256

Originalarbeit

Berg Huettenmaenn Monatsh (2021) Vol. 166 (5): 256-262

https://doi.org/10.1007/s00501-021-01107-0
© The Author(s) 2021

updates
Berg- und
Hittenmannische
Monatshefte

Effect of Particle Size Distribution on Laser Powder Bed
Fusion Manufacturability of Copper

Massimiliano Bonesso'?, Pietro Rebesan'?, Claudio Gennari?, Simone Mancin4, Razvan Dima’, Adriano Pepato’,

and Irene Calliari?

"National Institute for Nuclear Physics (INFN)—Padova Division, Padova, Italy
2Department of Industrial Engineering (DII), University of Padua, Padova, Italy
3Department of Mechanical Engineering, Politecnico di Milano, Milan, Italy

‘Department of Management and Engineering (DTG), University of Padua, Vicenza, Italy

Received March 5, 2021; accepted March 29, 2021; published online April 21, 2021

Abstract: One of the major benefits of the Laser Powder
Bed Fusion (LPBF) technology is the possibility of fabrica-
tion of complex geometries and features in only one-step
of production. In the case of heat exchangers in particu-
lar, this is very convenient for the fabrication of conformal
cooling channels which can improve the performance of the
heat transfer capability. Yet, obtaining dense copper parts
printed via LPBF presents two major problems: the high re-
flectivity of 1um (the wavelength of commonly used laser
sources) and the high thermal conductivity of copper that
limits the maximum local temperature that can be attained.
This leads to the formation of porous parts.

In this contribution, the influence of the particle size distri-
bution of the powder on the physical and mechanical prop-
erties of parts produced via LPBF is studied. Three copper
powders lots with different particle size distributions are
used in this study. The effect on densification from two
laser scan parameters (scan speed and hatching distance)
and the influence of contours scans on the lateral surface
roughness is reported. Subsequently, samples manufac-
tured with the optimal process parameters are tested for
thermal and mechanical properties evaluation.

Keywords: Copper, Additive Manufacturing, Laser Powder
Bed Fusion, Particle Size Distribution, Porosity

Wirkung der Verteilung der Partikelgrosse auf die
Herstellbarkeit von Kupfer im Laserpulverbett

Zusammenfassung: Einer der Hauptvorteile der LPBF-Tech-
nologie (Laser Powder Bed Fusion) ist die Moglichkeit, kom-
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plexe Geometrien und Merkmale in nur einem Produktions-
schritt herzustellen. Insbesondere im Fall von Warmetau-
schern ist dies sehr praktisch fur die Herstellung von kon-
formen Kuihlkanalen, die die Leistung der Warmelbertra-
gungsfahigkeit verbessern kénnen. Das Erhalten von dich-
ten Kupferteilen, die tiber LPBF gedruckt werden, stellt je-
doch zwei Hauptprobleme dar: das hohe Reflexionsvermo-
gen von 1um (die Wellenlange Ublicherweise verwendeter
Laserquellen) und die hohe Warmeleitfahigkeit von Kupfer,
die die maximal erreichbare lokale Temperatur begrenzt.
Dies fuhrt zur Bildung pordser Teile.

In diesem Beitrag wird der Einfluss der PartikelgroRenver-
teilung des Pulvers auf die physikalischen und mechani-
schen Eigenschaften von Utber LPBF hergestellten Teilen
untersucht. In dieser Studie werden drei Kupferpulver-
chargen mit unterschiedlichen PartikelgroBenverteilungen
verwendet. Der Einfluss von zwei Laser-Scan-Parametern
(Scan-Geschwindigkeit und Schraffurabstand) auf die Ver-
dichtung und der Einfluss von Kontur-Scans auf die Rauheit
der Seitenoberflache wird angegeben. AnschlieBend wer-
den mit den optimalen Prozessparametern hergestellte
Proben zur Bewertung der thermischen und mechanischen
Eigenschaften getestet.

Schliisselworter: Kupfer, Additive Fertigung, Laser
Pulverbettfusion, PartikelgréBenverteilung, Porositat

1. Introduction

ISO/ASTM 52900 defines the Powder Bed Fusion (PBF)
as the additive manufacturing process in which thermal
energy selectively fuses regions of a powder bed [1]. For
metallic materials, if the power source is a high intensity
laser, the technique is called Laser Powder Bed Fusion
(LPBF) or Selective Laser Melting (SLM).

© The Author(s)

Berg Huettenmaenn Monatsh (2021), 166. Jg., Heft 5


http://crossmark.crossref.org/dialog/?doi=10.1007/s00501-021-01107-0&domain=pdf
https://doi.org/10.1007/s00501-021-01107-0

Originalarbeit

Like all the additive manufacturing processes, which fab-
ricate parts in a layer-by-layer manner, the geometric free-
dom offered by the LPBF process allows the realization of
metal components with optimized performance [2]. Ther-
mal management is one of the applications that has at-
tracted more interest, since the possibility of manufactur-
ing conformal cooling channels and mesh structures, to
increase the surface to volume ratio, could enhance the effi-
ciency of heat exchangers [3]. NASA has already produced
demonstration combustion chambers with an internal cool-
ing channel [4], and also in the field of high energy physics,
there is a high interest in improving the efficiency of heat
flux components [5].

The high thermal conductivity (401W / (m-K) at 27°C)
of pure copper makes it the ideal material for thermal ap-
plication, but it is also one of the reasons why it is diffi-
cult to process by LPBF. The fast heat dissipation from the
melt pool leads to the balling effect [6], and the high re-
flectivity at near infra-red drastically reduces the incoming
thermal energy needed to melt the material, resulting in
porous part with un-melted particles [7]. In order to over-
come this issue, different approaches have been studied:
high density parts (>98%) were manufactured using higher
laser power (up to 1000 W) [6, 8] and the use of a green laser
(515nm) for which copper has lower reflectivity is investi-
gated by Fraunhofer for Laser Technology ILT [9]. These
approaches for printing pure copper, however, are not suit-
able for commercially available LPBF machines, which have
a low laser power (400W Max) and laser wavelength of
around 1080nm. Therefore, an alternative solution is to
modify the starting powder instead of the laser. Jadhav ob-
tained dense copper part with high electrical and mechani-
cal properties using oxidized copper powder and 500 W of
laser power [10]. The effect of the particle size distribution
(PSD) is also an important process parameter that influ-
ences the quality of the final part, powders with finer parti-
cles are easier to melt and also have lower optical reflectiv-
ity [11]. The feasibility of the SLM production of dense pure
copper parts at low laser power (max 200 W) was demon-
strated utilizing a finer distribution of powders [12].

This contribution analyses the processability by means
of an LPBF machine with a low laser output (370 W) of pure
copper powders with a different granulometry. The effect
of hatching distance and laser scan speed on the relative
density has been analysed. A contour scan strategy has
been tested for the improvement of the lateral surface fin-
ishing. Finally, the optimal process parameters has been
used to manufacture samples for the characterization of
mechanical and thermal properties.

TABLE 1

2. Materials and Methods
2.1 Powder Characterization

In the present research, gas atomized copper powders
with three different particle size distribution were tested.
The powders were supplied from different producers, la-
belled A, B, and C. The chemical composition and laser
diffraction data of the powders have been provided by
the manufacturers and are listed in Table 1. The chemical
composition of Powder C presented higher concentration
of impurities: O 0.25%, Zn 0.07%, P 0.06%, and Sn 0.05%.
Powder A corresponds to a standard 15-45um product,
while Powder C presents a similar distribution (same SPAN
index) but with finer particles. The reduction of particle
size increases the surface area to absorb more laser energy
[13], moreover a larger ratio between beam size and the
irradiated sphere increases the opportunity for multiple
reflections, which increases the absorptivity, especially for
high conductive materials [14]. Powder B has a broader
particle size distribution (higher SPAN index) towards fine
particles. Broad PSD leads to a higher powder bed density
that favours the densification process [15], but also en-
hances the thermal conductivity of the powder [16], which
is adrawback in the case of pure copper. Also, the presence
of smaller particles favours the agglomeration and reduces
the powder flowability, which hinders the realization of
a homogenous powder bed. The powder flowability was
tested with the Hall flowmeter funnel, and only the powder
with standard PSD presented a flow rate of 19.1+1.2s/50g,
while the powders with finer particles did not flow.

Fig. 1 shows the morphology of the powders observed
by SEM, which was mainly spherical. Overall, Powder A
presented fewer particles with an irregular shape and
a higher concentration of satellite particles attached to
larger copper powder particles. Powders with lower SPAN
index (Powders A and C) had a more uniform distribution
of particle size, and it was also observed that the finer par-
ticles in Powder B had a higher tendency to agglomerate,
as reported in Fig. 1b. EDS analyses have been performed
to check the chemical composition of the powders (Fig. 2).
It was found that particles with irregular shapes presented
superficial oxidation.

2.2 LPBF Setup and Experimental Plan

All the specimens were manufactured by EOSINT M280
powder bed machine, equipped with a 400 W ytterbium fi-
bre laser. The laser beam focus was 82 um in diameter with
Gaussian profile and a wavelength of 1064nm. Stainless
steel (AISI 304L) platforms were used as a substrate and

Chemical composition and particle size distribution of the copper powders

Cu % D10 [um] D50 [um] D90 [um] SPAN (D90-D10)/D50
Powder A 99.96 18.5 274 40.6 0.81
Powder B 99.95 8.1 18.7 36.4 1.51
Powder C 99.57 12.5 19.5 28.2 0.81
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Fig. 1: Secondary electronimage of copper powder with PSD: a Powder A 19-41 um; b Powder B 8-36 um; ¢ Powder C 13-28 um

Fig. 2: EDS analysis of Pow- Cu
derC:aspherical particle; bpar-
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were heated to 40°C. Compared to copper platforms, steel
guarantees a higher thermal stability due to the lower ther-
mal conductivity, and higher relative densities are obtained
forthe same energy input [6]. Argon was used as protective
gas and the oxygen content was kept below 0.2% during the
manufacturing process. The recoater blade used is made
of a high speed steel and no powder flowability issues have
been observed during the recoating.

Since one of the main problems of LPBF of pure copper
is the lack of fusion, it was decided for the production of
the density specimens (10 x 10x 10 mm?3) to change only the
scan speed (v) between 200 and 500 mm/s and hatching dis-
tance (h) between 80 and 110 um, while the laser power (P)
and the layer thickness (t) were kept at 370 W and 20 um to
maximize the volumetric energy density input (E):

P
"~ havat

(1)

A bidirectional 5 mm stripe pattern with a rotation angle
of 67° were selected as the scan strategy for all the spec-
imens and the effect of the contour scan strategy on the
lateral surface roughness was observed with a portable
roughness gauge RUGOSURF 10G, following the 1SO
4288:2000 standard. The measurements were performed
on the lateral surface of samples with the dimensions of
20x 2x 10 mm. Two contours scan were traced by the laser,
one on the original CAD geometry contour and one with
a hatch distance of 0.08 mm towards the inside. The mea-
surements were repeated eight times through the build
direction and the average values were reported.

To measure the densities of all samples, the Archimedes
method was used and relative densities were calculated by
dividing the measured densities with the theoretical den-
sity of copper (8.96g/cm?®) [17]. Selected specimens were
polished and chemical etched with a solution of 1ml HCI,

2.5g FeCls, and 100 ml EtOH and observed at the optical mi-
croscope. Micro-hardness measurements were performed
on the samples on a Leitz Miniload 2 (Leica Microsystem
S.r.l., Milan, Italy) micro-hardness tester with 300g load.

Finally, specimens for thermal conductivity measure-
ments and tensile tests were manufactured using the opti-
mized parameters. The thermal diffusivity was measured
by means of a Transient Hot Disk TPS 2500 S, the measure
was repeated 10 times and the average value was consid-
ered. The thermal conductivity was calculated as follows:

A = atcptp (2)

Where 1 is thermal conductivity (W/m/K), a is thermal
diffusivity (mm?/s), ¢, is the heat capacity of pure copper
(0.385J/g/K) [17], and p is the density of the specimen
(g/cm?).

Cylindrical dog bone tensile specimens with a geometry
in accordance with ASTM E8/E8M-16a standard were pro-
duced in both horizontal (XY plane) and vertical (XZ plane)
directions. The specimens were machined to a gauge
length of 24mm and a diameter of 6mm. Four specimens
for each condition were tested on an MTS 858 Mini Bionix I
with a displacement rate of 0.45mm/min. The strain was
measured with an MTS extensometer 632.29F-30 with
a gauge length of 5mm.

3. Results and Discussion
3.1 Relative Density and Optical Inspection
The results of the parameters’ optimisation for the realiza-

tion of dense copper parts are reported in Fig. 3. All the den-
sity specimens were manufactured in an acceptable condi-
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Fig. 3: Relative density of 95,0
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Fig. 4: Optical microscope
analysis of the density speci-
mens (400 mm/s scan speed
and 0.09 mm hatching dis-
tance) after etchingin hori-
zontal xy plane: a 19-41um;
b 8-36 um; ¢ 13-28 um. d Mi-
cro-hardness values of the
observed surfaces

tion, without evident defects. For each powder, the mod-
ification of the parameters did not involve high variation
of the measured relative densities (2% maximum), while
higher differences have been observed between powders.
With a standard size distribution, it was possible to obtain
relative densities of around 92%, with a maximum of 93.3%
with 300mm/s scan speed and 0.1 hatching distance. An
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improvement of about 1% has been achieved using Pow-
der B. The best results were obtained with Powder C, the
maximum relative density obtained with this powder was
98.3% with 400 mm/s scan speed and 0.09 mm hatching dis-
tance. This improvement, however, could be attributed not
only to the finer PSD but also to the chemical composition
of the powder. The high concentration of impurities, es-
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TABLE 2
Effect of the contour scan strategy on the lateral surface roughness of samples produced with copper powders
with different PSD

No contour Contour
Powder A (19-41pum) 11.5+0.7 11.7+0.9
Powder B (8-36 um) 11.1+0.8 10.9+0.7
Powder C (13-28 um) 12.0+£0.7 2.9+0.7

TABLE 3
Results of tensile test on LPBF copper

E 0 (0.2%) UTS

[GPa] [MPa] [MPa]
Cu 19-41um H 109.2+1.9 113.3+0.5 160.2+1.7
Cu 19-41pym V 85.2+1.5 89.0+1.2 102.8+1.8
Cu 8-36pum H 101.8+3.1 975+2.4 138.8+2.5
Cu 8-36pum V 772+2.2 74.3+£0.5 83.9+1.9
Cu 13-28um H 155.4+1.5 254.8+3.0 312.7+2.7
Cu 13-28um V 149.8+0.7 237.8+4.3 259.3+13.3

260

TABLE 4

Thermal conductivities of LPBF copper

Thermal conductivities
[W/mK]

Powder A 136.9+0.4

Powder B 139.1+0.4

Powder C 2278x2.5

pecially phosphorous [18, 19], reduces the electrical and
thermal conductivity of copper which decreases heat dissi-
pation and improves the densification.

Overall, for all three kinds of powders, high densities
were obtained with 400mm/s scan speed and 0.09mm
hatching distance and a corresponding energy density of
514J/mm3. These parameters have been chosen to pro-
duce specimens for testing the surface roughness, tensile
properties, and thermal conductivity.

Optical images of these samples are reported in Fig. 4.
Samples produced with Powders A and B presented sev-
eral fragmented pores due to the lack of fusion of adjacent
scan tracks. Semi-molten particles inside the pores were
also observed, along with un-melted particles englobed in
the copper matrix. These particles improve the density of
the sample but do not contribute to the mechanical proper-
ties of the material. These defects have been also observed
in the sample produced with Powder C but with a lower
concentration. Fig. 4c also illustrates the presence of small
circular pores associated with gas entrapment. The mi-
crostructure of the samples was equiassic with fine grain.

The average values of five measurements of the mi-
cro-hardness are reported in Fig. 4d. As expected, the
densest sample showed the highest value of 61.7 HV, more
than double of the others, respectively 27.6 HV with PSD
19-41um and 27.3 HV with PSD 8-36um. Annealed unal-
loyed copper has a hardness in the range between 40 and
120 HV, depending on the level of cold working [18]. The
value obtained with Powder C is in the range of annealed

pure copper (between 40 and 65 HV), while the low values
observed with Powders A and B are due to the high con-
centration of lack of fusion porosities.

3.2 Lateral Surface Roughness

Table 2 reports the lateral surface roughness measure-
ments. The effect of the contour scan strategy strictly
depends on the PSD of the powders. Powders with larger
particles did not show any improvement in the reduc-
tion of surface roughness, the average surface roughness
measured was ~11 um, regardless of the scan strategy per-
formed. A significant improvement was found with the
PSD 13-28um, from 12 to 2.9um with the contour scan
strategy. This improvement could be attributed to the fact
that Powder C forms a stable melt pool, and the fine par-
ticles attached to it do not influence the roughness as the
larger particles present in the other powders.

3.3 Mechanical and Thermal Properties

The average results of tensile tests are reported in Ta-
ble 3 and stress-strain curves of representative samples
are shown in Fig. 5. The mechanical properties of all the
specimens built in the horizontal direction were higher
compared to the ones manufactured in the vertical direc-
tion. The anisotropy is caused by the presence of lack of
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fusion porosities, which severely diminishes the interlayer
bonding. Of course, parts built vertically are manufac-
tured with more layers, so their mechanical properties are
severely affected. As a matter of fact, the samples with
higher porosities exhibited higher reductions of mechan-
ical properties: the reduction of the yield strength was
21% with Powder A, 24% with Powder B, and only 7%
with Powder C (densest sample). Yet, the percentage of
elongation of the vertical sample produced with Powder C
was drastically reduced to ~2.36% (the percentage elonga-
tion of the sample manufactured horizontally was higher
than the maximum displacement of the extensometer, so
the value is not reported). Samples manufactured with
Powder B showed the lowest mechanical properties, which
demonstrates that the density increase was mainly due to
the presence of un-melted particles englobed in the ma-
terial which do not have a beneficial effect on mechanical
properties.

As observed with the micro-hardness measurements,
samples produced with Powders A and B showed inferior
mechanical properties compared to annealed pure copper,
while the values obtained with Powder C could be com-
pared to pure copper with ~20% cold working deformation
[18].

Finally, Table 4 reports the values of thermal conductivi-
ties obtained from the measurements of the thermal diffu-
sivities of the samples.

All the samples exhibited low thermal conductivities
compared to pure copper (401W /(m-K) at 27°C). The rea-
son for the low values measured on the samples obtained
with Powders A and B can be attributed to the high con-
centration of lack of fusion porosities. Porosity reduces the
thermal conductivity of copper [20], and furthermore the
presence of un-melted particles with oxidized surface can
further reduce the thermal conductivity. The sample man-
ufactured using Powder C showed a thermal conductivity
of 227.8W/mK, in this case the reduction of the conductivity
could be due to the chemical composition of the starting
powder and to the presence of porosities and un-melted
particles (in less amount).

4. Conclusions

This contribution investigates the fabrication by LPBF of
copper parts using powders with different particle size dis-
tribution. The results show that the PSD impacts the per-
formance of the printed parts in terms of density, surface
roughness, and mechanical and thermal properties.

With a standard PSD distribution (Powder A), it was pos-
sible to obtain a relative density of 93.3%, tensile strength
of 160 MPa (horizontal direction), and thermal conductivity
of ~137W / (m- K). Parts fabricated with Powder B showed
higher densities and similar thermal conductivity, but lower
mechanical properties. This was probably due to the higher
concentration of un-melted particles englobed inside the
bulk.

Superior performances were observed with Powder C.
The powder was characterized by a fine PSD and a higher
concentration of impurities, which decreases the thermal
conductivity of the powder and improves the densification.
A relative density of 98.3% was obtained by changing scan
speed and hatching distance. An improvement of the sur-
face finishing was possible by using a contour scan strat-
egy (Ra from 12 to 2.9um). The reduction of lack of fusion
porosities granted better thermal and mechanical proper-
ties. In fact, despite the lower purity of the starting powder,
the measured thermal conductivity of the printed parts was
higher (~228W / (mK)). The mechanical properties of the
printed parts can be compared with a 20% cold worked pure
copper.

Finally, samples produced vertically had lower mechani-
cal properties compared to the ones produced horizontally.
Samples produced with Powders A and B showed higher
reductions in terms of yield strength and tensile strength,
while vertical samples produced with Powder C presented
higher reductions of percentage elongation.
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