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Abstract: Recently, the use of novel CuCr1 surface-modified powder for reliable laser powder-bed
fusion (LPBF) manufacturing has been proposed, enabling a broader LPBF processing window and
longer powder storage life. Nevertheless, virgin CuCrl powder is also LPBF processable, on the
condition that a high-energy density is employed. In this work, we compare two dense specimens
produced from virgin and surface-modified CuCrl powder. Furthermore, a third sample fabricated
from surface-modified powder is characterized to understand an abnormal porosity content initially
detected through Archimedes testing. Utilizing high-resolution micro-CT scans, the nature of the
defects present in the different samples is revealed. Pores are analyzed in terms of size, morphology
and spatial distribution. The micro-CT data reveal that the virgin CuCr1 dense specimen displays
keyhole pores plus pit cavities spanning multiple layer thicknesses. On the other hand, the sample
fabricated with the surface-modified CuCrl powder mainly contains small and spherical equi-
distributed metallurgical defects. Finally, the CT analysis of the third specimen reveals the presence
of a W contamination, favoring lack-of-fusion pores between subsequent LPBF layers. The LPBF
melting mode (keyhole or conductive), the properties of the material, and the potential presence of
contaminants are connected to the different porosity types and discussed.

Keywords: computed tomography; porosity analysis; surface-modified CuCrl powder; laser powder-
bed fusion; additive manufacturing; laser reflectivity

1. Introduction

Porosity is an important subject in the additive manufacturing (AM) research field.
Desired or engineered porosity is utilized nowadays for the production of bio-compatible
metal implants and prostheses [1,2], bio-active ceramic scaffolds [3,4], geopolymer filters
for water treatments [5], breathable steel for molding components [6], and multiple other
applications [7]. The intrinsic design freedom of the additive process grants that the
porosity can be engineered to a level of detail that is governed by the accuracy and precision
of the process itself [8]. However, desirable porosity is only the positive side of the story,
and most often, pores are seen as defects hampering the successful obtainment of fully
dense AM components.

Undesirable porosity has been the matter of numerous studies for AM polymers,
metals and ceramics alike [9-11], specifically for the materials presenting unfavorable
properties which thwart some AM fabrication routes. In powder-based metal AM re-
search, a good example of this adverse conjunction of material properties and process
conditions has been the fabrication of copper parts through the laser powder-bed fusion
(LPBF) process, also known as selective laser melting (SLM). During LPBF fabrication,
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a laser source typically in the near-infrared range shines over deposited layers of fine
metal powders to create the object slice-by-slice. While the available material palette for
LPBF is continuously increasing [12], some materials like gold, silver, and copper are not
easily processable because of their high thermal conductivity in conjunction with their low
absorptivity for the near-infrared laser radiation [13]. Hence, either different production
routes had to be employed or a high level of porosity, typically ‘lack-of-fusion” defects
between consecutive layers, was to be accepted for the fabricated parts. Thanks to new
advancements, the processability problem of pure copper or high-copper-containing alloys
has been almost completely solved. It concerns both LPBF machine hardware improve-
ments, with lasers having higher power or different emitted wavelengths [14,15], and
advancements on the proper selection and modification of the starting raw powder mate-
rial, with surface-modified powders [16-18] or tuned copper alloys [19,20]. Nevertheless,
still a higher porosity and higher number of defects are expected from parts manufactured
in pure or nearly pure copper, with densities often below the industrial average require-
ment of >99.7% for LPBE. For example, densities up to 99.1% were reported by Yan et al.
for pure copper; similar densities were achieved by Jadhav et al. [21] and others [22] with
the employment of a high-power (>1 kW) fiber laser. In the realm of high-copper-content
alloys, densities above >99% are reached for, e.g., CuCrlZr (99.84% in [19]), CuSn0.3 (99.6%
in [17]), or CuCr1 (99.1% in [16]).

The production of functional copper parts is not impeded if the part density is only
slightly below the 99.7% industrial standard [16,22,23]. However, the remaining porosities
should be equally distributed inside the object and preferentially spherically shaped to
avoid having an anisotropy of the mechanical and thermal/electrical properties or critical
points of failure due to local stress concentration upon mechanical loading. Determining the
porosity information is challenging, because the common Archimedes or metallographic
inspections are not able to derive the 3D shape and spatial distribution of the pores inside a
sample. Nevertheless, parts additively fabricated with the same material and achieving the
same relative density can demonstrate very different mechanical and thermal performances
depending on how the pores are positioned and shaped [9,24]. This is again more critical for
coppet, because normally its optimal LPBF processing parameter window is very narrow;
hence, small variations in laser power or scan speed, for example, can result in a sudden
change of the melt pool dimensions and melting behavior [25]. Accordingly, defects like
lack of fusion, keyholes, or cavities [9] can be formed when only small spherical pores (e.g.,
metallurgical or from stochastic gas entrapment) would be acceptable.

A better comprehension of the porosity development inside AM parts can be obtained
using high-resolution computed tomography (CT) instruments [26]. X-ray micro-CT has
the advantage of recreating a full 3D model of a scanned object, thus allowing the non-
destructive inspection of internal features or defects. For this reason, micro-CT is being
used more and more as a method to dimensionally characterize both desired, structured
porosity and undesired defects of AM objects, and the advancements in this research field
are adequately summarized in recent reviews [27-29]. On the other hand, it is widely
accepted that CT is far from being a perfect inspection method, with multiple factors
influencing the final CT scan quality. Specifically, for porosities, the limited achievable
CT spatial resolution and voxel resolution of common micro-CT systems impedes on
average the detection of the smaller defects, like the metallurgical or gas porosities, in
metal AM parts even with optimized CT conditions. The measured size of the pores can
moreover be impacted from voxel size and segmentation errors [30]. Nonetheless, CT
remains the only available technique that is able to non-destructively inspect the geometry
of internal structures.

CT investigations of defects in LPBF copper are sparsely available [31,32]. Challenges
encountered when scanning Cu specimens are attributed to the high X-ray mass attenuation
coefficient of copper [33]. This forces the use of higher kV and pA for the CT scan, leading
to a loss in spatial resolution due to the increase in the X-ray gun focal spot size [34]. Hence,
high care must be taken on the selection of both CT scan parameters and specimen size,
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depending on the specifications of the available CT machine and the desired resolution to
be achieved.

In this work, high-density copper specimens produced out of an innovative surface-
modified CuCr1 powder are compared, through micro-CT investigations, against an analo-
gous high-density sample fabricated with a virgin CuCrl powder. The specimens have
been selected out of the samples used in the research described in [16], where an innovative
powder surface-modification method has been found to enhance the optical absorption
of CuCrl copper powders for the LPBF process. The formation of a thin rim of metallic
chromium and chromium nitrides on the outer surface of the powders was reported to
considerably increase the optical absorption of the near-infrared fiber laser light com-
monly used in LPBF machines and, furthermore, to increase the powder storage life due a
lower tendency toward oxygen pickup. The novel surface-modified CuCrl powder was
compared to the virgin CuCrl powder in [16] in terms of LPBF processability and was
characterized for final mechanical, electrical, and thermal properties of built parts. An
in-depth analysis of the resulting porosity statistics was however not included, as it was
not the focus of the research. Relative porosity content of the LPBF produced specimens
was instead evaluated by Archimedes testing and from standard metallographic sections.

The goal of this follow-up research is to further cast light on the amount, morphology
and spatial distribution of the porosities for the different CuCrl specimens, exploiting the
information of high-resolution micro-CT scans. In this manner, we want to determine how
the pore characteristics are changing, depending on the different starting LPBF processing
conditions and to unravel, if relevant, potential property anisotropy. In addition, the CT
evaluation of an extra contaminated CuCr1 specimen is described to show how CT can
help the optimization of the new LPBF material.

2. Materials and Methods
2.1. LPBF Specimens Production and Initial Characterization

Three copper LPBF samples are the subject of this work. Two of them, denominated
virgin CuCrl (V-CuCr1) and surface-modified CuCrl (N2-CuCrl), have been selected
directly out of the samples used in the research described in [16].

Starting from pre-alloyed, argon atomized CuCr1 powder with D50 of 38.8 um, the pre-
processing of the powder for its surface modification was optimized by Jadhav et al. [16] to
achieve an outward diffusion of chromium toward the particles surface, favored by the
presence of a surrounding nitrogen atmosphere at a temperature of 750 °C (1 h treatment-
time). In such a way, the surface-modified layer gets enriched in metallic chromium and
chromium-nitrides. This external rim, of around 459 + 50 nm, was the key discovery of
the research discussed in [16] to obtain a reliable and efficient CuCr1 LPBF processing,
where only 20% of the volumetric energy density (Ev) is required to obtain dense parts
in comparison to the processing of virgin CuCrl powder. This beneficial effect is a con-
sequence of the enhanced (68% at 1080 nm) optical absorption, of the surface-modified
formulation, for the near-infrared laser radiation. The feasibility of the LPBF processing for
the surface-modified CuCrl powder was tested not only on academic specimens but as
well as on industrial demonstrators with various dimensions and complexity. Moreover,
the surface-modified layer was proved to be a fugitive layer [16,35], given the fact that
the nitrogen is released during the laser melting and therefore does not alter the chemical
composition of the parts nor induces the formation of chromium-nitrides precipitates.
Figure 1 presents a graphical summary of the surface modification, its impact on LPBF
CuCr1 part density, and examples of the fabricated demonstrators.

In like manner, for this work, samples V-CuCr1 and N2-CuCr1 were fabricated in an in-
house-developed LPBF machine equipped with a continuous, single-mode, 1 kW fiber laser,
emitting light with a wavelength of 1080 nm, and a beam diameter of 40 pm. The CuCr1
specimen made with the virgin powder batch was manufactured with a LPBF parameter set
having 200 mm /s of laser scan speed (v), 500 W of laser power (P), and a corresponding E,
of 926 ] /mm?. The specimen made of surface-modified CuCr1 powder was produced with
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a laser scan speed of 800 mm/s, 500 W of laser power, and a corresponding energy density
of 231 J/mm3. Hatch spacing (h) of 0.09 mm and a layer thickness () of 0.03 mm were
constant for both samples. The scanning strategy employed was a zigzag (bi-directional)
scan strategy within each layer, with a 90° scan rotation angle between the successive layers.
Further details on the production route and the general properties of utilized powders and
final parts are described in [16].

3 Laser Powder Bed Fusion Demonstrators Fabrication

Virgin CuCrl

- Porosity ~

Figure 1. Graphical summary of the research of Jadhav et al. [16] concerning the development of surface-modified CuCrl
powder for reliable laser-based additive manufacturing; insets (a,b) present the energy-dispersive X-ray spectroscopy
(EDS) chromium map of the cross-section of the virgin and of the surface-modified CuCr1 powder particles, respectively;
insets (c,d) are cross-sectional surfaces of LPBF samples from virgin and surface-modified powders respectively (with BD
indicating the building direction). Modified with permission from Ref. [16], 2020 Elsevier.

A last third specimen in examine was a N2-CuCr1 sample made, unintentionally,
from a tungsten-contaminated surface-modified CuCrl powder batch (sample labelled as
CN2-CuCrl). During the multiple LPBF build jobs with the innovative powder, a batch of
samples was identified having an unexpected high porosity content, even though it was
manufactured using the optimum set of parameters listed before for N2-CuCrl. Micro-
computed tomography investigation was therefore employed to understand the source of
the porosity.

Before the CT analysis, a recap of the Archimedes density behavior of LPBF parts
from the two CuCrl formulations is presented at the beginning of Section 3, together with
exemplificative polished and etched cross-sections of the three samples, to qualitatively
compare the data against the CT results. For the etched sections, a standard Keller’s reagent
made of 3.5 g FeCl3, 2.5 mL HCI, and 75 mL C,H50H was employed.

2.2. Micro-Computed Tomography Analysis

The samples described in Section 2.1 were subjected to a micro-CT evaluation utilizing
a Nikon XTH 2255T (Nikon Metrology Europe NV, 3001 Leuven, Belgium) for the investi-
gation of their porosity/inclusion distributions and statistics. Prior to the CT scan, out of
each cubic sample, a slice of 8 x 8 x 2 mm? was mechanically cut to reduce the specimen
volume, allowing therefore both a higher magnification and spatial resolution for the CT
scan itself. Hence, a magnification of 30 x was attained with the sample placed as close
as possible to the X-ray’s source. This magnification allowed the achievement of a voxel
size of 6.7 um for the 3D datasets; the other CT acquisition settings such as the voltage,
the current, and the exposure time were set, respectively, at 195 kV, 41 uA, and 4000 ms.
The high exposure time was necessary to compensate both for the low scanning power,
8 W, and the installed copper filter of 1 mm. The copper filter applied in front of the X-rays
source was deemed advantageous to harden the X-rays beam before reaching the specimen
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itself, partially reducing the beam hardening artefact. On the other hand, the low scanning
power was chosen to increase spatial resolution by keeping the X-rays source spot size at a
minimum level, which as per manufacturer datasheet should correspond to a 4 um spot
for the listed settings [36].

After the scan, each set of 3142 projections was reconstructed with the CT Pro 3D
software (v4.4.4, Nikon Metrology Europe NV, 3001 Leuven, Belgium) and loaded on
VGSTUDIO MAX (v3.3, Volume Graphics GmbH, 69115 Heidelberg, Germany) for the
porosity/inclusion analysis. The surface determination of the acquired samples was per-
formed with the VGSTUDIO advanced option active, employing an iterative search of the
surface edge over a search distance of 12 voxels with the starting contour being the ISO50
value. Following, the specimens were aligned in the software Cartesian coordinate system
using a plane-line-point alignment, mainly exploiting the 8 x 8 mm? top surface plane
plus reference scan tracks in relief on this surface. This initial alignment was important for
extracting the porosity information relative to the LPBF building direction (Z axis) and the
hatching scan vectors, i.e., perpendicular and parallel to the laser line tracks (X, Y axes).
Subsequently, a porosity/inclusion evaluation was performed for each specimen, using the
VGSTUDIO-only threshold algorithm. A region of interest of 6.5 x 6.5 x 1 mm3 was used
instead of the full volume of the samples, to avoid edge effects and to limit the influence
of the beam hardening artefact still partially present near the surface. For the porosity
identification, the grey value determining the edge between material and void was set
equal to the determined surface, and its threshold was calculated in interpolation mode.
Porosities were then displayed, for qualitative analysis, in voxel accuracy, and color-coded
according to their measured circumscribed sphere diameter (J.s). Inclusions identification
was set instead in deviation mode to identify grey values strongly deviating from the main
material peak. The smallest reliable pore or inclusion to be detected was limited by 8 times
the CT scan voxel size, corresponding to a perfectly spherical particle of around 16 um in
diameter. Finally, all the statistics related to the pores and inclusions were exported in a csv
file and further analyzed via an in-house MATLAB code to quantify their size, shape, and
spatial distributions.

3. Results and Discussion
3.1. LPBF Production and Preliminary Characterization

The LPBF manufacturing step was successfully accomplished. To give context to the
high-density virgin CuCr1 (V-CuCr1) and surface-modified CuCrl (N2-CuCrl) specimens
produced for this research, the design of experiment (DoE) presented in Figure 7 of [16] has
been analyzed with a fitted general linear regression model. The regression model takes
into consideration the continuous predictors laser power and scan speed through order two,
and their interaction. The continuous predictors are also standardized to mitigate multi-
collinearity (keep VIF—variance inflation factors—low). The response factor corresponds
to the measured Archimedes relative density. Obtained R? are 99.95% and 99.40% for the
virgin CuCr1 DoE (Figure 2a) and the surface-modified CuCr1 DoE (Figure 2b), respectively.
On each contour plot, the samples taken in consideration for this work are marked.

The contour plots of Figure 2 clearly show how the novel surface-modified CuCrl
alloy powder grants the attainment of dense LPBF parts within a broader window of laser
scan settings. Moreover, the Pareto charts highlight the lower sensitivity of the surface-
modified CuCrl powder to changes in the laser scan speed (predictor B) in comparison
to the virgin CuCrl powder for the range of scan settings taken in consideration. This
different dependency might be critical for the laser melting mode experienced during LPBF
fabrication (keyhole or conduction mode [37]) and hence can directly affect the properties
of the produced copper part even if similar porosity content is reached.

The marked samples V-CuCr1 and N2-CuCr1 in Figure 2, corresponding to the sam-
ples exhibiting the highest relative densities for the modified and virgin (unmodified) case,
were the samples selected for the in-depth micro-CT evaluation. However, to qualitatively
compare the results of the micro-CT with the initial understanding of the porosity content
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and LPBF melting mode, both samples were also evaluated using optical microscopy
performed on metallographic unetched and etched cross sections. Accordingly, Figure 3
comprises both a metallographic cross-section of the two specimens in the XZ plane (Z
is the LPBF building direction) and etched sections, which include the top layers of the
samples to highlight the melt pool shapes of V-CuCrl and N2-CuCr1.

800
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— | | < 870
Q) 700 M 870 - %00 w N2-CuCrl
£ M 900 - 940 E
£ 600 1 940 - 980 sample
- M 980 - 985 £
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Figure 2. Contour plots of the calculated linear regression models for the LPBF production design of
experiment of (a) Virgin CuCr1 and (b) Surface-modified CuCrl, with corresponding Pareto charts
of standardized effects; predictors are laser power [W] and scan speed [mm/s]; response is the
measured Archimedes relative density [%]; order two predictors are not displayed since they result
as statistically non-significant.

Figure 3. Build direction (XZ plane) cross-sectional surfaces for the (a) V-CuCrl and (b) N2-CuCr1
specimens; (c,d) are etched sections of V-CuCr1 and N2-CuCrl, respectively, which include the top
layers of the samples to highlight the general melt pool shape (orange dashed curves).
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The cross-sectional surfaces reveal expected behaviors of the two specimens. Both
unetched polished cross-sections (Figure 3a,b) reflect the high densities achieved, with
only minor scattered residual pores visible for the two samples. The measured Archimedes
density corresponds to 98.64% and 99.10% for the V-CuCrl and N2-CuCr1 specimens,
respectively. The small difference in the total amount of porosity cannot be easily appre-
ciated on the single unetched cross-sections, also due to the fact that the copper material,
being soft and ductile, is very challenging to polish, and consequently, the very small
pores can partially become hidden after plastic deformation induced by the metallographic
preparation. Moreover, from the single cross-sections, it is difficult to establish a clear trend
over the type and 3D spatial distribution of the pores.

In regard to the etched cross sections, Figure 3c,d, an expected different LPBF melting
mode between the two specimens is evidenced. V-CuCr1 presents deep melt pools with
an average depth greater than 10 times the employed layer thickness, indicating keyhole
melting mode. This is compatible with the employed LPBF parameters for the V-CuCrl.
Due to the low optical absorption of the virgin copper powder, these parameters were set
at a very low laser scanning speed to achieve high density (Figure 2). On the other hand,
the N2-CuCr1 sample has semi-elliptical-shaped melt pools with a depth on the order of
2-3 times ¢, indicating a conduction-controlled melting.

Lastly, the CN2-CuCr1 sample was characterized. CN2-CuCr1 should theoretically be
identical to N2-CuCrl, as the fabrication was performed at the same processing conditions
and LPBF parameters but in different build jobs. Per contra, the Archimedes density evalu-
ation of CN2-CuCr1 revealed a porosity content of 1.77%. While a statistical variance of
the resulting porosity is indeed possible, an almost 1% difference is normally not expected.
Figure 4 presents both unetched and etched cross-sections for the CN2-CuCr1 sample.

Lack of fusion?

50 um

Figure 4. (a) Build direction (XZ plane) cross-sectional surfaces for the CN2-CuCrl specimen;
(b) zoomed-in etched section to highlight the observed lack-of-fusion porosities.

An initial inspection of the unetched polished XZ section of the CN2-CuCr1 sample
revealed the noticeable presence of knit weld lines, suggesting lack of fusion between
consequent LPBF layers, in contrast to the N2-CuCr1 sample. This is corroborated by the
etched section (example in Figure 4b), where the lack-of-fusion porosities appear more
clearly visible at the bottom boundaries of some melt pools. However, no direct evidence
is gathered on the reason behind the unexpected behavior of the CN2-CuCrl sample.
Thereupon, to provide an answer on the porosity causes and distributions of the three
selected CuCrl specimens, the results of the micro-CT evaluation are presented in the
next section.

3.2. Micro-Computed Tomography Results

The micro-CT evaluation is presented, with an in-depth discussion on the porosity
and inclusion analyses for each of the three CuCrl samples, and the possible connection
between defect characteristics and the expected material/part properties. The labeling
style for the different types of pores follows the review of Sola and Nouri [9]. The small
porosities (up to tens of pm) are hereafter defined as metallurgical pores, referring to all
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the small defects not directly relatable to a specific source of porosity within the current
investigation. Hence, small defects coming, e.g., from pores entrapped in the original
feedstock powder or pores from powder compaction stochastic fluctuations, being not
discernible, also fall in the category of metallurgical pores.

It must be noted that Archimedes porosity count and CT porosity count cannot be
directly compared, as the resolution and accuracy of the latter are limited by both the CT
scan settings and the employed thresholding method. Studies on the factors influencing the
porosity determination accuracy of both CT and Archimedes methods have been reported
in different publications [38-40]. However, it is possible for the samples in examine to
directly compare the CT results among each other, since specimens of same size and overall
composition were scanned and analyzed with identical CT parameters.

3.2.1. Micro-CT of the V-CuCr1 Specimen

A first overview of the porosity distribution for the V-CuCr1 is depicted in Figure 5.
The total porosity count for the sample was 6269 pores, with a calculated defect volume
ratio of 0.66%. No inclusions were detected, neither through visual inspection nor by the
identification algorithm.

slice | Y2

0.42 mm

Z=
<
@,

through Y

-~
90um=h
Keyholes spaced equal
to the laser line tracks

Figure 5. Overview of the porosity distribution in the V-CuCr1 sample, comprising a color-coded 3D view of the porosities,

zoomed inserts of two exemplary pores, and a view along the Y direction of the sample to highlight the distribution of the

defects following the LPBF hatch spacing of 90 um.

It becomes clear from the 3D view how most of the detected porosities are below
100 pm in diameter (circumscribed sphere, ), with only some sparse pore cavities present
that span multiple build layers. Cavities and pits normally are the result of the stacking
of multiple pores due to particles ejection and/or keyhole mode of melting, which are
both consequences of an excessive energy input [9]. The keyhole mode of melting is a
limiting factor of IR reflective materials processed via LPBEF, like copper, since their optical
absorption changes drastically from solid state to liquid [41]. Hence, while a high E; is
needed to start the melting process, the same high E; causes vortices, metal vaporization,
and high fluid speeds entrapping metal vapors or shielding gases at the bottom of the
laser line track. This behavior was discussed already by Jadhav et al. for different copper
alloys [17,42] and is one of the causes for their small LPBF processing windows.

The presence of pit cavities combined with the deep melt pools identified on the
etched cross-sections (Figure 3c) are indicators to catalogue the bulk of the pores as mainly
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keyhole pores. This is also clearly suggested by both the shape and size of the pores and
their spatial distribution. The shape was evaluated by the sphericity factor (), which is
plotted in Figure 6 against the pore diameter.
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Figure 6. Pore diameter against the sphericity factor for the V-CuCr1 sample; inserts with percentage
frequency distributions of both sphericity and diameter are included.

The CT distribution of the pores is centered around Js =40 £ 8 um, with a distribution
span D10-D90 of 21-93 um. Bigger pores are sporadic, with pit cavities and only one
considerable void of J¢s = 554 um. At the same time, the sphericity factor has a D10-D90
distribution span of 0.38-0.66. It must be noted that, due to the micro-CT limits, the
identified pores might suffer both from a discretization of their surface due to the CT
voxel resolution and the meshing performed by the analysis software. This influences
their area calculation and thus the sphericity number, which is on average systematically
underestimated with an error of around —30% (see [43], chapter 6). Nevertheless, as stated
before, all the factors can directly be compared between the three CuCr1 specimens.

Linear fits of different portions of the data are also included in Figure 6 to ease
the comparison through the lines gradients. The linear fits are performed arbitrarily for
the 50 > J¢; > 100 pm to evidence the behavior of smaller pores vs. bigger pores. Their
gradients correspond to —6.65 vs. —0.57, showing how the pores bigger than 100 um
decrease slowly their shape factor at the increase of their diameter, compared to the smaller
defects. We want to denote that the gradient of the region (J; > 100 um is largely influenced
by the outlier void at @J¢s = 554 pum, yet, as shown in Section 3.2.2, without this outlier the
difference in the gradient value would be even greater compared to the N2-CuCr1 sample.

The large spread of data points concentrated in the transition zone 50 < J¢s < 100 pm is
probably due to the expected mixture of small spherical metallurgical pores together with
keyhole ones. This is expected, since metallurgical pores are also favored at slow scanning
speeds, entrapping more gases within the melt pool or evolved from the powder during
consolidation [44]. On the other hand, the non-spherical shape of most of the keyhole
porosities is probably a consequence of keyhole instability, a cause of the high thermal
conductivity of Cu which promotes the rapid dissipation of heat and therefore induces the
collapse of the keyhole cavity quickly after its formation [45]. Collapsing of the keyhole,
favored by the non-uniform distribution of the laser energy along the keyhole wall [46],
happens because of the loss of balance of the liquid metal under the action of gasified metal
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recoil pressure, liquid metal surface tension, static liquid pressure, and gravity. This effect,
described by Wang et al. for LPBF AlSi10Mg [47] and by Bayat et al. for LPBF Ti6Al4V [48],
is more evident for copper as a consequence of the material’s physical properties already
discussed in the introduction.

Finally, from the shape analysis perspective, the last important take-away is the
projected size of the larger pores in the Z direction (LPBF building direction). As depicted
in the lower inserts of Figure 5, elongated pit cavities—like the green pore example—can
span different layer thicknesses. On average, the cavities present a projected Z size of
0.07 £ 0.03 mm with a maximum of 0.31 mm. This is a pore extending for more than
10 LPBF building layers. While these kinds of porosities, if limited in number, can be
negligible in regards of the mechanical and electrical/thermal properties, they might
hinder applications like conformal cooling or general indirect-contact heat exchangers with
thin sections [49], where a perfect sealing is deemed critical.

The lower insert of Figure 5 is also the starting point to describe the spatial distribution
of the defects inside the sample. The qualitative image can be evaluated quantitatively,
using the position of the center of mass for each pore in relation to the aligned coordinate
system of the CT 3D data. The calculated frequency distribution, for example in the X
direction, is depicted in Figure 7 (top).

45 Porosity distribution, x direction,
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Figure 7. Porosity distribution along the X direction, for the V-CuCrl sample; a Fourier analysis and a peak analysis is

performed on the signal to highlight its fundamental frequency.

From the porosity distribution, a Fourier analysis was performed to highlight the
fundamental frequencies of the space domain. The signal amplitude vs. frequency plot
in Figure 7 (bottom left) presents a main frequency at 10.86 Hz, which coincides with a
92 um period in the considered space domain. The calculated number corresponds almost
perfectly to the employed LPBF hatch spacing (k) of 90 pm, further corroborating the
hypothesis of an uneven distribution of the porosity due to the alignment of the pores at
the bottom of each laser scan track while melting in keyhole mode. The same conclusion
can be achieved if a simpler peak analysis [50] is carried out directly in the space domain.
In such a way, a mean peak-to-peak distance can be calculated with its standard deviation
(Figure 7, bottom right), which amounts to 93 £ 9 pum for the case in question. The standard
deviation provides a useful insight on the distribution of the pores around the center line
of the scan tracks; this deviation can be used to further compare results of the V-CuCr1
against the other samples.

3.2.2. Micro-CT of the N2-CuCr1 Specimen

A first overview of the porosity distribution for the N2-CuCr1 is depicted in Figure 8.
The total porosity count for the sample was 266 pores, with a calculated defect volume
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ratio of 0.05%. No inclusions were detected, neither through visual inspection nor the
identification algorithm.
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Figure 8. Overview of the porosity distribution for the N2-CuCr1 sample, comprising a color-coded
3D view of the porosities, zoomed representative metallurgical, and lack-of-fusion pores, as well as a
2D view through the Y direction of the sample.

The overview in Figure 8 and the calculated defect volume ratio depict a sample
having almost full density, in contrast with the Archimedes result of 99.1% relative density.
However, we are aware from the discussion at the beginning of Section 3.2 that the CT
analysis is known for reporting on average a lower porosity content, and this can be
accentuated if most of the pores are small metallurgical pores with a size below the
detection threshold of the CT scan. Accordingly, it can be concluded that the N2-CuCr1
specimen processed in optimal conditions, without any contamination, develops very
small defects, the majority of which are below the CT threshold of 8 voxel sizes in volume.
This is also in line with the analysis of the porosity size distribution for the CN2-CuCrl
specimen, which highlighted the coexistence of small defects together with the larger
lack-of-fusion pores (Figure 13, in the following Section 3.2.3). Surprisingly, in N2-CuCrl,
few lack-of-fusion pores are detected, too, probably caused by local variations, e.g., a cause
of oxidized powder particles, spatters-induced defects, not optimally surface-modified
particles, or other unaccounted local combination of effects during the LPBF fabrication.

For completeness, the sphericity factor is also plotted in Figure 9 for N2-CuCrl, against
the pore diameter.

The Gaussian fit of the pore size distribution in Figure 9 confirms that the porosities
in N2-CuCr1 are skewed toward smaller defects, centered around @5 = 31 + 4 um. The
sphericity factor mean fitted value is also slightly higher compared to V-CuCrl, implying
that, on average, the detected defects are more spherical. However, with this low amount of
porosities’ data points in N2-CuCrl, the frequency distributions are to be taken with a grain
of salt, being highly influenced by the bigger pores which are easier to be detected by CT.
For the same reason of limited data points, the spatial distribution analysis is not presented.

In the end, it goes without saying that the N2-CuCr1 sample and therefore the surface-
modified CuCr1 formulation offers the most favorable evolvement of defects, with the least
amount of porosities, a beneficial size and shape of the pores, and no detectable anisotropy
in their spatial distribution. Therefore, anisotropies in mechanical, thermal, or electrical
properties are limited, and an improvement of the ductility is expected [31] compared to
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V-CuCrl. Other effects, such as the anisotropy induced by preferential orientations in the
crystallographic texture developments [21], are yet to be studied.

Sphericity factor W

I
L D L 100 &
74 fe z
& 64 E *  Binned data poi (80§
= points, g _
a 5+ E bin size Ax =1 um - 60 g Nz Cucrl
5 4= o Gauss fit =
g_ 3= e |- Cumulative frequency [ 40 e
o =
2 24 Lo &
w =0
1 S
0 ro E
L S T P S 3
0.90
Raw data points
0.80 4 A Binned average, bin size Ax=10 um -+
- Linear fit, x < 50 um
Linear fit, x > 100 um
0.70 4 -
0.60 Siﬁ 1 2
' @ w3 (6V3)*
A, —
A A,
A 1
0.50 4 A
A
0.40 ] A I
0.30 T #  Binned data points,
bin size Ay =0.01
0.20 ] 1 Gauss fit
T T T T T T T T T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 0 2 4 6 8 10 12

Pore diameter [um]

Frequency [%]

Figure 9. Pore diameter against the sphericity factor, for the N2-CuCrl sample; inserts with percent-
age frequency distributions of both sphericity and diameter are included.

3.2.3. Micro-CT of the CN2-CuCr1 Specimen

The last specimen in examine consists of a contaminated sample made of surface-
modified CuCrl powder. A first overview of the porosity distribution for the CN2-CuCr1
is depicted in Figure 10. The total porosity count for the sample was 4219 pores, with an
initial calculated defect volume ratio of 1.16%.

Pores with
2> 100 um

through Y

contamination

P30 um=t

Lack of fusion between layers

Figure 10. Overview of the porosity distribution for the CN2-CuCr1 sample, comprising a color-coded 3D view of the
porosities, a zoomed insert of one exemplary lack-of-fusion pore, and a view through the Y direction of the sample to
highlight the distribution of the defects in the building direction Z.
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Frequency [%]

The overview in Figure 10 confirms the findings discussed in Section 3.1, showing
the presence of multiple extended porosities in the XY planes, corresponding to lack of
fusion between the LPBF layers. Moreover, an initial guess on the origin of the abnormal
porosity count comes from the observation of the 2D CT slices, where bright round spots
are encountered throughout the whole analyzed volume. The bright spots, which are
related to an unidentified denser material than copper, were therefore quantified through
an inclusions identification in the VGSTUDIO software. A total of 1236 inclusions were
discovered in the 6.5 x 6.5 x 1 mm?® volume, with a 0.14% defect volume ratio. Their
percentage frequency and cumulative frequency size distribution are plotted in Figure 11.
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Figure 11. Inclusions size distribution inside the CN2-CuCr1 specimen; the percentage frequency and cumulative frequency
are plotted together with a color-coded 3D view (right side).

The shape and size of the inclusions are compatible with a different LPBF powder,
which might have contaminated the CuCr1 build job during the material switch in the LPBF
machine. It is also quite straightforward to identify the possible contaminant, tracing back
the internal log of users for the AM machine and acknowledging that it must be a material
much denser than copper given its strongly deviating gray value in the CT scan. Hence,
the inclusions are identified as W (o = 19.3 g/cm?), which was processed right before the
contaminated CuCr1 build. Tungsten is a challenging material for LPBF, and normally
it is not easily fabricated due to its good thermal conductivity, high melting point, high
ductile-to-brittle transition temperature, and high surface tension [51,52]. Furthermore,
as copper and tungsten are not mutually soluble and wettable, contaminations of W can
effectively hinder the bonding between consecutive LPBF layers of CuCr1.

All duly noted, it remains interesting to compute quantitative numbers of the CN2-
CuCr1 porosity to understand how much the W contamination contributed to the defects
in comparison to the uncontaminated N2-CuCrl sample. Nevertheless, to perform the
quantification correctly, a differentiation between apparent porosities due to CT artefacts
and real porosities was necessary for the sample. The reason behind this differentiation
comes from the effect that such a dense contaminant can have on the X-ray beam, resulting
in selective attenuation of lower energy photons, i.e., a very localized beam hardening.
Beam hardening and partial beam depletion can give rise to visual artefacts in case of
heavy contaminants, if the CT settings are only tuned for the material in play (CuCrl) and
thus they do not consider the extra X-ray absorption from the heavier inclusion (W). To
investigate if the CN2-CuCrl CT dataset might be affected, a two-dimensional Fourier
transform was computed from the 2D CT slices (on the XY plane) to identify preferential
spatial frequencies corresponding to repeating patterns in the space domain. Given the
very scattered nature of the porosities, a Gabor filter [53] was applied on top of the Fourier
transform to visually accentuate the uncovered preferential frequency (Figure 12).
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Figure 12. Gabor magnitude of the 2D Fourier transform for the CN2-CuCr1 CT dataset (XY plane),
to highlight preferential spatial frequencies; the repeating pattern oriented at 107° is identified as
a streaking artefact generated by the W contaminants due to X-ray beam hardening and partial
beam depletion.

Indeed, the Fourier transform tells that a repeating pattern is present in the space
domain and can be traced back to a streaking artefact generated by the tungsten inclusions
and oriented at 107° in the XY plane. The artefact is a consequence of X-ray beam hardening
and partial beam depletion from the inclusions, and the specific orientation is originated
from the inclination of the sample during the CT scan plus the higher absorption of X-rays
from the thicker sample section while rotating on the CT manipulator.

Henceforth, a fraction of the initial porosity count for the specimen is instead uncov-
ered as an artefact caused by the nature of the CT scan itself and the unexpected presence of
the W contaminant. However, thanks to the performed analysis, these pores can be easily
filtered out using their position, shape, and orientation as categorizers. The recalculated
porosity count for the sample was 3759 pores (i.e., 460 defects scrapped as artefacts), with a
defect volume ratio of 1.11%. Using the recalculated list of pores, the sphericity factor is
plotted in Figure 13, against the pore diameter.
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Figure 13. Pore diameter against the sphericity factor for the CN2-CuCrl sample; inserts with
percentage frequency distributions of both sphericity and diameter are included.
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The CT distribution of the pores is centered around & = 34 £ 6 um, with a distribution
span D10-D90 of 26-145 um. At the same time, the sphericity factor has a D10-D90
distribution span of 0.32-0.67. It becomes very clear how the CN2-CuCrl sample presents
both a considerably higher number of pores with J¢s > 100 pm as well as broader sphericity
values, compared to the V-CuCr1 and N2-CuCr1 specimens. This is obviously related to the
extensive and irregular lack-of-fusion porosities. However, interestingly, the Gaussian fit of
the pore diameters is centered around a lower value than V-CuCrl, suggesting that the CN2
sample has a coexistence of small metallurgical pores together with the larger lack-of-fusion
defects. This is in line with what was discussed in Section 3.1 and Section 3.2.2, as the LPBF
processing parameters used are leading to conduction mode of melting instead of keyhole.

The linear fit gradients correspond to —6.9 for D5 < 50 pm vs. —0.36 for D5 > 100 pm,
showing again how the pores bigger than 100 um slowly decrease their shape factor at the
increase of their diameter, compared to the smaller defects. If the behavior is compared to
the V-CuCr1 specimen, the gradient of the small porosities tends to move more quickly
to higher sphericities for the absence of non-spherical keyhole pores, while the gradient
for bigger porosities moves slower toward low sphericities caused by the broader range of
irregular lack-of-fusion pores (the biggest at J.s = 916 um).

Finally, on top of the shape and size analysis, a Fourier and/or peak analysis can
be performed to study the spatial distribution of the defects. The peak analysis for the
CN2-CuCrl sample is reported in the Figure 14 for the X and Z directions. The X direction
peak analysis considers only the J.; < 50 um to study how the small pores are allocated in
the hatching direction; the Z direction peak analysis considers only the J¢s > 100 um to
confirm that bigger pores are mainly distributed in between consecutive layers.
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Figure 14. (a) Peak analysis porosity distribution along the X direction for the CN2-CuCrl sample, considering only

porosities with s < 50 um; (b) Peak analysis porosity distribution along the Z direction for the same sample, considering

only porosities with @cs > 100 pm.

In Figure 14a, a preferential distribution of the small porosities is unraveled, coinciding
with the employed LPBF hatch spacing of 90 um, similar to what was observed for the
V-CuCrl sample. However, the standard deviation of £40 um is one order of magnitude
larger than the one measured for the peak analysis of V-CuCr1 (Figure 7), implying that
the small pores are more equi-distributed in the XY plane, thus less heavily concentrated
between repeating h. At the same time, in Figure 14b, the average Z spacing of the bigger
porosities is equal to f £ 10 um. The considerable standard deviation is both a consequence
of the fewer data points available for the calculation (i.e., fewer big pores compared to
the small ones) as well as the fact that lack-of-fusion defects often span more than one
layer, following the curved boundaries at the bottom of the melt pool (Figure 4b). Similar
conclusions are derived with a Fourier analysis, with 90 um for X direction and 30 um for
Z, corresponding to 11.02 and 32.67 Hz in the frequency domain, albeit those signals are
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almost buried in the background noise (i.e., they have a low amplitude) confirming the
high standard deviations of the peak analysis.

4. Summary and Conclusions

The most important descriptors of the porosity analyses performed on the three CuCrl

specimens are summarized in the following Table 1.

Table 1. Summary of the Archimedes and micro-CT porosity investigations of the three CuCr1 specimens, with relevant

descriptors.

. Archimedes Micro-CT Porosity Pores’ J.s Span, Pores” ¢ Span, . .
Specimen Orel Prel Avg D¢ ! D10-D90 2 D10-D90 2 Main Type of Porosity
V-CuCr1l 98.64% 99.34% 40 + 8 um 21-93 um 0.38-0.66 Keyholes, pit cavities, metallurgical
N2-CuCr1 99.10% 99.95% 31 +4 um 30-127 3 um 0.39-0.67 Metallurgical

CN2-CuCr1 98.23% 98.89% 34 + 6 um 26-145 um 0.32-0.67 Lack-of-fusion, metallurgical

! The average circumscribed sphere (Jcs) diameter of the pores is calculated from the center of the Gaussian fit applied on the frequency
distribution of the defects from the CT analysis. 2 D90 signifies that 90% of the defects have Jcs/1p below this value; hence, D10-D90 is
used to describe the span of @cs/ of the pores, measured from the CT analysis. 3 The @cs span of N2-CuCr1 is heavily influenced by the

low amount of porosities detected.

With the help of an in-depth micro-CT investigation, this paper has unveiled the

different defects evolvement inside high-density specimens produced with virgin CuCr1
powder (V-CuCrl) and a novel [16] surface-modified CuCrl powder (N2-CuCr1) via the
laser powder-bed fusion process. Moreover, a third surface-modified sample was studied
(CN2-CuCrl) to uncover the reason behind its abnormal porosity content compared to the
N2-CuCrl sample. In a nutshell, the main takeaways of the research can be summarized in
three distinct points:

It was demonstrated how the use of surface-modified CuCrl powders for LPBF not
only is beneficial in terms of broadening of the CuCr1 LPBF processing window but
also for being able to completely eradicate the presence of keyhole-induced porosities
thanks to the possibility of achieving dense parts at a considerably lower volumetric
laser energy density. In that regard, it was shown that, while a 98.64% dense specimen
can be attained from virgin CuCrl powder with an E; of 926 J/ mm? (V-CuCrl), the
same specimen develops both keyhole pores, aligned at the bottom of the laser line
track, and pit cavities defects. These pores, being preferentially distributed and—more
specifically for the pit cavities—elongated in the building direction for multiple layer
thicknesses, can become critical points of failure for applications such as conformal
cooling channels or heat exchangers with thin sections where a perfect sealing is
deemed critical. Moreover, they can promote anisotropies at the level of the mechanical
and thermal/electrical properties of the parts. This behavior can be avoided using
CuCr1 surface-modified powders processed at an E, of 231 J/mm?, which led to
specimens (N2-CuCrl) having densities >99% and presenting only small, spherical,
and equi-distributed metallurgical pores. Therefore, thanks to the micro-CT porosity
analysis, the choice between virgin and surface-modified CuCr1 can now be calibrated
not only on, e.g., the powder cost or the different achievable LPBF productivity but
also on possible limitations coming from undesired defects evolvement in the part.
It was displayed how the use of micro-CT can aid the optimization of novel LPBF
materials, both by providing detailed information on the defect size, shape, and spatial
distribution inside a studied specimen as well as possibly uncovering faults such as
undesired contamination by a different LPBF powder. In that regard, a 0.14 vol% W
content was identified in the CN2-CuCr1 sample, where lack-of-fusion pores were
promoted by the contaminant due to the W particles being insoluble with Cu. The
0.14 vol% W content was directly connected to the ~1% decrease in p,,; experienced
by CN2-CuCr1 compared to N2-CuCr1.

The main type of porosities which can be found in high-copper-containing alloys
were exposed and discussed for the three CuCrl specimens examined. The LPBF
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melting mode (keyhole or conductive), the properties of the material, and the potential
presence of contaminants were connected to the different types of porosity, their size,
and morphology. Moreover, the use of a Fourier transform or a peak-to-peak analysis
on the spatial frequency distribution of the pores provided a possible and quick way
to derive quantitative information about the defect spatial distribution of defects. This
latter method not only confirmed and quantified the preferential distribution of the
keyhole and the lack-of-fusion pores, respectively, spaced as the employed LPBF h
and t parameters, but additionally it was critical to separate real defects from CT
artefacts in the CN2-CuCr1 sample, which presented fake pores induced by beam
hardening/depletion from the W contaminant.

The performed research solely focused on the CT investigation, with the broader goal
of promoting the use of metrological CT equipment for the thorough understanding of
novel and complex materials manufactured via processing techniques such as LPBE. Com-
bining the information of CT results with the standard mechanical, chemical, physical, and
metallurgical characterizations will help to progress further toward a fundamental compre-
hension of the physics of the LPBF process and the properties of LPBF-fabricated materials.

5. Patents

The authors S.D.J. and K.V. declare that a patent cooperation treaty (PCT) application
has been filled on the surface-modified copper powder and the method of production with
the following details:

Title: Copper, gold, or silver powder for powder-bed additive manufacturing and method
of manufacturing such powder.

Patent number: W02020/099662 A1l (Publication date: 22 May 2020).

First filing date: 15 November 2018.

Author Contributions: Conceptualization, M.S.; formal analysis, M.S.; investigation, M.S. and S.D.J.;
methodology, M.S. and S.D.].; resources, A.W., K.V. and W.D.; writing—original draft preparation,
M.S.; writing—review and editing, M.S., S.D.J.,, AW., K.V. and W.D.; supervision, A.W.,, K.V. and
W.D,; funding acquisition, A.W., K.V. and W.D. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by The EU Framework Programme for Research and Innovation—
Horizon 2020—Grant Agreement No 721383 within the PAM? (precision additive metal manufactur-
ing) research project. The LPBF samples were fabricated within the framework of the MULTIMET
project with grant number 150010, financed by Agentschap Innoveren en Ondernemen (VLAIO).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated during and/or analyzed during the current
study are available from the corresponding authors on reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Martinez-Marquez, D.; Delmar, Y.; Sun, S.; Stewart, R.A. Exploring macroporosity of additively manufactured titanium metama-
terials for bone regeneration with quality by design: A systematic literature review. Materials 2020, 13, 4794. [CrossRef]

2. Yuan, L.; Ding, S.; Wen, C. Additive manufacturing technology for porous metal implant applications and triple minimal surface
structures: A review. Bioact. Mater. 2019, 4, 56-70. [CrossRef]

3. Baino, F; Fiume, E. 3D printing of hierarchical scaffolds based on mesoporous bioactive glasses (MBGs)—Fundamentals and
applications. Materials 2020, 13, 1688. [CrossRef]

4. Elsayed, H.; Secco, M.; Zorzi, E; Schuhladen, K.; Detsch, R.; Boccaccini, A.R.; Bernardo, E. Highly porous polymer-derived
bioceramics based on a complex hardystonite solid solution. Materials 2019, 12, 3970. [CrossRef] [PubMed]

5. Luukkonen, T.; Yliniemi, J.; Sreenivasan, H.; Ohenoja, K.; Finnild, M.; Franchin, G.; Colombo, P. Ag-or Cu-modified geopolymer
filters for water treatment manufactured by 3D printing, direct foaming, or granulation. Sci. Rep. 2020, 10, 7233. [CrossRef]

[PubMed]


http://doi.org/10.3390/ma13214794
http://doi.org/10.1016/j.bioactmat.2018.12.003
http://doi.org/10.3390/ma13071688
http://doi.org/10.3390/ma12233970
http://www.ncbi.nlm.nih.gov/pubmed/31801189
http://doi.org/10.1038/s41598-020-64228-5
http://www.ncbi.nlm.nih.gov/pubmed/32350343

Materials 2021, 14, 1995 18 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Zeng, G.H.; Song, T.; Dai, Y.H.; Tang, H.P,; Yan, M. 3D printed breathable mould steel: Small micrometer-sized, interconnected
pores by creatively introducing foaming agent to additive manufacturing. Mater. Des. 2019, 169, 107693. [CrossRef]

Guddati, S.; Kiran, A.S.K,; Leavy, M.; Ramakrishna, S. Recent advancements in additive manufacturing technologies for porous
material applications. Int. . Adv. Manuf. Technol 2019, 105, 193-215. [CrossRef]

Thompson, M.K.; Moroni, G.; Vaneker, T.; Fadel, G.; Campbell, R.I; Gibson, I.; Bernard, A.; Schulz, J.; Graf, P.; Ahuja, B.;
et al. Design for additive manufacturing: Trends, opportunities, considerations, and constraints. CIRP Ann. 2016, 65, 737-760.
[CrossRef]

Sola, A.; Nouri, A. Microstructural porosity in additive manufacturing: The formation and detection of pores in metal parts
fabricated by powder bed fusion. J. Adv. Manuf. Process. 2019, 1, e10021. [CrossRef]

Zocca, A.; Colombo, P.; Gomes, C.M.; Giinster, J. Additive manufacturing of ceramics: Issues, potentialities and opportunities. J.
Am. Ceram. Soc. 2015, 98, 1983-2001. [CrossRef]

Dewulf, W.; Pavan, M.; Craeghs, T.; Kruth, ]J.-P. Using x-ray computed tomography to improve the porosity level of polyamide-12
laser sintered parts. CIRP Ann. 2016, 65, 205-208. [CrossRef]

Yap, C.Y.; Chua, CK,; Dong, Z.L.; Liu, Z.H.; Zhang, D.Q.; Loh, L.E; Sing, S.L. Review of selective laser melting: Materials and
applications. App. Phys. Rev. 2015, 2, 041101. [CrossRef]

Gu, R.; Kam, S.W,; Yan, M. Laser additive manufacturing of typical highly reflective materials—Gold, silver and copper. Sci. Sin.
Phys. Mech. Astron. 2019, 50, 034204. [CrossRef]

Colopi, M.; Demir, A.G.; Caprio, L.; Previtali, B. Limits and solutions in processing pure Cu via selective laser melting using a
high-power single-mode fiber laser. Int. |. Adv. Manuf. Technol. 2019, 104, 2473-2486. [CrossRef]

Shibata, T.; Tsukamoto, M.; Sato, Y.; Masuno, S.-I. Effect of Input Energy on Densification for Pure Copper Fabricated by SLM
with Blue Diode Laser. In Proceedings of the Laser 3D Manufacturing VI; Helvajian, H., Gu, B., Chen, H., Eds.; SPIE: San Francisco,
CA, USA, 2019; p. 34.

Jadhav, S.D.; Dhekne, P.P.; Dadbakhsh, S.; Kruth, J.-P.; Van Humbeeck, J.; Vanmeensel, K. Surface modified copper alloy powder
for reliable laser-based additive manufacturing. Addit. Manuf. 2020, 35, 101418. [CrossRef]

Jadhav, S.D.; Fu, D.; Deprez, M.; Ramharter, K.; Willems, D.; Van Hooreweder, B.; Vanmeensel, K. Highly conductive and strong
CuSn0.3 alloy processed via laser powder bed fusion starting from a tin-coated copper powder. Addit. Manuf. 2020, 36, 101607.
[CrossRef]

Lindstrom, V.; Liashenko, O.; Zweiacker, K.; Derevianko, S.; Morozovych, V.; Lyashenko, Y.; Leinenbach, C. Laser powder bed
fusion of metal coated copper powders. Materials 2020, 13, 3493. [CrossRef]

Jahns, K.; Bappert, R.; Bohlke, P.; Krupp, U. Additive manufacturing of CuCrl1Zr by development of a gas atomization and laser
powder bed fusion routine. Int. J. Adv. Manuf. Technol. 2020, 107, 2151-2161. [CrossRef]

Ventura, A.P. Microstructural Evolution and Mechanical Property Development of Selective Laser Melted Copper Alloys. Ph.D.
Thesis, Lehigh University, Bethlehem, PA, USA, 2017; p. 190.

Jadhav, S.D.; Dadbakhsh, S.; Goossens, L.; Kruth, J.-P.; Van Humbeeck, J.; Vanmeensel, K. Influence of selective laser melting
process parameters on texture evolution in pure copper. J. Mater. Process. Technol. 2019, 270, 47-58. [CrossRef]

Tran, T.Q.; Chinnappan, A,; Lee, ] K.Y,; Loc, N.H.; Tran, L.T.; Wang, G.; Kumar, V.V,; Jayathilaka, W.A.D.M.; Ji, D.; Doddamani, M.;
et al. 3D printing of highly pure copper. Metals 2019, 9, 756. [CrossRef]

Singer, F.; Deisenroth, D.C.; Hymas, D.M.; Ohadi, M.M. Additively Manufactured Copper Components and Composite Structures
for Thermal Management Applications. In Proceedings of the 16th IEEE Intersociety Conference on Thermal and Thermomechan-
ical Phenomena in Electronic Systems (ITherm), Orlando, FL, USA, 30 May-2 June 2017; pp. 174-183.

Ronneberg, T.; Davies, C.M.; Hooper, P.A. Revealing relationships between porosity, microstructure and mechanical properties of
laser powder bed fusion 316L stainless steel through heat treatment. Mater. Des. 2020, 189, 108481. [CrossRef]

Bajaj, P.; Wright, J.; Todd, I.; Jagle, E.A. Predictive process parameter selection for selective laser melting manufacturing;:
Applications to high thermal conductivity alloys. Addit. Manuf. 2019, 27, 246-258. [CrossRef]

Leach, R K.; Bourell, D.; Carmignato, S.; Donmez, A.; Senin, N.; Dewulf, W. Geometrical metrology for metal additive manufac-
turing. CIRP Ann. 2019, 68, 677-700. [CrossRef]

Thompson, A.; Maskery, I.; Leach, R.K. X-ray computed tomography for additive manufacturing: A review. Meas. Sci. Technol.
2016, 27, 072001. [CrossRef]

Zanini, F; Sbettega, E.; Carmignato, S. X-ray computed tomography for metal additive manufacturing: Challenges and solutions
for accuracy enhancement. Procedia CIRP 2018, 75, 114-118. [CrossRef]

Plessis, D.A.; Yadroitsev, L; Yadroitsava, I.; Le Roux, 5.G. X-ray microcomputed tomography in additive manufacturing: A review
of the current technology and applications. 3D Print. Addit. Manuf. 2018, 5, 227-247. [CrossRef]

Pavan, M.; Craeghs, T.; Kruth, J.-P.; Dewulf, W. Investigating the influence of X-ray CT Parameters on Porosity Measurement of
Laser Sintered PA12 Parts Using a Design-of-Experiment Approach. Polym. Test. 2018, 66, 203-212. [CrossRef]

Samei, J.; Amirmaleki, M.; Ventura, A.P; Pawlikowski, G.T.; Bayes, M.; Misiolek, W.Z.; Wilkinson, D.S. In-situ x-ray tomography
analysis of the evolution of pores during deformation of a Cu-Sn alloy fabricated by selective laser melting. Addit. Manuf. 2020,
34,101196. [CrossRef]

Palousek, D.; Kocica, M.; Pantelejev, L.; Klakurkova, L.; Celko, L.; Koutny, D.; Kaiser, ]. SLM process parameters development of
Cu-alloy Cu7.2Nil.85i1Cr. Rapid Prototyp. J. 2019, 25, 266-276. [CrossRef]


http://doi.org/10.1016/j.matdes.2019.107693
http://doi.org/10.1007/s00170-019-04116-z
http://doi.org/10.1016/j.cirp.2016.05.004
http://doi.org/10.1002/amp2.10021
http://doi.org/10.1111/jace.13700
http://doi.org/10.1016/j.cirp.2016.04.056
http://doi.org/10.1063/1.4935926
http://doi.org/10.1360/SSPMA-2019-0267
http://doi.org/10.1007/s00170-019-04015-3
http://doi.org/10.1016/j.addma.2020.101418
http://doi.org/10.1016/j.addma.2020.101607
http://doi.org/10.3390/ma13163493
http://doi.org/10.1007/s00170-020-04941-7
http://doi.org/10.1016/j.jmatprotec.2019.02.022
http://doi.org/10.3390/met9070756
http://doi.org/10.1016/j.matdes.2020.108481
http://doi.org/10.1016/j.addma.2018.12.003
http://doi.org/10.1016/j.cirp.2019.05.004
http://doi.org/10.1088/0957-0233/27/7/072001
http://doi.org/10.1016/j.procir.2018.04.050
http://doi.org/10.1089/3dp.2018.0060
http://doi.org/10.1016/j.polymertesting.2018.01.037
http://doi.org/10.1016/j.addma.2020.101196
http://doi.org/10.1108/RPJ-06-2017-0116

Materials 2021, 14, 1995 19 of 19

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Seltzer, S. Tables of X-ray Mass Attenuation Coefficients and Mass Energy-Absorption Coefficients; NIST Standard Reference Database:
Gaithersburg, MD, USA, 1995; p. 126. [CrossRef]

Probst, G.; Dewulf, W.; Hou, Q.; Pauwels, R.; Probst, G.; Xiao, Y. Focal Spot Characterization of an Industrial X-ray CT Scanner. In
Proceedings of the International Symposium on Digital Industrial Radiology and Computed Tomography 2019 (DIR2019), Fiirth,
Germany, 24 July 2019; p. 10.

Brodu, E; Jadhav, 5.D.; Vanmeensel, K.; Seefeldt, M. Determination of the structure and orientation of nanometer-sized precipitates
in matrix materials via transmission diffraction signals emitted by bulk samples in the scanning electron microscope. Mater.
Charact. 2020, 166, 110454. [CrossRef]

Carmignato, S.; Dewulf, W.; Leach, R. (Eds.) Industrial X-ray Computed Tomography; Springer International Publishing: Cham,
Switzerland, 2018; ISBN 978-3-319-59571-9.

King, W.E.; Barth, H.D.; Castillo, V.M.; Gallegos, G.E,; Gibbs, ].W.; Hahn, D.E.; Kamath, C.; Rubenchik, A.M. Observation of
keyhole-mode laser melting in laser powder-bed fusion additive manufacturing. J. Mater. Process. Technol. 2014, 214, 2915-2925.
[CrossRef]

Wits, W.W.; Carmignato, S.; Zanini, F.; Vaneker, T.H.]. Porosity testing methods for the quality assessment of selective laser melted
parts. CIRP Annu. 2016, 65, 201-204. [CrossRef]

Slotwinski, J.A.; Garboczi, E.J.; Hebenstreit, K.M. Porosity measurements and analysis for metal additive manufacturing process
control. J. Res. Natl. Inst. Stand. Technol. 2014, 119, 494-528. [CrossRef]

Spierings, A.B.; Schneider, M.; Eggenberger, R. Comparison of density measurement techniques for additive manufactured
metallic parts. Rapid Prototyp. . 2011, 17, 380-386. [CrossRef]

Davis, ].R.; ASM International (Eds.) Copper and Copper Alloys; ASM Specialty Handbook; ASM International: Materials Park, OH,
USA, 2001; ISBN 978-0-87170-726-0.

Jadhav, S.D.; Dadbakhsh, S.; Vleugels, ].; Hofkens, J.; Van Puyvelde, P; Yang, S.; Kruth, J.P.; Van Humbeeck, J.; Vanmeensel, K.
Influence of carbon nanoparticle addition (and impurities) on selective laser melting of pure copper. Materials 2019, 12, 2469.
[CrossRef]

Zanini, F. X-ray Computed Tomography for Coordinate Metrology and Industrial Applications. Ph.D. Thesis, University of
Padova, Padova, Italy, 2017.

Aboulkhair, N.T.; Everitt, N.M.; Ashcroft, I.; Tuck, C. Reducing porosity in AlSil0Mg parts processed by selective laser melting.
Addit. Manuf. 2014, 1-4, 77-86. [CrossRef]

Jadhav, S.D.; Goossens, L.; Kinds, Y.; Van Hooreweder, B.; Vanmeensel, K. Laser-based powder bed fusion additive manufacturing
of pure copper. Addit. Manuf. 2021, 42, 101990. [CrossRef]

Zhang, L.-].; Zhang, G.-F; Ning, J.; Zhang, X.-J.; Zhang, J.-X. Microstructure and properties of the laser butt welded 1.5-mm thick
T2 copper joint achieved at high welding speed. Mater. Des. 2015, 88, 720-736. [CrossRef]

Wang, T.; Dai, S.; Liao, H.; Zhu, H. Pores and the formation mechanisms of SLMed AlSil0Mg. Rapid Prototyp. |. 2020, 26,
1657-1664. [CrossRef]

Bayat, M.; Thanki, A.; Mohanty, S.; Witvrouw, A.; Yang, S.; Thorborg, J.; Tiedje, N.S.; Hattel, ].H. Keyhole-induced porosities in
laser-based powder bed fusion (L-PBF) of Ti6Al4V: High-fidelity modelling and experimental validation. Addit. Manuf. 2019, 30,
100835. [CrossRef]

Gobetz, Z.; Rowen, A.; Heilferty, S.; Dickman, C.; Martukanitz, R. Utilization of Additive Manufacturing for Aerospace Heat Exchangers;
Office of Naval Research: Arlington, VA, USA, 2016; p. 55.

Find Local Maxima—MATLAB. Findpeaks—MathWorks Benelux. Available online: https://nl.mathworks.com /help/signal/
ref/findpeaks.html (accessed on 11 December 2020).

Ivekovi¢, A.; Omidvari, N.; Vrancken, B.; Lietaert, K.; Thijs, L.; Vanmeensel, K.; Vleugels, ]J.; Kruth, J.-P. Selective laser melting of
tungsten and tungsten alloys. Int. |. Refract. Met. Hard Mater. 2018, 72, 27-32. [CrossRef]

Wang, D.; Yu, C.; Zhou, X.; Ma, ].; Liu, W.; Shen, Z. Dense pure tungsten fabricated by selective laser melting. Appl. Sci. 2017,
7,430. [CrossRef]

Kashyap, S.K.; Mishra, ] K. A review paper on gabor filter algorithm for the application of texture segmentation. Int. J. Adv. Res.
Comput. Commun. Eng. 2017, 6, 476—480. [CrossRef]


http://doi.org/10.18434/T4D01F
http://doi.org/10.1016/j.matchar.2020.110454
http://doi.org/10.1016/j.jmatprotec.2014.06.005
http://doi.org/10.1016/j.cirp.2016.04.054
http://doi.org/10.6028/jres.119.019
http://doi.org/10.1108/13552541111156504
http://doi.org/10.3390/ma12152469
http://doi.org/10.1016/j.addma.2014.08.001
http://doi.org/10.1016/j.addma.2021.101990
http://doi.org/10.1016/j.matdes.2015.09.072
http://doi.org/10.1108/RPJ-02-2020-0036
http://doi.org/10.1016/j.addma.2019.100835
https://nl.mathworks.com/help/signal/ref/findpeaks.html
https://nl.mathworks.com/help/signal/ref/findpeaks.html
http://doi.org/10.1016/j.ijrmhm.2017.12.005
http://doi.org/10.3390/app7040430
http://doi.org/10.17148/IJARCCE.2017.6492

	Introduction 
	Materials and Methods 
	LPBF Specimens Production and Initial Characterization 
	Micro-Computed Tomography Analysis 

	Results and Discussion 
	LPBF Production and Preliminary Characterization 
	Micro-Computed Tomography Results 
	Micro-CT of the V-CuCr1 Specimen 
	Micro-CT of the N2-CuCr1 Specimen 
	Micro-CT of the CN2-CuCr1 Specimen 


	Summary and Conclusions 
	Patents 
	References

