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Abstract

Additive manufacturing technologies are considered advanced processes in which it is possible to produce complex shape
components layer-by-layer. In these technologies, it is reported that in producing parts with angles higher than 45°, no support
is required. Depending on the material below this angle, it is necessary to use the support structures to dissipate the heat and
counterbalance the force of the recoding blade. During the building process, it is well documented that there is a risk of part
detachment at low angles that can result in failure. On the other hand, a heavy dross formation on the downskin surface will
occur if no failure happens, resulting in a surface with scarce quality. Hence, many efforts have been undertaken to face this
challenge and study the effect of various parameters, such as layer thickness, laser power, and scan speed, on the quality of
the downskin surface of the minimum printable angle without the support requirement. This review offers an overview of the
last progress on the effect of process parameters on the surface quality of the downward surfaces in the production of complex
parts via the laser powder bed fusion process. This review highlights the best practices that may be considered for future
works to find effective parameters for producing complex shape components with low angles without support structures.

Keywords Additive manufacturing - Laser powder bed fusion - Downskin parameters - Support structure

1 Introduction parts are built directly from the feedstock material using an

AM machine [6, 7].

Additive manufacturing (AM) is a name that represents
all the technologies that create 3D objects by adding layer
upon layer of the material [1, 2]. The key concept is the
additive process, opposite to the most common subtracting
ones (i.e. machining), a revolutionary kind of manufacturing
for which the final piece will be made by adding material
layer by layer, causing of reduction in the waste of materials
[3-5]. Moreover, using AM technologies, no specific tools
are required to produce the components and complex shape
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Over the last years, in comparison to the 3D printing of
polymers, metal AM could attract lots of attention, mainly
owing to the improvements in the machinery, lasers and
powder production processes that resulted in the achieve-
ment of high-quality parts [8, 9]. In general, AM systems
are classified according to their heat source (laser, electron
beam and plasma arc), the type of feedstock (wire or pow-
der), how the feedstock is delivered and the dimension and
quality of the produced component [10—13]. The first classi-
fication introduced by ASTM is based on feedstock delivery
approaches [14]. According to this classification, the two
most common classes of metal AM are powder bed fusion
(PBF) and directed energy deposition (DED) [15, 16]. In
the PBF process, the heat source can be either laser (L-PBF)
or electron beam (EB-PBF or EBM). On the other hand, in
the DED process, three different heat sources, such as laser
(L-DED), electron beam (EB-DED) and plasma arc (PA-
DED), can be used [17, 18].

It is well documented that AM processes can reduce the
number of operations needed to produce an end-usable part
and transform several processes with a single-step process
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plus a finishing step [19, 20]. When the production of a
batch of pieces by AM or with a CNC (computer numeri-
cal control) machine is compared, it is revealed that in a
CNC machine, a semi-complex part can be produced after
several processes and, as a consequence, result in a very
long production process. In contrast, in AM, a piece can be
produced just in a few hours (depending on the part dimen-
sion), while a high-quality finishing may take a few days [21,
22]. However, this should be underlined that through the
AM process, it is possible to simultaneously produce more
pieces in a single build in a shorter time compared to their
production through the CNC machine. On the other hand,
the part’s complexity is a fundamental aspect of AM. Since
the complex shapes are directly obtained during the building
process, the cost depends on the shape and the quantity of
used material. Therefore, the gain using AM increases with
the complexity of parts compared to traditional manufac-
turing processes, where more phases are required [23, 24].

Moreover, from the design point of view, some compo-
nents, such as lattice structures, undercut and internal fea-
tures, are impossible to be produced using CNC machines.
Instead, through the AM technologies, it would be possible
to overcome the limitations of the subtractive manufactur-
ing method and produce them in the final shape directly
from the feedstock materials [25, 26]. Although AM will
not replace conventional production methods, it can acquire
importance in different niche areas such as aerospace, medi-
cal and dental, automotive and jewellery. AM can play a key
role in aerospace, where optimal thermo-mechanical charac-
teristics are required and in medical and dental fields, where
a single piece’s weight and personalisation are key factors
[27, 28]. One of the new relevant aspects of AM technology
is producing lattice structures that reduce weight and cre-
ate new structures [29, 30]. However, the production of the
components with the features mentioned above would face
several challenges that should be considered in their design
phase [31, 32].

One of the important aspects of design for AM that have
been investigated markedly is downskin which is indicated
some layers (2-5) above the supports or the powder in
downward-facing surfaces (Fig. 1) [34, 35]. This impor-
tance comes back to the variation of heat conduction as a
function of the relative density. It is well reported that the
heat conduction for the powder is one hundred times lower
than the solidly supported zones [36]. Depending on their
type, the supports can dissipate the heat generated during
the process, but on the other hand, the more they dissipate
the heat (e.g. block support), the more difficult it would be
to remove. However, it is reported that in order to obtain
good mechanical properties and surface finishing of the
overhanging surfaces, the use of a solid/block support is rec-
ommended to dissipate more heat, but this will also lead to
an increase in the cost in terms of material, time in printing
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and post-processing operations [21, 37]. On the other hand,
if the accumulated heat does not dissipate efficiently, the
part will face issues like dross formation and warping [38,
39]. The dross formation increases roughness on the sur-
face, causing the need for post surface treatment to achieve
the desired surface quality [40]. The warping is caused by
the melt pool’s quick cooling that generates tensile stresses
inside the layer [41]. It is well documented that if this stress
is not counterbalanced by the presence of support, warpage
and with its accumulation, delamination will occur [42].

From the design point of view, it is possible to define a
critical angle in which, above that angle, the use of support
structures is not necessary [43]. This angle is, in general,
around 45° which can be altered depending on the material
[44]. However, it should be noticed that it would be possible
to print without support structures using optimised downskin
parameters, even below this critical angle. In fact, this set
of parameters generates a lower amount of heat than the
process parameters normally used to print the part.

In general, several parameters can affect the downskin
quality; those regarding the energy input (laser power, spot
diameter and scanning speed), the ones controlling the off-
set between layers (tilting angle, layer thickness and hatch
distance) and, finally, the parameters influencing the residual
stresses (scanning length and the relationship between scan-
ning direction and tilting angle) [45, 46].

Over the past years, optimising the downskin parameters
could attract attention. For instance, Bassoli et al. tried to
figure out a generalised holistic method to test parameters
for all the steps in the part fabrication through the L-PBF
process [47]. In another work, Covarrubias and Eshraghi
found an equation to evaluate the minimum critical angle for
producing superalloy components [48]. Wang et al. analysed
the influence of laser speed, laser power and vector length
on the quality of the oblique surfaces [45]. Minetola et al.
studied the effect of the speed, power and hatch distance on
the porosity, accuracy and roughness of the Hastelloy X part
produced using the L-PBF process [49]. Sarkar et al. ana-
lysed the influence of the scanning strategy and the aspect
ratio on the quality of the overhang surfaces in the L-PBF
process [50].

It is evident that several studies have been carried out to
improve the downskin quality; however, so far, no article has
systematically reviewed and highlighted the importance of
the downskin process parameter optimisation on the surface
quality of the L-PBF components. Hence, this work aims to
systematically review the current state of the art in optimis-
ing downskin parameters for the components produced via
the L-PBF process. For this reason, the literature was com-
prehensively reviewed based on the factors that mainly affect
the quality of the downskin surfaces. The effective process
parameters were explained after that, considering the L-BPF
process at the centre of the discussion. In this work, first,
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Fig. 1 Schematic of the downskin and upskin.process parameters [33]

the main powder bed fusion processes will be described and
compared in detail. Thereafter, all the physical phenomena
involved in the laser/powder interaction are explained. In
the next section, all the downskin process parameters are
introduced, and their influence is discussed in detail. In the
end, future perspectives and main conclusions are drawn.

2 Powder bed fusion
2.1 Laser powder bed fusion

In the PBF processes, a high energy heat source selectively
melts the powder layer according to the computer-aided
design (CAD) model. Thereafter, the solidified layer moves
downward for a distance equal to the layer thickness and
thanks to the recoating blade, the powder is equally spread
on the bed and creates a new powder layer. This sequence
is repeated until the component is completely built [51, 52].

Downskin angle

Apart from the L-PBF, several names are used to indi-
cate the same process: direct metal laser sintering (DMLYS),
selective laser melting (SLM) and selective laser sintering
(SLS) [53, 54]. This process can be used, for instance, to
develop new titanium alloys following the in-situ alloying
approach to achieve new materials with superior properties
compared to the commercially available alloys [53, 55].
Other advantages of the L-PBF technology are the design
freedom, the possibility to build lightweight structures (e.g.
lattice structures), and the design of personalised anatomical
parts [56, 57].

During the L-PBF process, a high laser power com-
bines with a thin layer of powder to create a melt pool
that will quickly solidify and result in a strong shrink-
age in the material and, consequently, the stress in part
[58]. Therefore, several approaches have been developed
to counterbalance these stresses so as to prevent the dis-
tortions or delaminations between the layers during the
building process [45]. These stress counterbalancing can
be achieved by a good adhesion with the previous layers
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or supports and optimised process parameters such as
line offset, laser power, laser speed, and hatch distance
(Fig. 2).

2.2 Electron beam powder bed fusion

Compared to the L-BPF process, EB-BPF has some
advantages, such as higher productivity, being under a
vacuum that makes the reactive materials processable
and being a hot process that makes the brittle materials
processable [54, 55]. In the EB-PBF technology, also
known as EBM, an electron beam is employed as a heat
source to selectively melt the powder layer following
a CAD file [53, 54]. In the EB-PBF process, the elec-
trons are emitted by a filament heated at temperatures
higher than 2500 °C and then accelerated through an
anode. Then, the beam is controlled using three coils
before arriving in the vacuum chamber, where it melts
the powder layer. EBM technology makes it possible
to achieve high power (6 kW) with a narrow beam that
facilitates reaching extremely high temperatures during
the build process [59, 60]. The EBM process makes it
possible to process refractory materials thanks to the
high vacuum, allowing building parts with less impuri-
ties, giving higher strength properties to the material.
Usually, the electron beam is also used for preheat-
ing the powders to sinter the powder bed, allowing the
decrease of the stresses in the final piece caused by
high thermal gradient and rapid solidification [10, 61].

Fig.2 Representative of the
melt pool formation during the
LPBF process [10]
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3 Laser-powder interaction in LPBF process

One of the advantages of metal AM technologies is the
approach that they can break the constraints caused by
tooling [25]. The main rules are to avoid thinking of con-
ventional design principles, capitalise on the capabilities
of AM, rethink the whole assembly (freeform design and
intelligent integrations), use as little raw material as pos-
sible, and design the optimal shape accordingly to func-
tionality. However, during the PBF processes, several
aspects and parameters that affect the final quality of the
piece must be considered. These aspects depend on lots
of factors; for example, in some cases, using the same
machine and the same material with powders produced
by different companies, different optimal parameters are
required for their consolidation. Moreover, the presence
of various forces and thermal gradients within the melt
pool makes studying its behaviour very complicated and
cannot be modelled easily by the software [62]. For this
reason, it is very important to know at least the concepts
that regulate the processes. Two factors that affect the res-
olution of the process are the laser profile and the powder
characteristics. When the heat source impacts the powder
bed, a melting pool includes several phenomena, such as
Marangoni convection and evaporation [54].

Moreover, the boundaries between the melt pool and the
powder can potentially permeate the liquid phase into the
powder. This effect is enhanced by the dynamic evolution
of the melting pool. It is also interesting how the heat source
interacts with the powder. Both the laser and the electron
beam have a beam characterised by a Gaussian distribution
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with maximum intensity in the centre of the beam and a
radial decrease. The intensity can be evaluated as [45]:

2
I(r,m) = Iy exp (—%) (1)

where [ is the energy intensity, /, is the maximum intensity
at the beam centre, r is the radial distance from the beam
centre, and w is the characteristics of beam width until the
Gaussian distribution is 1% of the peak intensity. When the
laser impacts the powder, the particles absorb a part of its
energy, and the remaining one is reflected. However, the
reflection can escape from the bed, go between the particles,
and be completely absorbed. For this reason, the absorption
rate of a powder is generally higher than the absorption of
its solid one, which has a higher reflection. Nonetheless, it
is also complicated to generalise a specific absorption value
for a powder since its morphology, size distribution, and
surface quality depend on several factors that can be differ-
ent for the same material produced using different powder
production methods. In fact, each powder that includes fine
and coarse particles has a Gaussian particle size distribution
(PSD). It is well documented that the PSD of each powder
is a very important characteristic that significantly affects
its flowability, the packing density of the powder bed and
its melting and consolidation (Fig. 3) [10]. As regards the
powder spreading mechanism in different systems, various
mechanisms such as rollers, comb blades, sweep blades and
moving hoppers have been developed so far. The roller is
characterised by a better powder bed packing density, but
it also causes compressive and shear stresses that can have
negative effects. While blade spreading systems generally
generate less stress in the powder bed but create a pow-
der layer with a lower packing density [62]. However, the
blade also has the side effect of a filtering mechanism for
the bigger particles. The layer thickness affects the quality
of the final piece, and its minimum value is equal to the
diameter of the powder particles. Therefore, the dimension
of the powder directly influences the quality of the powder
bed. In fact, finer particles provide better packing densities
that, as a consequence, reduce the risk of defect formation
in as-built parts.

As discussed earlier, the particle size distribution of pow-
ders used for AM has a Gaussian distribution, and this trend,
together with the processing parameters, can influence the

Fig.3 Powder spread using a
blade for different layer thick-
nesses [45]

melt pool stability. Nevertheless, this factor is not considered
in the computational modelling that is performed to predict
the thermomechanical interactions [45]. Therefore, this kind
of modelling can be used for a generic part, and it is not
so precise to be used to simulate the behaviour of special
features like thin walls. Moreover, the capillary forces of
the melt pool are another important factor that should be
considered, especially when the melt pool dimension is in
the powder size range. Therefore, if it is neglected in the
simulation, a Plateau-Rayleigh instability will occur during
the solidification of the track (Fig. 4) [63, 64]. This insta-
bility can cause the balling effect and result in very high
surface roughness in the as-built part. However, it should be
underlined that the influence of the process parameters on
this instability is an easy task. However, it can be linked to
the Volumetric energy density (VED, J/mm?) that is deliv-
ered to a powder bed:
nP

VED = m 2)
where VED is the volumetric energy density, n is the
repeated scanning, P is the heat source power, v is the scan-
ning speed, ¢ is the layer thickness, and d is the hatching dis-
tance. It is reported that an excessive energy density can lead
to a balling phenomenon due to the long presence of a liquid
phase [54]. However, it is necessary to analyse also the effect
of single parameters to comprehend the liquid—powder bed
interaction in such a way that, for instance, the balling phe-
nomenon can be avoided by using slower speeds and higher
laser powers (keeping constant the VED).

In order to minimise the effects of the Plateau-Rayleigh
instability and the inhomogeneity of the powder, the use
of thinner layer thickness and slower scanning speed at a
constant VED is recommended [64]. The other effects that
should be considered in the process development are convec-
tion, the key-holes formation and evaporation in the melt-
ing pool [65]. In general, it is reported that the Gaussian
distribution of the laser intensity and the motion of the heat
source during the process results in a non-uniform tempera-
ture distribution within the melt pool [66]. Consequently,
this temperature gradient leads to the formation of a flow in
the melt pool, called “Marangoni convection” [67, 68]. As
shown in Fig. 5, the temperature-surface tension gradients
in the melt pool affect its shape and dimensions directly.
The temperature will always be higher in the centre of the
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Fig.4 Effects of the Plateau-
Rayleigh instability on a single
track: a xy plane; b instability of
the single track melting; ¢ depth
of the melting pool [63]

Fig.5 Marangoni convection
in the melting pool, the flow
motion depends on the temper-
ature-surface tension gradient:
a negative temperature-surface
tension gradient; b positive
temperature-surface tension
gradient [67]
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melting pool due to the laser intensity distribution, so it
is important to focus on the surface tension properties of
the materials. If the surface tension is higher in the centre
(Fig. 5b), the Marangoni flow tends to create a deeper melt
pool and chemical homogeneity [69]. In contrast, there is
a negative gradient for a surface tension higher at the melt
pool boundaries (Fig. 5a), and the Marangoni flow creates
a wider and flatter pool [67]. It is interesting to highlight
that the Marangoni convection can sometimes be used as a
turbulence effect to break the oxides on the surface of reac-
tive materials like aluminium and titanium alloys [70]. On
the other hand, the keyhole effect is strictly connected to the
evaporation of alloying elements, particularly in a deep melt
pool. In a deep melt pool, the gas cannot escape from the
deepest part and is entrapped inside the melt pool, forming
a vapour cavity defect [6]. Another aspect that should be
considered is technical gas and its properties on the mate-
rial used in the production. For instance, the lower thermal
conductivity of argon compared to nitrogen can change the
solidification rate and the defect formation and final density
of the component [67, 71].

On the other hand, it is also well documented that the
beam scanning strategy influences the thermal history of
the piece, the distribution of thermal fields and temperature

Fig.6 Thermal history of two

Long scanning vector

gradients [72]. Basically, a proper scanning strategy is a
strategy that can simultaneously heat all the processed
areas. It is very interesting to notice that in the EBM process,
thanks to the higher speed of the heat source, it is possible
to use a “multi-spot” strategy, in which different points are
heated up very fast that could be assumed simultaneously.
While for a laser process, due to some limitations in the
beam deflection, the scanning speed is much slower than the
EBM process, and as a result, this multi-beam concept is not
available. As a consequence, the temperature distribution
will have larger thermal gradients in the case of the laser-
based process. Therefore several efforts have been under-
taken to minimise this phenomenon and optimise the L-PBF
process. One of the simplest solutions is using a proper scan-
ning strategy by changing the vector length. In fact, using
a shorter vector length would reduce the time to return and
accordingly reheat the same point several times (Fig. 6) [73].
The shorter vector length helps reduce the residual thermal
stress in the final part. Moreover, it is possible to change the
vector direction layer by layer in order to reduce the anisot-
ropy and the thermal distortion in the component. In fact,
changing the vector direction can be performed in two ways
(Fig. 7); the first one is the “alternate scanning,” in which
the direction of all the layers is rotated by 90° per layer, and

Short scanning vector
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the second one is the “angular offset scanning,” where the
vectors are rotated by a fixed angle each layer [73].

Moreover, it is reported that an alternate scanning strat-
egy can reduce around 30% of the thermal distortion with
respect to a single direction scanning strategy. Analysing the
residual stresses inside the single layer shows that the stress
is generated in a direction perpendicular to the primary scan-
ning direction [74].

In some cases, for complex geometries or design con-
straints, there are some limitations in the length of the scan-
ning vector, so it is also possible to change the scanning
strategy by dividing the layer into sub-regions to decrease
the overall vector lengths. Since the stresses are perpendicu-
lar to the primary scanning direction, having sub-regions
with different scanning directions can reduce the stress in
the layer. However, this kind of scanning strategy results in
a complex thermal history in the part that makes the study of
temperature evolution in part very challenging. Considering
both the thermal stress control and the operation perspec-
tives, it is recommended to consider a good compromise
using a moderate sub-region dimension. Another aspect
must be considered is the sample orientation during the fab-
rication that influences the mechanical properties.

In general, several parameters, such as laser power,
laser scanning speed, hatch distance, layer thickness, over-
hang angle, gas flow (speed and quantity), and scanning
strategy, can affect the LPBF process [10]. However, the
parameters that influence downskin quality are considered
and explained in this overview. The first useful param-
eter to control the energy given in the melt pool is VED
which is shown in Eq. 2. Among the involved parameters,

the layer thickness is a parameter that can directly affect
the quality of the part through the stair-stepping effect.
Therefore, thinner layer thicknesses are recommended to
minimise this effect and improve surface quality. As much
as the layer is thinner, the production is more precise and
has higher quality. However, this reduction in the layer
thickness will negatively affect the production time and
make the process less productive.

The laser power and laser scanning speed are usually
defined according to a “process map” (Fig. 8), in which for
low speeds and high powers, there can be a balling defect,
or for low powers and high speeds, there would be a risk of
defect formation. Therefore, it can be concluded that the
central region where the combinations of process param-
eters give a high consolidation level should be considered
the optimum process window [75]. On the other hand, hatch-
ing distance affects the porosity and the quality of the layer
in such a way that by decreasing the hatching distance, the
overlap between the melt pools would increase, and as a
consequence, the risk of pore formation decreases. Like
the layer thickness, the low hatching distances also nega-
tively affected production time and made production less
productive.

These kinds of process maps are very helpful in finding
the optimised core parameters for simple geometries. How-
ever, in the case of complex geometries, such as thin walls, it
should also be considered that the classic parameters are not
enough to have a highly efficient production. In these cases,
both combinations with the same power-to-speed ratio are
recommended, but higher power and higher speed or lower
power and lower speed (resulting in a finer resolution) [76].

Fig.8 Typical process map for g v . 0 L2 .

L-PBF of a Fe —Ni — Cu —Fe,P
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As far as the overhanging surfaces are concerned, it is
suggested to keep the energy density constant and decrease
the power and speed or decrease the VED to decrease the
amount of heat that has to be dissipated [75]. Another factor
that can be used is the linear energy density (LED), which is
the ratio between the power and speed of the laser:

P
LED = —
: 3)

4 Downskin parameters

Downskin is a term that indicates some layers (usually 1-4)
above the supports or directly on the powder [77]. In general,
downskin is usually considered as the three layers, and these
should be processed using different parameters with respect
to those of the “in-skin” or “core” ones [42]. As it is well
documented, the heat conduction varies depending on the
relative density. The heat conduction is one hundred times
lower in powder layers with lower packing densities than in
the solid-supported zone [36]. In fact, depending on their
typology, the support structures can dissipate different heat
levels, but on the other hand, the more it dissipates heat (e.g.
block support), the more difficult it is to remove it [78, 79].
Several works have found that to obtain superior mechani-
cal properties for the samples and surface finishing for the
overhanging surfaces, it is recommended to use a solid/block
support to dissipate more heat. Some representative of over-
hanging surfaces is shown in Fig. 9 [80].

However, this will also increase the cost in terms of
material, time in the printing, and post-processing opera-
tions [80]. Apart from the heat dissipation, support struc-
tures are used to sustain the part and counterbalance the
tensile forces during the rapid cooling of the melt pools,
which can be a source of warping and delamination [42].
In the case of downward-facing surfaces, some shape and
dimensional accuracy problems can occur if they are not
well supported. Besides, an important factor is the inclined
angle of an overhang surface, defined as the angle between
the inclined surface and the horizontal plane. Depending on
the materials and process parameters, there is a critical angle
at which it would be possible to build the surfaces without
using a support structure at angles higher than that critical

Fig.9 Examples of overhanging
surfaces: a downward sloping
face, b, ¢ downward-facing sur-
faces and d downward sloping N
faces [80]

Downward sloping fac

(@)

one. However, this value does not assure good surface and
mechanical properties [48]. Hence, it is very important to
define a “reliable building angle” which is the minimum
angle that can guarantee part production without dross for-
mation and detachments [45]. Considering an industrial
point of view, the possibility of creating overhanging sur-
faces without support by keeping a good quality (in terms of
mechanical properties and surface finishing) is very impor-
tant. Substantially, the parameters influencing the downskin
quality are inclined angle, residual stress accumulation,
VED, vector length on the overhanging surfaces fabrication
and layer thickness (for the stair-stepping effect) [77]. The
main problems in producing parts with overhanging surfaces
without supports are warping, dross formation and staircase
effect [48]. When the laser impacts the powder, it generates
a melt pool whose dimensions depend on the VED and the
heat conduction of the previous layers. Since the heat con-
duction for the powder is lower than that of bulk one, for the
same VED, the melt pool in an overhanging surface without
supports will be deeper and larger. Therefore, the melt pool
can sink into the powder and cause dross formation on the
downward-facing surface (Fig. 10) [80]. As a result, this
dross formation leads to an increase in roughness and a low
dimensional accuracy. On the other side, rapid solidification
of the melt pool results in the warping phenomena [81]. In
fact, when the generated stress is higher than the strength
of the material, it causes a plastic deformation. Moreover,
this effect will be magnified in the overhanging surfaces
without supports due to the lack of solid support that can

Fabricated layers

e

A Dross
a b formation

4— Powder

Fig. 10 A schematic of dross formation on a downward-facing sur-
face [80]

Downward facing surface

(b) (@ (d
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counterbalance the tensile stresses [45]. When warping
occurs, a localised increase of height in the boundary of the
first layer with the warping will form and accumulate layers.
In this situation, in the next layers, there will be less powder
spread by the recoater. Consequently, the heat conduction
decreases significantly, and the warping effect on the subse-
quent layers worsens [45].

After several layers, the created part will have lower
mechanical resistance due to the presence of defects, and
if the height of the warping effect exceeds the layer thick-
ness (Fig. 11), the recoater blade can hit the layer, causing a
detachment. The downskin, apart from the overhanging sur-
faces, is also important when building the horizontal holes
(Fig. 12) [77].

A growing body of literature studied the correlation
between the process parameters and the downskin quality
[47, 77]. For instance, Bassoli et al. tried to figure out a gen-
eralised holistic method to test parameters for all the steps
in fabricating a component through the LPBF process [47].

Fig. 11 Warping effects: ain a
downward sloping face; b accu-
mulation of warping effect [45]

Layern

Layer n-1

\AAAAAAAAL

Support structures

Building platform

The horizontal layers above the support were considered the
downskin surface in their work (Fig. 13). Their proposed
method included a 3 factorial design (changing laser power,
laser scanning speed and hatching distance), starting from
a value of VED equal to 50% of the core one and increas-
ing/decreasing by 20% (VED oy nskin = 50% VED . +20%).
The suggested key performance indicators (KPI) were the
absence of semidetached particles, cracks and sub-surface
pores in the downskin surface. In general, in order to use this
method, the knowledge of the effects of each parameter in
the equation of VED would be requested. Indeed, the start-
ing point of decreasing VED can make the idea, but there
are infinite parameters and consequently different results for
a fixed VED. Wang et al. reported the parameters affecting
the quality of the overhang structure (Fig. 14) [45]. The laser
power, laser scan speed, hatch distance, and layer thickness
directly affect the VED and can vary, keeping a constant
VED. Therefore, it is important to study the different effects
of each parameter.

(a)

Fig. 12 Overhanging surfaces in

a horizontal hole [77] Melt Pool shape

Individual layers

Non-sintered powder
particles

Solidified base
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4.1 Overhang angle

Downskin layers are considered both the layers used to
build a horizontal surface above the supports, and the lay-
ers used to produce an oblique overhang surface. For the
second case, the support structure is usually required for
the overhang angles less than 45°. However, it should be
highlighted that this specific minimum angle in which it
can be built without support changes depends on the mate-
rial ranging from 20° to 45° [82]. For instance, Wang et al.

Energy input material property ]
Scanning strategy ]

proposed a model to approximately evaluate the minimum

building angle depending on layer thickness and overhang-

ing length “S” between two adjacent layers (Fig. 15) [45].
The proposed equation is expressed as follows:

S = H e cot(0) 4

where H is the layer thickness, @ is the inclined angle, and S
is the overhanging length between two adjacent layers. The
smaller the angle for the same layer thickness, the smaller
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Fig. 15 Slicing model of a typi-
cal curved surface [45]
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the tolerated overhanging length. However, there is a tech-
nical limitation in operation related to the laser spot size.
As a matter of fact, the laser diameter used to focus on the
solid-supported zone must be smaller than overhanging
length S. Imposing this condition, it is possible to impose
S equal to the laser spot, being able to evaluate the critical
angle from Eq. 4. It is interesting to notice that their experi-
mental results about the influence of the speeds confirm the
outcomes of this equation. Sarkar et al. also employed this
equation effectively in two experiments [50]. In fact, they
succeeded in obtaining an unsupported specimen with an
angle slightly smaller than that proposed by the calculation.
It is important to notice that this minimum critical angle
obtained by the equation does not predict any feature of
mechanical properties. Wang et al. specified that by print-
ing with a minimum angle calculated by this equation, the
resulting downskin surface has a large dross formation and
warping [45]. Other studies, like the one of Covarrubias and
Eshraghi, revealed that by comparing two overhang oblique
specimens built with an angle of 60° and 75°, the one with

@ Springer

the smaller angle has more visible partially melted particles,
causing an increase in roughness [48]. Basically, the effect
of process parameters on the overhang angle should be ana-
lysed to obtain an unsupported oblique surface without dross
formation and warping and with good mechanical character-
istics to fulfil the production point of view. It is not critical
to consider mechanical properties for the downskin layers in
a horizontal surface above the support structure since there
are just a few layers (1-4), and the vast majority of the part
is built with core parameters [77]. Whereas, for the oblique
overhanging surfaces, in which all the oblique parts of the
component should be built with downskin parameters (if it
is built without supports), it is necessary to study also the
mechanical characteristics of the component [46, 83].

4.2 Power, speed and vector length
Besides the overhang angle, laser power, scanning speed and

vector length are the other important parameters that affect
the quality of the downskin surfaces. Therefore, over the
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past years, several works have been carried out to study the
effect of these parameters on the quality of the downward
surfaces [45, 80]. As an example, Wang et al. analysed the
influence of speed and power on the quality of the down-
ward oblique surfaces of the AISI 316L specimens [45].
In their experiments, a Dimetal-280 system with maximum
laser power and focused beam spot size of 200 W, and about
70 pm, respectively, were used. In their work, at first, the
effect of scanning speed (200 to 1200 mm/s) and the over-
hang surface angle (50° to 25°) were investigated (Fig. 16).
Thereafter, the effect of laser power in the range of 120 to
180 W on the quality of the overhang surface, particularly on
dross formation and warping formation, was studied. Their
outcomes proved the importance of inclined angle and scan-
ning speed on fabrication quality. More in detail, they found
that when the speed was 200 mm/s, the minimum build-
ing angle was slightly larger than 40°, while for a higher
speed of 600 mm/s, the minimum building angle was above
30°. By increasing the velocity to 800 mm/s, the minimum
building angle changed to a minimum value of 25°. Their
findings were consistent with the concept that dross forma-
tion and warping effects are caused by higher input energy
that cannot entirely be dissipated from the powder [84]. The
drawback of using higher speeds, and consequently lower
volume energy densities, is the high risk of defect formation,

such as lack of fusion as a consequence of not enough input
energy [85].

Moreover, they revealed that the real minimum angle
was consistent with the outcomes of Eq. 1. In addition, it
was found that by increasing the laser power when the other
parameters were constant, the warping effect on the over-
hanging surface increased. For instance, when the power is
180 W, at a constant speed of 200 mm/s, the minimum build-
ing angle is 45° (higher than the one for 150 W). Interest-
ingly, for speeds larger than 800 mm/s, the minimum angle
was stable at 30° [45].

Furthermore, the effect of scanning vector length on
the quality of the overhang surface was studied by Wang
et al. [45]. Two symmetric parts of a sample with differ-
ent vector lengths of 20 mm and 80 mm were produced in
their work and analysed (Fig. 17). They found that in the
case of using longer vectors, the warping was considerably
more severe since there was more accumulation of internal
stresses (Fig. 17), causing a break away from the supporting
structure. These outcomes were consistent with the analysis
results reported by Matsumoto et al. [86]. Matsumoto et al.
proposed a method to calculate temperature and stress dis-
tribution within the solidified layer on the powder bed [86].
They also revealed that the warping is directly proportional
to the vector length. In addition, it is reported that the solid
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Fig. 17 Fabricating effect com-
parison for supported surfaces
[45]

layer on the powder bed was warped owing to heating and
cooling while the laser beam moved on the track. Consider-
ing an industrial point of view, a reliable angle to produce
without using support structures is not enough because some
specific mechanical characteristics and a maximum poros-
ity allowed in part are also required. The same qualitative
results, in terms of power and speed influences on the quality
of the downskin surfaces, are also investigated by Calignano
et al. [49].

4.3 Hatching distance

Apart from the laser-related parameters, hatching distance is
also one of the main parameters that significantly influence
the quality of the downskin surfaces. For instance, Calig-
nano et al. studied the influence of process parameters on
the porosity, accuracy and support structures of Hastelloy
X produced via the L-PBF process [49]. For this reason,
some cubes of 10 x 10x 10 mm® were produced using an
EOSINT M270 Dual-mode system equipped with a Yb-fibre
laser. The samples were produced using the same parameters
for downskin, in-skin (or core) and up-skin. In fact, in their
work, the effect of laser power (P), scanning speed (v) and
hatching distance (h,) at the constant stripe width (5 mm),
the overlap of stripes (0.12 mm), layer thickness (20 pm),
and contour parameters (P =150 W and v=1250 mm/s)
were analysed. Firstly, they analysed the specimens and
found the optimised set of parameters. The second step was
to optimise the parameters to reduce the detachment of the

Fig. 18 The detachment
between support and part (left),
detachments of the support from
the building platform (centre),
and breaking of the support
(right) in manufacturing for
Inconel 718 [49]

Part

Detachment from
the supports

Support
structure
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downskin layers from the supports. They highlighted that the
optimisation problem for the first layers above the support
structure is the difference in released energy in the down-
skin layers (due to the parameters’ variation from support
to part production). Consequently, this discrepancy causes
variations in the melt pool size and temperature, increasing
the risk of deformations and detachments from the support
structures (Fig. 18). Indeed, the role of support to dissipate
the heat from the melting pool is important to decrease the
thermal stresses and counterbalance the force of the recoat-
ing blade, which can create a dynamic pressure against
the leading edge of the layer. The values used for the tests
regarding the downskin values are reported in Table 1.
Table 2 presents three process parameters and their cor-
responding volume (Eq. 3) and linear (Eq. 4) energy density
that was used by Calignano et al. [49]. However, it should
be noticed that the support parameters are already optimised
for Hastelloy X to avoid detachment between preheated plate
and support. The interface between the support structure
and downskin layers for all the samples listed in Table 2 is
shown in Fig. 19. As can be seen, the best result was the one
obtained for sample 6, while all the other specimens have
balling problems with consequent delamination due to the
blade impact. In that work, the support structure was a block
type, shown in Fig. 19b, made of thin walls and powder. In
this case, the heat conduction of the support is lower than
the bulk material. For this reason, to avoid dross formation
on the downskin surface, it is recommended to have less heat
to be dissipated in the melt pools. Interestingly, sample 6 had

Support structure

——— Pl

Teeth of the
support

Support
structure

Break of the
support

Detachement from the
building platform

Building
platform
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Table 1 Process parameters, Sample P[W] o[mm/s] H,[mm] VED[Jmm®] LED [J/mm]
volume energy density and
linear energy density for Downskin (2 layers) 1 195 1000 0.05 195.00 0.195
downskin and support [49] 2 170 1000 0.05 170.00 0.170
3 195 1000 0.08 121.88 0.195
4 195 870 0.08 140.09 0.224
5 170 870 0.08 122.13 0.195
6 170 1000 0.08 106.25 0.170
7 170 870 0.05 195.40 0.195
8 195 870 0.05 224.14 0.224
Supports - 80 400 - - 0.200
Table 2 Parameters that have S. no Skin power [W] Scan rate [mm/s] Hatch [pm] Pre-sinter  Pre-sinter v Pre-sinter
been reported for Hastelloy®X P W] [mm/s] hatch
(87] [pm]
1 370 1300 190
2 370 1300 190 180 900 130
3 340 1150 210
4 340 1150 210 180 900 130
5 360 1000 210
6 360 1000 210 180 900 130
7 300 1000 190
8 370 1600 190
9 370 2000 210
10 340 2000 210

Sample 5

(a)

(b)

Fig. 19 a The interface between the support structure and downskin layer; b support structure of block type [49]

the lowest VED, consistent with the idea that recommended
lower energies for the downskin layers. However, analysing
the results obtained in terms of linear energy density is more
interesting. Considering this aspect, it was found that both
sample 2 and sample 6 have the lowest LE, but the downskin
quality was different (Fig. 19a). This difference confirms the

importance of the hatching distance on the quality of the
downskin. This finding has also been reported by Bertoli
et al. [88] and by Calignano et al. [89]. The dependence of
the VED on the hatching distance is inversely proportional
in such a way that the higher the 4, the lower the VED, and
consequently, the best results are obtained using the higher
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value of hatching distance. Nevertheless, it should be high-
lighted that the mechanical properties of the core part are
independent of the downskin parameters (Table 2). There-
fore, it can be concluded that the choice of parameters for
the support and downskin layers is very important to avoid
large internal stresses and delaminations.

4.4 Scanning strategy and aspect ratio

Scanning strategy and aspect ratio are the other parameters
that can play important roles in the quality of the downskin
surfaces. Sarkar et al. studied the quality of overhang oblique
surfaces without supports [50]. They compared the effects of
the scanning strategy in terms of the angle and the “aspect
ratio” (Fig. 20a). They evaluated the minimum critical angle
using the same equation (Eq. 4) proposed by Wang et al.
[90]. They found that the critical angle for stainless steel
PH1 produced via the LPBF process using the layer thick-
ness of 20 um and the laser beam radius of 40 pum is 26.6°.
Their founding is completely consistent with the works by
Wang et al. [45], and Calignano et al. [49, 80]. It can be con-
cluded that there is a consequent decrease in the overhang
length when the angle decreases. If it is smaller than the
beam diameter, there will be a consequent dross formation.

Fig.20 Experiment: a specimen 5
used, the aspect ratio is a: 5,

with a=5, 3.5, 2.5; b linear

scan strategy; ¢ alternate scan

strategy [50]

(a)

Fig.21 Specimens obtained
with different aspect

ratios (above) and SEM
images(below)
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Moreover, the overhang surface is unsupported, and since
the powder has heat conduction lower than the bulk material,
the dimensions of the melt pool become larger, resulting in
dross formation. The values of the parameter “a” used are
2.5 (ratio 1:2), 3.5 (ratio 3.5:5) and 5 (ratio 1:1), and it is
possible to see in Fig. 21 the results. At a fixed angle of
25°, they found that by increasing the ratio, there will be a
worsening in warping and dross formation as a direct conse-
quence of the larger contact area between the lower overhang
oblique surface and unmelted powder. Practically a larger
contact area will cause a decrease in heat conduction, and
then warping will occur.

Thereafter, the effect of the scanning strategy, using fixed
parameters, was analysed in three specimens with angles of
25°,30° and 35° using a linear scanning strategy (Fig. 22a)
and an alternate scanning strategy (Fig. 22b). In terms of
energy density, using a linear scanning strategy, there is the
same scanning direction for every layer. This will cause an
increase in energy density so that the overhanging edges
get repetitively heated up in the same regions. Changing
the scanning strategy into an alternate one resulted in a
decrease in energy density. The results were found to be in
good agreement with the theoretical explanation. In fact, the
degree of warping and the dross formation are qualitatively

AlA

v

(b) (c)




The International Journal of Advanced Manufacturing Technology (2022) 123:2159-2182 2175

Fig.22 Experiment: a linear
scanning strategy; b alternate
scanning strategy

decreased using a lower energy density. The minimum angle
obtained in this experiment was 25.3°, lower than the theo-
retical one obtained from Eq. 4 (26.6°). What is lacking in
these experiments is a quantitative analysis of the specimens.
As a matter of fact, it is possible to produce components
with downskin surfaces with an angle of 25.3°, but their
mechanical properties were not evaluated.

4.5 Number of layers and pre-sintering

As the last important parameters, the number of layers and
pre-sintering have been considered and studied over the
past years. For instance, Khan et al. studied the influence
of the number of layers printed with downskin parameters

above a horizontal hole (Fig. 12) [77]. The upper half of
the horizontal hole can be seen as an inclined overhang
with a continuous decrement of the angle. For this reason,
cubes of 5x5x 5 mm?® of AISi10Mg were produced using
the fixed layer thickness of 30 um, spot size diameter of
100 um and the scanning strategy, alternate at 67°. Their
work studied the effect of different processing parame-
ters such as laser power, scan speed, hatching distance
and finally, the number of downskin layers for core lay-
ers (Table 3). The parameters used for the downskin and
upskin layers are those provided by EOS and have been
kept constant: Py nqin =360 W, vy onain= 1000 mm/s,
P ipskin =340 W, v pqin = 1150 mm/s. A small hole with
a diameter of 0.5 mm is placed in the centre of the cube.
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Table 3 Parameters used in the second experiment to optimise the
downskin parameter for Hastelloy®X alloy [87]

S. no Laser power [W] Scan rate [mm/s] Layers
1 65 1000 3
2 65 1000 4
3 65 1000 5
4 65 1000 6
5 150 1000 3
6 150 1000 4
7 150 1000 5

The influence of a pre-sintering strategy on the quality of
the hole was also investigated.

In the case of the horizontal hole, the dross formation was
revealed for the upper half, in which the high VED com-
bined with low heat conduction due to the powder below
the downskin layers caused a large and deep melt pool. It is
very interesting to point out that a lower dross formation was
found in the case of samples using pre-sintering. Figure 23
shows the outcomes of an ANSYS analysis for the depth of

the melt pool in the first layer. As can be seen, both sets of
parameters formed a melt pool deeper than the layer thick-
ness, which will also melt the powder below the layer. This
uncontrolled melting was found to be the reason for dross
formation.

Khan et al. also simulated the depth of the melt pool using
different parameters and compared the differences between
the powder and solidly supported melt pools [77]. Their
results in Fig. 24 clearly showed that the solid-supported
layers have melt pools with a depth lower than the powder-
supported ones. The SEM analysis of the horizontal hole
quality demonstrated that all the holes are characterised by
heavy dross formation (Fig. 25). It is possible to conclude
that the pre-sintering does not affect the quality of the hole,
and also, it is not possible to avoid dross formation with the
parameters used in Table 3.

After that, the influence of the number of layers printed
with downskin parameters, which is a fundamental con-
straint for the quality of overhanging surfaces, was investi-
gated. For this reason, the effect of changing this number of
layers into 4, 5 and 6 was considered and studied. Increasing
the distance between the powder below the downskin and the

Fig. 23 Temperature distribu-
tion and melt pools: a down-
skin parameters P=360 W,

v= 1000 mm/s; b core param-
eters P=370 W, v=1300 mm/s
[77]

ANSYS
R19.0
Academic

Fig. 24 Melt pool depth for
different parameters. The upper
line represents the values
obtained for the powder sup-
ported layers, while the bottom
line identifies the solid-sup-
ported layers [77]

Melt Pool Depth (um)

370W, 1300mmy/s
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Fig.25 SEM images for some
specimens in Table 2: a speci-
men 1; b specimen 3; ¢ speci-
men 6 [77]

first core layer (characterised by higher VED and a deeper
melt pool) should be possible to decrease or avoid the dross
formation. In fact, if the depth of the melt pool with core
parameters is smaller than the height of all the layers printed
with downskin parameters, the dross formation should be
avoided. The parameters used to study the effect of the num-
ber of layers on the downskin quality are reported in Table 3.

Figure 26 compares the quality of the holes in differ-
ent samples. As can be seen in this figure, by changing the
parameters with respect to the ones in Table 3 (varying the
number of layers printed in downskin parameters and the
laser power), the results are always better in terms of dross
formation compared to the previous ones (Fig. 25). Indeed,
the holes in Fig. 26 have a circumference more precise than
the ones in Fig. 25, due to less dross formation.

Among all the specimens, the best ones were numbers
2, 3 and 4, which show a small dross formation. These
specimens have lower laser powers and several processed
layers with downskin parameters higher than 3. Khan et al.
also provided the ANSYS analysis for these two powers
(65 and 150 W), and the results are presented in Fig. 27
[77]. This analysis clearly showed that the depth of the

Fig.26 SEM images for
some specimens in Table 3: a
specimen 1; b specimen 2; ¢
specimen 3; d specimen 4; e
specimen 5; f specimen 6 [77]

melt pools is lower with respect to those of the first experi-
ment in the first downskin layer. For the layers above the
first one, the heat prefers to escape to the previously solidi-
fied layer that has higher heat conduction rather than going
to the less conductive region of the powder [38, 91].

Finally, Khan et al. used numerical analysis to study the
effect of the first layer printed in core parameters [77]. The
numerical analysis is made when the first layer with core
parameters is printed after three downskin layers (Fig. 28).
Indeed, it is important to study the depth of the first layer,
which must not pass through all the downskin layers or
will cause dross formation. It is possible to observe that
the depth of the pool is larger than three layers, causing
dross formation. This evidence is consistent with the SEM
images analysed previously in which, by increasing the
number of layers processed with downskin parameters
from 3 to 4, the dross formation is decreased. However,
from Fig. 26, it is also possible to see that when the num-
ber of layers printed with downskin parameters (65 W)
increased, the region printed with downskin parameters
had a higher porosity content due to insufficient liquid
penetration.
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Fig. 27 Temperature distribution at a P=65 W and v=1000 m/s; b P=150 W and v= 1000 mm/s [77]

Fig. 28 Temperature distribu-

tion for the 4th layer printed NODAL SOLULION
with core parameters (360 W, STEP=7

1000 mm/s) after three layers A =

using downskin parameters ;_: 9

(65 W, 1000 mm/s) [77]
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5 Future perspective

Over the past years, metal AM could attract much attention
in academia and industry. Thus, this paper focuses on the
latest progress in the state of the art regarding optimising
downskin process parameters that are different from those
of the hatch one. In general, finding the optimum pro-
cess parameters for producing complex shape components

@ Springer

using metal AM processes is one of the first critical steps.
In this phase, finding the best parameters for the down-
skin surfaces is crucial and should be implemented beside
the standard optimisation of process parameters. So far,
several efforts have been undertaken to tune the process
parameters related to the downward surfaces and enhance
their surface quality in the as-built state. For this reason,
all the effective parameters, such as the overhang angle,
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laser power, laser scanning speed, scanning strategy, etc.,
have been identified and evaluated in detail.

Nevertheless, all these efforts are materials and geometric
related in such a way that a new optimisation is required to
be considered by slightly changing the chemical composition
or geometry. Therefore, in the next step of technology devel-
opment, this aspect might be considered important and pro-
vide a standard procedure for each class of material. Imple-
mentation of this general procedure can result in obtaining
an enhanced surface quality for overhang surfaces in the
as-built state. As a consequence of this improvement, lew
support structures will be required, and as a result, the lead
time would be shortened, and cost would decrease mark-
edly. In addition, the authors strongly believe that microscale
simulations on the melt-pool involvement in the downskin
area can predict and direct the optimisation of the param-
eters avoiding costly trials and tests.

6 Conclusion

In this work, a comprehensive overview has been performed
on the effects of processing parameters on the quality of the
downskin surfaces. According to the key finding on these
subjects, the following conclusions can be drawn as follows:

e Theoretical studies showed a minimum printable angle
(critical angle) for each alloy to be processed via the
L-PBF process. These studies demonstrate that large
dross formation and warping characterises the overhang
printed with angles below the critical angle.

e The experimental works showed that through optimisa-
tion of process parameters, it would be possible to print
the overhangs with a specific angle without dross forma-
tion and defects.

e Dross formation and warping are caused by higher energy
input: printing an overhang with a smaller angle for lower
power is possible using a constant speed.

e Warping was directly proportional to the vector length.
e Hatch distance influences the quality of the piece related
to the creation of internal stresses and delamination.

e The scanning strategy and the aspect ratio play an impor-
tant role in the quality of the overhang surfaces.

e An alternate scanning reduces the delamination accord-
ing to the reduction of volume energy density with
respect to the linear scanning strategy.

e Increasing the number of layers printed with the down-
skin parameters to 4—6 downskin layers reduces the dross
formation since the melt pool of the first core layer does
not pass through all the downskin region, avoiding dross.
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