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Abstract: Directed energy deposition-laser beam/powder (DED-LB/Powder) is an additive man-
ufacturing process that is gaining popularity in the manufacturing industry due to its numerous
advantages, particularly in repairing operations. However, its application is often limited to case
studies due to some critical issues that need to be addressed, such as the degree of internal porosity.
This paper investigates the effect of the most relevant process parameters of the DED-LB/Powder
process on the level and distribution of porosity. Results indicate that, among the process parameters
examined, porosity is less affected by travel speed and more influenced by powder mass flow rate and
laser power. Additionally, a three-dimensional finite element transient model was introduced, which
was able to predict the development and location of lack-of-fusion pores along the building direction.

Keywords: additive manufacturing; process parameters; laser powder directed energy deposition;
porosity; FE simulation; 316L

1. Introduction

Additive manufacturing (AM) processes have already been adopted by many indus-
trial sectors such as biomedical, energy, oil and gas, aerospace and nuclear [1]. The interest
in AM over conventional manufacturing methods is driven by several advantages in rela-
tion to geometrical complexity, material usage, time-saving and added value [2]. Among the
metal AM processes, directed energy deposition (DED) processes are currently at the fore-
front of innovation. As a matter of fact, the revenue market shares of powder bed fusion
(PBF) and DED processes in 2019 were around 85% and 8.3%, respectively; by 2025, the
revenue of PBF processes is expected to fall to 63%, while the DED processes will rise to
11.1% [3]. The possibility to produce large components (length larger than one meter),
to change the material during the process of realizing multi-graded materials, and the
possibility to repair components by depositing directly onto an existing planar or non-
planar surface are only a few of the main advantages of DED over PBF or conventional
processes [4,5]. Hence, focusing the attention on DED processes, the ASTM standard [6]
classifies the different variants with respect to the heat sources (laser, electron beam or
plasma arc) and to the feedstock material (powder or wire). In more specific terms, the DED
process that uses a laser as an energy source and a powder as a feedstock material is the
most used [7] and this process is referred as DED-LB/Powder [7,8]. Despite the enormous
potentialities, the industrial application of the DED-LB/Powder process is still limited [7]
and one of the main reasons is that the components produced are prone to a high level of
porosity [9]. The presence of pores negatively affects both the density and the mechanical
characteristics such as the yield strength, the ultimate tensile strength, and the Young's
modulus [10]. In addition, they can act as stress concentrators and crack growth sites [11].
Hence, several efforts are needed to understand and minimize the porosity level that arises
from the deposition process.
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The literature distinguishes three basic types of pores in DED components: (a) keyhole,
(b) gas-induced and (c) lack-of-fusion pores, which result from different mechanisms [12,13].
Specifically, keyhole pores appear elongated along the building direction [12] and result
from material evaporation and melt pool collapse. They are typically the consequence of
unstable melt pool dynamics at high energy density [14]. Gas-induced pores, instead, are
spherical in shape (sphericity higher than 0.6 [15]) and smaller, and are usually caused by
the presence of gas in the feedstock material [16], the selective evaporation of an element
of the specific alloy used [17] or by the entrapment of the shielding gas [13]. Finally,
lack-of-fusion pores are characterized by an elongated irregular shape (sphericity lower
than 0.6 [15]) and their size is comparable to the melt pool scale [12] and arise from an
inadequate penetration of the melt pool into the substrate due to insufficient energy [9].
Focusing the attention on gas-induced and lack-of-fusion pores, it was observed that the
first ones are mainly located inside the deposited track and they are mostly influenced by
the melt pool depth, while the latter are influenced by melt pool width and occur at the
interface between two consecutive tracks [18].

Susan et al. [19] and Ahsan et al. [20] showed an important relation between the
powder production method and the sample porosity. It was observed that the porosity of
the powder particles and the shape of the powder were directly related to the powder pro-
duction method. Furthermore, these factors influenced the porosity level of the produced
samples, with the sample porosity increasing with porosity inside the powder particles and
when non-spherical powder particles were used. As a rule of thumb, it is a good practice to
characterize the feedstock material prior to deposition. Rahman Rashid et al. [21] observed
porosities of the order of 5 um to 15 um in AISI 316L single layers. These porosities were
mainly located at both ends of each track due to the gas entrapped into the melt pool.
Furthermore, Pragana et al. [22] demonstrated that the type of shielding gas employed
also affects the porosity level, with the samples produced with argon exhibiting a higher
porosity level than those produced with nitrogen. By characterizing the porosity of AISI
316L samples, Tan et al. [11] found that the dense part was not uniform, but the samples
were denser in the upper zone farthest from the substrate. Small and almost spherical pores
were prevalent in that area. The bottom zone’s porosity in these samples was greater than
150 pm in diameter. Furthermore, Zheng et al. [23] showed that the lack-of-fusion pores
occurring at the layer boundaries were correlated with an improper Z-increment combined
with the selected process parameters, resulting in reduced growth of the part, which caused
the laser to be out of focus. Consequently, the most straightforward approach used in the
literature to minimize the porosity level is to adjust the process parameters, namely laser
power, travel speed, hatching distance and powder mass flow rate [8,12,24].

There are several works in the literature concerning the effect of process parameters
on the part’s porosity. Amar et al. [25] produced 10 x 10 x 10 mm?> AISI 316L samples
and using a response surface methodology observed that the most significant parameter
influencing the porosity was the powder mass flow rate; in detail, the porosity increased
with powder mass flow rate due to the track overgrowing. In their study, Majumdar et al.
[26] observed that porosity increased when powder mass flow rate values were too low or
too high. This was achieved by varying the powder mass flow rate from 3.8 mg - min~! to
12.2mg - min~!'. Analogously, Lin et al. [27] showed that for low values of powder mass
flow rate, the energy provided to the material was higher and this led to a higher quantity
of gas-induced pores. When the powder mass flow rate was increased, a reduction in
porosity was observed; however, for a higher powder mass flow rate, the porosity increased
due to lack-of-fusion pores.

As for laser power and travel speed, the literature on the topic of porosity presents
contrasting points of view. During the deposition of AISI 316L single-track thin wall,
Majumdar et al. [26] observed that porosity decreased with increasing travel speed and
was almost independent from laser power. On the contrary, Kartikeya Sarma et al. [28], for
the deposition of AISI 316L cylinder (®10 x 25 mm?3), showed that the porosity was mainly
influenced by laser power, but the effects of travel speed and powder mass flow rate were
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less significant. Savitha et al. [29] highlighted that the porosity was significantly influenced
by the interaction between laser power and travel speed. Lin et al. [27] performed three
one-factor-at-a-time experiments on 3 mm thin-walled AISI 316L cylinders and observed
that porosity decreased from 0.23% to 0.13%, with an increase in the laser power from
1200 W to 1800 W. However, at a laser power of 2000 W, a slight increase to 0.14% was
observed. Amar et al. [25] observed that the laser power and the travel speed did not
significantly affect the porosity.

This analysis of the literature highlights the complexity of the phenomena governing
the DED-LB/Powder process, as confirmed by several reviews [5,8,30,31]. Numerical
simulation coupled with experiments can be used to deepen the understanding of the
DED-LB/Powder process. More specifically, the macro-scale approaches typically used to
study the temperature distribution and the thermal cycles during the deposition process,
which are able to predict the microstructure evolution and the residual stresses [32], could
be extended to the analysis of porosity in analogy to casting simulations [12,30,33].

In this study, a characterization of pores in AISI 316L massive samples produced
under different process parameters was first performed using computed tomography (CT)
analysis. The effect of the main process parameters was then evaluated. CT scan analysis
provided a volumetric understanding of the porosity type and distribution as a function
of the process parameters adopted. The pores were characterized by considering their
position, size and shape. Furthermore, an attempt was made to ascertain a correlation
between the porosities and the thermal history that were generated during the production
process. Subsequently, a macro-scale three-dimensional FE thermal model was employed,
with the objective of evaluating its suitability for forecasting the probability and location of
pores in DED samples.

2. Materials and Methods

The following subsections describe the experimental procedure adopted in this work.
Firstly, the sample geometry and the equipment used for sample production and character-
ization are illustrated. Then, the selection of the process parameters and their values in the
experimental tests are detailed. Finally, the thermal numerical model is presented.

2.1. Sample Geometry, Production and Characterization

AISI 316L parallelepiped samples with dimensions of 10 x 20 x 20 mm?® were deposited
on substrates of the same material. The dimensions of the sample were selected as the best
compromise between the characteristic thicknesses of DED components and the capabilities
of CT scan analysis, with the objective of achieving a reasonable level of accuracy. The ge-
ometry is illustrated in Figure la. In this work, MetcoAdd 316L gas atomized powder
provided by Oerlikon Metco Inc. (Troy, MI, USA) was used [34]. Powder particles had an
almost spherical shape with few satellites and a diameter ranging from 45 pm to 106 pm.
Specifically, the particle size distribution of the powder showed a unimodal and Gaussian
pattern, with D1g at49.2 um, D5 at 60.9 pm, and Dyg at 74.6 pm. A detailed characterization
of the powder particles is reported in [35]. The production of the samples was performed
on a LASERDYNE® 430 by Prima Additive (Collegno, Italy). This DED-LB/Powder system
was equipped with a 1000 W fiber laser. The laser beam had a top-hat distribution and the
nominal diameter was 2 mm at the focal plane. The deposition head included 4 coaxial
nozzles which generate a Gaussian powder flow with a diameter of around 4 mm at the
focal plane of the laser. The powder particles were delivered in the working area by means
of a constant flux of argon.

The process parameters recognized in the literature as the most relevant [4,8,31]
were considered, namely travel speed (v), powder mass flow rate (Q,), and laser power
(P). Specifically, a one-factor design was used to test the effect of process parameters
individually and identify critical parameters for porosity. Consequently, three sets of
samples were produced, one for each parameter tested. As a starting point for the design
of experiment, the parameter values previously utilized for the production of AISI 316L
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bulk samples using the same DED-LB/Powder system were employed, which had resulted
in satisfactory outcomes in terms of dimensional accuracy with a deviation of less than
0.5 mm on the lateral surfaces and less than 0.1 mm on the height [36]. In detail, the process
parameter values were P =500W, Q, =4.5¢g- min~!, and v = 850 mm - min~!, and will be
referred to as reference values.

(b)
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Figure 1. (a) Geometry and dimensions of the sample and the substrate. (b) Position of the two
WEDM cuts (all dimensions are in mm).

Initially, due to its relevance, the effect on the porosity of an increased laser power
value was tested. Three levels of laser power were considered, leading to a first set of
samples. Then, the effect of an increased powder mass flow rate was tested to evaluate
its influence on porosity at the best laser power level determined from the first set (Set 1).
The samples realized by only varying the powder mass flow rate were the second set of
samples to be analyzed (Set 2). Finally, the less porous sample was selected to evaluate
the effect of a variation of the travel speed. This was the third and last set of samples
(Set 3). Table 1 lists the values of process parameters analyzed in this work. Other process
parameters were always kept constant during the production process. In detail, a hatching
distance of 1 mm, a Z-increment of 0.5 mm and a stand-off distance of 7.5 mm were used.
The deposition was performed using a raster deposition strategy with a rotation of 90° at
each layer, and a contour path with the same process parameters as the core.

Table 1. Process parameters and their values (the bold values are the reference values).

Process Parameter Values
Laser power, P (W) 500-650-800
Powder mass flow rate, Q) (g - min~1) 4.5-6.0
Travel speed, v (mm - min~!) 850-900-950

After the production, samples were removed from the substrate through the Wire-
Electrical Discharge Machining (W-EDM) system by Suzhou Baoma (Suzhou, China). Subse-
quently, samples were split into two halves, left and right, and subjected to CT. The CT acqui-
sition was performed on a Phoenix V | tome | x 5240 by Baker Hughes (Houston, TX, USA).
The parameter values set during CT acquisition, in combination with the dimensions of
the split sample, allowed for a good balance between the sample and background gray
values. This resulted in a voxel size of 22.5 um. The acquisition was performed by capturing
1500 images in a full 360° rotation. The process parameter values used during CT scans are
listed in Table 2.

After the acquisition, the raw data were processed using Phoenix datos | x (release
2.8.0-RTM) reconstruction software to remove spurious information and compensate for
possible sample and detector drifts. Then, the corrected data were introduced into the
software VGSTUDIO MAX 3.5, developed by Volume Graphics (Heidelberg, Germany),
in order to perform the porosity analysis. In detail, after the determination of the external
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surface from the CT histogram using an ISO value of 50%, which corresponds to the mean
value between the background gray value and the material gray value, the VGDefX/Only
threshold algorithm was used in order to detect the internal defects by comparing the
gray values between two adjacent voxels. In the algorithm, the material definition was
performed using the determined surface and setting an interpolation threshold factor of
1.05. The material definition was then used to define the maximum gray value of voids.
Based on the voxel size, defects were considered to be present if their size exceeded 45 pm,
which is equivalent to two voxels.

Table 2. Setup and parameters values used during computed tomography acquisition.

CT Parameter Value
Voltage, V (kV) 200
Current, I (nA) 110

Filter 0.5mm of copper
Timing (ms) 333
Averaging 3

Skip frames 2

2.2. Three-Dimensional Numerical Thermal Model

In order to relate the porosity developed during the DED-LB/Powder process with the
thermal history and temperature distribution in the samples, a thermal three-dimensional
numerical model was used.

The model was implemented in Abaqus/Standard 2023 by Dassault Systemes® and
the geometry, illustrated in Figure 2, consisted of a substrate (gray geometry) with dimen-
sions of 120 x 120 x 8mm? and an activation volume (light blue geometry) with overall
dimensions of 30 x 30 x 30 mm?>. The activation volume represents and simulates the over-
all material that can be deposited during the DED-LB/Powder process and is larger than
the geometry of 10 x 20 x 20 mm?3 to be activated. At the beginning of the analysis, the el-
ements of the activation volume are not included in the computational domain and an
activation strategy is required. The activation strategy, which is used to progressively add
elements of the activation volume into the computational domain simulating the addition
of material during the process, is based on the UEPACTIVATIONVOL user subroutine.
Essentially, the algorithm employs a time-dependent activation strategy, whereby it follows
the movement of the laser beam (heat source) and progressively activates all elements
within the area of the laser beam. The position of the heat source according to the deposition
path was controlled as a function of time (and travel speed) in the specific user subroutine,
DFLUX. A detailed explanation of the subroutine and how it works is reported in [37].

The geometry was discretized using a structured mesh with 20-node quadratic heat
transfer elements (DC3D20 type) and consisted of a finer mesh in the activation volume
and a coarser mesh in the substrate. The meshing strategy adopted was to define larger
elements away from the deposition area, where the information is less important, and refine
the element size closer to the deposition area. According to the approach widely used
in the scientific literature, the minimum element size is equal to the radius of the laser
beam in order to obtain at least 4 elements in the area of influence of the laser beam.
The height of the elements was assumed to be equal to the layer height. This approach has
shown good convergence in the literature [38]. The resulting mesh is shown in Figure 2.
This discretization strategy allowed to obtain a good balance between the computational
time and the resolution and the accuracy of the results. Specifically, the elements of the
activation volume were 1 mm wide, 1 mm long and 0.5 mm high. In the substrate, starting
from the deposition area, the mesh size was gradually increased and the maximum element
dimensions were 15.4 mm in width, 15.4 mm long and 4.4 mm in height.



J. Manuf. Mater. Process. 2024, 8, 129

6 of 21

(a)

Figure 2. (a) Moving heat source and activation of the elements. (b) Mesh discretization of the model:
the gray volume represents the substrate, the light blue volume represents the activation volume.
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(c) The activated volume, in light red, is included in the activation volume.

The transient temperature distribution T(x,y, z, t) was calculated by solving the gen-

eral heat conduction equation without energy generation, as reported in Equation (1):

c———ka—T +i ka—T —|—i ka—T
Perar —ox\"ox ) Tay\"ay ) Tz ez

where p is the material density, ¢, is the heat capacity and k is the thermal conductivity.

The boundary conditions allow the effect of the moving heat source and the phenom-
ena of convection and radiation to be added in the numerical model. They are expressed

by Equation (2):

—k(VT -n)ln =

where IT is the heat exchange surface, n is the normal vector to the surface I, I (x,y,z,t) is
the intensity provided by the laser beam, h. is the specific heat coefficient, €, is the surface
emissivity, o is the Stefan-Boltzmann constant and I1; is the surface intensified by the laser
beam. Two different initial conditions were defined at the substrate and to the activation
volume. At the beginning of the process at the time t = 0, the substrate was at ambient
temperature; hence, the initial condition for the elements of the substrate was defined

by Equation (3):

The initial condition for the elements that were introduced in the numerical domain
at the time t = t, is defined by Equation (4). This condition considers the temperature

I(x,y,z,t) —he(T — Ty) — &0 (T* = T§) ifI1 €11,
—he(T — Tp) — €0 (T4 — T§) if IT ¢ TIy

T(x,t,z,t=0) =T

increment of powder particles caused by energy absorption during the in-flight time.

T(x/ t,z,t = tact) = Tyct
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(a)

Density (kg-m-3)

Assumptions and Material Properties

The mesoscale model previously developed by Piscopo et al. [37] was adapted to a
macro-scale level in this work. In particular, some assumptions were introduced in order to
limit the computational time required to obtain the desired results and these assumptions
are strictly dependent on the macro-scale simulation approach.

Firstly, since the prediction of the melt pool and track dimensions are out of the scope
of a macro-scale simulation, the track width was assumed to be equal to the laser beam
diameter and the height equal to the Z-increment.

The reduction in laser power due to the absorption, scattering and reflection phe-
nomena of powder mass flow rate and substrate was taken into account by a correction
coefficient B of 0.4 [39] that was used to reduce the laser intensity. A detailed analysis of the
mechanisms of absorption, scattering and reflectivity of powder particles and how they are
influenced by process parameters can be found in [8,32]. Activation temperature, which
simulates the temperature of powder particles just before they enter the melt pool is a
critical factor in the micro-scale and mesoscale approaches since the initial thermal gradient
highly influences the melt pool behavior and phenomena. In a macro-scale approach,
in which the production of a whole component is analyzed, the thermal energy provided
by the powder particles is negligible with respect to the energy provided by the laser beam
during the process. For this reason, the activation temperature was set to be equal to the
ambient temperature.

According to Gouge et al. [40], in the deposition area, turbulent flows are generated
by the shielding gas; hence, a forced convection should be considered. In this work,
it was assumed that the forced convection acted on the deposited material and on the
upper surface of the substrate. On the lateral and the bottom surfaces of the substrate, a
natural convection was considered. The values of forced and natural convection were set to
40W-m2.-Kland 1I0W-m2-K1, respectively [37]. The emissivity value was 0.6 [41].

Temperature-dependent material properties of AISI 316L were used. Figure 3 shows
the values of density, specific heat and thermal conductivity as a function of the tempera-
ture [37]. In addition, the phase transformation was considered by including in the model
the latent heat of fusion and the non-equilibrium temperatures.

8000 (b) 900 () 35
¥
7750+ P po-o 5
T 8001 £ 30 \/’
7500 E: 5;
5 700+ £ 254
7250 B 3
c >
& 600 2 20+
7000+ = 8
[&]
\ & E
67501 o 500 g 15
£
T Tig To Tig = To Tig
6500 T . . 400 T . . 10 T . .
0 500 1000 1500 2000 0 500 1000 1500 2000 0 500 1000 1500 2000
Temperature (K) Temperature (K) Temperature (K)

Figure 3. AISI 316L stainless steel temperature-dependent thermal material properties: (a) density,
(b) specific heat and (c) thermal conductivity [42].

3. Results

In the following, the results of the experimental campaign are discussed in terms of
the porosity evaluated by CT analysis. The thermal behavior resulting from the numerical
simulation allowed to correlate porosities and thermal history, and the results are presented
in the final subsection.

3.1. Porosity Analysis and Effect of Process Parameters

For each sample, both halves were analyzed to provide repeatability data. Good
repeatability was observed with an absolute deviation of £0.01 for the porosity. In the fol-
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lowing, the results refer to the left half of each sample. The porosity results are summarized
in Table 3. In general, it was observed that, among the process parameters, the laser power
mostly affected the overall porosity value, with porosity decreasing from 0.26% to 0.07%
as the laser power was increased from 500 W to 650 W. A further increase in laser power
did not alter the porosity value; however, other mechanisms were observed, as detailed
in Section 3.1.1. CT scans revealed that the increase in the powder mass flow rate from
45g-min~! to 6.0 g - min~! worsened the porosity, which increased from 0.07% to 0.10%.
With regard to the travel speed, it was noted that the porosity level was not significantly
influenced by the value of travel speed and was on average 0.07% at P = 650 W and

Qp=45g- min~!.

Table 3. Process parameters (the bold values are the reference values) and resulting porosities.

Deposits P W) Qp (g-min™) v (mm - min~1) Porosity (%)
500 0.26
Set 1 650 * 4.5 850 0.07
800 0.07
4.5* 0.07

*

Set 2 650 6.0 850 0.10
850 * 0.07
Set 3 650 * 4.5* 900 0.07
950 0.08

Note: * best parameter value in the set.

3.1.1. Effect of Laser Power

Figure 4a illustrates the samples produced with different levels of laser power. It was
observed that although all the samples were successfully produced, the one realized with
the lower laser power, that was 500 W, was characterized by an uneven deposition and
powder agglomeration on the external surface, especially in the bottom area. These defects
were attributed to the low energy density [43]. Energy density is defined as the energy
delivered by the laser beam to the substrate or to the previously deposited layer per unit
area along the travel speed direction. It is calculated by the ratio of the laser power to the
product of travel speed and laser beam diameter, E = P/ (v - D). Increasing the laser power
and/or reducing the travel speed results in a higher energy density. Typical deposition
strategies include a contour path with a higher energy density than that used for core
hatching, which allows for better surface quality. Contouring at a higher energy density
also has the effect of reducing the surface defects that were identified in the experiments
performed with the contour pass at the same energy density as the core. The porosity level
measured in this sample was 0.26%, which is the highest measured in the experiments,
as reported in Table 3. The degree of internal porosity indicates that 500 W of laser power,
corresponding to 17.65] - mm™2 of energy density at a travel speed of 850 mm - min~!,
was inadequate to produce a fully dense sample. Gas-induced pores and lack-of-fusion
pores were observed in the CT scan images. While the gas-induced pores were randomly
distributed in the analyzed volume, the lack-of-fusion pores were concentrated in the
bottom part of the samples. The lack-of-fusion pores are a direct consequence of low
energy density and low substrate temperature. In fact, at the beginning of the process,
the deposition is performed on a substrate at ambient temperature. The energy provided
to the substrate locally results in an increase in the temperature above the melting point.
The high temperature difference between the substrate and the melt pool causes a high rate
of heat transfer, predominantly through conduction, which results in a loss of temperature
in the melt pool. Under these conditions, the energy may be insufficient to fully melt the
incoming powder and produce a stable melt pool.
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Figure 4. (a) Surface aspect, (b) pore distribution, and (c) pore diameter vs. sphericity of samples

1

produced with different laser power values. The powder mass flow rate was Q, = 4.5g - min™* and

the travel speed was v = 850 mm - min~.

As the deposition progresses, the temperature of the part gradually increases and the
deposition is carried out on surfaces with a higher temperature compared to the initial
temperature of the substrate. Therefore, the heat transfer rate becomes lower and the
energy density required to generate a stable deposition progressively decreases. The use of
a laser power of 500 W may have resulted in a too low energy density to produce proper
and stable melt pool dimensions in the first layers of the deposition process. Consequently,
a good overlap between two consecutive tracks or between two consecutive layers was not
achieved. As the deposition progressed, the temperature of the part gradually increased,
with the deposition carried out on surfaces with a higher temperature than that of the initial
substrate. In this condition, the heat transfer rate decreased, and the energy density required
to generate a stable deposition decreased as well. Thus, the lack of fusion pores gradually
disappeared. In Appendix A, specific cross-section views of this sample are reported.
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By increasing the laser power from 500 W to 650 W, surface defects were minimized
and internal porosity was dramatically reduced to 0.07%. By analyzing the pore distribution,
size and shape in Figure 4b,c, the reduction in porosity value was attributed to a reduction
in both gas-induced and lack-of-fusion pores. By further increasing the laser power from
650 W to 800 W, the porosity level remained almost constant. However, when analyzing
the pore characteristics in Figure 4b,c, it was observed that the number of pores smaller
than 0.3 mm decreased slightly while the number of pores with a size greater than 1 mm
increased. These voids were mainly elongated along the building direction and located
in the bottom area. They were thus attributed to the formation of hot cracks due to high
stresses [44]. The formation of these cracks is in agreement with the findings of Huang
et al. [45] and Lim et al. [46], which showed the tendency of the stainless steel to form
cracks, especially at the edge of the sample and when high laser power values are used [46].
A more detailed representation of these defects is reported in Appendix A.

These results highlighted that, within the range of process parameters used in this
work, a laser power of 650 W should be preferred as a lower power level resulted in lack-
of-fusion pores, while a higher laser power level resulted in the formation of hot cracks.
This laser power value was thus selected for the next experiments.

3.1.2. Effect of Powder Mass Flow Rate

Figure 5a illustrates the second set of samples, produced with 650 W laser power,
850 mm - min~! travel speed and different values of powder mass flow rate. No visible
defects, such as powder agglomerates, were present on the external surfaces of the samples.
From the pore characteristics shown in Figure 5b,c, it was observed that by increasing
the powder mass flow rate from 4.5g - min~! to 6.0 g - min~!, the porosity increased from
0.07% to 0.10% (Table 3). In all the samples, both gas-induced pores—spherical and small—
and lack-of-fusion pores—large and elongated—were detected. As a general consideration,
it should be noted that by increasing the powder mass flow rate, a greater amount of
delivered powder slightly reduces the useful power to melt the substrate as more energy is
absorbed, reflected and scattered by the incoming powder particles. Hence, for a constant
value of energy density, by increasing the powder mass flow rate, a lower amount of
thermal energy is available at the substrate.

Gas-induced pores, which are intra-track porosities, were randomly distributed into
the analyzed volume, and a slight reduction by increasing the powder mass flow rate was
observed. The presence of gas-induced pores can be related to the Marangoni flows, which
drive the gas pores toward the bottom of the melt pool, preventing them from escaping [47].
The reduction in gas-induced pores, from 4.5¢g - min~! to 6.0g - min~!, was related to a
decrease in melt pool depth as the powder mass flow rate increased [48] according to
Jeon et al. [49]. On the other hand, lack-of-fusion pores, which typically occur between
two adjacent tracks, increased slightly and were concentrated in the first layers. This
phenomenon can be attributed to the reduction in thermal energy available at the substrate
as the powder mass flow rate is increased, coupled with the lower temperature in the initial
layers, where steady-state conditions have not yet been reached and the temperature is
lower. This has resulted in improper melt pool formation, with the fed material not having
enough energy to be completely melted. Consequently, lack-of-fusion pores developed
and an increased number of pores was detected with a mean diameter bigger than 1 mm,
as observed in Figure 5c.

Based on these results, it was possible to state that, within the range of process
parameters used in this work, the use of the lower powder mass flow rate should be
favored and, for this reason, the value of 4.5 g - min~! was used in the subsequent analysis.
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Figure 5. (a) Surface aspect, (b) pore distribution, and (c) pore diameter vs. sphericity of samples
produced with different powder mass flow rate values. The laser power was P = 650 W and and the

travel speed was v = 850 mm - min~ 1.

3.1.3. Effect of Travel Speed

Samples produced by setting P = 650W, Q, = 45g- min~! and by varying the
travel speed are shown in Figure 6a. No visible defects were observed on the external
surfaces. The spatial distribution of the pores inside the samples is illustrated in Figure 6b.
In general, the porosity level was not influenced by the travel speed value and remained
almost constant with an average value of 0.07%. Specifically, both gas-induced pores and
lack-of-fusion pores appeared to be insensitive to travel speed values. In fact, Figure 6¢
shows that the distribution of pore sphericity over their diameter was almost the same for
all the samples.

Based on the obtained results, it was possible to observe that, within the range of
process parameters analyzed in this work, the value of travel speed did not modify the
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porosity of the samples and consequently, the porosity cannot be used as a discriminator
parameter for the selection of travel speed value.
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Figure 6. (a) Surface aspect, (b) pore distribution and (c) pore diameter vs. sphericity of samples
produced with different travel speed values. The laser power was P = 650 W and the powder mass
flow rate was Qp = 4.5g - min~!.

However, it should be noted that process parameters, and hence also the value of
travel speed, significantly influence the mechanical properties and the tolerances of the
produced part [5,8,31]. For instance, in previous work, the authors showed that a lower
travel speed value led to a lower value of residual stress [50], and Zhang et al. [51] observed
that a lower value of travel speed corresponds to lower mechanical characteristics in terms
of yield strength and elongation.

3.2. Temperature Distribution

In the following paragraphs, the results obtained from the numerical simulation are
presented and correlated to the experimental results. The simulations were carried out
using an HP Z4 G8 workstation equipped with two Intel®Xeon® Gold 5222 processors at
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500W
4.5g:min"' | 850 mm-min-'

650 W
4.5g-min"" | 850 mm-min-'

800W
4.5g-min" | 850 mm-min-'

2" layer | Start of the deposition 40" layer | End of the deposition End of the transition volume

3.8 GHz and 256 GB of RAM memory using four CPUs. The duration of the simulations
was dependent on the process parameters used, with a maximum of 72 h.

From the experiments, it was observed that the laser power was the most relevant
parameter on porosities. Therefore, the results of the thermal numerical simulation are
presented for the conditions of Set 1. Figure 7 shows the temperature distribution in the
middle cross-sections of the samples of Set 1 at different process times. The temperature
distributions at the second layer and at the fortieth layer were selected for analysis. From the
temperature maps, it can be observed that the laser power value significantly affected the
temperature distribution within the deposited material. An increase in laser power by
150 W resulted in a 10% increase in the temperature peak and a faster accumulation of
heat, which is typical of DED-LB/Powder processes. Furthermore, Figure 7 illustrates
the affected area, as evidenced by the isothermal curve at 673K (used as a reference since
carbide precipitation does not occur at lower temperatures). This isothermal curve is
represented by the white dashed line in Figure 7. It can be observed that the extent of
the affected area and its evolution are influenced by both the laser power and the process
time. The temperatures in the substrate are in general lower due to thermal inertia and
convective phenomena on the top and bottom surfaces. This is evidenced by the significant
temperature rise on the bottom surface when the laser power reaches 800 W.
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Figure 7. Temperature distribution obtained from a numerical FE model at different process times
(second layer, fortieth layer and end of transition volume) in samples produced with different laser
power: 500 W, 650 W and 800 W. The powder mass flow rate was Q, = 4.5g- min~! and the travel

speed was v = 850 mm - min .
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Correlation between Temperature and Lack-of-Fusion Porosity

This work proposes a correlation between the presence of lack-of-fusion pores along
the building direction and the temperature evolution obtained from a macroscopic nu-
merical model. Two basic assumptions were considered. The first assumption is that a
specific combination of process parameters leads to a particular temperature evolution in
the produced part. The second assumption is that low energy densities, in conjunction with
high heat transfer rates due to low deposit temperatures, may result in the formation of
lack-of-fusion pores. This is because such conditions may lead to unstable melt pools and
an improper overlap between consecutive tracks or layers.

From Figure 8a, it is possible to observe that in each sample of Set 1, three different vol-
umes can be identified. The lowermost volume is characterized by a greater concentration
of pores and elongated defects. This volume will hereafter be referred to as the lack-of-fusion
pore volume. The porosity and defects decreased progressively in the transition volume.
This was followed by an almost uniform porosity, which mainly comprised gas-induced
pores. This volume is identified as the low porosity volume. A correlation between thermal
history and porosity distribution can be inferred from the results of the thermal simulation.
For ease of analysis, the sample produced with a laser power of 500 W, which is the most
porous sample, is initially analyzed. In fact, in this sample, the three volumes can be easily
identified. The lack-of-fusion pore volume is restricted to the first 10 layers, corresponding
to a height of approximately 5mm. Above a height of 9 mm, that is, from the 18th layer,
the transition volume is exceeded. For comparison, the temperature as a function of time
of the node at the center of the interface surface between the deposit and the substrate
(node N in Figure 8b) was extracted from the FE thermal simulation output. This enabled
the thermal history corresponding to the deposition of successive layers to be visualized.
Considering the sample produced at 500 W, it can be observed that the temperature at
the end of each thermal cycle (i.e., at the point when all tracks of a single layer have been
deposited) is gradually increasing, exhibiting a more pronounced slope in the first layers,
toward a steady-state condition that is almost reached at the 18th layer. The steady-state
condition is reached when the temperature at the N node is almost constant. This implies
that the energy introduced by the laser beam during the deposition growth process no
longer significantly alters the temperature at the substrate just below the deposition. In the
transition layers (11th to 18th layers), the thermal cycles are still discernible. However,
the temperature rise after each thermal cycle is significantly reduced in comparison to the
previous layers. In this processing condition, the temperatures reached after the deposition
of the 10th and 18th layers, 675K and 707 K, respectively, were extracted as defining the
transition volume. Subsequently, for the other two samples produced at a higher laser
power, the heights at which the same limit temperatures are reached at the end of the layer
thermal cycle were selected for comparison with the thermal history using the computed
tomography results. This was performed to verify whether the transition volume was
effectively evidenced in the intermediate layers.

Considering the sample produced at 650 W of laser power, the analysis suggested that
the transition volume included the fifth and eighth layers. This indication is verified by the
experimental evidence, with lack-of-fusion pores present below this volume and absent
above. Two large porosities were detected in the transition volume and were attributed
to inter-track porosities between the contour and the core deposition tracks. Agreement
between the temperature history and experimental results was also found in the sample
produced at 800 W of laser power, with the transition volume including the third and
fourth layers. However, the detected defects, aligned along the building direction, were
recognized as cracks rather than lack-of-fusion pores.
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Figure 8. (a) Pore distribution (side view) and (b) temperature distribution extracted from FE
numerical model in the node N of the samples of Set 1. The pink, purple and dark-green boxes
indicate the transition volume in the sample produced at 500 W, 650 W and 800 W, respectively.
The powder mass flow rate was Q, = 4.5¢g - min~! and the travel speed was v = 850 mm - min~!.
(c) Detail of temperature distribution in the transition volume.

The comparison conducted between the results of the numerical simulation, which
identified the volume where lack-of-fusion pores/defects were likely to be present, and the
experimental results from the CT analysis, allows for some conclusions to be drawn.
The findings demonstrated that the numerical model was capable of predicting the presence
of lack-of-fusion pores or defects along the building direction, with an average error of
approximately 0.5 mm (one layer).
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4. Conclusions

In this work, the effect on porosity of the main process parameters of the DED-
LB/Powder process, namely laser power, powder mass flow rate and travel speed, was
investigated. Results showed that all the samples were characterized by a porosity level
lower than 0.26% and that this value was mainly influenced by laser power. In addition,
two main pore types were identified: gas-induced pores, which were uniformly distributed
in volume, and lack-of-fusion pores, which were mainly located in the bottom part of the
samples. Then, a transient macro-scale numerical model was developed with the purpose
of analyzing the thermal history. The main results can be summarized as follows:

*  Laser power had a higher influence on porosity. Increasing laser power has a beneficial
effect in reducing porosity. However, excessive laser power could lead to the formation
of cracks at the interface with the substrate.

*  The powder mass flow rate influenced both gas-induced pores and lack-of-fusion
pores. In detail, the increase in powder mass flow rate led to a reduction in gas-
induced pores and this was related to the reduction in melt pool depth. On the other
hand, the lack-of-fusion pores increased due to a reduction in the melt pool width.

e The travel speed had no significant influence on the porosity level, with deviations in
line with process variability.

* A correlation was found between the thermal history and the presence and position of
lack-of-fusion pores. This suggests that the numerical model can be a useful tool to
predict the presence of such porosity.
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DED-LB/Powder Directed Energy Deposition-Laser Beam/Powder
CT Computed Tomography
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Appendix A. Detailed Cross-Section Views for Porosity Analysis

Figure Al shows different cross-section views of the sample produced with a laser power
of 500W, a travel speed of 650 mm - min~!, and a powder mass flow rate of 4.5g - min~'.
Figure Alab show the cross-section perpendicular to the y-axis (cross-section X) and the
cross-section perpendicular to x-axis (cross-section Y), respectively. From these sections, it

was possible to verify that the lack-of-fusion pores were aligned with the deposition path.
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Figure A1. Cross-section views in the sample produced with a laser power of P = 500 W, a travel

speed of v = 850 mm - min~! and a powder mass flow rate of Qp=45g- min~!. (a) Cross-section &

perpendicular to the y-axis. (b) Cross-section ¥ perpendicular to the x-axis. (c¢) Cross-sections ()
and ) perpendicular to the building direction (z-axis).

Figure A2 shows some relevant cross-section views obtained in the sample produced
with a laser power of 800 W, a travel speed of 650 mm - min~! and a powder mass flow
rate of 45g - min~!. In fact, the analysis reported in Section 3.1.1 revealed that some cracks
developed in the bottom zone of this sample. Consequently, a further characterization of

the defects was developed in order to understand the significance of these cracks.
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Figure A2. Cross-section views of the sample produced with a laser power of P = 800 W, a travel
speed of v = 850 mm - min~! and a powder mass flow rate of Qp=45g- min~!. (a) Cross-section &
perpendicular to the y-axis. (b) Cross-section ¥ perpendicular to the x-axis. (c¢) Cross-sections ()
and ) perpendicular to the building direction (z-axis).

From Figure A2a,b, which represent two perpendicular cross-sections along the build-
ing direction of the sample, it was possible to observe that the cracks were elongated along
the building direction and they developed starting from the WEDM cutting plane.

In Figure Alc, two cross-sections perpendicular to the building direction are presented.
In the lowermost section (cross-section (1), located at a height of about 1.2 mm, the large
amount of lack-of-fusion pores is clearly visible. In the cross-section ();, obtained at a
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distance of 4.6 mm, the lack-of-fusion pores are significantly reduced. In addition, these
sections highlight the irregularities on the lateral surface caused by the low energy density.

Figure A2c shows cross-section views perpendicular to the building direction obtained
at two different heights of the sample. The cross-section (), obtained at a distance of about
1.3 mm from the building platform revealed that these cracks were present on almost all
parts of the surface; however, as discussed in Section 3.1.1, they were more pronounced
on the external areas of the sample. On the other hand, the cross-section (); obtained at a
distance of 3.8 mm was free of defects.
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