. It is
expected that these goals may provide the best quality of
printed parts as functional parts. The responses independent
of the process were averaged to decrease its impact. The
optimization criteria for obtaining a suitable set of pa-
rameters and the results are summarized in Table 6.

The optimal processing parameters to maximize density
and mechanical properties while minimizing production
time rounded off are as follows: fill laser power of 28.2 W, fill
scan count of 1(1.17), outline laser power of 15W, outline
scan count of 1, and scan spacing of 0.16, which is in rea-
sonable agreement with predicted responses. For these
parameters, the fill energy density is 0.017 .mm > and for
the outline, the energy density is 0.027 J.mm > The pre-
dicted mechanical properties for these set of parameters
show a slight increase of tensile strength, tensile modulus,
flexural strength, and flexural modulus of 42 MPa,
2042 MPa, 64 MPa, and 1868 MPa, as compared to the values
in the technical specification for Duraform FR1200 [29] of
41 MPa, 2040 MPa, 62 MPa, and 1770 MPa, respectively. In
the case of elongation at break, it decreases from 6% to 4%.
The production time is estimated at 45s, which is half the
maximum time calculated to print one sample following the
exp. N°5 (915s). The saving time is the difference between
recommended parameters and the ones we have defined. The
production time for recommended processing parameters is
68s, while for optimal processing parameters, it is 45s.

The recommended processing parameters are repre-
sented by the exp. N9, which corresponds to fill laser
power of 2x20W, outline laser power of 2x10W, and
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TABLE 6: Proposed optimization criterion with results.

Conditions and response Minimum Maximum Results Unit
LPf 15.00 45.00 28.20 W
SCf 1.00 2.00 1.17 —
LPo 10.00 15.00 15.00 W
SCo 1.00 2.00 1.00 —
SS 0.15 0.25 0.16 mm

scan spacing of 0.20mm proposed by the supplier of
machine and powder (3D Systems), and the production
time is estimated for 68s. Looking deeper at the experi-
ments, the exp. N°17 is the closest one to the defined
optimal set. The experiment corresponds to fill laser
power of 1x30W, outline laser power of 1x15W, and

scan spacing of 0.15mm. So, the best properties are
supposed to be achieved with the set of parameters. To
remember, the flexural modulus is 1897 MPa, the flexural
strength is 64 MPa, the elastic modulus is 2015 MPa, the
tensile strength is 42 MPa, the elongation at break is 4.2%,
and the production time is 41s.
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4. Conclusions

In this work, 400 samples were produced by SLS with 40
different sets of parameters using a commercial machine
ProX500 SLS. The material is polyamide 12 powder. The
energy density range is between 0.015].mm > and
0.043].mm™.

The specimens were characterized to measure their
density and mechanical properties. The results of the
characterization of specimens show that the chosen pa-
rameters are suitable to successfully produce printed parts at
various laser power. A low porosity rate at a maximum of 8%
is measured for the printed samples with a density in the
range between 0.97g.cm™ and 1.04g.cm™. The small
shrinkage in the length and width was evident. The volume
of sintered parts increases with the increase of energy density
due to the growth in the thickness of the part. The me-
chanical properties and production time are compared to the
set of parameters N9, proposed by the machine and powder
supplier. We achieve better properties by changing some
parameters, for instance, in the exp. N°11 and N"13. The
highest flexural modulus and strength values obtained are
1989 MPa and 68 MPa, respectively. Elastic modulus, tensile
strength, and elongation at break are 2142 MPa, 44 MPa, and
5% at most, respectively. The production time decreases with
an increase in laser power and a decrease in scan count. The
thermal properties and crystalline rate do not show sig-
nificant variations.

The optimization of the process parameters was done by
the iconography of correlations method. The design of ex-
periments was based on laser power, scan count, and scan
spacing for both fill and outline regions of the parts.

The optimization of the laser parameters shows how
the production time is influenced. The double fill scan
count and short scan spacing have a strong influence. It is
obvious that increasing the distance between successive
laser beam passes allows for a significant reduction in
manufacturing time. However, in our optimization, we
suggest using one fill scan count and decreasing the
distance between successive laser beam passes by simul-
taneously obtaining better properties of printed samples.
It is observed at the same time a slight increase in the
porosity of the material. The mechanical properties are
more affected by laser power and scan count. The main
reason behind this is that when sintering takes place at
high laser power, the adhesion between the powder
particles becomes stronger, increasing the density,
modulus, and strength of the printed specimens. More-
over, the flexural properties can be improved with a
double scan count. The tensile properties require a double
fill scan count and one pass of outline laser power to reach
better properties. This might be because when the scan
count increases, the energy absorbed by the material at a
unit time and a unit area increases, which leads to better
melting by energy delivered to the powder bed. Hence, by
optimizing the laser parameters, it is possible to obtain the
targeted mechanical properties with over 33% production
time savings. Consequently, the manufacturing cost of
printed parts could be reduced.

Advances in Materials Science and Engineering

This work illustrates that the iconography of correlations
is an effective tool to optimize the properties of printed parts
and the manufacturing cycle. This study was carried out with
polyamide 12, but the same methodology used in this paper
is applicable to any other materials as far as they are suitable
for the SLS process. Simultaneously, other SLS machines
equipped with fill and outline scanning strategies can be
adapted.
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