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Abstract

The sustainable energy transition has spurred the development of technologies that minimize material and energy waste,
such as additive manufacturing (AM). Laser metal deposition (LMD) is a promising AM technique, but its complexity and
limited automation hinder its implementation in production chains. To enhance productivity, the high deposition rate LMD
(HDR-LMD) technology has been developed, requiring advanced equipment and powerful laser sources. In contrast, the
conventional LMD (C-LMD) process is simpler and less expensive to implement. This study aims to optimize the productivity
and efficiency of C-LMD by adjusting laser power, scan speed, powder feed rate, and standoff distance on Inconel 718 single
tracks. An innovative approach eliminates the need for cutting specimens to evaluate single tracks, allowing comprehensive
geometric and performance characterization with limited operator involvement, making the analysis quicker and more robust.
An extensive experimental campaign was conducted to examine the influence of process parameters on track geometry,
productivity, and efficiency. A multi-objective optimization procedure identified parameter combinations maximizing pro-
ductivity while maintaining high efficiency and desirable clad shape. The study attained deposition rates ranging from 700
to 800 g/h, with powder catchment efficiency ranging between 75 and 90%. These results were achieved using parameters
including 1775 W of laser power, scan speeds ranging from 960 to 1140 mm/min, powder feed rates between 810 and 1080
g/h, and standoff distance of 9 mm. The study also clearly indicated that further potential for improving C-LMD process
performance may be possible. The findings gathered in this paper are the base for the further optimization presented in the
second part of the work, which is focused on multi-pass multi-layer and reaches deposition rates of 1500 g/h, promoting the
implementation of C-LMD process at industrial level.
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1 Introduction

The sustainable energy transition is currently one of soci-
ety’s key challenges, driving the development of new solu-
tions to reduce material and energy waste, such as the digi-
talization of manufacturing processes and the use of smart
technologies [1]. Additive manufacturing (AM) in all of its
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forms is gaining popularity in a variety of industries due to
its ability to significantly reduce the required and wasted
material through a variety of means, ranging from stock
material reduction to the realization of freeform topologi-
cally optimized components [2]. The capacity of AM to
produce lightweight components is especially valuable in
the aerospace industry, where weight reduction is essential
[3, 4]. Furthermore, the streamlined supply chain of AM
technologies is a prominent aspect in the oil and gas sec-
tor, where one-of-a-kind parts with short lead times are
frequently required [5]. Due to its high deposition rate and
compatibility for difficult-to-machine materials, laser metal
deposition (LMD) is a viable choice for producing compo-
nents made up of crucial materials such as titanium alloys
and nickel-based alloys [6—10].
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LMD is generally referred to as a productive process
when compared to the other laser-based AM method,
namely, laser powder bed fusion (L-PBF) [11, 12]. However,
the typical deposition rate of LMD with powder is around
300-500 g/h, which is significantly higher than L-PBF but
unable to meet the productivity demand of large-scale AM
[13]. Recently, intense research efforts were conducted
to improve the productivity of the powder LMD process,
resulting in the development of the so-called high deposi-
tion rate LMD (HDR-LMD) technology. This is a variant of
the conventional LMD (C-LMD) process which uses large
spots of the laser (g > 4 mm, up to 9 mm), high laser power
p levels (p > 3000 W, up to 7500 W), and high powder feed
rate pfr levels (pfr > 3000 g/h, up to 7000 g/h). The reported
productivity of the process is between 2000 and 5000 g/h
[14, 15]. Moving the process parameters to these extreme
levels, however, necessitates the design and implementation
of advanced equipment, such as nozzles and optics that can
withstand the increased wear and temperature of the process,
as well as very powerful laser sources. Furthermore, the
majority of the examples of the application of HDR-LMD
are limited to single tracks or a low number of layers [14,
16-20], and only few of them demonstrates the technology
on taller structures, but with low powder catchment effi-
ciency (~50%) [21]. Finally, it should be highlighted that the
use of such a high energetic input may cause heat accumula-
tion in the deposition, resulting in different thermal cycle
effects, microstructure, and properties [15, 22, 23].

C-LMD, on the other hand, is easier and less expensive to
implement in terms of machine requirements because it uses
standard and well-known components. The laser spot size
and power, as well as the powder feed rate, are all limited.
The heat cycles of C-LMD are also less extreme than those
of HDR-LMD, resulting in typically better characteristics
[24, 25]. Nonetheless, with such low deposition rate per-
formance, the technology is difficult to adapt to the deposi-
tion of massive components, as required by current industry.
However, the C-LMD has yet to be tuned in terms of deposi-
tion rate and powder catchment efficiency. As a result, the
quoted process performance may not reflect the full capabil-
ity of the technology.

To carry out the LMD process successfully, various pro-
cess parameters must be examined and adjusted, includ-
ing laser power, scan speed, powder feed rate, laser spot
diameter, and standoff distance, which define the deposition
characteristics of the clad. Additionally, factors like hatch
spacing, Z-step, and scanning strategy should be evaluated
for 3D builds. Flow rate and nature of carrier and shielding
gasses also play a crucial role in the build’s success. Other
influencing factors include machine components, optical
configuration of the deposition head, nozzle, and powder
particle properties [20, 26—29]. On top of this long list of
process input parameters, the list of output parameters (e.g.,
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deposition performance, metallurgical aspects, presence of
defects, mechanical behavior) is also quite long, and it is not
guaranteed that when one output is optimized, the others are
in an acceptable state [30]. As a result, multi-objective opti-
mization approaches are necessary [31-33]. However, there
are no examples in literature of the contemporary optimiza-
tion of productivity and efficiency for the C-LMD deposition
process. Both these outputs should be considered together
in order to make the process appealing to the industrial sce-
nario for the production of large components. A high pro-
ductivity is useful to reduce the production and lead times of
the components, while a high efficiency helps to increase the
environmental and economical sustainability of the produc-
tion process [34]. However, these two performance indexes
are particularly unlikely to have the same relationship with
the process parameters [31, 35].

This study demonstrates that optimizing productivity
(deposition rate) and efficiency (powder catchment) through
a well-developed experimental procedure significantly
enhances the performance of the C-LMD process. The opti-
mization is constrained by clad shape considerations to avoid
lack of fusion porosity. The extensive experimental cam-
paign involved adjusting laser power, scan speed, powder
feed rate, and standoff distance at various levels on single
tracks. The evaluation of single tracks utilized an original
3D microscopy technique. Although other works proposed
the use of 3D scanners or microscopes for acquiring single
tracks, only few data were gathered from these, and only on
few sections [33, 36]. The method proposed in this work
bases the geometrical and performance evaluations on an
entire volume of the track, instead of on a single section like
traditional cross-sectional area analysis. This comprehensive
approach collected abundant data robustly and reliably, as
the algorithm elaborates the data consistently. The results
from the optimization of single tracks and process charac-
terization were then applied to manufacture thick walls with
consistently high deposition rate, powder catchment effi-
ciency, and good internal build quality. The aim is to find a
proper receipt of process parameters that would increase the
appeal of the C-LMD process to an industrial audience for
the production of large components, as required, for exam-
ple, in the oil and gas and aerospace sectors.

The work is divided into two parts. Part I describes and
discusses the single track characterization method and its
application in the initial investigation and optimization
step. The results from this phase guide the subsequent opti-
mization steps, mainly focusing on thick walls (multi-pass
multi-layer specimens) in part II. As a result of the optimi-
zation procedure, the C-LMD process performances were
significantly enhanced, achieving a deposition rate more
than three times higher than the normal value for C-LMD
technology, minimal wasted powder, and fully dense mate-
rial. The newly established process conditions enable the
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Fig. 1 SEM pictures of the employed IN718 powder

deposition of large IN718 components in an acceptable
time using a standard LMD setup.

2 Materials and methods
2.1 Powder and substrates

The entire optimization procedure described in this paper
was conducted on plasma atomized Inconel 718 (IN718)
alloy powder produced by AP&C—GE Additive (Saint
Eustache, CA). The nominal chemical composition of the
powder is compliant with the ASTM B637 (grade UNS
NO7718) standard [37], and the density of solid IN718 is
8.17 g/cm? [38]. Figure 1 depicts a SEM image of the pow-
der, which may be used to evaluate the round shape and
smooth surface of the particles, both of which are typical
outcomes of the plasma atomization process. The nominal
powder granulometry ranges between d,;, = 25 and dgy, =
45 pm, as determined by a Malvern Panalytical Ltd (Mal-
vern, UK) Morphologi 4 optical particle size analyzer. This
particle size distribution is compatible with the used LMD
setup and is commonly used for metal AM processes [39,
40]. Figure 2 shows the measured particle size distribution.

AISI 304 substrates were used in the presented experi-
mentation with a thickness of 10 mm.

2.2 C-LMD system

In this study, a CNC 5-axis LMD machine manufactured
by SM Systems S.r.I. (Torre Canavese, IT) was used.
The machine is equipped with three linear axes in a gan-
try configuration for moving the deposition head and a
two-axis positioner that can rotate and tilt for handling
the substrate and workpiece. The laser source is an IPG
Photonics YLS-4000 (Oxford, USA) active fiber laser
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Fig. 2 Particle size distribution of the employed IN718 powder

source, with a wavelength of 1070 nm and a maximum
power of 4000 W. The laser beam is guided from the
source to the deposition head by a feeding fiber and a
process fiber having core diameters of 100 pm and 600
pm, respectively. These are joined by a fiber-to-fiber
coupler. The deposition head is a KUKA AG MWO-I-
Powder (Augsburg, DE), with a collimation lens and a
focusing lens. The focal lengths of the two lenses are
129 mm and 200 mm, respectively. The laser beam emit-
ted by the deposition head has a beam parameter product
(BPP) of 41.8 mrad-mm. The powder feeder is a Sulzer
Metco AG TWIN-10-C (Wohlen, CH), and the powder
nozzle is a Fraunhofer ILT COAX-40-F (Aachen, DE).
Argon was employed as a carrier gas as well as a shield-
ing gas. Figure 3 shows an image of the interior of the
LMD machine.

2.3 Single track production and characterization

In this work, the deposition of numerous single tracks is
performed and consequent measurement of their geom-
etry (width, height, contact angle, cross-section area,
and volume) and deposition performance (deposition
rate and powder efficiency) is required. The need for a
rapid, robust, and consistent characterization approach
emerged because of the high number of produced tracks
and the variety of their shape. Therefore, the length
of the single tracks was set at 50 mm for each experi-
ment. Besides, a non-destructive method which does
not require manual measurement of the cross-section
geometry was devised. Figure 4 illustrates the developed
method for determining the geometrical characteristics
of single tracks.

The tracks adhered to the substrates were captured
using an InfiniteFocus 3D Focus Variation optical
microscope from Bruker Alicona (Graz, AT). The 2.5%x
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Fig.3 The interior of the LMD machine

objective was used with a maximum resolution of 6.92
pm. A 7.5 mm long portion of the track near the end
of the deposition was acquired, in the steady state part,

to reduce acquisition time and discard the first transi-
tional phase. Furthermore, more tracks can be recorded
simultaneously by utilizing the maximum mobility of
the microscope stage, minimizing the required number
of substrate placements (Fig. 4a). The acquisition field
is rectangular on the horizontal plane. The acquisition
result (Fig. 4b) is a 3D surface. Small, unmelted parti-
cles would have been captured due to the notably high
spatial resolution used for the acquisitions (15 pm along
x and y and 5 pm along z direction). As a result, the
tracks were cleaned with a metallic brush prior to cap-
ture, ensuring that only particles that were well bonded
to the track surface were of interest. Furthermore,
Fig. 4b clearly shows that the substrate has an evident
curvature. This is due to the substrate bending generated
by residual tensions from the deposition processes. As
a result, before proceeding with the extraction of the
relevant geometrical aspects of the tracks, the curvature
of the substrate was removed using the specific shape
removal function of the Bruker Alicona MeasureSuite
(Graz, AT) software.

Fig.4 Representation of the various steps of the development acqui-
sition and elaboration method based on the 3D acquisition of the sur-
face of single tracks: a the substrate plate with single tracks depos-
ited on top of it, with an example of the acquisition field of view of
the focus-variation microscope; b the acquired 3D surface of multi-
ple single tracks; c the false color 2D picture obtained by converting
the 3D scan, in which the color of a pixel represents its height; d a
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single track cut from the acquired surface and converted in mono-
chrome scheme, where the pixel intensity level represents its height;
e binarized picture in which the largest black blob represents the sin-
gle tracks; f the single tracks with the detected boundary; g the single
track rotated matching the deposition direction to the vertical direc-
tion of the image, and with the background removed; h the average
cross-section reconstructed from the 3D volume
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The rectified surface was then transformed into a
point cloud file, which can be elaborated and analyzed
in Matlab software, by MathWorks, Inc. (Natick, USA).
The position of the points output by the microscope soft-
ware is identified by a set of 3D Cartesian coordinates
in the absolute reference system of the microscope and
is stated in pm. Indeed, each point is identified by three
values (X, Y, and Z): the first two identify the position
of the point on the horizontal xy plane, while the last
one indicates the height of the point from the horizontal
xy plane. Therefore, the simplest method to manage this
type of data is to consider the point cloud as a 2D adi-
mensional matrix with cell values ranging from 0 (the
lowest point) to 1 (the highest point). In this manner,
the 3D surface can be regarded as a 2D monochrome
image, with pixel intensity representing point height.
Basic imaging techniques and mathematical notions can
be applied on this image to identify the track and com-
pute its 2D and 3D geometrical properties. The point
cloud is transformed according to Eq. 1 to generate the
2D matrix and thus the 2D monochromatic image:

X=X,

column = m + 1, [—]
Y=Yoin _
row—E+l,[ ] (1)
intensity = L [—]

Z

‘max ™~ “min

In Eq. 1, X, Y, and Z represent the 3D coordinates of a
point of the point cloud; X,,;,, ¥,,;,» and Z,,;, are the mini-
mum levels reached of each coordinate; Z, . is the highest
level of the z coordinate; Resy is the horizontal resolution
of the acquisition which is fixed at 15 pm; and column, row,
and intensity represent the position and value of the consid-
ered cell. Figure 4c shows the result of the transformation:
the 2D monochrome image is shown in pseudo-colors, with
the colors representing the adimensional height of the points.

Each track in the acquisition is cropped with a rectangle
from the overall picture in Fig. 4c and handled separately
(Fig. 4d). To distinguish the track from the background
(i.e., the substrate), hard thresholding is applied to the
cropped image, with black representing the track and white
representing the substrate (Fig. 4e). The selection of the
appropriate threshold that separates the track from the
substrate is a crucial aspect of the algorithm. Although
fully-automatic methods were tested, due to the variability
of the tracks, this procedure was conducted manually by
the operator using an interactive GUI [41], which yielded
more trustworthy and consistent results than fully-auto-
matic methods. The deposited track is identified as the
larger black blob, while the others (particles adhering to
the substrate) are eliminated. Furthermore, because the
track cannot be guaranteed to be perfectly aligned with
the y axis, its longitudinal direction is computed as the

main axis of the ellipse with the same second moments
as the larger black blob, and the image is then rotated
accordingly. In Fig. 4f, the detected border is shown on
top of the cropped monochromatic image. At this point,
everything that is not identified as the track is set to 0, and
the threshold level is subtracted from the cells correspond-
ing to the track, so that it is placed on the O-level surface
(Fig. 4g). Finally, the average intensity of each column of
the image is computed, and the adimensional values are
re-translated to length values, yielding the reconstructed
average cross-section of the track (Fig. 4h).

Starting from this elaboration of the scanned single
track, multiple geometrical measurements can be done:

e Width, w: the average number of non-zero cells for
every row of Fig. 4g

e Height, h: the average of the maximum intensity level
for every row of Fig. 4¢g

e Contact angle, a: the average between the two angles
a; and a, between the x axis and the two tangent lines
of the average track profile on its two inflection points,
as shown in Fig. 4h

e Volume, V;: the sum of the volumes of the right trun-
cated triangular prisms that compose the 3D track
re-constructed by Fig. 4g (notice that this volume is
only related to the portion of the track acquired by the
microscope, and so it depends on the acquisition range
in y direction)

e Cross-section area, A: the volume V, divided by the num-
ber of rows of Fig. 4g

Notice that, as described in the list above, the measured
would be adimensional. To convert them into dimensional
values, these should be multiplied by Res and/or by Z,
- Z,,.,» when dealing with horizontal or vertical quantities,
respectively.

Moreover, it should be noticed that the geometry of a
single track is evaluated not exclusively on a single cross-
section, as it is done with the standard method of cutting
the track along the transversal direction, but it is averaged
along a conspicuous portion of the track, yielding more
significant and meaningful pieces of information. The vari-
ation of the shape of the track over its length can also be
evaluated by evaluating the standard deviation of the meas-
urement; however, this was not addressed in the current
study. Furthermore, the procedure is very fast because the
cross-section standard cutting procedure is eliminated, and
the intervention of the operator is minimal. However, since
the track can only be acquired from above, contact angles
greater than 90° cannot be measured using this method due
to technological limitations. In this instance, in addition
to the inability to accurately determine the contact angle
when greater than 90°, the track volume would also be

@ Springer



5358 The International Journal of Advanced Manufacturing Technology (2023) 128:5353-5372

Principal investigation

Further exploration

Single tracks Thick walls
Step 1 — Initial Step 2 — Refinement Step 3 — 3D process Step 4 — Expansion .
. s . Step 5 — Final
investigation and > around best = parameters > from optimal —> L
R - ) . optimization
optimization conditions evaluation condition
1 Paper Part | I Paper Part Il |

Fig.5 A scheme of the proposed process optimization procedure. The orange bracket identifies the step covered in this part I

overstated. Despite this limitation, deposition conditions
which produce a contact angle greater than 90° are not
acceptable because lack of fusion issues arise, particularly
in multi-pass depositions [42].

The productivity P (i.e., deposition rate) and the powder
catchment efficiency E for the LMD process are defined as
in Egs. 2 and 3, respectively:

Vxpx60x60 [g
PERAYAL LN
¢t x 1000 h @
P
E=—=x1
o 00, [%] 3)

where p is the material density, 7 is the deposition time, and
pfr is the powder feed rate. In the case of single tracks geo-
metrically measured with the abovementioned method, ¢ can
be estimated by the scan speed v and length of the acquired
portion of the track /, and is referred to as f,;:

L = [ 60, [s] @

v

1=

allowing the rearrangement of Eq. 2 in:

pop - Yu*p*60 [g]

~ 1/, %1000  Lh ©)

st

h

where P, is the productivity in single tracks. The powder
catchment efficiency E for single tracks can be addressed as
E, and derived from Eq. 2:

E=E

st

Py 100, [%] 6
= — Xk , L 70
o (6)

Equation 5 can be further simplified, since the volume V
in single tracks (namely, V,,) is the product of the average
cross-section area A times the length of the acquired portion
of the track [:

V=V,=Ax%l, [mm3] @)
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Finally, the productivity would be:

p_p _A*l*p*60=A*v*p*60,[g]

T 1/, % 1000 1000 h ©

Hence, according to Eq. 8, the productivity P, is not
dependent on the length of the acquired portion of the depos-
ited track /.

3 Process optimization procedure

The proposed optimization process includes several steps,
beginning with single track depositions and ending to
the production of thick wall specimens. The procedure
is separated into two parts: the initial campaign and its
expansion. The former seeks to determine the effects of
the investigated process parameters on sample geometry
and, most importantly, on process performance (i.e., pro-
ductivity P and powder catchment efficiency E). In addi-
tion, the primary optimization is carried out during this
phase. Following that, and starting with the new optimal
condition, the exploration continues to improve process
performance without compromising the internal quality of
the deposition. Figure 5 shows a scheme of the proposed
optimization procedure.

This part I of the work only presents the initial investiga-
tion and optimization on single tracks step of the proposed
optimization procedure, while part I shows the remaining
steps (from 2 to 5) on both single tracks and thick walls.
The experimental campaign reported in this paper lays the
groundwork for all the following optimization steps, as the
information gathered with this wide experimental campaign
will be extensively verified and used throughout part II of
the work.

3.1 Initial investigation and optimization

A non-replicated randomized full factorial experimental
campaign was designed for the realization of single tracks
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Table 1 Process parameters of the full-factorial experimental cam-
paign for the initial investigation and optimization on single tracks

Fixed parameter Level
Laser spot diameter, [mm] 2.4
Varied parameters Levels

575; 875; 1175; 1475; 1775
Scan speed, v [mm/min] 420; 600; 780; 960; 1140; 1320
Powder feed rate, pfr [g/h] 270; 540; 810; 1080

Standoff distance, sod [mm] 8;9

Laser power, p [W]

by varying laser power p, scan speed v, powder feed rate
pfr, and standoff distance sod. For these four factors, the
numbers of levels were 5, 6, 4, and 2, respectively, for a total
of 240 process conditions (i.e., 240 samples). All the tracks
are geometrically characterized with the 3D microscopy-
based method described in “Section 2.3.” The analyzed out-
puts are the track width w, the height A, the contact angle a,
the cross-section area A (as in Fig. 4f), the productivity P,
(Eq. 5), and the powder catchment efficiency E, (Eq. 6). The
process parameters are collected in Table 1.

The levels of the process parameters were cho-
sen based on preliminary experiments, which are not
reported here for brevity. These levels were selected
around a standard C-LMD process condition for Inconel
718, as established in a previous study [43]. The number
of levels in the plan was chosen to allow for the creation
of a complete process map based on the effect of process
parameters on output. A 2% design was not appropriate
for the purpose because it would have only been useful
to determine the significance of the parameters to the
variation of the output, not providing specific trends and
not allowing to run an optimization procedure. Finally,
preliminary trials were used to determine the feasibility
window and the boundaries of the experimental plan,
ensuring that all the conditions of the full factorial
design were feasible with the setup used.

Moreover, in order to evaluate the precision and the
robustness of the semi-automatic algorithm, the volume
V,, of the smallest and of the largest single track deposit
was measured ten times each. The average volume g,
the standard deviation o, and the coefficient of varia-
tion CV, defined as the ratio of o to u, were calculated
from the ten measurements for both clad sizes. Precision
is denoted by a low CV, which means consistent meas-
urements around the mean. Robustness is assessed by
comparing CV values for the smallest and largest clads,
showcasing the consistent behavior of the algorithm
across different sizes.

To assess the effects of the investigated process
parameters on the measured outputs, main effects plots

Table 2 Arguments used for the response optimization procedure

Response Goal Weight Importance
Productivity, P, [g/h] Maximize 1 1.5
Efficiency, E,, [%] Maximize 1 1

Response Constraint

Contact angle, a [deg] <60

were generated, and ANOVAs were performed, con-
sidering second-order interactions, and fitting the data
with general lineal models. Due to the large number of
factors and interactions considered, the significance of
the factors and their interactions was assessed using
a confidence level of 0.05 corrected with the Bonfer-
roni’s approach [44]. Minitab, by Minitab, LLC (State
College, USA) was used to perform a multi-objective
optimization procedure using the composite desirability
approach [45]. In fact, along with productivity, the pow-
der efficiency was considered during the optimization
process. This was implemented to avoid proposing solu-
tions to the optimization procedure resulting in remark-
ably high productivity but with poor powder catchment
efficiency, as this would compromise the sustainability
of the process. Indeed, it was demonstrated that the use
of recovered powder is not always possible, as parts
realized with recycled powder show substantially poorer
mechanical properties compared to parts produced with
virgin powder [46]. Furthermore, a contact angle con-
straint (i.e., a < 60°) was set to consider the internal
quality of the deposition (i.e., to avoid the formation
of porosities due to lack of fusion between adjacent
tracks). According to the literature, the contact angle
should not be greater than 80° to prevent the formation
of lack of fusion pores [47]. However, for the sake of
safety, 60° was chosen as the maximum value in this
investigation. The arguments for the response optimiza-
tion procedure are listed in Table 2.

4 Results
4.1 Initial investigation and optimization

This step of the optimization procedure required many
substrates due to the large number of single tracks, which
are shown in Fig. 6. A visual inspection reveals the het-
erogeneity of the deposited tracks.

The results of the elaboration of the acquired single
tracks are shown in Fig. 7, with the detected track bounda-
ries traced in red. Because of the number of tracks on
each substrate, each substrate was acquired in two separate
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Fig.6 The single tracks of the
initial investigation campaign

acquisitions due to the maximum field of view of the
microscope. The gray level of each pixel represents the
track height at that point, scaled with the maximum level
of each acquisition. The reconstructed cross-sections of
these tracks are depicted in Fig. 8. Only the extreme condi-
tions of the experimental design are reported in these two
figures, as if it was a 2* factorial campaign. Refer to the
supplementary materials to see all the reconstructed cross-
sections. Finally, the measurements are collected in mean
effects plots (Fig. 9) and interaction plots (Fig. 10), for
easier analysis of the track geometry. This type of graph
can be used to conduct a qualitative evaluation of the effect
of the tested process parameters. For all the 240 tested
conditions, the productivity P, was computed using Eq. 5,
and the powder catchment efficiency E, was computed
with Eq. 6, directly using the measurement of the track
volume.

The developed acquisition, elaboration, and characteri-
zation method based on 3D microscopy technique demon-
strated the ability to detect even very small tracks. Table 3
presents the two sets of process parameters resulting in the
smallest and largest clads. Furthermore, it provides the
average volume u, standard deviation o, and coefficient
of variation CV resulting from ten measurements on each
track. The CV is very small (<1%) in both the considered
limit process conditions, assessing the high precision and
robustness of the developed measurement method.

The basic effects of the process parameters can already
be assessed qualitatively in Figs. 7 and 8, but Figs. 9 and
10 allow a more clear and precise evaluation:
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e The laser power p has a remarkable influence on the
track width w, cross-section area A, productivity P,
and efficiency E,, while it has minor impact on the
track height / and contact angle a.

e The scan speed v has a strong effect on all the geo-
metrical characteristics of the tracks (width w, height
h, contact angle a, and cross-section area A), but
has little to no impact on the process performances
in terms of productivity P, and powder catchment
efficiency E,,.

e The powder feed rate pfr provides no effect on the track
width w, but it influences the track height 4, contact
angle a, cross-section area A, and productivity P its
effect on the efficiency E, is debatable.

e The standoff distance sod has slight effects on all the
observed responses.

e The interaction between scan speed v and powder feed
rate pfr seems to play a role in the determination of the
productivity P, and of the efficiency E,; other interac-
tions may be possibly affecting the outputs, but ANO-
VAs are necessary to state this.

The following tables report the results of the ANOVAs
of w (Table 4), h (Table 5), a (Table 6), A (Table 7), P,,
(Table 8), and E, (Table 9). The model summaries are also
reported in the tables. Significant parameters and interac-
tions are identified with an “x” in the last column of each
table (the significance is assessed using a confidence level
of 0.05 and the approach of Bonferroni, due to the large

amount of considered factors and interactions in the model).
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Fig.7 Elaboration of single
track acquisitions following
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The complete general linear model was accepted for all the
analyzed responses since the normality of the distribution
of the standardized residuals was assessed. Furthermore,
the coefficients of determination R-sq and both its adjusted
R-sq(adj) and predicted R-sq(pred) variants are always
remarkably high (>90%), assessing that the variance of the
results is well explained by the general lineal models fit-
ted in the ANOVAs, and that there is no overfitting. Hence,
the analyses are reliable. Following the ANOVA tables,
Table 10 shows the ten best solutions emerged from the
optimization procedure.

The optimization through the composite desirability
method states clearly that, with the given criteria, the
maximum level of p should be used. In Table 10, one
can roughly distinguish two sets of results: the ones with

> 750 g/h and E; < 80%, and the ones with P, <
750 g/h and E, > 80%. The former category is char-
acterized by setting the pfr at 1080 g/h (the maximum
level tested for this factor), while the latter category is

characterized by setting the pfr at 810 g/h. It is difficult
to detect a specific pattern in Table 10 regarding v and
sod. These considerations are completely in agreement
with the results of the ANOVAs and with the analysis of
the main effects and interaction plots, which stated that
p and pfr play remarkable roles in the determination of
both P, and E,, while the remaining two parameters are
only marginal. It should also be noted that remarkably
high levels of P and E were achieved at this stage of the
optimization process, and a suitable shape of the clad
was maintained, despite the fact that literature typically
reports 300 to 500 g/h as the common deposition rate
for C-LMD of IN718 [13].

Following these considerations, it was decided to carry
out the next step of the optimization procedure by consider-
ing the two best solutions proposed in Table 10. These are
listed in Table 11, along with the predicted responses and
their 95% confidence intervals. The continuation of the opti-
mization procedure is reported in part II of the present work.
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Fig.8 Reconstruction of the cross-section of the acquired tracks obtained through the developed elaboration procedure (only combinations of

the extrema levels of the tested process parameters are reported)

5 Discussion

An extensive procedural method was developed and
applied in this work with the objective of optimizing
productivity P and powder catchment efficiency E of the
C-LMD process. The optimization should also consider
the internal quality of the final multi-pass multi-layer com-
ponent, which must be free from internal defects. Hence,
to prevent lack of fusion due to an excessively steep con-
tact angle, the optimization at single track level must
already also take the shape of the clad into account. The
method assumes that the process performance obtained in
single clad depositions can be directly transferred to multi-
pass multi-layer components. As a result, most of the pro-
cess optimization can be done on single tracks, which are
far more convenient and easier to make and handle than
bulk or thick-walled specimens, allowing for the testing
of many process parameters over a wide range of experi-
mental campaigns without requiring an excessive amount
of material. Indeed, in this part I of the work, only the
first step of the campaign is reported. Arguably, this step
is the most important part of the proposed optimization
procedure, since the currently presented findings drive all
the subsequent experimental campaigns shown in part II.

A novel method was developed to address the
requirement for a robust and reliable comprehensive
characterization of single tracks across the numerous
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proposed experimental campaigns, avoiding the necessity
for clad cross-sections and manual measurements. The
method involves using a 3D focus-variation microscope
to capture the upper surface of the tracks. From there, a
semi-automatic algorithm can reliably extract geometrical
measurements on the deposition, such as average width w,
height &, contact angle a, volume V,, and cross-section
area A. Based on this, the productivity P,, (or deposition
rate) and powder catchment efficiency E, can be estimated
by taking the input process parameters into account. The
advantage of using this method rather than the traditional
one based on capturing a 2D image of the actual cross-
section of the clad is that the cutting, mounting, grinding,
and polishing phases are avoided, resulting in a much faster
and computerized process. The operator’s involvement
is limited to locating the substrate in the 3D acquisition,
a step crucial for accurate clad identification. Indeed,
the measurements are performed automatically by the
software rather than by the operator, reducing the inter-
and intra-operator variability of the results. This assertion
is substantiated by the analysis of the coefficient of variation
CV, which reveals exceedingly minimal dispersion of
values across the two extreme test conditions. This result
confirms the precision and robustness of the proposed
semi-automatic method. Indeed, the significantly low CV
indicates remarkable consistency of measurements around
the mean. Furthermore, the fact that CV remains below 1%
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Fig.9 Main effect plots of the measured variables on single tracks of the initial investigation and optimization campaign (pink dashed lines are
the average responses): a track width; b track height; ¢ contact angle; d cross-section area; e productivity; f powder catchment efficiency

Table 3 Process parameters and volume measurement statistics for
the smallest and the largest tracks

Smallest track Largest track
p W] 575 1775
v [mm/min] 1320 420
pfr[g/] 270 1080
sod [mm)] 8 9

Volume V, Volume V,
u [mm?] 0.387 23.438
o [mm’] 0.003 0.108
CV [%] 0.721 0.462

for both limit conditions highlights the robustness of the
method against variations in process parameters. Since not

just a single cross-section is characterized, but an entire
portion of the clad, with measurements averaged along the
length of the acquired portion to improve accuracy. The
method proved to be efficient, allowing the characterization
of the 240 single tracks of the initial investigation and
optimization step to be completed in a reasonable amount
of time while yielding valuable and comparable results.
The evaluation of deposition process performance (i.e., P
and FE) directly on single tracks is arguably a significant
accomplishment of this work. Indeed, the passage through
the clad volume is a fundamental aspect of the developed
method. The productivity P,, of single track depositions
could be calculated as in Eq. 8 using the cross-section area
A, which is typically measured manually by the operator on
a picture of a single cut cross-section. Instead, the method
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Fig. 10 Interaction plots of the measured variables on single tracks of the initial investigation and optimization campaign: a track width; b track
height; ¢ contact angle; d cross-section area; e productivity; f powder catchment efficiency
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tTrZ'Z'ke:i dﬁ\l 3\5{35:15;01:;2? Source DF Adj SS Adj MS F value P value Significant
the initial investigation and Model 72 52.1535 0.72435 177.64 0.000 X
optimization campaign P 6.6755 1.66887 409.28 0.000 X
v 0.9719 0.19438 47.67 0.000 X
pfr 0.0462 0.01542 3.78 0.012
sod 1 0.0164 0.01639 4.02 0.047
p*v 20 1.2061 0.06031 14.79 0.000
ppfr 12 0.3539 0.02949 7.23 0.000 X
p*sod 4 0.0565 0.01413 3.47 0.000
v¥pfr 15 0.0912 0.00608 1.49 0.114
v¥sod 5 0.0032 0.00064 0.16 0.977
pfr¥sod 3 0.1708 0.05692 13.96 0.000 X
Error 159 0.6483 0.00408
Total 231 52.8019
Model summary
S R-sq [%] R-sq(ad)) [%] R-sq(pred) [%]
0.0638557 98.77 98.22 97.35

presented in this work directly applies Eq. 5, since the
volume V, of an entire portion of the track is measured.
This is a significant improvement over the approximation of
the single cross-section method, which assumes a constant
A along the clad. This advantage is especially significant
when estimating process performance, but it also applies
to track geometrical characterization, which are no longer
a pointwise measurement. Indeed, w, &, and « are typically
measured only on a single cross-section, assuming that the
track geometry is uniform along its length. Furthermore,
identifying w, h, and a from a cross-section is not always
a simple task, and the measurement would be significantly

influenced by the operator, potentially making comparison
of results difficult and unreliable. Nevertheless, the method
is limited to single tracks with contact angles less than
90°. Indeed, because the tracks are reconstructed from
the acquisition of their top surface, the focus-variation
microscope is incapable of accurately identifying such
deposition conditions, as it would underestimate a (capped
at 90°) and overestimate V,, as well as A, P, and E,,
consequently. In any case, when considering the general
applications of the LMD process, deposition conditions that
produce tracks with a greater (or even close to) than 90°
are typically avoided (as in the current work) because they

Table 5 ANOVA table for the

track height of single tracks Source DF Adj SS
of the initial investigation and Model 72 19.3485
optimization campaign p 0.0761
v 0.3338
pfr 3 13182
sod 1 0.0566
p*v 20 0.0394
prpfr 12 0.0551
p*sod 4 0.0291
v¥pfr 15 0.4828
v¥sod 5 0.0075
pfrisod 3 0.0204
Error 164 0.2995
Total 236 19.648
Model summary
S R-sq [%]
0.0427365 98.48

Adj MS F value P value Significant
0.26873 147.14 0.000 X
0.01902 10.41 0.000 X
0.06676 36.55 0.000 X
0.43939 240.58 0.000 X
0.05658 30.98 0.000 X
0.00197 1.08 0.376

0.00459 2.51 0.005 X
0.00727 3.98 0.004

0.03218 17.62 0.000 X
0.00151 0.82 0.534

0.00680 3.72 0.013

0.00183

R-sq(adj) [%]
97.81

R-sq(pred) [%]
96.82
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Table 6 ANOVA table for the

contact angle of single tracks Source DF Adj SS Adj MS F value P value Significant
of the initial investigation and Model 72 75,357.9 1046.64 147.79 0.000 X
optimization campaign P 319.9 79.98 11.29 0.000 X
v 5 2225.5 445.09 62.85 0.000 X
pfr 4660.9 1553.64 219.37 0.000 X
sod 228.8 228.79 32.31 0.000 X
p*v 20 514.6 25.73 3.63 0.000 X
ppfr 12 182.8 15.23 2.15 0.016
p*sod 4 197.7 49.41 6.98 0.000 X
vEpfr 15 1982.1 132.14 18.66 0.000 X
v¥sod 5 139 2.79 0.39 0.853
pfr¥sod 3 37.0 12.35 1.74 0.160
Error 165 1168.6 7.08
Total 237 76,526.5
Model summary
s R-sq [%] R-sq(adj) [%] R-sq(pred) [%]
2.66123 98.47 97.81 96.82
I?:s's_zecﬁljﬂii tg?if{fgfethe Source DF Adj SS AdiMS  Fvalue Pvalue  Significant
tracks of the initial investigation Model 72 94.4941 1.31242 195.76 0.000 X
and optimization campaign p 4 1.8388 0.45969 68.57 0.000 X
v 5 0.4307 0.08613 12.85 0.000 X
pfr 3 4.9209 1.64032 244.66 0.000 X
sod 0.1129 0.11286 16.83 0.000 X
p*v 20 1.4173 0.07087 10.57 0.000 X
pEpfr 12 1.2418 0.10348 15.43 0.000 X
p*sod 4 0.0473 0.01183 1.76 0.139
v¥pfr 15 2.9980 0.19987 29.81 0.000 X
v¥sod 5 0.0442 0.00884 1.32 0.259
pfr¥sod 3 0.0692 0.02306 3.44 0.018
Error 163 1.0928 0.00670
Total 235 95.5869
Model summary
s R-sq [%] R-sq(adj) [%] R-sq(pred) [%]
30.7949 98.86 98.35 97.58

would result in a lack of fusion porosity within adjacent
tracks in multi-pass depositions [48]. Nonetheless, if the
goal of the study would have been to characterize tracks
with a that are willingly greater than 90°, this method
could not have been used. In the current study, only three
of the 240 conditions deposited for the initial investigation
campaign had this characteristic, which did not mine the
results of the analyses. Another limitation of this method is
the inability to analyze the dilution zone of the deposition
or the internal porosity of the tracks, which requires a
cross-section.

The initial investigation and optimization experimental
campaign is extremely broad in terms of tested factors

@ Springer

(p, v, pfr, sod) and levels for each factor (5, 6, 4, and
2, respectively). For this campaign, 240 single tracks
were deposited and characterized. Because of the high
numerosity, a comprehensive and detailed characterization
of the C-LMD process within the tested range of process
parameters was possible, and the main effects plots in Fig. 9
and the interaction plots in Fig. 10 are very informative.
These can be used not only to understand the effects of
process parameters on deposition, but also as a map to
predict where their variation will lead.

For example, the pfr has a significant effect on 4 but
has no effect on w. This behavior can be explained by the
energy attenuation effect due to the flying powder particles
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Egcliifﬁﬁg?):g;gag ‘:rgocrktshe Source DF Adj SS AGMS  Fvalue Pvalue  Significant
of the initial investigation and Model 72 8,926,034 123,973 130.73 0.000 X
optimization campaign p 4 34,738 8685 9.16 0.000 X
v 5 48,579 9716 10.25 0.000 X
pfr 3 147,190 49,063 51.74 0.000 X
sod 1 1426 1426 1.50 0.222
p*v 20 27,817 1391 1.47 0.100
prpfr 12 208,052 17,338 18.28 0.000 X
p*sod 4 7768 1942 2.05 0.090
vEpfr 15 299,849 19,990 21.08 0.000 X
vi¥sod 5 9266 1853 1.95 0.088
pfr¥sod 3 3788 1263 1.33 0.266
Error 164 155,525 948
Total 236 9,081,559
Model summary
S R-sq [%] R-sq(adj) [%] R-sq(pred) [%]
0.0638557 98.29 97.54 96.42
;Z'::g; Cﬁg&’g] ttil;éecgct;e Source DF Adj SS AdjMS  Fvalue Pvalue  Significant
of single tracks of the initial Model 72 76,323.3 1060.05 51.03 0.000 X
investigation and optimization p 4 6916.5 1729.13 83.24 0.000 X
campaign v 5 3014.2 602.84 29.02 0.000 X
pfr 3 936.8 312.27 15.03 0.000 X
sod 640.7 640.72 30.84 0.000 X
p*v 20 365.6 18.28 0.88 0.613
prpfr 12 2659.8 221.65 10.67 0.000 X
p*sod 4 67.0 16.74 0.81 0.523
v¥pfr 15 7465.2 497.68 23.96 0.000 X
v¥*sod 5 362.2 72.43 3.49 0.005
pfrisod 3 936.9 312.31 15.03 0.000 X
Error 165 3427.5 20.77
Total 237 79,750.8
Model summary
S R-sq [%] R-sq(adj) [%] R-sq(pred) [%]
4.55770 95.70 95.70 91.07
Table 10 ,Th,e te'n best solutions Solution p[W] v[mm/min] pfr[g/h] sod[mm] aldeg] P,[g/h]l E,[%] Composite
of the optimization method for desirabilit
the initial investigation Y
1 1775 1140 1080 9 58.2 818 78 0.86
2 1775 960 810 9 53.6 720 90 0.86
3 1775 1320 1080 9 54.2 816 75 0.85
4 1775 1140 810 9 47.5 699 87 0.83
5 1775 960 1080 8 56.6 797 74 0.83
6 1775 780 810 8 56.1 691 84 0.81
7 1775 1320 810 9 43.5 677 84 0.80
8 1775 960 810 8 499 674 83 0.79
9 1775 1140 1080 8 53.7 757 70 0.79
10 1775 600 810 8 58.5 662 83 0.78
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Table 11 Selected solutions of the initial investigation and optimization
step with the predicted responses

Solution 1 Solution 2
p[W] 1775 1775
v [mm/min] 1140 960
pfr[g/] 1080 810
sod [mm)] 9 9

Prediction 95% CI Prediction  95% CI
w [mm] 2.62 2.55-2.69 2.75 2.68-2.82
h [mm] 0.84 0.79-0.89 0.82 0.77-0.87
a [deg] 58.2 55.3-61.1 53.6 50.7-56.5
A [mm?] 1.51 1.42-1.60 1.56 1.47-1.65
P, [g/h] 818 784-852 720 686-753
E, [%] 78 73-83 90 85-95

leaving the nozzle which interact with the laser beam before
reaching the substrate. These particles act like a shield and
reduce the amount of energy from the laser that reaches
the substrate, projecting like a shadow. A portion of the
laser is reflected by the particles, and another portion of it
is absorbed by the particles [49]: only the remaining part
of energy is transmitted. In coaxial C-LMD, the powder
cone surrounds the laser beam and converges towards its
central axis. Hence, the powder particles first interact with
the laser beam on the edge of the power distribution. Here
the powder starts accumulating energy in the form of heat,
subtracting it from the side of the energy distribution, and
casting a shadow on the substrate. This subtracted thermal
energy is transported to the central part of the laser track,
where the powder stream converges, and this results in
the increment of 4 [50, 51]. It was demonstrated that the
shadowing (or shielding) effect increases with increasing
the pfr, and for this reason 4 is significantly affected by
pfr, while w is not [52—-54]. One of the direct results of this
phenomenon is that also A is increasing, which makes P,,
increase. However, as the clad cross-section shape becomes
steeper, a is also getting higher, as it may result in the
formation of lack of fusion defects (also known as inter-
run porosity) when depositing multi-pass structures [47,
55-60]. Indeed, when a is high, it means that there is a high
amount of material at the side edges of the deposited clad.
Taking into account the notable shadowing effect, indicated
by the high « value, it is possible that the chosen value of
p may not be sufficient to ensure proper material melting
between adjacent tracks [50, 61].

Looking at the graphs, an effective way to counteract
the increment of @ would be to increase v, which has been
shown to reduce o without affecting P, or E,,. Indeed,
increasing v shrinks the track in both directions (lateral
and vertical), with a greater impact on k. As a result, A
decreases, but because the time required to travel the
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same distance decreases as well, the quantity of material
deposited per unit of time, which is P, remains nearly
constant, as does the quantity of delivered material, which
is indeed the pfr. When it comes to the effect of p, it causes
the molten pool to expand because more energy needed
to melt the delivered material is provided in the unit of
time. Indeed, it is one of the most influential parameters
on E, as well as on P,. As a result, in order to improve
process performance, p should be maximized. Although
this is arguably the most important information required
to improve P, while maintaining a reasonable level of «
(i.e., avoiding a potential source of lack of fusion porosity
in multi-pass multi-layer depositions), the correct balance
of the input parameters may be difficult to achieve. As a
result, the multi-objective optimization method based on
the composite desirability approach was used. Indeed, the
output of the method (Table 10) provides a wide range of
solutions to the requested optimization problem (Table 2).
The findings corroborate what is shown in Fig. 9. In truth,
all the proposed solutions necessitate the maximum tested
level of p and one of the two maximum tested levels of pfr.
On the other hand, all levels of v (except the lowest) are
considered by at least one of the top ten solutions provided.
As previously stated in “Section 4,” two categories are
proposed among these ten solutions: those with the highest
pfr (1080 g/h) and those with a slightly lower pfr (810 g/h).
In the former case, higher P, is obtained at the expense of
lower E,, whereas in the latter case, the opposite is true.
Considering the ten best solutions reported in Table 10, the
average results are P, = 797 + 28 g/h and E, = 74 + 3%
for the first category, and P, = 687 + 21 glhand E, = 85 +
3% for the second one. Because by using the optimization
parameters set in Table 2 these two categories have similar
average composite desirability values (0.83 + 0.03 and
0.81 + 0.03, respectively), they are both recommended
as valuable results. Indeed, as shown in Fig. 9e and f,
maximizing pfr is beneficial to P, but slightly detrimental
to E,. That is, the absolute amount of molten powder is
increased, while the relative amount is decreased.
Although this relationship between powder catchment
efficiency E and powder feed rate pfr was already
observed by other research works [16, 31, 51, 59, 62, 63],
there is still not a unique explanation of the phenomenon,
and there is not much investigation of it [35]. A hypothesis
may be based on the calorimetry law [49]. As more
particles are fed into the processing zone, there is more
mass absorbing the input energy. As the input energy is
not accordingly increased, the overall reached temperature
reduces, making the fusion of the particles and the
formation of a strong bond between the clad and the
substrate more difficult [64, 65]. Moreover, as the particle
distribution inside the powder cone is not homogeneous
[52, 66, 67], it is reasonable to suppose that a lower
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fraction of them overcomes the melting temperature [68].
Unmelted powder particles reaching the molten pool on
the substrate may be repelled due to the high repulsive
forces generated when the solid particles interact with
the liquid surface [50]. These rejected particles do
not contribute to growth of the molten pool. Another
explanation can be led back to the shadowing/shielding
effect of the powder on the laser beam. As previously
discussed, the flying particles interacting with the laser
beam outside of the nozzle are reflecting and absorbing
a significant portion of the delivered laser power, which
is not transmitted to the substrate [49]. When the pfr
increases, the concentration of flying particles in the
powder cone increases [69]. This increases the shadowing
effect, and less heat is transmitted to the substrate [53].
If a molten pool is not well formed on the substrate
surface, the adhesion of the clad on it cannot occur [50].
These two explanations are most likely concurring to
the reduction of powder catchment efficiency caused by
an increased powder feed rate. Another factor that may
influence the process performance is the powder particle
size. Indeed, it is reported that also the granulometry of
the blown powder influences the laser power absorption.
To be more specific, employing a powder with finer
particle size results in greater energy absorption by the
particles as they intercept the laser beam prior to reaching
the substrate. This phenomenon can potentially impact
powder catchment efficiency [50, 68, 69]. However,
since the same powder granulometry was consistently
used in all the experimental conditions, this effect was
not observed in the scope of this study.

Even though in this part I of the work only the initial
investigation and optimization experimental campaign on
single track is shown, the results are really promising, since
good clads were deposited and very high performances were
achieved. Indeed, the two best process conditions accord-
ing to the optimizer (Tables 10 and 11) clearly show that
deposition rate P, around 700-800 g/h can be achieved by a
proper analysis and tuning of the process parameters, while
maintaining a high level also of powder catchment efficiency
E,, (75-90%) and a favorable shape of the clad. Possibly, this
process performance obtained at single track level could be
met also in multi-pass multi-layer depositions, generalizing
the results. The verification of this hypothesis is carried out
in part IT of the work. It should also be noticed that the
performance reached in this experimental campaign is sig-
nificantly higher than the generally cited as the ones of the
C-LMD process, which are between 300 and 500 g/h with
IN718 [13, 57].

Another consideration that is worth mentioning is that the
optimizer suggests that the maximum level of p (among the
tested levels) should be used to have the maximum response
in terms of both P, and E,. Also the maximum level of pfr

(among the tested levels) should be chosen for this purpose,
even though it is slightly detrimental to the powder catch-
ment efficiency. This trade-off is necessary due to the differ-
ing relationships exhibited by the two outputs (P, and E,)
with the inputs. Given the intended final application (i.e., the
deposition of large components), the parameters used to run
the response optimization algorithm prioritize achieving a
high P, over a high E,. This explains why the response opti-
mization solutions favor the maximum level of pfr within
tested interval. However, the fact that the proposed solutions
are at the border of the tested parameter ranges suggests
that the experimental plan is not centered on the actual best
condition of the process. Consequently, there may be room
for improvement if there is the possibility to further move
the process parameters, and this consideration bought to the
development of the second phase (i.e., the further explora-
tion, see Fig. 5) of the proposed optimization procedure,
which is reported in part II.

6 Conclusions

In this work, a procedure for optimizing the process
performance of C-LMD with powder using IN718 was
designed and tested. The goal was to improve its appeal in
high-demand industries like oil and gas and aerospace, where
large parts need to be produced quickly, with minimal material
waste and no internal defects. The optimization process began
with an extensive experimental campaign on single tracks, as
detailed in part I, while the subsequent steps are covered in
part IL.

e A novel approach for data recovery from single track
depositions based on 3D surface acquisition was devel-
oped, minimizing human intervention and variability.

e Productivity and efficiency were calculated by measur-
ing the volume of a segment of a single track, enhancing
result significance.

e Extensive experimentation involved adjusting laser power,
scan speed, powder feed rate, and standoff distance, with
measurements of various track characteristics.

e Multi-objective optimization discovered process
parameters optimizing productivity and powder catchment
efficiency while addressing lack of fusion porosity in
multi-pass depositions. The proposed conditions achieved
productivity of 700-800 g/h and efficiency of 75-90%.

In this part I of the work, the reached levels of productivity
and efficiency are already higher than what is commonly
reported about the C-LMD process with IN718 [13].
Furthermore, the results suggest that further improvements
may be possible by testing other sets of parameters. In part
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II, the process conditions are refined and enhanced in terms
of performance, finally moving to thick wall samples (i.e.,
multi-pass multi-layer depositions) and also to destructive
controls to evaluate the material density.

Abbreviations 2D: two-dimensional; 3D: three-dimensional;
AM: additive manufacturing; ANOVA: analysis of variance; C-
LMD: conventional laser metal deposition; CNC: computer numeri-
cal control; CV, [%]: coefficient of variation; E, [%]: powder catch-
ment efficiency; E,,, [%]: single track powder catchment efficiency;
GUI: graphical user interface; 4, [mm]: single track height; HDR-
LMD: high deposition rate laser metal deposition; IN718: Inconel
718; I, [mm]: length of acquired portion of single track; LMD: laser
metal deposition; P, [g/h]: productivity/deposition rate; p, [W]: laser
power; pfr, [g/h]: powder feed rate; P, [g/h]: single track productiv-
ity/deposition rate; Resy, [pm]: acquisition horizontal resolution; sod,
[mm]: standoff distance; ¢, [s]: deposition time; v, [mm/min]: scan
speed; V, [mm’]: deposited volume; V,, [mm?]: single track vol-
ume; w, [mm]: single track width; X; Y; Z, [um]: Cartesian absolute
coordinates of the points acquired with microscope; X,,;.; Y,ins Zoins
[pm]: minimum Cartesian absolute coordinates of the point cloud;
Z 0 [Hm]: maximum Cartesian absolute vertical coordinate of the
point cloud; a, [deg]: single track contact angle; u, [mm’]: average
volume; p, [g/cm3]: material density; o, [mm?]: standard deviation
of volume
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