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Abstract. Despite the extensive capabilities of Laser-Powder Directed Energy
Deposition (LP-DED), compared to other metal additive manufacturing processes,
the use of LP-DED in industry is still limited as a result of the limited knowledge
on the relationships between the process parameters and mechanical behaviour. In
this work, the quality of AISI 316L samples, produced by means of LP-DED and
evaluated in terms of surface roughness, residual stresses and microstructure, is
linked to the scanning strategy. The outcomes confirm that the deposition strategy
plays a key role in the definition of the final properties of specimens.

Keywords: Laser Powder-Directed Energy Deposition, 316L, Residual Stress,
Surface Roughness, Microstructure.

1 Introduction

Metal Additive Manufacturing (AM) processes are currently recognised as the future
of manufacturing industries, thanks to their potentialities in terms of design freedom,
part functionality and material usage efficiency [1]. Sectors characterised by a huge
level of personalisation, high topological complexity and small production volumes,
such as the biomedical, aerospace and racing fields, are the ones in which AM processes
are used the most [2]. Focusing attention on processes that use lasers as the energy
source to melt material, two different categories of processes can be identified:
Laser-Powder Bed Fusion (L-PBF) and Directed Energy Deposition (DED).
Producing large metal components is one of the most challenging issues for AM
processes [3]. DED processes allow this problem to be overcome and thus make it pos-
sible to produce components in a build volume up to one cubic meter [4]. In the Laser
Powder Directed Energy Deposition (LP-DED) process, a focused laser beam is used
to produce a melt pool on an existing surface, while a nozzle is used to inject metal
powder directly into the generated melt pool. Once the laser moves away, the material
rapidly solidifies and a raised track is obtained [5]. The particular LP-DED construction



methodology process allows certain unique capabilities, such as the possibility of re-
pairing worn components, of modifying the topology of an existing component and of
producing functionally graded materials (FGMs), to be obtained [1,6]. LP-DED pro-
cesses are currently considered premature for industrial applications [5]. One of the
main reasons is that the properties of the built parts are not sufficiently characterised or
optimised. For this reason, it is important to relate the part properties to the main pro-
cess variables, such as the deposition strategy and process parameters. Smugeresky et
al. [7] performed an experimental analysis in order to optimise selected process param-
eters, that is, the powder size, laser power, scan speed and powder feed rate, with re-
spect to the surface roughness and the microstructure of thin AISI 316L walls produced
by means of LP-DED. Pratt et al. [8] used the neutron diffraction method to evaluate
the effect of the laser power, scan speed and powder feed rate on residual stresses in
thin AISI 410 walls produced by means of LP-DED. Dai and Shaw [9] studied the
effects of bi-direction and offset-out scanning strategies on the distortion and residual
stresses of single nickel layers produced by means of LP-DED.

The effects of the scanning strategy on the surface roughness, residual stresses and
microstructure of AISI 316L stainless steel cubes, produced by means of LP-DED, have
been investigated in this work.

2 Materials and methods

The deposition of 20 x 20 x 20 mm> AISI 316L stainless steel cubes on a
100 x 100 x 8 mm?® substrate of the same material was performed using a three-axis
machine with a coaxial deposition head. The power source was an ytterbium fibre laser
with a maximum operating power of 5 kW. The considered process parameters are listed
in Table 1. Two different scanning strategies were adopted:

— 0-90°, an orthogonal deposition direction between two adjacent layers;
— 0-67°, the deposition direction is rotated by 67° for each new layer.

Surface roughness was evaluated on the top and the lateral surfaces of each LP-DED
cube sample using a RTP80 portable stylus-type surface-roughness tester
(SM Metrology Systems S.r.l, Italy). The measurements were taken along a profile
length of 10 mm, using a Gaussian filter and a cut-off of 0.8 mm. Fig. 1 illustrates the
directions and the measurement positions that were considered in the experimental
analysis according to the following rules:

— the roughness was evaluated on the lateral surfaces along the building direction;
— the first measurement direction on the top surfaces, for the cubes fabricated using
the 0-90° scanning strategy, was perpendicular to the scanning direction, the second

Table 1. Process parameters used in the experimental procedure.

Laser Laser Powder Carrier gas  Overlap Overlap
Focus, h . . .
power, P speed, v feeding rate  flow in X inZ

900 W 15 mm/s 7.5 mm 3.5mpm 5 l/min 50% 25%




Fig. 1. LP-DED cube samples fabricated using (a) the 0-90° scanning strategy and (b) the 0-67°
scanning strategy with lateral surfaces nomenclature and schematic representation of surface
roughness measurement directions.

measurement direction was inclined by about —45° with respect to the x-axis, instead
the measurement directions for the cubes built using the 0-67° scanning strategy
were along the x-axis and along the y-axis.

The residual stress behaviour beneath the surface was evaluated using the semi-destruc-
tive hole drilling strain gauge method, according to ASTM E837-13a. The RESTAN-
MTS3000 (SINT Technology S.r.1., Italy) system was used. The surfaces of the samples
were prepared in order to optimise the bonding between the measuring rosettes and the
surface. Thus, agglomerated particles were removed using a flat, high carbon, steel file
and the surface was then abraded using abrasive paper with different grain dimensions
(120, 400 and 600 grit). The strains released by the tested material were acquired for
each drilling step and were used to calculate the residual stresses. An acquisition pro-
gramme was developed, in LabVIEW 2018, in order to automate the data acquisition
at each step. The acquired strains were introduced into EVAL (SINT Technology S.r.1.,
Italy) software to back-calculate the residual stresses in compliance with the ASTM
E837-13a standard. A 1.8 mm diameter drill bit was used in the experimental procedure
to produce a 1.2 mm deep flat-bottom hole, by executing 24 drilling steps to a depth of
50 pm. The measurements were performed on the top surface and on Side A (Fig. 1).

3 Results and discussion

The results, in terms of surface roughness, in-depth residual stress profiles and micro-
structure for the cubes fabricated using the two different scanning strategies, are pre-
sented hereafter.

3.1  Surface roughness

From the graph reported in Fig. 2, it is possible to observe that the surface roughness
on the lateral surfaces (Side A, Side B, Side C and Side D) is slightly lower than the
surface roughness on the top surface. For the cube built using the 0-90° scanning strat-
egy, R. on the lateral surfaces varies between 20.5 um and 22.5 um instead R, is about
33 um on the top surface. For the cube built with the 0-67° scanning strategy, the value
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Fig. 2. Surface roughness on the analysed surfaces. The red and the blue bars refer to samples
produced using the 0-90° scanning strategy and the 0-67° scanning strategy, respectively.

of R, on the lateral surfaces varies between 18 um and 27 pm, whereas the value of R,
is about 29 um on the top surface.

3.2  Residual stresses

Fig. 3a shows the residual stress distribution on the top surface for both cubes. The
oscillatory trend of the residual stresses, with respect to the depth, is clearly noticeable.
It is possible to note that the stress distribution is similar for both cubes. The peak of
the curves is obtained approximately at the same depth, that is, of 0.7 mm, with a value
of about 200 MPa. It may be observed that the direction of the principal stress (5)
showed different behaviour when the cubes were fabricated using different scanning
strategies. The f-value for the cube produced using the 0-90° scanning strategy is pos-
itive for more than half of the analysed depth and then an abrupt variation occurs in
correspondence to the maximum stress value. Instead, for the cube produced with the
0-67° scanning strategy, the f-value is prevalently negative, but with an oscillatory
trend. Fig. 3b shows the stress distribution on Side A of both cubes. The stresses have
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Fig. 3. Stress depth profiles and direction of the principal stress (a) on the top surfaces and (b)
on Side A of the cubes.



a similar trend on both cubes. A prevalent tensile stress is observed for a depth of less
than 0.5 mm. The maximum stress is obtained at a depth of about 0.4 mm, and it is
about 450 MPa in the case of the 0-90° scanning strategy and about 250 MPa with
regard to 0-67° scanning strategy. After 0.5 mm, a quite uniform compressive stress, of
about 50 MPa, is observed on the cube produced using the 0-90° scanning strategy,
instead the stress distribution on the cube produced with the 0-67° scanning strategy
shows an oscillatory trend with a predominant tensile state. The trend of the § angle in
the two cubes is almost the same. A variation in the f-value occurs at a depth of 0.5
mm. It is possible to relate this behaviour to the value of the residual stress, which
crosses the zero-axis and changes in sign from positive to negative.

3.3  Microstructure

In general, the microstructure of each layer of both samples is composed of two regions.
The bottom part of each layer is basically a columnar structure. The top part of the layer
shows a typical fine cellular dendritic structure with classical secondary dendrite arms
that change to a columnar structure in the subsequent deposition. In the laser deposition
process, the cooling rate of the melt pool, and consequently the solidification velocity,
is very high at the bottom part of the layer. The upper part of the layer cools down
slowly compared to the bottom part. Owing to the very high solidification velocity of
the bottom part of the melt pool, secondary dendrites were not able to grow. As a result,
the bottom part of each layer mainly consisted of primary dendrites. Because of the
progressive decrease in the cooling rate from the bottom to the top part of the melt pool,
a gradual transition of the microstructure from a fully columnar to a cellular dendritic
transition was observed. Fig. 4 shows the microstructure of the cross-section of the
cubes deposited with the 0-90° and the 0-67° scanning strategies, respectively. As can
be seen in Fig. 4, the Primary Cellular Arm Spacing (PCAS) of the sample produced
using the 0-67° scanning strategy is coarser than the cubes produced using the 0-90°
scanning strategy. This difference in the PCAS of the cubes produced using different
scanning strategies is related to the general cooling rate associated with each rotation.
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Fig. 4. Microstructure of the cubes obtained using (a) the 0-90° scanning strategy and (b) the
0-67° scanning strategy.



4 Conclusions

In this work, the effect of the adopted scanning strategy on the surface roughness, re-
sidual stress and microstructure of cubes produced by means of LP-DED has been in-
vestigated. The main results are summarised below:

— the surface roughness on the top surfaces is higher than that on the lateral surfaces.
When the 0-90° scanning strategy was used, the surface roughness on the lateral
surfaces was about 21 pm and about 33 pum on the top surface, instead when the
0-67° scanning strategy was used, the surface roughness ranged between 18 um and
27 um on the lateral surfaces and was about 29 pm on the top surface;

— the residual stresses on the top surfaces were similar for both scanning strategies,
although higher stress values were observed on the lateral surfaces of the cubes pro-
duced using the 0-90° scanning strategy;

— a coarse microstructure was observed when the 0-67° scanning strategy was used.
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