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Abstract

Soundness of additively manufactured parts depends on a lot of process and geometrical parameters. A wrong process design
leads to defects such as lack of fusion or keyhole porosity that have a detrimental effect on the mechanical properties of the
printed parts. Process parameter optimization is thus a formidable challenge that requires in general a huge amount of experi-
mental data. Among the others, heat source power and scan speed are the most defects-affecting parameters to be optimized. The
energy density is used in literature to quantify their combination. Unfortunately, in different works it was demonstrated that it fails
if used as design parameter mainly because it does not take into account the material properties and the interaction between heat
source and the powder bed. In this contribution, a modified volumetric energy density equation that takes into account the
powder-heat source interaction to optimize the combination of power-scan speed values for porosity assessment in powder bed
fusion process design is proposed and verified on both AlSi10Mg alloy and Maraging steel 300.
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1 Introduction

Additive manufacturing (AM) processes are attracting the at-
tention of both industry and academic world, thanks to the great
potential they can provide. When compared with traditional
manufacturing processes the key advantages are (i) high degree
of design freedom, (ii) easy change or revision of a product, (iii)
reduction of waste production and energy costs, and (v) with
reference to powder bed fusion (PBF) processes applied to
metallic materials, mechanical properties of the as-build com-
ponents are often equal, or even greater than those of the same
parts obtained with standard subtractive methods or casting
processes [1]. However, there are still some issues to be faced
in order to make AM processes more and more usable for

industrial applications. When applied to metallic materials, be-
cause of the rapid melt pool solidification, few alloys are at the
moment suitable and available in the market for additive
manufacturing. The new microstructures arising from rapid al-
loy solidification require a new characterization of the material
and last but not least, the numerous parameters affecting the
soundness of the additively manufactured components force
the manufactures to a formidable parameters’ calibration.

The complex interaction between the heat source and the
powder layer, as well as the complex thermal phenomena that
occur during the printing process, may result in different kinds
of defects such as pin hole voids, incomplete melting, or in-
complete filling. Gas pores, for example, may arise from pow-
der surface chemistry modification and/or trapped gas in
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particles that are released during melting and locked in during
solidification. But they may also be due to key-hole effect for
deep melt pools. Elongated pores are process-induced defects
and are due to an inefficient melting regime or spatter and
fumes ejection [2]. The geometry of the part plays an impor-
tant role in the fabrication process, as well. Every change in
the geometry will change the way the AM machine performs
its fabrication routine affecting the properties of the resulting
solid [3, 4]. One way to study the interaction between final
part properties and processing parameters is to carry out dif-
ferent ‘trial and error’ experimental tests. A second possibility
is the in situ monitoring and in-line quality control of the
process itself [5–8]. However, they are still challenging to
implement in actual machines for industrial production.
Finally, numerical simulation can be used as a powerful tool
to support experiments by reducing the number of tests nec-
essary for process parameter optimization [9, 10]. A great
consensus is there in literature in considering the energy den-
sity as one of the best predictors for parts relative density for
powder bed fusion (PBF) processes. There are different for-
mulations of such parameter. The volumetric energy density
(VED) is used above all to describe the experimental data
coming from laser powder bed (LBP) tests [11–16]. and it is
formulated starting from the most important process parame-
ters as follows [17]:

Ed ¼
P

vhd
ð1Þ

where P is the laser power, v is the scan speed, h is the hatch
distance, and d is the layer thickness. Despite the intensive use
of the VED in literature, many criticisms have been made
about its real effectiveness as a design parameter [18]. As a
matter of fact, Eq. (1) may not properly represent the effective
energy transferred to melt the powder bed, and thus, it should
be improved involving the material properties. It is suggested
that the melted volume does not correspond exactly with the
parallelepiped defined by VED, but that melted volume will
scale fairly linearly with the volume of this parallelepiped for
successful recipes [19, 20]. Bertoli et al. [21] outlined in their
work the suitability of VED as a design parameter to describe
selective laser melting (SLM), but at the same time, they en-
courage to be careful in using it because its incapability to
capture the complex physics of the melt pool.

Willy et al. [22] proposed a modification of Eq. (1). In
effect, for fixed values of h and d, the laser power (P) is
proportional to the scanning speed (v): P = k · v (with k =
constant). This means that for a static laser (v = 0), a molten
pool would be obtained even without laser (P = 0), which has
no physical significance. The relationship was thus modified
by introducing an ‘off-set power’ P0: P = P0 + k · v. However,
the modified relationship was verified to be true only for a
limited range of laser power. Despite such criticism against

the use of VED as design parameter, it continues to be pro-
posed in different works [15, 23–25]. In a recent work,
Caiazzo et al. [26] studied the relevance of VED in the inves-
tigation of Inconel 718 LPBF. They proved how different
technological and mechanical properties of additively
manufacturing parts such as roughness, hardness, number,
and size of pores as well as fractional density can be explained
in terms of VED that can help the designer in dealing with
several process parameters as once.

One of the main goals in AM process parameter optimiza-
tion is to understand how they interact with the powder bed.
Dimension and shape of fusion zone as well as defects are the
main characteristic to be predicted as a function of process
parameters. In this scenario Hann et al. [27] considered the
mean surface enthalpy to compute the melt depth and width
for different materials, predicting the transition from melting
to keyholing and porosity in welding. They started from the
empirical observation that the shape of a weld is a function of
the ‘enthalpy’ of the material (specific energy per unit kilo-
gram) and found the basic thermodynamic arguments to iden-
tify the origin of it. This result was confirmed by Metelkova
et al. [28] that used both the VED approach and the normal-
ized enthalpy to link the melt pool morphology with the heat
input in SLM process. They showed how the VED parameter
(Eq. 1) was unsuitable to predict the melt pool depth especial-
ly at high energy input. On the other hand, the normalized
enthalpy was found to work.

The utility of using the normalized enthalpy to combine the
effects of power, speed, and beam size was also validated
experimentally by King et al. [29]. They found that the nor-
malized enthalpy can be used to identify the keyhole threshold
from experiments but appears to be missing some physics
particularly with regard to the dependence of melt pool depth
on beam size in the conduction mode. Correlations between
the melt pool aspect ratio and the process parameters were also
found by using both the normalized enthalpy and VED [30].
Single bead experiments were carried out for high deposition
rates identifying the thresholds of the process parameters
resulting in voids [30]. The aspect ratios (ARs) versus the
normalized enthalpy correlations showed much less scattered
data as opposed to the AR versus VED plot. This is because,
as in previous works, the normalized enthalpy takes into ac-
count the interaction between the material and the laser pa-
rameters, while the VED, in actual formulation (Eq. 1), does
not.

This is the main reason why a new mathematical expres-
sion of such parameter (VED) is proposed in this work that
overcomes the major drawback of the original formulation,
i.e., the heat source-powder interaction phenomena. While
the original definition of VED was found incapable to capture
the optimal process parameters that maximize the fractional
density, the proposed definition of VED allowed to define a
narrow range of energy density values that minimize samples
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porosity. In this way it is possible to predict the porosity as a
function of materials and process parameters, in different
melting condition such as keyhole mode and conduction
mode, by using a single VED model integrating thermal and
physical properties.

2 Materials and Methods

The analysed material is the AlSi10Mg hypoeutectic alloy,
mostly used for aluminium castings. Its chemical composition
is collected in Table 1. The little amount of Mg (0.3–0.5 wt%)
allows the reinforcement by natural or artificial ageing, while
its near eutectic composition (Fig. 1) enhances its castability.

The particle size of the AlSi10Mg powder is in the range of
15–45 μm. The samples were manufactured by selective laser
melting Renishaw AM 400, which is equipped with a 400-W
pulsed ytterbium fibre laser with a wavelength of 1.070 μm
and a 70-μm spot size at the focus plane (Φ). The building
square-based platform has a side length equal to 250 mm.
Argon was used as protective gas against powder oxidation.
Cylindrical specimens were produced with diameter and
length equal to 10 mm (Fig. 2).

In order to reduce the possible process parameters combi-
nations, the following inputs were kept constant during the
tests:

& Layer thickness (d), 30 μm
& Platform temperature, 170 °C
& Point distance (s) equal to hatch distance (h), 80 μm

& Building direction: sample axis

In Fig. 3 the laser scanning strategy and the definition of
point distance and hatch distance are shown.

With the aim to minimize the porosity inside the material,
the laser beam power (P) and exposure time (te) values were
changed starting from those suggested by Renishaw (say,
275 W and 40 μs, respectively). Values of P and te used in
the experiments are collected in Appendix (Table 2). Three
cylindrical samples for each couple of process parameters
were carried out.

It is noted that even if it was not possible to change the scan
speed (v), this last parameter can be approximated with the
following relation:

v≈
s

te
ð2Þ

Samples for microstructural analyses were embedded in
phenolic resin and prepared using standard grinding and
polishing procedures. In particular, grinding was employed
by using only one SiC abrasive size (P400) with the surface
water-cooled and the platen rotated at about 240–280 rpm.
Polishing was carried out using a diamond abrasive size
followed by final polishing with colloidal silica. The micro-
structure was analysed using a scanning electron microscope
(Quanta 2580 FEG, FEI, Boston, MA, USA). Light micros-
copy pictures were also taken with Leica DMC 2900 micro-
scope. With the help of a dedicated software for image anal-
ysis, the microscope is driven to obtain the overall specimen
image by means of the combinations of several micrographs
carried out by scanning the entire surface of the specimen. The

Fig. 1 Aluminium–silicon phase diagram

Table 1 Chemical composition of the alloy AlSi10Mg (wt%)

Al Si Mg Fe N O Ti Zn Mn Ni Cu Pb Sn

Balance 9–11 0.25–0.45 < 0.25 < 0.2 < 0.2 < 0.15 < 0.10 < 0.10 < 0.05 < 0.05 < 0.02 < 0.02

Fig. 2 Geometry of the specimens and their position on the building
platform
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final micrograph is then processed for the automatic counting
of the area interested by porosity. Figure 4 shows the result of
the micrographs processing routine above described for two
cylindrical samples.

3 Energy density formulation

One of the main criticismsmade against the definition of VED
(Eq. (1)) is that the melting of multiple layers and the keyhole
shape of the melt pool often invalidates the use of the layer
thickness (d) as the depth parameter used to calculate the
volume affected by the source energy [31]. This last parameter
can be extimated by the one-dimensional model describing the
temperature distribution (T) along the source axis direction (z)
[32, 33]:

T z; τð Þ ¼ Pβ

Ak

ffiffiffiffiffiffiffiffiffi

4αte
p

ierfc
z
ffiffiffiffiffiffiffiffi

4ατ
p

� �

ð3Þ

In Eq. (3),A is the spot area, k is the thermal conductivity,α
is the thermal diffusivity, β is the absorption factor, z is the
distance from surface, τ is interaction time, and ierfc stands for
‘integral of the complimentary error function’ given by the
following equation:

ierfc uð Þ ¼ e−u
2

ffiffiffi

π
p −u 1−erf uð Þ½ � ð4Þ

with erf(u) as the error function. The heat source penetration

(H) is obtained when the limit of Eq. (3) approaches zero. This

happens when z = H =
ffiffiffiffiffiffiffiffi

4ατ
p

. While 90% of temperature
change occurs within 1 scaling parameter of surface [30],
the interaction time (τ) can be expressed by Φ/v where Φ is
the spot size diameter [34]. Therefore, by taking into account
the absorptivity and the penetration of the heat source (Fig. 5),
Eq. (1) can be rewritten as follows:

Ed;eff ¼
βP

v⋅h⋅

ffiffiffiffiffiffiffiffiffiffi

4α
Φ

v

r ¼ β

h
ffiffiffiffiffiffiffiffiffi

4αΦ
p P

ffiffiffi

v
p ¼ C

P
ffiffiffi

v
p ð5Þ

For pulsed laser powder bed fusion processes, by taking
advantage of Eq. (2), Eq. (5) can be written as

Ed;eff ¼
β

h
ffiffiffiffiffiffiffiffiffiffiffiffi

4αΦ s
p P

ffiffiffiffi

te
p

¼ C1P
ffiffiffiffi

te
p

ð6Þ

It is observed that compared with the previous energy den-
sity formulation used in literature (Eq. (1)), Eq. (5) takes into
account both the material-laser interaction through the param-
eter β, and the material properties via the powder thermal
diffusivity α.

The constant C in Eq. (5) (or C1 in Eq. (6)) needs to be
calculated starting from material properties as well as the ab-
sorptivity value (β) that can be estimated by experiments or
numerical simulation. It has to note that the absorptivity may
vary with the combination of heat source powers (P) and
scanning speeds (v) since such parameters influence the

Fig. 4 Processed images for the
porosity amount assessment
(samples obtained with: a power
= 375 W, exposure time = 30 μs;
b power = 300 W, exposure time
= 30 μs)

Fig. 3 Scanning strategy (a);
spot-to-spot fabrication process,
where ‘s’ is the point distance, ‘Φ’
is the laser beam spot and h is the
hatch distance (b)
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depression induced by the recoil pressure on the melt pool and
thus the heat absorption [35, 36]. However, this phenomenon
would complicate the use of the Ed,eff as design parameter;
therefore, in this work, it is ignored and the value of β as well
as α are kept constant. It is worth mentioning that α should be
calculated starting from the effective powder properties as
defined for instance by Ning et al. [37]:

ρe ¼ 1−φð Þγρs ð7Þ
ke ¼ 1−φð Þηks ð8Þ

where ρ is the density; subscripts e and s stays for effective
and solid, respectively; while γ and η are coefficients that can
be taken equal to 1 and φ is the porosity (say, 0.4) [38].

However, it is observed from Eqs. (7) and (8) that the same
reduction was attributed to the density and thermal conductiv-
ity of the powder compared with those of the consolidated
material. Therefore, because even the specific heat of the pow-
der does not change significantly compared with that of the
bulk material, the powder diffusivity can be approximated to
that of the consolidated material. Figure 6 shows the iso-VED
curves as well as two of their derivatives obtained both with

the original and actual formulation (Eq. (1) and Eq. (6)). It is
observed that the difference in curve shape is attributed to the
different dependence of the power with the scan speed (or
exposure time), say the inverse of scan speed (Eq. 1) against
the inverse of the square root of scan speed (Eq. 5). It is also
noted that such difference (highlighted by the derivatives) is
more pronounced as the scan speed increases, or the exposure
time decreases, therefore in the more interesting part of the
diagram for industrial applications.

4 Results and discussion

4.1 Microstructure

According to process parameters, pores or lack of fusions
(LoF) are easily formed during the SLM process. Figure 7
shows some pores and LoF defects detected in the present
experimental work. According to the phase diagram (Fig. 1)
the microstructure (Fig. 7c) is characterized by α-Al dendrites
inside a eutectic matrix constituted by α-Al and nanometric
Si-particles.

Figure 8 shows some micrographs taken from cylindrical
samples obtained by varying both the laser power (P) and the
exposure time (te). Only some particular combinations of
power and exposure time allow to obtain sound samples. As
suggested in literature, it is supposed that such positive param-
eter combinations are linked by the same value of VED. For
the sake of simplicity, Figure 8 collects only some significa-
tive micrographs as a function of a limited range of process
parameters tested. On the other hand, the mean value of the
area percentage occupied by pores as a function of the entire
range of tested process parameters is shown in Fig. 9, where

Fig. 6 Iso-energy density curves
and their derivatives

d

H

h

Fig. 5 Schematic of volumes effectively affected by the heat source (with
H = heated depth)
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the bubble areas are proportional to the porosity percentage
detected in the cylindrical samples.

In Fig. 9 two iso-volumetric energy density curves cal-
culated using Eq. (6) are plotted, as well. According to
literature [39, 40] the absorptivity and the thermal diffu-
sivity are taken equal to 0.18 and 5.7 · 10−5 m2/s, respec-
tively; therefore, the constant C1 in Eq. (6) results to be 2
s1/2/mm3. It is worth mentioning that different absorptiv-
ity values can be found in literature depending on mate-
rial, particle dimensions, models, and other processing
conditions [35, 41, 42].

It is interesting to point out that despite the high reflec-
tivity of aluminium alloys, the absorptivity of its powder
is higher than that of the consolidate material, thanks to
the multiple reflections and absorptions of the rays that
strike the powder particles [43]. Almost all the P/te com-
binations that assure a porosity less than 1% stay in be-
tween the two iso-VED curves, Es

d,edff = 4.2 J/mm3 and
Ei

d,edff = 3.2 J/mm3 plotted in Fig. 9. This validates the
proposed VED as design parameter. On the other hand, it
is easy to observe that it is not possible to interpolate the
process parameters combination (P, ts) assuring a porosity

te = 60 s te= 40 s

P = 350 W

P = 325 W

P = 300 W

P = 200 W

Fig. 8 Some micrographs
(magnifications × 50) showing
porosity as a function of laser
power (P) and exposure time (te)

Fig. 7 Porosity (a), lack of fusion (b), and microstructure observed in AlSi10Mg samples
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Fig. 10 Porosity versus VED: a
original VED definition (Eq. (1));
b new VED definition (Eq. (6))

Fig. 9 Porosity percentage (%) as
a function of process parameters
(laser power, exposure time) and
energy density (Ed,eff)
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fraction less than 1% (green bubbles in Fig. 9) with iso-
VED curves obtained from the original formulation of the
energy density (Eq. (1)). This is even demonstrated in Fig.
10 where the porosity versus VED is plotted. In Fig. 10a
it is noted that there is no values of the Ed that promotes
only low porosity containing specimens. On the contrary, by
using the new definition of VED, Ed,eff, a narrow range of its
values is obtained (3.2 J/mm3 < Ed,eff < 4.2 J/mm3) that char-
acterizes sound samples. This is attributed to the better capacity
of the new definition of VED to capture the total energy
absorbed by the powder bed. Therefore, all combinations of P
and te that give a Ed,eff value inside the ‘safety’ window shown
in Fig. 10b will result in sound specimen. This is particularly
useful when process parameters need to be selected in order to
reduce the printing time without incurring to material defects. It
is important to observe that the master diagram for process
design shown in Fig. 9 may be used with caution because, first,
it is obtained with fixed geometrical parameters and second, by

moving from cylindrical samples to industrial parts, the differ-
ent geometries and sizes may influence the material soundness,
as well. Despite this, Ed,eff values can be used as guidelines to
drastically reduce the setup of the industrial PBF process.
Finally, it was observed that lack of fusion defects are promoted
with Ed,eff < 3.2 J/mm3, while gas porosity is formed with Ed,eff
> 4.2 J/mm3 (Fig. 10b).

In order to consolidate the use of the proposed modi-
fied VED as design parameter, it was chosen to apply it to
experimental data taken from literature about SLM of
Maraging steel 300 [44]. Results are shown in terms of
porosity versus VED (Eq. (1)) (Fig. 11a) as well as
porosity versus modified VED (Eq. 5) (Fig. 11b). It is
clearly shown how the use of the proposed modified
VED is able to discriminate a narrow range of energy
density (as in previous case) in which sound specimens,
characterized by the lowest porosity values, can be
obtained. On the opposite, the use of standard VED

Fig. 11 SLM of Maraging steel
300. Porosity versus VED: a
original VED definition (Eq. (1));
b new VED definition (Eq. (6))
(experimental data taken from
[44])
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formulation is unable to explain or account for the differ-
ences in the observed process outcomes, as also outlined
by the authors of the paper which experimental data are
taken from [44].

It is worth noting that the proposed energy density
equation works well even with different values of the
layer thickness (d). However, it is not proved yet Eq. (5)
is sensitive to other process parameters such as spot
diameter, platform temperature, hatch distance, raster
strategy, or building direction that in the present experi-
ments were kept constant. Therefore, further experimental
works are needed to establish the limits of the proposed
relation.

5 Conclusions

The volumetric energy density is investigated as design
process parameter starting from the assumption made in
literature that samples obtained with the same value of
energy density are characterized by the same amount of
porosity. The original formulation of the volumetric ener-
gy density applied to the optimization of AlSi10Mg laser
powder bed fusion process does not work, mainly because
it does not quantify the actual energy absorbed by the
powder.

In order to overcome drawbacks linked to the original
formulation that does not consider the interaction between
the heat source and the powder, a new expression is ob-
tained and validated with experimental data, which shows
that the energy density depends on the square root of the
scan speed.

As a result, using the new expression of the volumetric
energy density, it is found that all samples characterized by a
porosity less than 1% fall in between a narrow range of its
values. Moreover, the new VED formulation was used to pre-
dict the best process parameters (dealing with porosity) in
SLM of Maraging steel 300, proving its extensibility to other
kind of materials.

Therefore, provided that all the other variables such as
spot diameter, platform temperature, hatch distance, raster
strategy, and building direction are kept constant, the new
formulation of the energy density can be used as design
parameter to select the best combination power-scan
speed.

Funding Open access funding provided by Università degli Studi di
Padova within the CRUI-CARE Agreement. This work was partially
funded by the grant “FESR D23D18000160007” from Regione Friuli
Venezia Giulia to Tesolin S.p.A.
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Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes weremade. The images or other third party material in this article
are included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
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