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ARTICLE INFO ABSTRACT
Keywords: The Laser Powder Bed Fusion (LPBF) manufacturing of dense Cu parts with near infrared conventional systems is
Coated mEtal.POW‘.ierS. still challenging due to the high reflectivity and thermal conductivity of the powder. In this paper, we investigate
Powder functionalization a novel approach to improve LPBF processability of Cu through the modification of particle surface properties.
]ézBFer Pure Cu powders were coated with a thin layer of high-conductivity Ag by electrodeposition. The coated powder
Sil\I/):r was also heat-treated at 500 °C and 600 °C to promote diffusion at the coating interface, producing different

powder particle configurations. LPBF equipped with 200 W laser was used to produce bulk samples using pure Cu
and Cu/Ag powder, which were comprehensively characterized by electron microscopy and X-ray diffraction.
The Ag coating improved the material processability and density, forming a eutectic phase mixture able to heal
pores and defects at the end of the solidification process.

* Corresponding author.
E-mail address: riccardo.casati@polimi.it (R. Casati).

https://doi.org/10.1016/j.powtec.2024.120044

Received 9 May 2024; Received in revised form 12 June 2024; Accepted 2 July 2024

Available online 3 July 2024

0032-5910/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).


mailto:riccardo.casati@polimi.it
www.sciencedirect.com/science/journal/00325910
https://www.journals.elsevier.com/powder-technology
https://doi.org/10.1016/j.powtec.2024.120044
https://doi.org/10.1016/j.powtec.2024.120044
https://doi.org/10.1016/j.powtec.2024.120044
http://crossmark.crossref.org/dialog/?doi=10.1016/j.powtec.2024.120044&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

G. Lupi et al.

1. Introduction

The Laser Powder Bed Fusion (LPBF) processability of Cu can pose
significant challenges due to high near infrared (IR) laser reflectivity and
high thermal conductivity [1,2]. The low penetration of the laser and the
high thermal conductivity of Cu result in a quick dissipation into the
metal of the energy put into the system during the scan, leading to the
presence of lack-of-fusion defects, thus implying the production of parts
that generally do not meet the standards of industry [3-6]. Accordingly,
different methods have been proposed to produce fully dense and high-
performance bulk materials, such as using high laser power and the
utilization of lasers with different wavelengths (green or blue diode la-
sers) [7-9]. However, these kinds of lasers are less common and are not
installed in most of the industrial systems. Another possible solution can
be the modification of the original chemical composition of powder by
adding proper alloying elements, which is often necessary to produce
dense and crack-free structural parts [10-12]. Thus, the study of pre-
alloyed Cu powders is extremely important to improve the laser pro-
cessability [13-19]. As an example, Zhang et al. were able to process a
pre-alloyed Cu—Cr powder and obtain samples with a relative density of
99.98%. After heat treatment, ultimate tensile strength of 468 MPa,
yield strength of 377 MPa, elongation of 19%, and electrical conduc-
tivity of 98% IACS were achieved [20]. The Cu-15Ni-8Sn system has also
been reported in the open literature. Components were manufactured by
LPBF with a near full density of 99.4% by using laser power in the range
of 220 to 340 W. The as-fabricated Cu-15Ni-8Sn alloy exhibited a yield
strength of 522 MPa, an ultimate tensile strength of 653 MPa, and
elongation of 17% [21]. Another approach to improve Cu processability
involves the functionalization of the powder surface with thin coatings
or discrete particles. Lindstrom et al. were able to coat Cu powders with
Sn and Ni and process them through LPBF. The samples made from
coated powders showed a lower amount of porosity compared to sam-
ples made from alloy powders of similar composition [22]. Hu et al.
proposed to modify the laser reflectivity of Cu-Cr-Zr powder by applying
a Y03 coating. The yield strength and ductility of Y303-Cu-Cr-Zr
specimens were improved compared with those of Cu-Cr-Zr specimens
[23]. Jadhav et al. produced a highly conductive and strong CuSn0.3
alloy processed via LPBF starting from a Sn-coated Cu powder. The
application of only 0.28 wt% Sn coating significantly improved room
temperature powder optical absorption by ~170% at the fiber laser
wavelength (1080 nm) [24]. In the work of Zheng et al., Cu powders
were coated with Ni to enhance the densification of Cu through LPBF.
The Ni coating significantly decreased the high laser reflectivity of Cu
powder and enabled the production of a denser material compared to
pure Cu. The interface condition between the Ni coating and Cu powder
was found to play a crucial role in the densification process. The solid
solution of Ni in the surface Ni-alloyed powder maximized the contact
area, reduced thermal resistance, and enhanced heat transfer efficiency,
which eventually promoted the melting of Cu powder and eliminated
the lack-of-fusion pores [25].

The objective of this study is to improve the processability of Cu by
introducing an Ag layer onto the surface of powder particles and to
evaluate the densification capability of Ag in the material processed
through conventional 200 W near-IR LPBF. Despite its higher laser
reflectivity, Ag was selected since it has high electrical conductivity, and
it has been widely reported in the literature that CuAg alloys generally
exhibit high strength and conductivity. Indeed, compared with other
alloying elements, Ag has less influence on the conductivity of copper
alloys [26-28]. Pure Cu powders were coated with a thin layer of Ag by
electrodeposition and heat-treated according to different schedules to
promote different coating configurations and to study their effect on the
powder laser absorbance and processability. To assess the benefits of
employing functionalized powders, samples were additionally printed
using pure Cu and Cu—Ag alloy powder with the same average
composition of the coated powder.
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2. Experimental methods

Cu powder with D10 of 9.4 pm, D50 of 22.8 pm, and D90 of 45.3 pm
was procured from Kimera International [29]. The Cu powder was
coated with Ag by electroless deposition [30] by Kymera International
using proprietary parameters. The coated powder showed a D10 of 9.7
pm, D50 of 22.6 pm, and D90 of 43.8 pm. The analysis of the chemical
composition of the coated powder revealed a concentration of Ag of 4.3
wt%. The Ag-coated powder feedstocks were heat-treated according to
different schedules in a vacuum furnace to study their effect on the
processability of the powder. The heat treatment processes were con-
ducted under vacuum conditions to minimize the possibility of oxidation
of the coated powder. A batch of powder was treated at 500 °C for 1 h
and a second batch at 600 °C for 1 h to promote the formation of
different layer configurations.

In order to evaluate the processability of the Ag—Cu system, Cu-
4.3%Ag powders were also produced using vacuum induction inert gas
atomization (VIGA) on a PSI Hermiga 100/10 atomizer. A batch of
powders was obtained starting from pure electrolytic Cu (99.99%) and
pure Ag granules (99.9%). The pure elements were heated in an alumina
crucible and then melted under a high purity 5.0 Ar shielding gas cover
at an overpressure of 0.05 barg. The molten bath was held at a stable
temperature of 1255 + 5 °C for 15 min. Then, the overpressure was
increased to 0.22 barg, and the melt was atomized with Ar at 42 bar.
Finally, a gas-to-metal ratio of 1.35 was calculated. Throughout the
entire powder production process, the amount of oxygen in the atomi-
zation chamber was monitored using a Zircona probe sensor (Rapidox
1100). The oxygen content ranged from 0.005%wt immediately after
atomization to 0.009%wt before unloading the gas-atomized powders.

The powders were sieved to achieve a particle size distribution (PSD)
of 20-63 pm, suitable for the LPBF process. A laboratory sieve shaker
was used with three 200 mm diameter sieves (20 pm, 63 pm, and 120
pm), and 0.5 kg of powder was added for each run. Laser granulometry
(Malvern Mastersizer 3000) measured the prealloyed Cu—Ag powders,
which had a D10 of 26.8 pm, a D50 of 41.2 pm, and a D90 of 63.0 pm.
The light element content was measured using the inert gas fusion
technique (Leco ONH 836); 0.024 + 0.002%wt O, 0.058 + 0.003% N,
and 2.68 + 0.02 ppm H were reported out of three sampling. The
powders were stored under inert Ar gas, and silica gel bags were added
to prevent moisture absorption.

A Renishaw AM250 equipped with a Reduced Build Volume (RBV)
module was used to print cylindrical samples having a diameter of 20
mm and a height of 5 mm. After the thorough optimization of process
parameters (not reported in this manuscript), the optimal combination
of parameters has been identified and listed in Table 1.

The investigation of the morphology of the different powder feed-
stocks was accomplished with a Field Emission Scanning Electron Mi-
croscope (FE-SEM) model Zeiss Sigma 500 equipped with energy
dispersive X-ray analysis (EDX). To evaluate the coating thickness, high-
magnification SEM images of different cross-sections from the various
powder feedstocks were analyzed using ImageJ software.

X-ray diffraction (XRD) analyses were performed on powder feed-
stocks with a Rigaku SmartLab diffractometer employing Cu Ka radia-
tion. The data were obtained in the diffraction angle range 20° < 20 <
80°, with a step width of 0.01° and a velocity of 1°/min. XRD analysis
has been used to evaluate the effective diffusion of Cu in the Ag layer
after performing ad-hoc heat-treatment on the powder feedstocks.

Table 1

Process parameters use to print the samples.
Laser power 200 W
Time of exposure 140 ps
Point distance 80 pm
Hatch distance 130 pm
Layer thickness 30 pm
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Fig. 1. SEM images, EDX elemental maps and picture of a),b),c),d) pure copper powder, e),f),g),h) Cu-4.3%Ag alloy powder, i),j),k),1) Ag coated Cu powder, m),n),
0),p) Ag coated Cu powder heat-treated at 500 °C for 1 h, q),r),s),t) Ag coated Cu powder heat-treated at 600 °C for 1 h powder. In EDX maps, Cu and Ag are
represented in orange and light blue, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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The absorbance of the different powder batches has been analyzed
through a UV-Vis spectrophotometer UV-2600 (Shimadzu) equipped
with the Integrating Sphere Attachment using a barium sulphate refer-
ence. The powder samples were mixed prior to being placed in the silica
cuvettes, which were used as loading supports for the analysis.

The analysis of microstructures of bulk samples was performed by a
light optical microscope (LOM) and SEM. Bulk samples for metallog-
raphy were prepared following common grinding and polishing pro-
cedures. Image analysis with ImageJ software was performed to
evaluate the relative density of the bulk samples.

3. Results
3.1. Powder characterization

The various powder feedstocks were analyzed with SEM, and the
corresponding images are presented in Fig. 1. For each powder feed-
stock, the figure includes SEM images at low magnification showing the
powder, EDX elemental maps, and high-magnification images of the
cross-sections to better study the Ag coating. Additionally, Fig. 1 also
includes pictures of the visual inspection of the different powder feed-
stocks, showing color changes following coating procedure and the heat
treatments. Specifically, Fig. 1 show the pure Cu powder, the Cu-4.3%Ag
alloy powder, the as-received Cu powder coated with the Ag layer, and
the two Ag coated powder heat treated at 500 °C and 600 °C. In
particular, it is possible to observe that the morphology of the Cu
powder remains unchanged after the coating process and the heat-
treatment at 500 °C. The heat-treatment at 600 °C revealed able to
create discrete structure, leaving some surface regions without Ag
coating.

To evaluate the effective diffusion of Cu more systematically, XRD
analyses were conducted on the Ag-coated powder in both its as-
received state and after heat treatment at 500 °C and 600 °C. The re-
sults are reported in Fig. 2, focusing on the diffractogram section within
angles 37.5° < 20 < 39°, including the diffraction peak of the (111)
plane. The treatment led to a peak shift toward higher angles and to a
peak asymmetry. Additionally, laser absorbance of the powders in
different configurations was analyzed, with results presented in Fig. 3 as
a function of wavelength. The coating has a significant effect on powder
reflectivity up to a wavelength of 650 nm, but not at 1080 nm (see the
dashed line in the diagram), i.e. the corresponding wavelength of the
laser that was employed for processing the powders in this study.

3.2. Bulk characterization

Representative LOM images of the cross section of the bulk material

AgCu_powder
—— AgCu_powder 600°C_1h

——AgCu powder 500°C 1h

Arbitrary units (a.u)

315 38 385 39
26 ()

Fig. 2. XRD patterns of the Ag 111 peak visible at 38° for the Ag
coated powders.
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Fig. 3. Absorptivity measurements on the different powder feedstocks. The
dashed line corresponds to the wavelength of 1080 nm, i.e. the characteristic
wavelength of the laser used to print the sample in this study.

obtained with the different powder feedstocks are reported in Fig. 4.
Bulk densities were determined by examining the cross-section of each
sample through optical microscope. The relative densities of the samples
were calculated with ImageJ software, and the results are displayed in
Fig. 4.f. Notably, samples printed with functionalized powders and Cu-
4.3%Ag alloy powder exhibited higher bulk relative densities compared
to pure Cu samples, indicating an enhancement in the material pro-
cessability. The printed Cu powder achieved low density level (93.4 +
0.8%), partial melting of the material was induced by the laser and
original powder particles are still visible. The continuity of the metal
matrix is interrupted by several very thin discontinuities due to the
partial melting of the material, i.e. lack-of-fusion defects (Fig. 4.a). The
Cu-4.3%Ag samples achieved higher density (98.2 + 0.4%), but the
same discontinuities between partially melted powder particles are still
visible (Fig. 4.b). The as received coated powder showed a better
behavior, higher density value was achieved (99.0 + 0.1%), and more
importantly, no discontinuities of the metal matrix were noticeable
(Fig. 4.c). A similar result was achieved with the coated powder treated
at 500 °C (99.1 £ 0.4%), whereas slightly lower density value was
achieved with powder treated at 600 °C (98.4 + 0.3%) (Fig. 4.d and
Fig. 4.e).

To further investigate on the mechanism of densification, SEM
analysis of the microstructure was conducted, and the results are
depicted in Fig. 5 and Fig. 6. Fig. 5.a presents SEM image of the pure Cu
samples, revealing the presence of lack-of-fusion defects. Inspection at
higher magnification revealed the presence of unmelted powder (Fig. 6.
a). As already observed in LOM analyses, the Cu-4.3%Ag samples have
higher bulk densities, however material discontinuities are still present
and unmelted powder particles were found (Fig. 5.b and Fig. 6.b). The
higher densities achieved with the coated powders are confirmed by
SEM images in Fig. 5.c, Fig. 5.d, and Fig. 5.e. The microstructure of these
materials is not homogeneous (Fig. 6.c) and is characterized by an
Ag—Cu network among the partially melted Cu powder (Fig. 6.d) and a
fully melted region exhibiting an eutectic structure (Fig. 6.g). EDX
chemical analysis were performed to better identify the distribution of
the elements, Cu is reported in orange, while Ag is depicted in light blue
(Fig. 6.e and Fig. 6.f).

4. Discussion
4.1. Powder characterization

From the SEM images presented in Fig. 1, it is possible to observe that
with by electrodeposition, a thin and uniform layer of Ag, with an

approximate thickness of 300 nm, was homogeneously deposited on the
surface of the pure Cu powder. To promote the diffusion of Cu in the
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Relative Density [%)
°
]’

Cu  Cu-4.3%Ag Ag coated Ag coated Ag coated
alloy 500°C1h 600°C1h

Fig. 4. Optical microscope images of samples produced with a) Cu powder, b) Cu-4.3%Ag alloy powder, c) Ag coated Cu powder, d) Ag coated Cu powder heat-
treated at 500 °C for 1 h, e) Ag coated Cu powder heat-treated at 600 °C for 1 h, f) Relative density analysis performed with image analysis.

external Ag layer, the powder underwent heat treatment in a vacuum
furnace following different schedules. This was aimed at evaluating the
effect of different heat treatments and formation of different surface
features on the absorptivity and processability of powder.

A first heat-treatment was performed at 500 °C for 1 h to promote the
diffusion of Cu in the external layer. Indeed, sterling Ag, as recently
proved, has excellent processability in the LPBF. Despite this alloy has
similar properties compared to Cu, it has been demonstrated that high
density final parts can be obtained by low power LPBF [31-33]. The heat
treatment was performed to investigate the possible increase in pro-
cessability given by the presence of a sterling Ag alloy only on the
particles’ surface. Given the mutual diffusion coefficients of the two
elements Cu is expected to diffuse through Ag lattice more easily than Ag
through Cu lattice [34,35]. After the heat treatment at 500 °C for 1 h, no
discernible change in the morphology of the heat-treated powder
compared to the initial state was observed (Fig. 1.i and Fig. 1.m). Due to
the sub-micrometric size of the Ag layer, estimating the outward diffu-
sion of Cu through SEM and EDS analysis proved challenging (Fig. 1.n
and Fig. 1.0). However, a visual inspection of the powder color allowed
for a qualitative evaluation of the heat-treatment effect. The Cu powder
coated with Ag (Fig. 1.1) exhibited a grayish color typical of Ag.
Following the heat treatment at 500 °C for 1 h, the powder displayed a
pink color indicative of Cu outward diffusion (Fig. 1.p). For a more
comprehensive assessment of Cu diffusion, XRD analyses were

performed on the Ag-coated powder in the as-received and 500 °C heat-
treated conditions. In Fig. 2, the Ag (111) peak of the heat-treated
powder shifts toward higher angles, suggesting the migration of sub-
stitutional Cu atoms into the Ag layer. The diffusion of Cu atoms into the
Ag lattice results in a contraction of the Ag lattice. This lattice
contraction causes the Ag peaks to shift toward higher angles in the XRD
pattern. This results in a contraction of the Ag lattice, causing a shift of
the Ag peaks toward higher angles. Furthermore, the Ag peak of the
heat-treated powder became asymmetrical, indicating the formation of a
multi-layer compositional gradient which is likely richer in Cu nearby
the interface.

The second heat-treatment was performed on the coated powders at
600 °C for 1 h to promote the formation of phase-segregated structure
(heterostructures), in particular the effect of Ag dewetting from the
surface of the powder was studied [36]. This segregation mechanism,
driven by diffusion and lattice mismatch between Cu and Ag, has been
reported in recent studies on electronic materials not related to AM,
proposing it as a spontaneous dewetting process that leads to an inter-
facial energy reduction [37]. Regarding the SEM analysis performed on
600 °C heat-treated powder, it is possible to notice a change in the
surface morphology of the powder (Fig. 1.q, Fig. 1.r, and Fig. 1.s). The
Ag, originally uniformly distributed on the surface layer, merged into
independent Ag groups over the Cu core. Visual inspection of the powder
color revealed a darker pink color (Fig. 1.t), more similar to the color of
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Fig. 5. SEM images of samples produced with a) Cu powder, b) Cu-4.3%Ag alloy powder, c) Ag coated Cu powder, d) Ag coated Cu powder heat-treated at 500 °C for

1 h, e) Ag coated Cu powder heat-treated at 600 °C for 1 h.

pure Cu powder (Fig. 1.d), due to the dewetting of the Ag layer and the
formation of uncoated zones. A schematic of the effect of the heat
treatment on the Ag-coated Cu particles found in this work has been
proposed in Fig. 7.

The absorptivity of the different powder configurations was also
investigated (Fig. 3). The analysis indicates that neither of the conducted
heat-treatments effectively improved the laser absorption of the Cu
powder. Indeed, no significant difference in absorbance at 1080 nm was
observed for the Ag-coated Cu powder, the Cu-4.3%Ag, and the powder
heat-treated at 600 °C compared to the pure Cu counterpart [7]. Minor
variations in absorbance of the powder heat-treated at 500 °C was
observed and could be attributed to slight differences in surface
morphology and Cu concentration in Ag. The slight decrease in the
absorbance of the laser could be explained by the changes in the surface
morphology, as also reported in the work of Choi et al. for Ag-coated Cu
nanoparticles for electronic applications [38]. They highlighted an in-
termediate step where the Ag layer becomes smoother before dewetting,
a phenomenon widely reported in the literature to result in lower laser
absorption due to a smoother powder surface [39].

4.2. Bulk characterization

The first sign of Ag effectiveness becomes apparent during the

printing processes, where Cu samples exhibit a high delamination effect,
while this phenomenon is notably absent in samples printed with Ag-
containing powders, demonstrating superior processability. This
enhanced processability is further confirmed by analyses performed on
the cross-sections of bulk samples, revealing higher relative densities
compared to those produced with pure Cu powder (Fig. 4).

For the pure Cu samples, LOM and SEM analyses showed partial
melting with the presence of unmelted Cu particles (Fig. 5.a and Fig. 6.
a). Additive-manufactured samples with Cu-4.3%Ag alloy powder
exhibit a denser microstructure (Fig. 4.b and Fig. 5.b). However, the
material displays non-uniform microstructure. Indeed, areas exhibiting
complete fusion coexist with small voids within the fully melted zones,
lack-of-fusion defects and partially melted powder particles (Fig. 6.b).
Bulk materials produced with the coated powders in three different
conditions show higher density than pure Cu and Cu-4.3%Ag alloy
samples, emphasizing the effectiveness of functionalization (Fig. 4.f).
The samples exhibited an uneven microstructure, with Ag distribution
appearing non-uniform within specimens. The voids observed among
fully melted areas in both Cu and Cu-4.3%Ag samples are now filled
with Ag—Cu structures (Fig. 5). Original powder particles remain still
distinguishable (Fig. 6.c and Fig. 6.d) but an Ag—Cu network formed
between partially melted Cu particles. Such network consists of a
Cu—Ag eutectic phase mixture that forms at the end of solidification and
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Fig. 6. SEM images of samples produced with a) pure Cu powder and b) Cu-4.3%Ag alloy powder, c), d), e) ), and g) Ag coated powder. e) and f) EDX chemical
analysis (Cu and Ag are represented in orange and light blue, respectively.). f) SEM image at higher magnification of the region highlighted by the red square in c).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

possesses a healing ability as it fills the pores and defects within the
partially melted Cu particles. SEM analysis at high magnification (Fig. 6.
g) of the fully melted areas reveals the typical cellular-like solidification
structure consisting of Cu cell decorated at boundaries by eutectic Ag
particles. A schematic of the densification and healing mechanism pro-
posed in this work is reported in Fig. 8.

Lastly, the relative densities of bulk materials obtained from the Ag-
coated powder in as-received and heat-treated at 500 °C conditions are
higher than in the case of samples produced from the functionalized

powder heat-treated at 600 °C. This higher density can be attributed to
the presence of a continuous Ag layer on the surface of the powder
particles, facilitating the formation of an unbroken network between
partially melted Cu particles. In the case of the powder heat-treated at
600 °C, the Ag layer is discrete due to the dewetting of Ag and the for-
mation of heterostructures. A discontinuous layer resulted in a lower
ability of Ag to heal pores and defects during solidification.
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5. Conclusions

In this study, an innovative approach to improve Cu processability by
using a low-power (200 W) near-IR LPBF system was studied. This
method is based on the Ag-coating of Cu particles that were heat-treated
at 500 °C and 600 °C to promote diffusion at the coating interface and
formation heterostructures. The functionalization of powders, with a
thin and uniform layer of Ag, has resulted in remarkable improvements
of the processability and densification of Cu powder. Microstructural
analyses, including LOM and SEM examinations, highlighted different
behaviors between pure Cu and Cu-4.3%Ag alloy samples. While the Cu-
4.3%Ag alloy presented a denser microstructure, it also exhibited areas
of incomplete fusion, small voids, and unmelted particles. However,
when Ag coated powders were utilized, a notable improvement in ma-
terial density was observed, and an Ag—Cu network formed between Cu
particles, demonstrating the healing capability of the Ag during last
stages of solidification. Heat treatment studies emphasized the impor-
tance of maintaining a continuous Ag layer for optimal density
enhancement. The findings not only validate the efficacy of powder
functionalization in improving material properties but also provide
valuable insights into the mechanisms influencing the microstructural
evolution during the additive manufacturing process.
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