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Abstract

Directed Energy Deposition (DED) is an additive manufacturing process that enables the production of large metal com-
ponents by melting the feedstock material while being deposited. An improvement of the production speed of this process
would further increase its applicability in many industrial fields. The DED building rate is strictly related to the building
parameters adopted, in particular to the laser spot diameter, which also affects the build accuracy and the surface quality of
the components. The possibility of using a variable laser spot would result in a significant increase in the production rate in
bulky zones, while also providing a good surface quality where needed. In the present work, an oscillating scanning strategy
was used to create a large apparent laser spot (+ 170% of the nominal value) to produce 316L stainless steel samples via DED.
The optimisation of the DED parameters with the oscillating strategy was performed using the single scan tracks (SSTs)
approach. The morphologies of the SSTs obtained with different process parameters were assessed and the geometrical fea-
tures related to the melt pools were analysed in order to select the most suitable X and Z displacements for the production of
the cubic samples. The analyses of the cubes revealed that, if the correct overlap among nearby scans is selected, it is possible
to obtain dense samples with all the oscillating diameters tested. Finally, comparing the building rate and powder efficiency
values confirmed that this method can accelerate the building process and improve its overall performance.

Keywords Additive manufacturing - Directed energy deposition - Steel - Oscillating strategy - Laser - Building rate

1 Introduction

It is well established that the improvement of the building
rate is one of the crucial technical aspects faced by Addi-
tive Manufacturing (AM) research activities. An increase
in productivity would make AM technologies more suitable
and attractive for several industrial fields.
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Directed Energy Deposition (DED) is one of the most
promising AM technologies in terms of building rate. The
DED process enables the production of metal components
via in-situ delivery and melting of the feedstock material,
either in the form of powder or wire. The success of this
AM process is not only due to its high building rate but also
to the possibility of repairing/rebuilding parts and the abil-
ity of producing large and functionally graded components.

The selection of the optimum DED parameters such as
laser power, scanning speed, laser spot, dX and dZ is funda-
mental to produce fully dense parts. In particular, the consol-
idation of components during DED is related to the size and
the geometry of the melt-pool and to the interaction between
nearby ones. These features are a consequence of the interac-
tion among all the process parameters [1]. Because of these
reasons, to avoid defects such as spattering, porosities or
inclusions, these interactions must be carefully considered.
Moreover, the DED building parameters also affect the mate-
rial thermal history and consequently the part microstructure
and properties. It is well known that large thermal gradients
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typical of the DED process are able to generate a very fine
microstructure. The size and the geometry of the microstruc-
tural features can be influenced by the thermal gradient val-
ues and modified by varying the scanning speed and using
differently localized energy sources [2].

As reported by Francis, the DED building rate is strongly
influenced by the process parameters, particularly by the laser
spot size [3]. Mudge and Wald reported that a larger laser spot
in a DED system grants higher deposition rates and powder effi-
ciencies [4, 5]. However, it was also demonstrated that higher
surface roughness and lower geometrical accuracy are generally
obtained when large laser spots are used. When a DED part
requires finishing, the surface quality may not be relevant and
hence a large spot can be used. Nonetheless, when the part has
to be used in the as-built state, achieving a smooth surface and
good geometrical accuracy is important, hence low spot sizes
are generally preferred at the expenses of the deposition rate
[6]. For the DED production of these parts, a variable laser spot
size would allow to maintain a high quality of the surface when
needed and a high building rate in the bulky areas (e.g. core).

The idea of a variable spot size in AM was already sug-
gested in 1997 by Miller et al. [7]. The laser spot of most
AM systems is, however, fixed at a certain focus distance,
thus being hardly adjustable during the building process.
In order to overcome this limitation, Miller et al. built steel
samples using a modified Selective Laser Sintering (SLS)
system characterized by four spot sizes [7]. Later, Yi et al.
used a dynamic focus mirror to dynamically change the
focus distance, hence the spot size, of a UV laser beam of a
stereolithography system [8].

Another promising way to rapidly modify the melt pool size
is to use an oscillating laser scanning strategy. This method,
which is known in welding as wobbling, creates an appar-
ent laser spot larger than the nominal one by oscillating the
laser using specific patterns, amplitudes and frequencies. As
reported in the literature the advantages of the oscillating scan-
ning strategy in welding are related to the possibility of chang-
ing the laser spot and also to the reduction of the hardness of
the heat-affected zone, the brittle phases content and the melt
pool emission (e.g. spatters) [9-11]. Ramiarison et al. used this
strategy to weld Al alloys and demonstrated that these effects
are obtained by increasing the melt pool area, thus reducing
its cooling rate [12]. Furthermore, Hagenlocher et al. demon-
strated that the modification of the solidification conditions
also has a strong influence on the microstructure of the solidi-
fied weld pools [13]. Therefore, this method has been widely

used to weld critical metals such as copper, structural steels or
dissimilar materials characterized by different thermo-physical
properties [3, 10, 11]. To the best of the authors’ knowledge,
this method has never been used in the metal AM field [14].

In this work an oscillating strategy was used to process
a AISI 316L stainless steel powder by means of DED with
the aim of tailoring its productivity. The effects of the oscil-
lating parameters on the melt pool geometry, densification,
building rate, powder efficiency, microstructure and surface
quality were analysed.

2 Materials and Methods

A 316L gas-atomised powder with a particles size in the
range 50-150 um was used to produce all the samples. The
DED system deployed is a prototype produced by Prima
Additive S.p.A. composed of a 3-axis CNC unit [15].

The main process parameters of the DED process with
the oscillating strategy are the powder feed rate (F), the laser
power (P), the scanning speed (vg), the laser spot (dg), the
oscillating diameter (d,) and the oscillating frequency (f,).
A schematic representation of the laser pattern is reported
in Fig. 1.

In the first experimental step, 30 mm-long single scan
tracks (SSTs) were built with different combinations of pro-
cess parameters. Due to the large number of process and
oscillating parameters introduced by the oscillating strategy,
some of them were kept constant and selected based on the
authors’ knowledge. The nominal laser spot, dp, was 2 mm,
the powder feed rate, F, was kept constant and equal to 15 g/
min and £, the oscillating frequency, was set as 250 Hz. The
laser power and the scan speed were varied in ranges selected
to provide an energy density (ED) value close to the value
used in previous works (75 J/mm?) by Aversa et al.[16].

The ED was evaluated as:

P
ED =
V.- dy ey

The building parameters used to deposit SSTs are
reported in Table 1.

These parameters were selected to provide an oscillating
overlap (OVgc) higher than 90 %. The OV represents the
degree of overlap among consecutive circles (See Fig. 1) and
can be calculated as reported by Franco et al. [17]:
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These OV g values were selected because, as reported
by Franco et al. [17], the oscillating overlap has a strong
effect on the melting mode. Low overlap values cause the
formation of deep melt pools in the keyhole melting mode,
while high overlaps cause the formation of conduction mode
pools. The keyhole melting mode arises when the melt pool
temperature reaches the metal boiling point; therefore, a
recoil pressure is generated, resulting in extremely deep melt
pools. This melting mode is strongly undesired in AM, as
it requires high energy consumptions. Moreover, it might
cause the modification of the alloy’s composition and the
formation of keyhole pores. Because of this reason all the
AM process optimisations aim at obtaining the conduction
melting mode which causes the formation of more appropri-
ate melt pool shapes.

All SSTs were at first analysed by means of on-top imag-
ing using a Leica EZ4 W stereomicroscope. Afterwards, all
the samples were cut in their centre perpendicularly to the
scanning direction, mounted, ground and polished down to
0.03 pm in order to analyse the melt pool’s geometries, using
a LEICA DMI 5000 M optical microscope. The software
Image] was used to analyse the main geometrical features of
the melt pools: growth (G) and width (W), as schematized
in Fig. 2.

In a second experimental step, 20 mm x 20 mm x 20 mm
cubes were built with some of the SSTs parameters sets
(P=1500 W, v,= 600 mm/min and all d, values) using 20, 30
and 40% X overlap (OVy) and 10% Z overlap (OV,). These
overlap values, reported in Table 2, were selected based on
the author’s previous work on the same material [16]. The X
and Z displacements (dX and dZ) were calculated as:

dX=W-(1-0Vy) ()

dZ=G-(1-0V,) 4

scanning direction
_

Fig.1 Schematic representation of the laser pattern with the oscillat-
ing strategy. d, is oscillating diameter, dj is the nominal laser spot, A
is the oscillating amplitude, x; and x, indicate the overlapping length
of consequent oscillations

Table 1 SSTs DED parameters

P (W) v, (mm/min) ED (J/ mm?) d, (mm)
1000 400 75 0
1500 600 0.9
2000 800 1.7
2500 1000 2.6

3.4

The deposited cubes were measured using a calliper. The
dimensions of the cubes were evaluated as mean value of
three measurements taken at different locations. These val-
ues were then used to evaluate the deposited volume (V)
and to calculate the building rate (BR) and powder efficiency

(n), as:

BR = ? ®)
d
F.(Ya
n(%) = ﬁ (6)
d" P

where V;, is the theoretical volume, t; is the deposition time
and p is the material density.

The cubes were cut in their centre, mounted, ground, pol-
ished down to 0.03 um and observed by means of optical
microscopy. The porosity content was evaluated by image
analyses, using the ImageJ software. Finally, the cubes were
etched with a Kalling’s No. 2 solution for 10 s to assess
the effect that the oscillating strategy had on the material’s
microstructure. The Primary Dendrite Arm Spacing (PDAS)
values of the samples were evaluated by image analyses
using the images J software. Per each sample, 15 images
taken at different height were analysed.

The mechanical behaviour of the parts was evaluated by
Vickers hardness tests. Five measurements were performed
on the samples Z cross-section using 300 g and 15 s.

(R P A

Baseplate

Fig.2 Geometrical features of the SSTs melt pools. G and W respec-
tively indicate the growth and the width of a melt pool
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The surface quality of the lateral surfaces of some sam-
ples was measured by means of confocal imaging, deploying
a Sensofar S Neox 3D optical profilometer. The Sa and Sz
parameters were evaluated to compare the different surfaces,
according to ISO 25178. A 10x magnification lens was used
to investigate an area ranging from 17.5 mm x 16.2 mm
to 18.9 mm x 18.9 mm. The surface reconstruction maps
were investigated using the Mountains Maps Premium 7.4
software.

3 Results and Discussion

At first, the on-top observations of the tracks revealed the
presence of three different beads morphologies (Figure 3):

e Unmelted Borders (UB): Only the central portion of the
SSTs created a continuous melt pool. In correspondence
of the borders, many separated balls were detected. This
morphology suggests that the energy density was high
enough to melt the deposited powder but that only a very
thin layer of molten material was generated. Because of
the surface tension, the melt layer collapsed in a thinner
scan track and left some residual balls of prior-melt mate-
rial at the edges of the scanned surface.

e Central Hole (CH): The SSTs appeared overall stable,
but some irregularities on the surface were found. These
features were mainly detected at the beginning and at
the end of track and led to an uneven distribution of the
material in the central portion of the bead.

Table2 Cubes building parameters. In all cases P=1500 W,
v,=600 mm/min

dg (mm) OVy (%) dX (mm) dZ (mm)
0 20 2.1 04
30 2.4
40 3.1
0.9 20 2.4 04
30 3.1
40 3.8
1.7 20 3.1 04
30 3.8

40 2

2.6 20 3.8 04
30 2
40 1.8

34 20 2 0.5
30 1.8
40 2.1

@ Springer

e Stable and Continuous (SC): These scans were continu-
ous and did not show any relevant defect.

Four different morphologies of the beads were detected
by means of cross-section analyses. The morphologies, sche-
matically represented in Fig. 4, are:

e 1 Melt Pool (IMP): A single melt pool, showing the typi-
cal shape of the conduction mode bead of non-oscillating
DED processes.

e Multiple Melt Pools (MMP): A bead composed of the
interconnection of many melt pools whose relative sizes
vary, based on the building parameters adopted. The phe-
nomena that might lead to this complex morphology will
be discussed later in this paper.

e Flat (FI): A single melt pool without significant laser pen-
etration in the substrate. As demonstrated by Carrozza
et al., this morphology indicates that the energy density
is insufficient to melt the substrate [18]. Therefore, the
parameters adopted do not seem to be suitable for AM
processes, in which the remelting of the previous layer
is a key factor for the obtainment of a dense part.

e No Contact (NC): A single drop which has a poor metal-
lurgical bonding with the substrate and results in several
areas in which the bead is detached from the baseplate.
As in the previous case, this morphology suggests that
a low energy density was used. The missing contact
between the scan and the substrate suggest that many
lack of fusion pores might be generated in an AM process
with those parameters [19].

Based on these on-top and cross-sectional classifica-
tions of the morphologies, two SSTs process maps were
created (Fig. 5). The SSTs represented in the lowest raw
of the maps (d, = 0 mm) are standard DED scans built
without deploying the oscillating system. Thus, these are
characterised by the conventional morphologies for the
DED technology (SC and 1MP). In these cases, the melt
pool is formed due to a conduction melting mode and
creates a bead showing an appropriate shape, i.e. a good
penetration in the substrate and a sufficient growth. The
comparison of the SSTs obtained in the other conditions
indicates that the SC and CH tracks, which are obtained in
the central part of the process window, correspond to the
MMP beads. The UB tracks in the on-top analyses (Fig. 3)
are associated with the Flat or No Contact melt pools in
the cross-section investigation (Fig. 4). These undesired
morphologies were detected only when high d, and low
laser power, associated with low scan speeds values, were
used. This indicates that the sole ED parameter cannot
define the quality of a track. The laser power and the scan
speed have to be taken into account separately when an
oscillating scanning strategy is used.
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Start

Centre

End

Unmelted Borders (UB) Central Hole (CH) _

Fig.3 Representative on-top micrographs of beads taken at the start, centre and end of the tracks. The yellow line indicates the Central Hole

defect

The laser patterns of the four extreme oscillating condi-
tions, reported in Table 3, are represented in Fig. 6, where
the laser spot size is represented as well in order to highlight
its relative size.

The comparison of the laser patterns and the laser spot
indicates that when d is larger than di (as in set A and set
B in Fig. 6) the centre of each circle is not scanned by the
laser beam. This might be the reason why in these cases a
CH morphology is observed. In all cases, the lateral part
of the SSTs patterns appears darker than the central one.
This was analysed in more details for the low d, - low v,
pattern by inspecting more closely the central area and the
borders. The comparison of the figures clearly indicates that
the laser passes more often in the lateral part of the SSTs.
This causes the formation of the multiple melt pools mor-
phologies (Fig. 4 b)).

Once the phenomena occurring in the SSTs were ana-
lysed, cubic samples were built using P = 1500 W and v=
600 mm/min. These P and v, values were selected because,
varying d,, they provided all the on-top/cross-sectional

morphologies except NC (Fig. 5 b) which, as previously
reported, is very unreliable for AM processes. The dX and
dZ values calculated according to the melt pools W and G
values were evaluated by cross sectional analyses (eq. 3 and
4).

The analyses of the cross-sections of the cubes revealed
that in all cases acceptable porosity values (<0.5%) were
achieved (Fig. 7a)). These porosity values are in agreement
with literature data of 316L DED samples [20, 21]. The
reported consolidation values did not show any relevant
trend indicating that the detected pores are mainly due to
gas porosity not correlated to the used building parameters.
The volume of the samples, evaluated with a calliper, is
reported in Fig. 7b. All the samples resulted in being slightly
larger than the nominal volume which is 8 cm?®. All the cubes
built with d,;=0 mm have very similar volumes close to V..
Larger samples are obtained with laser oscillation, resulting
in the measured volume values being more scattered. This
indicates that, as expected, the laser oscillation reduces the
build accuracy of the DED process.

@ Springer
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a) 1MeltPool |
(1MP) ;

|

|

|

\ i ;
' | ,
N 1 4
~ ! - 4
S o 1 -
~a -
b) Multiple Melt Pool T

(MMP)

d) No Contact
(NC)

Fig.4 Representative images of the SSTs cross-sections: a 1 Melt
Pool (IMP), b Multiple Melt Pools (MMP), ¢ Flat (Fl) and d No Con-
tact (NC) morphologies

The building rates and the powder efficiencies were
then calculated to select the most suitable building condi-
tions (Fig. 7c and d). The comparison of the curves indi-
cates that both BR and 1 increased with d; and reached a

maximum value when d,=2.6 mm was used (about + 100%
and + 180%, respectively). A d, value higher than 2.6 mm
caused in fact the formation of UB tracks having a reduced
width with respect to the laser pattern due to the collapse
of the thin molten layer. These low melt pool width values
cause low dX displacement values (Eq. 3). Because of the
low distance among nearby tracks, a large number of tracks
per layer are needed. Figure 7d also includes a comparison
with a BR value calculated from the parameters of tradi-
tional DED depositions having similar set-ups to the ones
here adopted [22]. It is important to underline that among
the process parameters, the dX and dZ are the most impact-
ing factors concerning the BR and that DED process of
stainless steels can theoretically be obtained with dX and dZ
in the range 0.2—1.3 mm. This leads to a very large range of
BR values available in the literature (10 + 150 cm®/h)[22,
23]. Even if the powder efficiency aspect plays a key-role in
the industrial application of the DED process as it directly
influences the process costs, it is not very discussed in the
literature. Only a few papers, in fact, reported the efficiency
data (ranging from 5 to 70%) and stated these values are
strongly dependant on the nozzle configuration and on the
building parameters [24].

To sum up, the results reported in Fig. 7 indicate that
dense 316L samples can be obtained with all the building
parameters tested in this work and that the highest build rate
and powder efficiency can be obtained with a d, value of 2.6
mm. These parameters result however in a lower geometrical
accuracy than the d,=0 mm condition.

b)

Fig.5 Process maps of SSTs a) : : . :
evaluated by a on-top and b
cross-section. The grey areas h . -
indicate the non-oscillating
conditions S
+H N
€~
il i
o
el
(<))
2l
_—
T T T T

1
2,6
1

d, (mm)
34
1

1
0,9

1000 1500 2000 2500 1000 1500 2000 2500
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Table 3 SSTs parameters whose patterns are represented in Fig. 6

P (W) v, (mm/min) d, (mm)
Set A 2500 1000 34
Set B 1000 400 34
Set C 2500 1000 0.9
Set D 1000 400 0.9

The microstructure of DED samples built with different
d, and OV values are reported in Fig. 8. Some spherical
micrometric dark particles can be detected in all the sam-
ples. These particles can be Mn, Si oxides which are quite
common in AM of 316L parts [25]. A closer look to the
images reveals that the oxide dimension increases with the
oscillation. The reason of the different size might be the
different oxidation kinetic due to the decrease of the laser
intensity I; = P/d (where d is the apparent laser spot). The
d, increase causes the enlargement of the area impinged
by the laser, thus a higher melt-pool residence time [26].

From a microstructural point of view, all the samples
are characterised by a fine dendritic microstructure made
of y-cells and some d-ferrite. It is well known that the
size and the morphology of the dendrites depend on the
cooling conditions such as the thermal gradient at the
liquid/solid interface (G), and the solidification rate (R).

High v,

The larger size of the dendrites obtained using large d,
values (Fig. 8b and d) confirms that the oscillating strat-
egy involves lower solidification rates with respect to the
standard DED process. A quantitative representation of
this phenomenon can be extracted from the average Pri-
mary Dendrite Arm Spacing (values reported in Fig. 8).
According to Guo et al. the relationship between average
PDAS and cooling rate (T) provide a clear overview on the
thermal history undergone by the part [27].

PDAS = 807" 7

Moreover, a closer look at the micrographs, denotes that
the content of 3-ferrite changes due to the DED param-
eters. It is well established that the ferrite content can be
estimated based on the steel composition using the Schaef-
fler or WRC-1992 diagrams. However, these diagrams do
not consider the effect that the solidification rate has on
the ferrite content. According to the Pseudo-binary phase
diagram, steels that have a low Cr,/Ni, ratio (<1.6), such
as 316L, solidify in the austenite (A) or primary-austenite
with second-phase ferrite (AF) modes. As described by
Elmer et al., for these compositions, the ferrite content
decreases as the cooling rate increases because less origi-
nal ferrite forms [28]. This result also confirms that the
samples built with the oscillating strategy solidify with a

Low v
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Fig. 6 Schematic representation of the laser patterns of the sets reported in Table 3. The red spot in the centre represents the nominal laser spot

(2 mm)
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Fig. 7 a Porosity, b deposited
Volume (V,), ¢ Powder effi-
ciency (1) and d Building rate
(BR) VS oscillating diameter.
The colours reported under-
neath the graphs indicate the
on-top and cross-section mor-
phologies of the SSTs. The BR
value from [22] was calculated
according to the scan speed, dX
and dZ values of a DED sys-
tems having similar settings

Fig. 8 Optical micrographs of
316L DED samples built with
aand ¢ d,=0.9 mm, b and

d d,=2.6 mm. a and b with
OVx=20% and ¢ and d with
OVx=40%. The black arrow
indicates the building direction
(BD)
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lower cooling rate with respect to the non-oscillating one.  the different morphologies are related to the ferrite content
Finally, different ferrite morphologies (lathy or skeletal) [29, 30].

were detected in the samples. As reported in the literature,
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The effect of the oscillation diameter on the mechani-
cal behaviour was analysed by Vickers hardness tests. The
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Fig.9 Hardness VS d trends for each overlap

results, reported in Fig. 9, indicate that there is only a slight
correlation between the d,, value and the hardness. This cor-
relation is however not very relevant if the standard devia-
tion values are considered. Based on the microstructural
results, the consequence of the oscillation on hardness could
be quite complex due to the synergic effect of the d-ferrite
content and the cells size (Fig. 8). On the one hand, in fact,
the high &-ferrite content of the high d, samples, causes an
increase in hardness. On the other hand, the larger cells pre-
sent in samples produced with high oscillation values causes
a decrease in hardness.

Finally, the effect of the oscillating parameters on the
surface quality of the specimens was analysed by means of
confocal imaging (Fig. 9 and Table 4). The surface scans
(Fig. 10) highlighted that the surface quality was mostly
determined by the visible layers. In fact, the highest points
of the surfaces clearly corresponded to the centres of every
layer. The only notable exception was the sample built using
d, = 2.6 mm and OVy = 40%. In this case, vertical tracks,
up to 2.5 mm height, were detected throughout the whole
surface. This effect might be the result of an overabundance
of molten material deposited, which then reaches the outer
edge on the material. The roughness data of the samples’ lat-
eral surfaces, reported in Table 4, indicate that the samples
built with lower oscillations (d, =0.9 mm) are characterised
by lower roughness (Sa) and waviness (Sz) than those built
with the highest oscillating strategy (d,=3.4 mm). The high-
est roughness was detected when high oscillation is associ-
ated to a high X overlap. Correlations between the building
parameters and roughness values have been also previously
reported in the literature [31, 32]

4 Conclusions

This work evaluated the applicability of the oscillating
scanning strategy to the DED process with the aim of rap-
idly modifying the powder efficiency and the building rate.
In the first experimental step, the effect of the main DED
oscillating parameters (e.g. P, v, and d,) on the morpholo-
gies and stabilities of the SSTs was assessed by on-top and
cross-section analyses. The study of the beads revealed 3
on-top and 4 cross-sectional types of morphologies. In
order to understand the phenomena that arise during laser
scanning, process maps were designed based on the on-
top and cross-sectional morphologies. By the comparison
of these maps, the phenomena that lead to each specific
morphology were understood:

e When d,=0 mm, the oscillating strategy is not used
and therefore a standard DED process takes place.
Tracks obtained with d,=0 mm are characterised by
a stable morphology and a single melt pool (IMP). As
the P and v, values used in this study are suitable for
the DED process of this alloy, the melt pool is created
in a conduction melting mode and the bead is charac-
terised by an appropriate geometry.

e When low P and low v, are associated with high d,
unstable scan tracks with poor penetration in the sub-
strate are formed. By means of on-top analyses, a thin
scan track surrounded by many separated balls can be
detected, thus indicating that the energy density was
sufficient to create a thin layer of molten material,
but insufficient to penetrate in the substrate. During
cooling, because of the surface tension, this thin layer
collapses in a central thin track and fine balls. This
hypothesis is confirmed by the cross-sectional analy-
ses that revealed a poor penetration of the bead in the
substrate associated to this on-top morphologies.

¢ In the remaining conditions (i.e. low d, associated with
low P and v, or all the d, combined to high P and v,),
mainly stable scan tracks are formed. The scan track

Table 4 Roughness and waviness values of samples built with differ-
ent parameters

d, (mm) OVx (%) Sa (um) Sz (um)
0.9 20 55 662
34 20 83 1097
0.9 40 63 721
34 40 287 2108
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Fig. 10 Surface scans and
relative height distribution
curves of the 316L DED-
processed samples built with
aand ¢ d,=0.9 mm, b and
d d,=2.6 mm. a and b with
OVx=20% and ¢ and d with
OVx=40% X
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built with these parameters result being continuous and
do not show any relevant defect in both, the on-top and
cross-section analyses.

In the second experimental step, 316L cubes were built
using some of the SSTs investigated parameters and three
X overlap values. The outcomes of the cube analyses can
be summarised as follows:

e The cubes porosity values indicated that it is possible to
obtain dense samples with all the oscillating diameters if
the correct track overlaps are used. The obtained building
rate and powder efficiency values confirmed that the oscil-
lating strategy can improve the overall performances of
the DED process (about+ 100% and + 180% respectively).

e The microstructures of all the samples display the differ-
ent cooling rate that the material experienced due to the
different oscillating parameters. The samples with high
d, are in fact characterised by larger dendrites and higher
ferrite content with skeletal or lathy morphologies.

e The samples built with the oscillating strategy had scat-
tered volume values always larger than the nominal one.
This indicates that, as expected, the large apparent laser
spot reduces the build accuracy of DED. The surface
analyses also confirm that high oscillating diameters
reduce the quality of the part surfaces.

Therefore, all of the building condition evaluated in the pre-
sent study could be suitable to produce dense 316L samples and
the authors suggest to select the oscillating diameter based on
the build rate and geometrical accuracy requirements. The main
advantage of this deposition strategy is related to the possibility
of effectively varying the oscillating parameter within a single
part. The effect of the use of different parameters in a single
component will be investigated in future works.
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