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ABSTRACT

Themain drawback of laser powder bed fusion (L-PBF), commonly called selective lasermelting (SLM) is
the high porosity which may lead to an early failure of the parts. To minimize it, the L-PBF parameters need
to be optimized focusing on the laser power, scanning speed and hatching space. However, no standard
guideline exists. In this study, an efficient and cost-effective methodology is developed and validated on
AlSi12. This innovative methodology brings together single scan tracks (SST),macroscopic properties
analysis and design of experiments (DOE). It requires three batches of SST, cubes and tensile samples.
The DOE significantly decreases the manufacturing and characterization costs. 9 SST are sufficient to
identify a process window that is 85% similar to the one obtained froma full factorial designwith 105 SST.
This process windowreliably leads to high densities and better mechanical properties in comparison to
the state-of-the-art properties reported in the literature for L-PBF AlSi12. In conclusion, a methodology
using only 9 SST, 18 cubes and 12 tensile tests has been validated on AlSi12. It is further envisioned to
optimize the L-PBF parameters of any existing or new alloy leading potentially towards better mechanical
properties than the state-of-the-art in the literature.

CITE THIS VERSION

Gheysen, Julie ; Marteleur, Matthieu ; van der Rest, Camille ; Simar, Aude. Efficient optimization
methodology for laser powder bed fusion parameters to manufacture dense and mechanically
sound parts validated on AlSi12 alloy.  In: Materials & Design, Vol. 199, p. 109433 (2021) http://
hdl.handle.net/2078.1/240767 -- DOI : 10.1016/j.matdes.2020.109433

Le dépôt institutionnel DIAL est destiné au dépôt
et à la diffusion de documents scientifiques
émanant des membres de l'UCLouvain. Toute
utilisation de ce document à des fins lucratives
ou commerciales est strictement interdite.
L'utilisateur s'engage à respecter les droits
d'auteur liés à ce document, principalement le
droit à l'intégrité de l'œuvre et le droit à la
paternité. La politique complète de copyright est
disponible sur la page Copyright policy

DIAL is an institutional repository for the deposit
and dissemination of scientific documents from
UCLouvain members. Usage of this document
for profit or commercial purposes is stricly
prohibited. User agrees to respect copyright
about this document, mainly text integrity and
source mention. Full content of copyright policy
is available at Copyright policy

https://hdl.handle.net/2078/copyright_policy
https://hdl.handle.net/2078/copyright_policy


Efficient optimization methodology for laser powder bed fusion
parameters to manufacture dense and mechanically sound parts
validated on AlSi12 alloy

Julie Gheysen ⁎, Matthieu Marteleur, Camille van der Rest, Aude Simar
Université Catholique de Louvain, Institute of Mechanics, Materials and Civil Engineering, Place Sainte-Barbe 2, 1348 Louvain-la-Neuve, Belgium

H I G H L I G H T S

• The optimum L-PBF parameters have
been established for AlSi12 based on
an efficient and cost-effective method-
ology.

• The methodology only requires 9 single
scan tracks (SST), 18 cubes and 12 ten-
sile samples to optimize the L-PBF pa-
rameters.

• 9 SST identifies a process window 85%
similar to the one resulting from a full
factorial design with 105 SST.

• The process window obtained based on
the 9 SST leads to high-density (> 99.3%),
proving the relevance of the SST.

• The optimum L-PBF parameters lead to
better static mechanical properties than
the state-of-the-art ones reported in liter-
ature for L-PBF AlSi12.
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Themaindrawback of laser powder bed fusion (L-PBF), commonly called selective lasermelting (SLM) is the high
porosity which may lead to an early failure of the parts. To minimize it, the L-PBF parameters need to be opti-
mized focusing on the laser power, scanning speed and hatching space. However, no standard guideline exists.
In this study, an efficient and cost-effective methodology is developed and validated on AlSi12. This innovative
methodology brings together single scan tracks (SST),macroscopic properties analysis and design of experiments
(DOE). It requires three batches of SST, cubes and tensile samples. The DOE significantly decreases the
manufacturing and characterization costs. 9 SST are sufficient to identify a process window that is 85% similar
to the one obtained from a full factorial design with 105 SST. This process window reliably leads to high densities
and better mechanical properties in comparison to the state-of-the-art properties reported in the literature for
L-PBF AlSi12. In conclusion, a methodology using only 9 SST, 18 cubes and 12 tensile tests has been validated
on AlSi12. It is further envisioned to optimize the L-PBF parameters of any existing or new alloy leading poten-
tially towards better mechanical properties than the state-of-the-art in the literature.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
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1. Introduction

Laser powder bed fusion (L-PBF) is an additive manufacturing pro-
cess also commonly called selective laser melting (SLM). Based on a
computer-aided design model, it allows the manufacturing of complex
and customized geometries, which are not always possible with con-
ventional techniques. A laser beam melts layer-by-layer the region of
the powder bed corresponding to the manufactured part. The main
drawback of this technique is the high porosity level in the final product
that can lead to an early failure of the component [1].

Many physical phenomena are involved in this process such as laser
absorption, heat transfer, Marangoni convection and material evapora-
tion. Qiu et al. [1] showed that these phenomena influence themeltflow
andultimately, the development of porosity. Their prominence depends
on the L-PBF parameters and mainly on the laser power (P), the scan-
ning speed (v), the layer thickness (t) and the hatching space (HS). It
is therefore critical to optimize these four L-PBF parameters in order
to manufacture dense parts.

Many studies have optimized the L-PBF parameters for differentma-
terials with the aim of minimizing the porosity. Most of themmanufac-
ture cubes with different L-PBF parameters and select finally those
leading to the highest density measured by Archimedes density
method. This procedure was applied for tungsten [2], AlSi10Mg [3],
HY100 steel [4], etc. This technique is not efficient as it is time and ma-
terial consuming to manufacture and test all these cubes. Moreover, at
the end, optimal parameters might not be evidenced.

To tackle these issues, some researches successfully used statistical
analysis and design of experiments (DOE), usually response surface
method (RSM), to evaluate the significance and the influence of the
L-PBF parameters on the quality of the parts such as the porosity level
and the roughness. According toMontgomery et al. [5] “The RSM is a col-
lection of mathematical and statistical techniques useful for the modelling
and analysis of problems in which a response of interest is influenced by
several variables and the objective is to optimize this response.” This proce-
dure was applied successfully for Ni-superalloy [6], Ti-6Al-4 V [7], AZ31
magnesium [8], etc. The advantage of using DOE is that the optimal pa-
rametersmight be evidenced and that it is less time consuming than the
previous approach.

Another approach based on the single scan tracks (SST) analysis
was developed and already applied for AlSi10Mg [9], AlSi10Mg +
4Cu [10], Ti-40Al-9 V-0.5Y [11], pure tungsten [12], Al-Cu-Mg [13],
steel 316 L [14] and Inconel 625 [14]. The idea is that L-PBF parts
are made of overlapping SST, therefore the properties of the part
strongly depend on the properties of each SST. This approach focuses
on optimizing the geometry of the track by playing with the most
significant L-PBF parameters: the laser power P and the scanning
speed v. Yadroitsev et al. [14] showed that when the linear energy
density EL,defined by Eq. 1, is too low to melt the substrate, the
track becomes a series of drops due to poor wetting of the melt,
called balling phenomena.

EL ¼ P=v ð1Þ

When EL is too high, instabilities appear as distortions and irregular-
ities. The optimal parameters leading to stable SST are in between these
two lower and upper energy bounds. Moreover, they showed that the
range of optimal scanning speed is wider for high laser power. Aversa
et al. [9] defined the process window of AlSi10Mg based on five types
of SST in function of the top view and cross sections analysis: 1) too
low energy to melt the powder, 2) balling phenomena, 3) thin and sta-
ble tracks, 4) high energy which leads to distortions and 5) too thick
track due to keyhole meltingmode. Kempen et al [15] defined a process
window for AlSi10Mg based on four requirements for optimal SST:
1) the track must be continuous to avoid porosity in the part, 2) the
track must slightly penetrates the previous layer to ensure good cohe-
sion between layers, 3) the track must have a sufficient height to build

up the part and 4) the connection angle of the track should be about
90° to ensure a good dimensional accuracy. They showed that there is
not one set of optimal L-PBF parameters but an area of optimal ones.
This area lies between two linear boundaries in a graph P-v: P =
v*E'min and P = v*E'max where E'min and E'max are the slope of these
boundaries. The advantage of analyzing SST instead of cubes is that it
is clearly less time and material consuming.

To manufacture parts based on the SST optimized parameters, the
adequate hatching space (HS) needs to be determined. Indeed, if HS is
too low, there is more thermal accumulation in the melt pool and the
temperature increases. It causes an extra overlapping between adjacent
tracks which can lead to melt flow instabilities, evaporation and an in-
creased tendency for gas entrapment and porosities [16,17]. On the
other hand, if HS is too large, there is less energy penetration per volume
and themelt pool temperature decreases. It causes an insufficient over-
lapping between adjacent tracks which can lead to lack of fusion and in-
creased porosity. It means that an adequate HS has to be found in
between these upper and lower bounds.

The current literature does not clearly link these SST, the porosity
and the staticmechanical properties. Indeed, the influence of the poros-
ity on the mechanical properties depends not only on its global volume
fraction in the part but also on its size and its distribution.Moreover, Dai
et al. [18] showed that the geometry of the melt pool boundary has a
significant influence on the mechanical properties. The cracks initiate
in the boundary between two adjacent tracks and then propagate
along the boundary between two successive layers. Santos Macías
et al. [19] also showed the influence of the melt pool boundary on the
crack propagation and evidenced that the porosity, under an acceptable
level, does not influence the static mechanical properties. However, po-
rosity has a major influence on the fatigue behaviour [19], which is not
the focus of the present study. Thijs et al. [20] showed that the fast and
directional cooling rate creates a unique and fine microstructure. The
solidification and the fineness of this microstructure depend strongly
on the thermal gradient and the growth rate which are dictated by the
L-PBF parameters [20]. This means that L-PBF parameters have a strong
influence on microstructure, and so on mechanical properties of the
parts.

Aluminum alloys are materials of choice for the aeronautics and au-
tomotive industries thanks to its excellent strength to weight ratio [21].
L-PBF studies have focused on Al-Si alloys because of its excellent cast-
ability and low thermal expansion coefficient. The high cooling rate of
L-PBF induces a very fine microstructure which leads to excellent me-
chanical properties. The microstructure of the Al-Si alloys is composed
of α-Al phase cells surrounded by Si-rich interconnected network.
This Si-rich network is the source of damage nucleation and controls
the static mechanical properties [19].

The objective of this study is to develop a methodology for the effi-
cient optimization of the L-PBF parameters in order to build dense
parts with excellent mechanical properties. This methodology is here
validated on the AlSi12 alloy.

Nomenclature and units

d Depth of a single scan track [μm]
EL Linear energy density [J/mm]
h Height of a single scan track [μm]
HS Hatching space [μm]
L Half width of a single scan track [μm]
P Laser power [W]
t Layer thickness [μm]
v Scanning speed [mm/s]
W Width of a single scan track [μm]
x Minimal overlapping distance between two adjacent single

scan tracks [μm]
εf Fracture strain []
θ Contact angle of a single scan track [°]
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ρ Density [g/cm3]
σY Yield strength [MPa]
σUTS Ultimate tensile strength [MPa]

Abbreviations

CCD Central composite design
DOE Design of Experiments
Factorial DOE Full factorial design
L-PBF Laser powder bed fusion
RSM Response surface method
SLM Selective Laser Melting
SST Single scan track

2. Materials and methods

2.1. Material

The material used in this study is gas atomized AlSi12 powder pro-
vided by 3D Systems. The chemical composition of the powder is pro-
vided in Table 1. The particle size, measured by laser diffraction
granulometry in a wet dispersion (machine Coulter LS100Q), is be-
tween 6.7 μm (D10) and 35.2 μm (D90) with an average size of 22 μm.

2.2. Methodology

The four steps of the methodology which will be validated in this
study are schematized in Fig. 1: (1) Design of experiments (DOE),
(2) Samples manufacturing, (3) Characterization and (4) Statistical
analysis and parameters selection. Each of these stepswill be further de-
tailed in the following sections.

2.3. Design of experiments (DOE)

During this first step, a DOE is performed in order to select the L-PBF
parameters of the SST of Batch 1. In this study, two different kind of DOE
are compared: a Central Composite Design (CCD) (see Fig. 2) and a Full
Factorial Design (Factorial DOE) [22]. The goal is to validate the use of a
CCD in the methodology. Indeed, in this way, it will be possible to con-
clude if the limited number of experiments of the CCD leads to a similar
parameter selection aswhen running all the experiments like in the Fac-
torial DOE. This would clearly decrease the experimental cost. The soft-
ware JMP Pro version 14.3.0 is used to perform the DOE.

There are two relevant factors for the SST analysis,which are P and v.
Buchbinder et al. [23] stated that due to thehigh reflectivity and thermal
conductivity of Aluminum, the minimal laser power required to manu-
facture dense parts is 150W.Hence, in this study, the laser power is var-
ied over a wide range from: 164 W to 273 W (the upper limit of the
available L-PBF machine). The scanning speed is also varied over a
wide range: from 500 to 2500 mm/s. Therefore, EL ranges from 65.6 to
546 J/m (using Eq. 1).

The responses of interest are the geometric features of the SST (see
Fig. 3). From the top view, the continuity of the track is analyzed as a cat-
egorical response which takes the value “yes” if the track is continuous
and “no” if it is not. From the cross section analysis, the contact angle θ is
an important response to ensure a good accuracy and high density [15].
According to Ansari et al., its value should be in the range from 50 to 80°
[24]. The last response of interest is the ratio 100*d/(h+d) which

represents the percentage of depth over the total height of the track.
This parameter will ensure that the melting occurs in conduction
mode and not in keyhole mode, that there is enough penetration of
the previous layer to ensure a good cohesion between layers and that
there is a sufficient height of the track to efficiently build the part.

The Factorial DOE consists of analyzing all the combinations of levels
of P and v. There are five levels of P: 164, 191, 218, 246 and 273W and
21 levels of scanning speed: from 500 to 2500 mm/s by steps of
100 mm/s, which means that the Factorial DOE analyzes 105 combina-
tions altogether.

Finally, the CCD which is the most popular design of response sur-
face methodology (RSM), consists in a mathematical and statistical
technique which produces a model between the responses and the fac-
tors of a problem. Its goal is to optimize the response of interest [5]. It is
composed of four axial points (in grey), four factorial points (in black)
and one center point (in white) used to estimate the error, see Fig. 2.
The two factors P and v are both divided in five levels: (−α, −1, 0, 1,
α). In the present study, α is equal to two in order to vary each factor
over five levels: for P: 164, 191, 219, 246 and 273 W and for v: 500,
1000, 1500, 2000 and 2500 mm/s. This DOE results in nine combina-
tions altogether which are detailed in Table 2.

2.4. Samples manufacturing

The second step of the procedure consists inmanufacturing the sam-
ples. The L-PBF equipment used in this work is the ProX200 L-PBF ma-
chine from 3D Systems. It uses a laser with a wavelength of 1070 nm
and a power up to 273 W. All samples were built under argon atmo-
sphere with a maximum oxygen content of 500 ppm. The building
plate was not heated. This second step is divided into three sub-steps:
manufacturing of Batch 1) SST, Batch 2) cubes and Batch 3) tensile
samples.

SST were built on an AlSi12 substrate built with the parameters ad-
vised by themachinemanufacturer: P=205W, v= 1200mm/s, HS=
100 μmand t=30 μm. The L-PBF parameters used for the SST are deter-
mined by the DOE. The layer thickness was kept constant at 30 μm.
When the layer is thick, large powder particles are in the powder bed
and can entrapporosity around them. In thin layers, these large particles
are removed out of the powder bed by the recoater roller which leads to
higher powder bed density [25]. Therefore, a compromise in layer thick-
ness should be made to ensure compact powder bed while not wasting
too much powder. Based on the granulometry results, 30 μmwere cho-
sen for the layer thickness and will not be varied in the present work.

Cubes of 10mmsizewere built with the L-PBFparameters of interest
selected based on the SST. Tensile samples of 100x12x1.5 mm3 were
manufactured horizontally (tensile direction perpendicular to the
building direction) by L-PBF. Then, they were machined by electrical
discharge machining (EDM) according to ASTM-E8M i.e. thickness, re-
duced section length and width are 1.5 mm, 26 mm and 6 mm respec-
tively (see all dimensions in Supplementary materials).

2.5. Characterization

The third step of the procedure consists of the experiments and the
characterization of the manufactured samples of the different batches.

First, the top views of the SST of Batch 1 were analyzed by scanning
electronmicroscopy (SEM ZEISS FEGSEM ultra 55) with a focus on their
width and their continuity. However, such an analysis is also possible by
classical opticalmicroscopy. Then, the SSTwere cut perpendicular to the
track length. Their cross sections were polished to mirror-like surface
and observed by SEM. The geometrical data introduced on Fig. 3 were
measured with the software ImageJ three times on two different trans-
verse cuts for each SST and were averaged.

Following SST analysis, the density of the cubes was measured by
Archimedes method according to the ASTM-B311. This is a non-
destructive technique which allows the determination of the density

Table 1
Chemical composition of the AlSi12 powder measured by inductively coupled plasma.

Al Mg Si Ca Fe K Na

88.97 <0.01 10.7 0.05 0.17 0.03 0.07
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based on the fact that the volume of the displaced fluid is equal to the
immersed volume of the body [26]. Additional details about themethod
are provided in the Supplementary materials. A Mettler Toledo AE200
weighing system was used.

Three different liquids were employed in order to study the influ-
ence of the liquid on the accuracy of the measurement and validate
the choice of water with wetting agent in the methodology: ultra-
pure water, ultra-pure water with a drop of wetting agent (water with
10–20% of sodium laureth sulfate and 1–5% of lauramine oxide) and
ethanol. Fig. 4 shows the box plots of the standard deviation of density
measurements (using Archimedes method) in function of the used

liquid. It is a graphical tool, which shows the distribution of data. The
box contains the interquartile range (middle 50% of the data) and the
horizontal line inside the box is the median [5]. The whiskers show
the minimal and maximal values and the individual points are outliers.
It can be seen that the densities measured in water have the highest
standard deviation with a median of 0.0019 g/cm3, then ethanol with
0.0012 g/cm3 and finally, water with a drop of wetting agent with
0.0004 g/cm3. It means that water gives the less reproducible measure-
ments but adding a drop of wetting agent makes it the most reproduc-
ible liquid for this measurement. Indeed, water has a high surface
tension which promotes the adherence of bubbles on the sample

Fig. 1.Methodology to optimize the L-PBF parameters of a new powder and/or in a new L-PBF machine in order to manufacture dense parts with optimized mechanical properties.
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surface. However, the buoyancy of a bubble of 1 mm of diameter is
about 0.5 mg while a bubble of 2 mm would have a buoyancy of 4 mg
[27]. These bubbles have a non-negligible influence on the results, this
is why decreasing the surface tension of the water by the addition of a
drop of wetting agent significantly improves the reproducibility of the
results. Thus, the reader that applies the proposed methodology

described in Fig. 1 is also advised to use water with a drop of wetting
agent for Archimedes density measurements. The results of Fig. 4 con-
firm indeed the reliability and reproducibility of this measurement. In
this study, all the density results were measured in water with a drop
of wetting agent.

Uniaxial tensile tests were performed according to ASTM-E8M – 15a
standard using a Zwick/Roell 50 kN tensile machine. Three samples
were tested for each set of L-PBF parameters and their results were
averaged.

2.6. Statistical analysis and parameters selection

The last step of the methodology consists in a statistical analysis of
the characterization results and the selection of the L-PBF parameters
for the following batch or the optimal parameters.

Logistic regressions and ANOVA analysis are used to identify the sig-
nificant L-PBF parameters and their significant interactions. It allows to
evaluate the correlation between the categorical or continuous factors
and the responses denoted Y and generally expressed by Eq. 2 [22].

Y ¼ β0 þ β1X1 þ β2X2 þ β12X1X2 þ β11X
2
1 þ β22X

2
2 ð2Þ

where β0, β1, β2, β11, β12, β22 are the model coefficients and X1 and X2

the two factors of interest. Then, a desirability criterion is identified
and the factors are optimized.

For the selection of the parameters for Batch 2, the CCD parameters
of Table 2 are always part of the selection. Moreover, three other combi-
nations of P-v are chosen: one optimized combination per middle level
of P, which are the levels: −1, 0 and 1.

After the selection of the P-v combinations, theHS and so the overlap
between adjacent tracks needs to be determined. In order to avoid the
formation of lack of fusion defects between tracks, the minimal overlap
is a remelting of the previous track over the whole layer thickness.
Therefore, if the melt pool is assumed to have an elliptical shape for
the optimized SST, the length x [μm] over which the next track should
overlap is given by Eq. 3 where L is half of the width of the melt pool
[μm], d the depth of the melt pool [μm] and t the layer thickness [μm].

x ¼ L−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L2−d2

p
−

−d
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L2−d2

p
þ L

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2−t2

p

d
ð3Þ

The demonstration of this equation can be found in the Supplemen-
tary materials. Therefore, the minimal overlap percentage is given by
Eq. 4 and the maximal HS by Eq. 5.

Overlapmin ¼ x=L ð4Þ

HSmax ¼ 1−Overlapminð Þ⁎2L ð5Þ

Note that for the nine CCD combinations, the shape of the melt pool
of the SSTmight be far fromperfect ellipses. Indeed, if balling (see Intro-
duction) is occurring the penetration can be really low while if it is a
keyhole track (see Introduction), the melt pool is deep and V-shaped.
Eqs. 3, 4 and 5 are no more valid for these “non-elliptical” geometries,
therefore to ensure enough overlapping, a HS of 2/3 of the melt pool
width is selected for the nine CCD combinations [28]. The three other
P-v combinations are selected in the process window and should there-
fore give elliptical melt pools. Their HS has to be varied over three levels
in order to draw conclusions on the influence of HS on the responses of
interest and thehighest level is HSmax determinedbyEq. 5. Itmeans that
18 combinations of P-v-HS will be used to manufacture cubes. It will
allow analyzing the influence of HS on the porosity.

Finally, for Batch 3, the conclusions drawn by the density analysis
allow to refine the process window. Indeed, as highly porous samples
would expectedly have a low ductility, the number of samples
manufactured at this step can be reduced. Only the 12 best P-v-HS com-
binations, including the CCD parameters, are selected to manufacture

Fig. 2. Schematic representation of a central composite design to study two factors of five
levels.

Fig. 3. Schematic representation of the cross section of a single scan track reporting
measured geometrical features.

Table 2
Experimental design matrix obtained by CCD.

Run P [W] v [mm/s]

1 164 1500
2 191 1000
3 191 2000
4 218 500
5 218 1500
6 218 2500
7 246 1000
8 246 2000
9 273 1500

Fig. 4.Box plots of the standard deviations of theArchimedes density results for ultra-pure
water, ethanol and ultra-pure water with a drop of wetting agent. The samples studied
here are the cubes of Batch 2.

J. Gheysen, M. Marteleur, C. van der Rest et al. Materials and Design 199 (2021) 109433

5



the plates (see Table 2). This selection ensures an accurate prediction of
the mechanical properties in the whole range of the tested L-PBF pa-
rameters with an increased accuracy in the process window, which is
the area of interest.

3. Results and discussion

3.1. SST analysis

The top view and cross section of the SST were analyzed and the re-
sults for the CCD parameters are provided in Table 3. For low values of
EL, the SST are not continuous because too low energy penetrates the
substrate to fullymelt the powder and because the balling phenomenon
is observed (see Fig. 5d) [29]. This non-continuity induces higher values
of standard deviations for θ and 100*d/(d+h) (see Table 3). For large
values of EL (see Fig. 5a), an increase of the ratio 100*d/(d+h) and a de-
crease of θ are observed.

Four types of SST were identified and can be observed on Fig. 5. The
L-PBF parameters of these SST images belong to the Factorial DOE and
not the CCD as they are the most representative of each type of SST.
For high EL, large, deep V-shaped and porous tracks are observed. This
is characteristic of a transition from conduction to keyhole mode. The
convection flow reverses inside the melt leading to the collapse of the
melt pool sidewalls [30]. More gas bubbles are trapped in the melt
pool and large pores are formed at the bottomof themelt pool. This key-
hole track (see Fig. 5a) is not desirable in our methodology due to its in-
creased porosity level.

When EL is decreased, the melting mode becomes a conduction
mode but the track is irregular (see Fig. 5b). At high P and low v, the
temperature inside the melt pool is increased leading to a less viscous
liquid, remaining liquid for a longer time [14]. This excessive liquid for-
mation enhanced by the Marangoni effect leads to the formation of
small balls [31]. It is called self-balling. It can cause an increased surface
roughness, porosity formation and delamination due to poor inter-layer
cohesion [32]. Moreover, this excessive liquid formation leads to a track
of insufficient height (lower than the layer thickness). If the tracks are
not high enough, the part will not be built accurately [15]. This type of
track is therefore not desired to build dense parts.

When the energy is further decreased, the SST becomes stable and
continuous (see Fig. 5c). The height is sufficient to build the part and
the depth allows a good cohesion with the previous layer. It is this
type of track which is desired to manufacture dense parts with sound
mechanical properties and which will be the focus of the proposed
methodology.

Finally, when EL is too low, the SST becomes a discontinuous series of
drops due to poor wetting of the melt [32] (see Fig. 5d). The depth of
this type of track is too low to induce a good cohesionwith the previous
layer: this corresponds to a balling phenomenon [29]. In conclusion, the
parameters leading to a stable track (see Fig. 5c) needs to be investi-
gated in order tomanufacture dense partswith soundmechanical prop-
erties. The desirability criteria corresponding to this stable case can be

described as a continuous track with a contact angle as close as possible
to 90° and 100*d/(d+h) between 20 and 60%.

3.2. SST based process window

A mathematical model to correlate P and v to the responses (conti-
nuity, θ and 100*d/(d+h)) is developed for the CCDand for the Factorial
DOE. First, a logistic regression is performed for the correlation of the
categorical response “continuity” with P, v and their interaction P*v.
For both DOE, the p-values of the individual factors P and v are smaller
than 0.05 but the one of the interaction P*v is 0.99. The null hypothesis
states that the factors do not have a significant influence on the re-
sponse. This p-value represents the probability that the observed
value is obtained if this null hypothesis is true [5]. As a significance
level of 0.05 is commonly chosen, it means that factors such as P and
v, which have a p-value smaller than 0.05, have a significant effect on
the continuity but nothing can be said for the interaction P*v. The p-
value of the model obtained for the Factorial DOE and the CCD are
smaller than 0.0001 and 0.0085 respectively. This means that both
models are significant to predict the responses in function of P and v
and the probability to obtain a continuous SST is defined in Eqs. 6 and
7 for the Factorial DOE and CCD respectively. These equations will be
used later to plot Fig. 6.

An analysis of variance (ANOVA) is used to correlate the two factors
and their interactions to the numerical continuous responses θ and
100*d/(d+h). The results are provided in Table 5 for both designs. It
can be observed that P, v and P2 have a significant influence on the re-
sponses (p-value < 0.05). No lack of fit can be emphasized (p-value >
0.05). The R2 values (measure of the quality of the fit of the model) in-
dicate that the models reasonably fit the relationship between the fac-
tors and the responses. The equations to model θ and 100*d/(d+h)
are provided in Table 4 (Eqs. 8–11).

Fig. 6 shows the process window obtained using the Factorial DOE
and CCD. The red, dotted and blue areas correspond to the L-PBF
parameters which lead to non continuous track, inadequate contact
angle (< 50° or > 100°) and inadequate 100*d/(d+h) (< 20% or
> 60%) respectively. The red area of Fig. 6 corresponds thus to balling
tracks (see Fig. 5d). The lower blue and dotted area correspond thus
to irregular and keyhole tracks (see Fig. 5c). It means that the white
area contains the L-PBF parameters which lead to satisfying stable SST
and is therefore called the process window. It is worth noting that 85%
of the process window defined by the Factorial DOE is also considered
as process window in the CCD. The upper (red) boundary of the process
window is only shifted by 140 mm/s between Fig. 6a and Fig. 6b.The
processwindow allows thus higher scanning speedwith the CCDmeth-
odology. Notice that the models are generally expected to be less accu-
rate on their boundaries [5]. Since the Factorial DOE is using more data
than the CCD, it is clear that the CCD based predictions (see Fig. 6b) are
less accurate especially on the domain boundaries. Indeed, the process
window is incorrectly wider for the lowest and highest laser powers.
Therefore, the reader is advised not to select process parameters for
batch 2 and 3 on the domain boundaries.

Fig. 7 shows the continuity, θ and 100*d/(d+h) in function of P and v
for both DOE based on the equations in Table 4. The predicted responses
are very similar for both models. The continuity and the ratio 100*d/
(d+h) of the SST increase when P increases and v decreases. Indeed,
when EL increases, more powder is melted which leads to more contin-
uous and deep tracks. θ shows the opposite trend which is in good
agreement with the observations of Fig. 5. For low v and high P, θ is re-
ally low (close to 30°) and 100*d/(d+h) is high. This corresponds to
keyhole tracks (see Fig. 5a). When the SST are not continuous (in blue
on Fig. 7(a, b)), it corresponds to balling tracks (see Fig. 5d).

As the CCD reasonably fits (85%) the Factorial DOE (see Fig. 6 and
Fig. 7), only the CCD will be considered for the rest of this study. The
CDD, based on only nine SST, already gives a really good approximation
of the process window.

Table 3
Measurements of continuity, θ and 100*d/(d+h) for the nine parameter combinations of
the CCD based on the top view and cross section analysis observed by SEM.

P [W] v [mm/s] EL [J/mm] Continuity θ [°] d
dþh *100 [%]

164 1500 109 Yes 80 ± 5 38 ± 3
191 1000 191 Yes 61 ± 19 60 ± 3
191 2000 95.5 No 65 ± 15 50 ± 13
218 500 438 Yes 30 ± 6 88 ± 2
218 1500 146 Yes 37 ± 14 66 ± 4
218 2500 87.6 No 86 ± 19 46 ± 9
246 1000 246 Yes 45 ± 19 73 ± 9
246 2000 123 Yes 47 ± 14 52 ± 1
273 1500 182 Yes 55 ± 11 57± 2
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For Batch 2, the nine CDD parameters of Table 2 are chosen with
HS=2/3 * W as stated by the proposed methodology (see Fig. 1) [28].
Moreover, one combination of parameters is chosen in the process win-
dow (white area on Fig. 6b) for P=191, 218 and 246 W (not at the do-
main boundaries of the model) based on the desirability criteria i.e. the
track needs to be continuous, θ has to tend to 90° and 100*d/(d+h)
needs to tend to 45% in the rang 30 to 60%. The L-PBF combinations
are provided in Table 6.

3.3. Cubes characterization

Density measurements are provided in Table 6 and Fig. 8. The pro-
cess window obtained based on the CCD and SST analysis (white area
on Fig. 8) includes the highest measured densities and mainly close to
the upper boundary of the process window (near the red zone corre-
sponding to the boundary between continuous and non continuous
tracks) which validates the use of SST to have a first insight of the
L-PBF parameters of interest. The lowest density (in red in Table 6) is
obtained for the parameters P = 218 W, v = 500 mm/s and HS =
180 μm which corresponds to very high EL of 436 J/mm. As the depth-

to-width ratio of the SST i.e. 249/260 = 0.95 is higher than 0.5, it
means that the melting mode is a keyhole mode [33]. This explains
the higher porosity compared to the other parameters. Indeed, the
high energy density induces an increase of the temperature of the
melt pool, leading to increased recoil pressure, vaporization of material
and increased gas bubbles entrapped in the melt pool leading to poros-
ity [34]. It can also be observed that combinations of parameters with

Fig. 5. SEM images of the top views and cross sections of the four types of SST in function of EL. The L-PBF parameters are a) P=273Wand v=600mm/s, b) P=218Wand v=1300mm/s,
c) P=218W and v=1600 mm/s and d) P= 164 W and v=2400 mm/s.

Fig. 6. Process window in function of P and v obtained based on the a) Factorial DOE and b) CCD. The white region corresponds to the parameters leading to adequate responses
(continuous, contact angle between 50 and 100° and 100*d/(d+h) between 20 and 60%). The red, blue and dotted regions represent the non continuous, inadequate d/(d+h) and
inadequate contact angle respectively. The blue and green lines represent the isoresponses for d/(d+h) and the contact angle respectively. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Table 4
Prediction equations of continuity, 100* d/(d+h) and θ for the Factorial DOE and the CCD.

Factorial DOE CCD

P yesð Þ ¼ e−545:14þ4:44⁎P−0:81⁎v

1þ e−545:14þ4:44⁎P−0:81⁎v # 6ð Þ P yesð Þ ¼ e−82:7þ0,8⁎P−0,1⁎v

1þ ae−82:7þ0,8⁎P−0,1⁎v # 7ð Þ
100 d
dþ h

¼ 42:7þ 0:2⁎P

−0:02⁎v−0:003⁎ P−217:5ð Þ2# 8ð Þ

100 d
dþ h

¼ 58:4þ 0:2⁎P−0:02⁎v

−0:006⁎ P−218:5ð Þ2# 9ð Þ
θ ¼ 61:8−0:2⁎P þ 0:02⁎v

−0:003⁎ P−217:5ð Þ2# 10ð Þ
θ ¼ 77:2−0:3⁎P þ 0:02⁎v

þ0:006⁎ P−218:5ð Þ2# 11ð Þ
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high HS (see Table 6), show a higher porosity level in the cubes com-
pared to lower HS cases. It can be due to an insufficient overlap between
adjacent tracks leading to lack of fusion defects between them.

Indeed, Eq. 5 assumed that the geometry of the SST is perfectly ellip-
tical which is not what is actually observed even for stable tracks (see
Fig. 5c). The difference is evenmore evident for the geometry of balling,
irregular and keyhole tracks (see Fig. 5d, Fig. 5b and Fig. 5a respec-
tively). It is therefore advised to the reader whowants to use themeth-
odology to prefer low HS values, at least lower than HSmax (see Eq. 5) in
order to improve the density of the cubes and to limit the use of Eq. 5 for
stable tracks.

AnANOVAanalysis is performed in order to correlate the factors P, v,
HS and their interactions with the densities of the cubes. It is evidenced
that v*HS, HS, v, P and P*HS have a significant influence on the porosity
(p-value < 0.05). R2 is 0.98 which translates an excellent quality of the
fit. Eq. 12 is the prediction expression of the density where ρ is the den-
sity [g/cm3], P the laser power [W], v the scanning speed [mm/s] and HS
the hatching space [μm].

ρ ¼ 100:2−0004∙P þ 0:0005∙v−0:01∙HS−0:0001∙ P−225:6ð Þ∙ HS−92:2ð Þ
þ0:00002∙ v−1591ð Þ∙ HS−92:2ð Þ

ð12Þ

Fig. 9 shows the parts density in function of P and v for four values of
HS according to Eq. 12. It can be observed that the density increases
when P decreases and v increases, i.e. EL increases. Moreover, the den-
sity increases when HS decreases. Indeed, when HS decreases the over-
lap between SST increases and there is no more lack of fusion defects
between SST. Moreover, the higher thermal energy accumulation in-
duces an increase of the temperature inside the melt pool which im-
proves the liquid spreading and so the wetting of the surrounding
powder particles [17]. When HS decreases, the process window leading
to the same density is wider. Indeed, the white region corresponds to
densities higher than 99.2%. It can be noticed that this model does not
consider the balling phenomenon. Indeed, Fig. 9a suggests that a combi-
nation of parameters P=164 W, v=2400 mm/s and HS=75 μm would
lead to a part density higher than 99.4%. However, Fig. 5 shows that
the same combination of parameters P=164 W and v =2400 mm/s
leads to a balling track (Fig. 5d) which is clearly not continuous. Li
et al. showed that the HS has no influence on the balling phenomenon
[32], which means that balling phenomenon would occur for any

Table 5
ANOVA results for 100*d/(d+h) and θ for both DOE including the p-values of the factors
and their interactions, the lack of fit and thefit parameters:mean, R2, adjusted R2 and root
mean square error.

p-value Factorial DOE CCD

100*d/(d+h) θ 100*d/(d+h) θ

Model <1*10−4 <1*10−4 7*10−4 5*10−2

P <1*10−4 <1*10−4 1*10−2 4*10−2

v <1*10−4 <1*10−4 3*10−3 0.1
P2 <1*10−4 4.4*10−3 3*10−3 /
v2 0.50 0.32 0.51 0.21
P * v 0.37 0.07 0.22 0.94
Lack of fit 0.22 0.56 / /

Mean 56.4% 58.3 ° 58.9% 56.2 °
R2 0.8 0.51 0.96 0.61
Adjusted R2 0.8 0.50 0.93 0.49
Root mean square error 7.9% 13.8 ° 3.9% 13.3 °

Table 6
Results of cubes density obtained by Archimedes density method. The dark green contains the values higher than 99.3%, light green between 99% and 99.3%, the orange between 98% and
99% and the red lower than 98%. The results of the tensile tests of Batch 3 are in the three last columns. For the yield strength, the dark green color contains the values higher than 300MPa,
light green between 280 and 300MPa, the orange between 250 and 280MPa and the red lower than 250MPa. For the fracture strain, the dark green color contains the values higher than
9%, light green between 8 and 9%, orange between 7 and 8% and red lower than 7%. For the σUTS [MPa], the dark green contains the values higher than 500 MPa, light green between 480
and 500 MPa, the orange between 450 and 480 MPa and red lower than 450 MPa.

Table 7
ANOVA parameters i.e. p-value of the factors and their interactions andmodel R2 based on
the yield strength, fracture strain and ultimate tensile strength.

Based on σy εUTS σUTS

P <1*10−4 1.0 * 10−1 0.0
v <1*10−4 1.6 * 10−4 5.0 * 10−5

P2 2.2 * 10−4 1.5 * 10−3 3.0 * 10−5

P HS 3.5 * 10−3 1.0 * 10−5 1.0 * 10−5

v HS 1.0 * 10−2 / /
HS 5.3 * 10−2 0.0 4.4 * 10−1

P v / 1.1 * 10−3 /
v2 / 1.6 * 10−2 /
Model R2 0.93 0.89 0.88
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value of HS. Balling phenomenon is known to be a defect which in-
creases the porosity and surface roughness [35]. Therefore, the density
model should be combined with the SST models.

Now, the 12 combinations of L-PBF parameters for the tensile tests
need to be selected. First, the nine combinations of parameters of the
CCD (see Table 2) are chosen except the combination P = 216 W, v =
500 mm/s and HS = 180 μm due to its too low density (see Table 6)
which would expectedly lead to low ductility. Four other combinations
of high density parameters need to be selected among the other batch

two cubes parameters. Moreover, the parameters P = 218 W, v
1600 mm/s and HS = 125 μm are selected to analyze the influence of
HS on themechanical properties. Thefinal selection is provided in Table 6.

3.4. Tensile tests

The tensile properties for the selected L-PBF parameters are pro-
vided in Table 6. The full tensile curves are provided in the Supplemen-
tary materials. The highest yield strength are obtained for the lowest

Table 9
Comparison of the tensile properties of L-PBF AlSi12 obtained in this study with the ones reported in the literature.

P [W] v [mm/s] t [μm] HS[μm] σY [MPa] σUTS [MPa] εf [%] Build direction Source

/ / / / 220.5±9.4 418.9±9.6 3.91±0.27 / [42]
400 1000 30 60 315.5 476.3 6.7 Horizontal [18]
300 500 50 45 / 325 4.4 Horizontal [43]
320 1455 50 110 200±2 410±4 6.6±0.5 / [44]
285 1500 40 100 224.8±33.5 398.6±16.5 3.42±0.04 / [45]
320 1455 50 110 270.1±10 325±20 4.4±0.7 / [46]
164 1500 30 70 316±0.4 520.9±1.5 9.3±0.3 Horizontal Present work

Fig. 7. (a,b) Continuity in function of P and v, (c,d) 100*d/(d+h) in function of P and v and (e,f) the contact angle in function of P and v. These are calculated for (a,c,e) the factorial DOE and
(b,d,f) the CCD using parameters of Table 2.

Table 8
Comparison of the experimental and the CCD predicted properties for the L-PBF parameters P=164 W, v=1000 mm/s and HS=90 μm.

Continuity θ[°] 100d/(d+h)[%] ρ[%] σy [MPa] σUTS [MPa] εf [%]

Predicted Yes 71 47 99.15±0.1 306.9±14.7 522.2±25.4 9.5±0.8
Exp Yes 69±10 52±2 99.2±0.0 300.6±2.7 504.3±2.0 9.2±0.3
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laser power P. Indeed, decreasing P results in higher cooling rate
and thinner microstructure [36]. The fracture strain increases when
P increases and, v and HS decrease, in a similar way than the porosity
(see Fig. 9). It is expectedly this higher porosity which decreases the
fracture strain [37].

The lowest ductility of Batch 3 (in red and orange of Table 6) are cor-
responding to the combinations P=246W-v=1000mm/s-HS=135 μm
and P=218 W-v=1600 mm/s-HS=125 μm. This is due to their higher
porosity level compared to the other combinations (see Table 6) while
the highest mechanical properties (in dark green) are obtained for the
highest density parameters [38].

The results of the ANOVA analysis are provided in Table 7. It can be
seen that many parameters and their interaction have a significant in-
fluence on the mechanical properties (p-values < 0.05). HS is the pa-
rameter that has the most significant influence on the fracture strain.
Indeed, a large HS can lead to lack of fusion defects and thus, decrease
the fracture strain. The contributions of P and vmore significantly affect
for the yield strength and the ultimate tensile strength. Indeed, they de-
termine the amount of energy transmitted to the powder bed and so the
microstructure thinness [36].

Fig. 10 combines all the models developed in this study for four HS
values (HS=75, 85, 100 and 125 μm). The dashed green region is the
optimized parameters area. The desirability criteria is the combination
of a continuous track, θ higher than 50°, 100*d/(d+h) between 20 and
60%, density higher than 99%, fracture strain higher than 9%, yield
strength higher than 300 MPa and ultimate tensile strength higher
than 500MPa. It is important to combine all the models and results. In-
deed, if we focus on the density or tensilemodels, parameters leading to
balling phenomena could have been selected.

In order to validate the model, a combination of L-PBF parameters
which fulfils all the desirability criteria has been selected to manufac-
ture SST, cubes and tensile samples. This combination is P = 164 W,
v = 1000 mm/s and HS = 90 μm. The experimental values obtained
for this parameters combination are compared to the predicted values
of the model in Table 8. It shows that the track geometry, cube density
and mechanical properties predicted by the model are similar to the
ones obtained experimentally. Moreover, the tensile properties ob-
tained in this study are significantly higher than the state-of-the-art
ones reported in the literature provided in Table 9.

It is know that they are many other parameters which can influence
the thermal history of the material during the L-PBF process. Indeed,
under fixed L-PBF parameters, a change in the shape or the size of the
manufactured part can affect the thermal history and so themechanical

Fig. 8. Cubes density for various L-PBF parameters in the process window with HS = 2/
3 W superimposed on Fig. 6b (see that figure for the color code).

Fig. 9. Density of cubes measured by Archimedes density method for a) HS = 75 μm, b) HS = 85 μm, c) HS = 100 μm and d) HS = 125 μm. The red area contains the L-PBF parameters
leading to density smaller than 99.2%. The red lines are isoresponses i.e. constant density. (For interpretation of the references to color in thisfigure legend, the reader is referred to theweb
version of this article.)
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properties and thedensity of thefinal part [39]. Indeed, the time interval
between two successive layers deposition influences the thermal his-
tory [40]. When this interval increases, the cooling rate decreases lead-
ing to thinnermicrostructure, higher strength and lower fracture strain.
The building orientation also affects the mechanical properties as de-
fects are mainly present between layers. It provides an easier path for
void growth when the tensile direction is perpendicular to the layer
boundaries [41]. Many variations in the process can influence the ther-
mal history and so thedensity and themechanical properties. Therefore,
robust L-PBF parameters need to be selected in order tominimize the ef-
fect of these variations on the quality of the part. These L-PBF parame-
ters naturally lie in the middle of the process window. If we take the
process window where HS = 100 μm, the parameters in the middle of
theprocesswindoware P=182Wand v=1550mm/s. For this param-
eter combination, a variation of 10% of P or 16% of v leads to properties
which still fulfill the desirability criteria. It is therefore advised to the
reader to select its L-PBF parameter in themiddle of the processwindow
which will lead to parts with reproducible quality and expectedly less
dependent on the part geometry and other process variations.

4. Conclusion

Anefficientmethodology to identify optimized laser-powder bed fu-
sion (L-PBF) parameters leading to dense andmechanically sound parts
has been developed and validated on AlSi12. Thismethodology requires
only three L-PBF batches. Thefirst onewith single scan tracks (SST) uses
a limited amount of powder. The second and third ones, with cubes and
tensile samples respectively, refine the process window. The following
conclusions can be drawn:

1. The use of a design of experiments (DOE) allows to clearly decrease
the manufacturing and characterization costs for such an optimiza-
tion. Indeed, a central composite design (9 SST analyzed) reasonably
leads to a similar P-v selection than a full factorial design (105 SST
analyzed). 9 SST are sufficient to identify a processwindowproviding
85% similarity in parameters selection than the 105 SST of the full fac-
torial design.

2. The process window obtained based on the SST reliably leads to high
cubes densities (> 99.3%). It confirms the relevance of the SST analy-
sis as a first approach to define or refine the L-PBF process window.

3. The staticmechanical properties of AlSi12 built with the optimized L-
PBF parameters are better than the ones reported in the literature. In-
deed, a yield strength of 316 MPa, an ultimate tensile strength of
520 MPa and a fracture strain of 9.3% were obtained in the present
study.

4. The statistical model predictions for the density and the mechanical
properties were validated experimentally for one new combination
of optimized L-PBF parameters.

In conclusion, only 9 SST, 18 cubes and 12 tensile tests are required
in the suggested methodology to optimize the L-PBF parameters and
obtain dense andmechanically soundparts. This validatedmethodology
can obviously be further applied to any existing or newly developed L-
PBF materials.

Data availability

The authors confirm that their data are available.

Fig. 10. Process window obtained based on all the models developed with the proposed methodology (SST, density and tensile mechanical properties) in function of P and v for a) HS=
75 μm, b) HS= 85 μm, c) HS= 100 μmand d) HS= 125 μm. Thewhite area is the process window, while the dashed area is the zonewhich does not fulfill the desirability criteria for the
mechanical properties and the density. The red, blue and dotted area corresponds to the parameters leading to non continuous tracks and inadequate 100*d/(d+h) and contact angle,
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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