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Additively manufactured complex geometries from copper alloys with high thermal and mechanical properties
have drawn the attention of researchers. The present contribution explores the additive manufacturing (AM) of
copper-based alloys from powder particles intended for heat sink and heat exchange applications. Selective laser
melting (SLM) parameters featuring low laser beam power (160 W), moderate scanning speed (320 mm/s), and
high energy density (200 J/mm?®) were employed to fabricate dense components from CuSn10 particles. The
present work deal with structural analysis and precision investigation of microfabrication, particularly in Struts,
Tubes, and Fins. Mechanical properties (compression and hardness) for Strut structure, differential pressure
evaluations for Tube structure, and analyses of thermal and electrical conductivities for Fin structure were
investigated. The results showed an improvement in strength compared to those of pure copper, facilitating ease
of AM. The obtained results affirm the feasibility of AM, demonstrating the successful creation of complex and
combined solid-porous structures using SLM process from Cu alloys. A comprehensive structural investigation
and characterization of the Cu-Sn alloy is presented here, aiming to establish a standardized approach for
analysing Cu alloys. The results indicate that small-scaled structures fabricated via CuSnl0 alloy exhibits a
thermal conductivity of 34.3 W-m-K-}, an electrical conductivity of 4.72x10° S/m, a hardness of 119 HV-50, a
uniform surface roughness of 6 um, and can withstand a force loading of 1 kN.

1. Introduction stability, subsequently reducing the risks of cracking and distortion

during rapid solidification. The pre-alloyed copper ability to promote

Additive Manufacturing (AM) technologies have revolutionized the
production of intricate metal components, offering unprecedented
flexibility and rapidity in design and fabrication. Among these, Selective
Laser Melting (SLM) has emerged as a cutting-edge process for 3D
printing, enabling the creation of complex and high-performance
structures [1,2]. The utilization of low-alloyed copper alloys, such as
CuSnl0, CuCrlZr, CuNi2SiCr, CuAll0, etc., is driven by the inherent
challenges posed by the high thermal conductivity of pure copper [3].
This alloying strategy enhances printability and ensures better melt pool

better layer adhesion plays a crucial role in minimizing thermal stresses.
Additionally, the alloying process facilitates the development of a finer
grain structure and offers control over phase transformations during the
cooling process [4].

Among Cu alloys, Cu-Sn alloys exhibit improved wear resistance and
cost-effective, making them suitable for various applications, such as
heatsinks. Tin improves the alloy’s mechanical property, then CuSn10
might be more cost-effective compared to Cul5Ni8Sn or gas-atomized
pure copper in mass production. It has been reported that the addition
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of tin to copper alloys can enhance wear resistance, making it suitable
for applications where parts are subjected to friction. On the other hand,
the presence of nickel enhances strength and corrosion resistance for its
related applications [5]. However, nickel price (in Cu-Ni-Sn alloy) is
more expensive than copper and tin, so the overall cost of the
Cul5Ni8Sn alloy may be higher than CuSn10.

The primary objective has consistently been to optimize the
compressive strength, physical-mechanical properties such as surface
roughness, density, hardness, and technology readiness level (TRL), and
measure the electrical/mechanical conduction for thermal management
devices in both porous and solid forms of copper alloys, using the SLM
process. It is notable that existing studies, while limited, have primarily
focused on optimizing the processing parameters of SLM copper or
comparing it to copper alloys. There has been comparatively less
exploration of their electrical and thermal properties, which are
inherent strengths of copper [6]. An interesting approach in the litera-
ture involves investigating low-alloyed copper (comprising 90 % Cu or
more) instead of pure Cu to achieve better thermal control and increased
laser absorption. Additionally, there is a trend toward exploring lattice
structures instead of bulk samples, showcasing the laser powder bed
fusion (L-PBF) capability to produce intricate shapes. SLM is a specific
type of Laser Powder Bed Fusion (L-PBF, ASTM F2792 standard); L-PBF
is a broad category that includes various processes using a laser to fuse
metal powders. For instance, Ma et al. [7] observed uniformity in the
CuCrlZr lattice structures without cell breakage or strut fracturing
under compression deformations, a goal that is also pursued in the
current article for CuSn10.

The utilization of pre-alloyed copper instead of pure in SLM process
(by adding low percentage of Sn, Zr, Cr, Al and Si) helps achieve the
desired balance of thermal conductivity and mechanical strength in the
additively manufactured components. Despite SLMed components of
copper have a large potential application due to its outstanding thermal
and electrical conductivity, however, it shows challenging printability,
high defects density (e.g., crack and porosity), poor mechanical prop-
erties, and shaping the complex geometry. This limitation arises from its
high thermal conductivity and the tendency to form oxide layers [8,9].
One solution involves the high energy absorptivity of Cu through a SLM
device equipped with a green laser (~500 nm) and it facilitates the
creation of a stable molten pool [10]. Another option is to employ
conventional L-PBF approach, typically utilizing an infrared laser
(~1000 nm) with low laser power [11]. This approach aims to enhance
the absorption rate, heating and cooling rates, consolidation, and
structural precision during the additive manufacturing process. Lower
laser power reduces energy consumption, leading to significant cost
savings, particularly in large-scale and mass production. This makes the
process more economically viable for a wider range of applications and
developing low-power and lab-sized SLM systems can make the tech-
nology more accessible to small and medium-sized enterprises (SMEs).

With a low laser power, there may be a risk of insufficient energy
being delivered to the material, leading to incomplete melting or inad-
equate layer merging, especially for highly reflective metals like copper
and its alloys, particularly in the visible and near-infrared regions of the
electromagnetic spectrum. For applying commercial SLM devices that
are normally limited to lower power (~500 W) and higher wavelength
(~1000 nm), there is a need to optimize the other parameters for suc-
cessful fabrication of both solid and porous structures [12]. The mi-
crostructures and mechanical properties of AMed Cu alloys such as
Cu-Ni-Sn and Cu-Cr-Zr have been extensively studied in the literature
[13,14], however, complex shapes with varying volume fractions, lattice
structures, porous structures, triply periodic minimal surfaces (TPMS)
need to be further investigated [15,16]. This is due to the advantages
offered by AM compared to subtractive manufacturing (SM). In the
context of Cu alloy applications in small-scale devices, it is crucial to
standardize tests for load-bearing lattice structures, formulate fluid flow
characteristics for hollow cylinders, and determine thin sheet
thermo-electrical conductivity.
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The present work focuses on the dense SLMed CuSn10 copper com-
ponents, tailored for heat sink and heat exchange applications. The
exploration of this advanced manufacturing technique involves a
meticulous examination of structural architectures such as Struts (linear
rods), Tubes (hollow cylindrical), and Fins (rectangular surfaces), with
an emphasis on microfabrication precision. By employing a commercial
SLM device with low laser power and a tailored infrared wavelength
spectrum, this study delves into the structural discussion of small-scaled
thin, cylindrical and flat shapes. Besides the density, roughness and
micrograph analyses, the investigation spans compression tests for load-
bearing Strut structures, pressure evaluations for Tube structures, and
analyses of thermal and electrical conductivities for Fin structures,
collectively affirming the feasibility of rapid prototyping for intricate
copper-based structures.

2. Materials and methods

Gas-atomized CuSn10 powder particles, balanced with copper and
featuring a particle size range of 20-63 um with 10 % Tin content, is
provided by ECKART TLS GmbH, Germany. The fabrication of structures
in this study utilizes the TruPrint 1000 device from Trumpf GmbH,
Germany, known for its compactness and rapid productivity in SLM
process. The TruPrint 1000 system boasts a maximum power of 500 W, a
cylindrical built volume of @ 97 x H 100, and a laser beam diameter of
200 pm. The layer thickness for various components, including support,
solid parts, and main structures, is standardized at 25 pm. Consistent
parameters such as applied power and scanning speed are maintained at
160 W and 320 mm/s, respectively, across all samples.

Energy density (E, J/mm?>) has direct proportional to the laser power
(P, W) and inverse proportional to scanning speed (v, mm/s), hatch
spacing (mm), and layer thickness (t, mm) [17], which is determined by
Eq. 1.

14 160 W J

= - =2 — 1
v.hit 320™2 x 0.1mm x 0.025mm 00 mm3 M

E

For low laser power, reducing the scanning speed is crucial to avoid
the balling phenomenon (sticked/unmelted powders) during the
melting process. Based on this equation, instead of increasing the laser
power, we considered reducing the scanning speed and layer thickness
to achieve densification [18]. Increasing the energy density improves
wetting ability of metal and achieves better densification with lower
porosity. However, due to copper’s thermal conductivity and the risk of
distortion or evaporation, energy density cannot be increased beyond a
certain limit.

The CuSn10 powder’s scanning electron microscope (SEM) micro-
graph is presented in Fig. 1. The average flow rate of CuSn10 powder is
16 5/50 g, with a density of > 4.7 g/cm®. Particle size analysis and
measurements were conducted using the Mastersizer 3000 Hydro,
manufactured by Malvern Instrument Ltd. (United Kingdom), which has
a range of 0.01-3500 um. The particle size by density and distribution
for the CuSn10 powder is depicted in Fig. 2.

An average flow rate of 16 s/50 g indicates that 50 g of powder flows
through a specified orifice in 16 seconds under standardized conditions.
Powders with a flow rate under 30 s/50 g are typically considered to
have good flowability for SLM [19]. However, satellite particles and
agglomeration can form large clusters, reducing flowability and creating
gaps in the powder bed [20]. To address this, we reduced the layer
thickness to 25 um, increasing energy density and consolidation, and
preheated the powder at 150°C for 3 hours before using it in the SLM
device.

The Hitachi SU1510 VP-SEM from Japan integrates a high-
performance and compact SEM with a beam energy range of 300 eV
to 30 keV, delivering a single exposure resolution of 3 nm in high-
vacuum mode (15 kV). This SEM is utilized for micrography of sam-
ples and assessing the surface roughness of structures. For X-ray
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Fig. 1. SEM micrograph of CuSn10 powder with A) low and B) high magnification.

=
«

A

=
© N

Volume Density (%)
o

[} 100 20 30 40 50 60 70 8 9 100 110 120

Powder Size (um)

70
60 B
D90 60

50

40
D50 36.7

30

Powder Size (um)

20

D10 19.3
10

o 1 2 3 4 5 6
Record Number

Fig. 2. Analysis of for CuSn10 powder; A) Volume density plot, B) Particle size distribution.

diffraction (XRD), the D8 Advance by Bruker (Germany) is employed to
investigate scattering, phase identification, phase analysis, structure
analysis, and texture. It has copper (Cu-Ka) source and step size of 0.02°
(20) and 1s step time was selected for the measurements. The
compression test on the Strut structure is conducted using the Shimadzu
AG-X plus (100 kN, Japan), known for its short-column type design,
allowing precise control over force-displacement-time parameters for
assessing lattice or strut fracturing. Thermal conductivity measurement
of a cylindrical solid CuSn10 sample (diameter #20 mm, height 20 mm)
is performed using the Armfield HT11C linear heat conduction method.
In this technique, a heat source is applied to one side of the material,
while a temperature sensor on the opposite side measures the temper-
ature change across the material over time, following Fourier’s law of
heat conduction. Additionally, this #20 x H20 mm CuSn10 sample will
be utilized for density measurements using the Archimedes immersion
method.

The hardness testers from the DuraVision G5-Series, manufactured
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by Emco-Test GMBH in Austria, encompass an exceptionally broad
standard load range spanning from 0.3 to 250 kgf. This precision in-
strument enables the measurement of Rockwell, Brinell, and Vickers test
methods in accordance with EN ISO and ASTM standards. It is notable
that various hardness tests were conducted five times on both the top
and bottom sides of a vertically 3D-printed solid cylinder sample with
dimensions #20 x H20 mm. The sample was lightly polished using
P400/P800 grit sandpapers (without heat treatment). For the mea-
surement of fluid flow through the tube, including assessments of flow
stability and inner roughness, the differential pressure was measured
using SM5852 Series piezoresistive differential pressure transducers,
while the flow rate was measured using Nemesys low pressure syringe
pump equipment.

With a research focus on structural analysis and manufacturing
precision, three distinct structures are designed: Struts (linear rods with
a diameter of @ 200 um), Tubes (hollow cylindrical pipes with an inner
diameter of @ 0.5 mm and outer diameter of @ 1 mm), and Fins

0.5x3x12 mm?3

Fig. 3. CAD model of A) Strut structure; 6 cells with unit size of 2x2x2 mm, B) Tube structure; 10x10 hollow cylinders with inner diameter of @ 0.5 and outer @
1 mm, C) Fin structure; 5x10 blocks with size of 0.5x3x12 mm. All samples have 0.3 mm solid base, 12 mm height and 20x20 mm base area.
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(rectangular cubes with dimensions of 0.5x3x12 mm). As illustrated in
Fig. 3, these architectures are created to manufacture and evaluate the
capability of low-alloyed copper through the SLM process for supporting
complex-shaped, micro-piping, and small-scale heatsink applications.
The computer-aided design (CAD) of samples is accomplished using
SolidWorks software, while the preparation for the 3D printer is
managed with Materialise Magics software.

3. Results and discussion

The AMed copper-tin alloy (Cu-Sn) is of high interest for various
applications. Because of its excellent thermal and electrical conductiv-
ity, the 3D complex heat exchangers and customized electronic com-
ponents can be fabricated. Bearings and bushings can be fabricated from
Cu-Sn due to its sufficient printability, good mechanical properties and
biocompatibility, and effectiveness against bacteria [21,22]. Porosity
represents a significant challenge during sintering; In addition to opti-
mizing SLM parameters, the addition of hard materials can greatly
enhance wear resistance [23,24]. Laser power, laser wavelength, scan-
ning speed, powder dimensions, layer thickness, thermal management,
support design and topology of structure are main parameters need to be
matched together for a successful L-PBF manufacturing of the copper
alloy architecture, which the terminology is standardized based on
ASTM F2792 for additive manufacturing. In the context of SLM, scan-
ning speeds can range from relatively low values (e.g., below 100 mm/s)
to high values (e.g., above 1000 mm/s). The designed strategy used in
the present article is lower laser power and higher scanning speed for
support part (100 W and 700 mm/s), versus higher laser power and
lower scanning speed for the main structure (160 W and 320 mm/s).

Fig. 4 shows the XRD pattern of the CuSn10 particles and the AMed
part via SLM process. The XRD of the particles indicates a mixture of
a-Cu and intermetallic compound phase (8-Cu40.5Sn11), which is
similar to those reported by [25,26]. The SLMed samples also illustrated
a mixture of both phases, i.e., Cu- (a-Cu) and Sn-rich (intermetallic)
phases. Zeng et al. [27] studied XRD of the SLMed samples in longitu-
dinal and transverse direction, and concluded a shift of a phase peak
because of Sn diffusion into a phase during AM.

3.1. Strut structure

The structures designed in Fig. 3 are fabricated on a 100 mm plat-
form of copper using the SLM device, as configuration is depicted in
Fig. 5. Parameters such as unit cell, pore size, and strut diameter of the
lattice are crucial in defining the weight and volume fraction of the

b 4
p 4 Vv o-Cu
\ Intermetallic compound

SLM CuSn10 \/Y\ b4

>4

Normalized intensity (arbitrary units)

\f\ Powder )JL )_A

T T T T T T

35 45 55 65 75 85
2-Theta (degrees)

Fig. 4. X-Ray diffraction analysis of CuSn10 powder and SLMed parts.
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lattice (Strut) structure. These parameters directly impact the load-
bearing capacity and other mechanical properties of the structure.
SEM micrographs of the Strut structure at various views and magnifi-
cations are presented in Fig. 6, corresponding to a 200 um beam diam-
eter, approximately 33 % volume fraction, and a 2x2x2 mm? unit cell.
During the consolidation or recoater sweeping in the SLM process,
unmelted powder particles adhering to the outer diameter of the beams
significantly influence the strength, accuracy, and weight of the struc-
ture, especially for small strut diameters [28,29].

The cutting and post-processing of copper parts pose greater chal-
lenges compared to some other metals. The support structure assumes a
crucial role, as the absence of a solid bottom part hinders the effective
connection between the platform and the main structure. Conversely, a
porous design is required in the support structure to facilitate easy
cutting and prevent shielding stress and thermal distortion. The final
samples feature a 0.3 mm solid bottom (comprising 12 layers with a
thickness of 0.025 mm each), a 3 mm designed porous support for cut-
ting, followed by another 0.3 mm solid part on top to establish a
connection with the main sample. The support design, along with its
scanning electron microscopy (SEM) micrograph, is illustrated in Fig. 7.

The compression test of the Strut structure (lattice) from Cu-Sn with
12 mm height is shown in the graph in Fig. 8, where the relationship
between force (N) and displacement (mm) can be observed. during a
compression test on a Strut (lattice) structure with 12 mm height. In the
initial phase, up until around 7 mm of displacement, there is a moderate
increase in force. This indicates that the lattice structure was relatively
stable and could withstand compressive forces. However, beyond
approximately 7 mm of displacement, there is an abrupt increase in
force. This could imply that at this point, the lattice structure starts
undergoing significant deformation or failure. This sharp rise suggests
that the structure has reached its limit of elasticity and has begun to
deform plastically. Prior to reaching the yielding point under the applied
load, the Strut structure exhibits resistance, with an approximate
displacement of 9 mm under a force of 1000 N. During this test, there
were no instances of cell breakage or strut fracturing observed subjected
to compression deformations.

3.2. Tube structure

The primary objective in creating Tube structure is to develop
diverse designs of thermal management devices (TMDs) to enhance
microchannel cooling systems in the electronic industry [30]. Pure and
low-alloyed copper emerges as an outstanding material for heat ex-
changers, thanks to its exceptional attributes such as high thermal
conductivity, fatigue strength, creep rupture strength, resistance to
corrosion, resistance to biofouling, maximum allowable stress and in-
ternal pressure, specific heat, thermal expansion, antimicrobial prop-
erties, tensile and yield strength, and ease of formation and joining.

To understand the flow dynamics inside of a 3D printed heat ex-
change system, a fluid test was performed in a copper tube fabricated
using SLM. The main objective is to verify flow stability regarding the
dimensional precision of the tube, specially to understand the internal
frictional resistance caused by the unmelted powder particles sticked to
surface of the tube structure. The tube has an inner diameter (d) of ~0.5
+ 0.0088 mm and a length (L) of ~12 mm, as shown in Fig. 9, where an
SEM micrograph of the tube structure is presented. Flow stability,
dimensional precision, internal friction, and the presence of unmelted
particles are four crucial for determining a consistent flow rate. The tube
has an inner diameter of 0.5 mm and a thin wall of 0.25 mm, making
measurement challenging, especially as the length increases or the
diameter decreases.

1. Flow stability is smoothness of the fluid flow through the tube.
Inconsistent flow can lead to turbulence, which increases energy
losses and reduces the efficiency of the system. For applications
requiring precise thermal management or fluid transport, stable flow
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Fig. 6. SEM micrograph of as-built Strut structure, fabricated using SLM process: A, B and C) Struts and cells and accuracy in different magnifications, D) Refined

area of last layer for considering of densification.

bottlenecks or expansions in the flow path, leading inefficient flow
dynamics.

3. Internal friction is influenced by the surface roughness and texture of
the tube’s inner walls. Copper-based SLM-produced components
often have rougher surfaces compared to those manufactured by
subtractive methods, which can increase friction [31]. High internal
friction results in greater energy loss, requiring post-processing, and
can affect the hydraulic system’s overall efficiency.

ensures predictable performance and optimal heat transfer, and
avoiding of pressure fluctuations and mechanical stresses.

2. Precise dimensions ensure that the flow path is uniform, minimizing
areas where fluid velocity can vary significantly. In SLM process,
achieving high dimensional accuracy can be challenging due to
factors like structural/thermal distortion and layer-by-layer con-
struction. Deviations from the intended geometry can create
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Fig. 7. Support design and SEM micrograph. Solid parts in bottom and top of the support structure are both 0.3 mm and porous support height is 3 mm.
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Fig. 8. Compression test results for Strut structure made from Cu-Sn alloy.

4. Unmelted particles can become dislodged and enter the flow stream,
leading to blockages or erosion of the tube’s internal surface. Addi-
tionally, the presence of unmelted particles can compromise the
structural integrity of the tube, leading to weaknesses and potential
failure points.

The experimental apparatus is shown in Fig. 10, the Tube was
inserted into a PLA mold developed by 3D printing, where during
printing a pause was made to insert the copper Tube, thus allowing the
creation of a unique part. Then, the connections were made, two on the
upper surface to carry out differential pressure measurements, and two
on the side surface, to guarantee the flow inlet and outlet. The experi-
ment consisted of creating a pressure differential to establish a flow rate
of water inside the Tube. The differential pressure, AP, and the flow rate,
Q, were measured by SM5852 Series piezoresistive differential pressure
transducers and Nemesys low pressure syringe pump equipment,
respectively.

The results are presented in Fig. 10, it is possible to verify that the
differential pressure is directly proportional to the flow rate, which
confirms with the fluid behaviour of a laminar flow described by the
Hagen-Poiseuille equation defined by Eq. 2, [32].

nAP d*
Q= 128ul 2
where Q is the flow rate (ml/hr), AP is the pressure differential (kPa),
d is the diameter, L is the length, and x is dynamic viscosity of the fluid,
which is 1x1073 Pa.s at 20 °C for distilled water. For instance, as shown
in Fig. 10, at AP=0.33 kPa, Q=152 ml/hr, confirming the consistency
between the theoretical equation and the experimental findings.

3.3. Fin structure

In TMDs like heat sinks, heat spreaders, or thermal interface
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Fig. 9. SEM micrograph of as-built Tube structure, manufactured via SLM process: A and B) Top and C) lateral accuracy of hollow cylinders in different magnifi-

cations, D) Refined area of last layer for considering of densification.
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Fig. 10. Experimental apparatus and measurements of the differential pressure (AP) and flow rate (Q) for Tube structure (based on Eq. 1).

materials, the thin sheet cuboid structures provide a large surface area
for heat dissipation. This increased surface area allows for faster cooling
as heat can be more effectively radiated away. Each thin rectangular
sheet (cuboid) within the Fin structure measures 0.5 x 3 x 12 mm. The
SEM micrograph of the Fin structure is depicted in Fig. 11. With a
defined hatch space of 0.1 mm, the laser builds the cross-section of the
cuboid through 5 passes of scanning (as seen in Fig. 11C). Subsequent
slight polishing of the cross-section reveals the densified, pore-free ar-
chitecture (as shown in Fig. 11D).

To measure heat conduction, Fourier’s law is applied to a solid
sample with a diameter of 20 mm and a height of 20 mm. According to
Eq. 3, the heat flux is directly proportional to the thermal gradient.

dr

q= -k A 3

Here, q represents the heat flux power in watts (q = IV), A is the
cross-sectional area, and k is the material’s thermal conductivity in
watts per meter per Kelvin (W.m 1K™ 1). The slope of the graph (dT/dx)
and consequently, the value of k will be determined using the Armfield
HT11C linear device. In this test, which is illustrated in Fig. 12, the
voltage and current are fixed at 9 V and 1 A, respectively, and the water
flow rate through the device is set to 1.5 L/min.

Based on measurements, the value of thermal conductivity is k
~34.3 W.m_lK_l, which is much lower than the nominal thermal
conductivity of pure copper (397 W.m 'K™! [33]). The measured
thermal conductivity is just ~8.6 % of that for pure Cu (showing ~91 %
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Fig. 11. SEM micrograph of as-built Fin structure manufactured through SLM process: A, B and C) Top, lateral and layers accuracy of solid areas in different
magnifications, D) Refined area of last layer for considering of densification.
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reduction). The reported thermal conductivity (also electrical conduc-
tivity) values for pure copper may vary slightly across different litera-
ture, possibly due to differences in test conditions, temperature,
methods and the precision of the apparatus used. Despite having
near-theoretical hardness and relative density, and better mechanical
properties than pure copper, such results were expected based on liter-
ature [34]. The main reason for this disparity lies in the presence of 10 %
tin in our material composition contributes to this variation. As
demonstrated by Askeland et al. [34], the addition of just 1 wt% of tin to
pure copper can reduce conductivity to 50 %. In essence, enhancing the
strength of the Cu-Sn alloy comes at the expense of conductivity.
Electrical conductivity of copper is standardized at 100 % IACS
(International Annealed Copper Standard) at 20°C, equivalent to =
5.95 x 107S/m. Among metals, only silver surpasses this conductivity
with 105 % IACS. Since conductivity is the reciprocal of resistivity, to
convert from S/m (siemens per meter) to Q.m (ohm meter), as Eq. 4.

1 1

P 57595107 S/m

~1.68 x 10°8Q.m = 1.68uQ.cm “@
Where, p is resistivity and ¢ is electrical conductivity [35]. The Van der
Pauw technique is employed for assessing the electrical conductivity of
materials, whether solid or in thin film form. It is particularly applicable
to square metals, such as our Fin structure [36] and it is shown in Fig. 13.
From our experiments on a cuboid within the Fin structure (with di-
mensions of 1.11 cm in length, 0.292 cm in width, and 0.044 cm in
thickness) made of Cu-10 % Sn alloy, we have determined the electrical
conductivity and resistivity to be ¢ = 4.72 x 10°S/m (7.9 % of Cu) and p
= 2.11 x 1077Q.m, respectively.

It is worth noting that for low-alloyed copper, such as Cu-Cr-Zr, a 50
°C increase in heat treatment can improve electrical conductivity by
approximately 5 % IACS [37]. This research focuses on characterizing
the as-manufactured samples, avoiding any mechanical or thermal
post-processing. On the other hand, the Wiedemann-Franz law estab-
lishes that the ratio of thermal conductivity (k) to electrical conductivity
(o) of metals remains constant at room temperature, denoted as L, the
Lorenz number. Eq. 5 illustrates this relationship.

k k
—-=1LT -10% L= —
p ,  (for Cu-10%Sn ) 5T
34.3W.m1K! 8 20
= <298 K72.44><10 VK (5)

472 x 10S.m1

Conductivity
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In terms of dimensional accuracy, it is notable that 1 siemens is
equivalent to 1 A per volt, while 1 watt is equal to 1 A multiplied by volt,
then V2K=2 = WQK2. Monaghan et al. [38] elucidated the connection
between thermal and electrical conductivity through the Lorenz con-
stant in the context of Cu-Sn alloy, corroborating our calculations.

3.4. Mechanical and microstructural characterizations

The relative density of the fabricated samples was determined using
Archimedes’ immersion method for CuSn10 solid samples. The fabri-
cation parameters included a power of 160 W, scanning speed of
320 mm/s, hatch spacing of 0.1 mm, and layer thickness of 0.025 mm.
The resulting relative density was approximately 99.5 % for both #20 x
H20 mm cylinders and 10 x 10 x 10 mm cubes, whether in their built or
polished states. When compared to the results from pure copper reported
in the literature, the CuSn10 (known as phosphor bronze or tin bronze)
fabricated sample exhibited greater hardness and wear resistance than
pure copper or equal to some other copper alloys [39-41]. The corre-
sponding Rockwell (60 kgf), Brinell (62.5 kgf), and Vickers (50 kgf)
standard test results on the sample surface were 44, 121, and 119,
respectively. The details and configuration are depicted in Fig. 14.

The graph in Fig. 15 shows fluctuations in depth from about
0.2-1.8 mm across various path lengths measured for longitudinal
(layer by layer assembly) and transverse direction. The parameters used
to quantify surface roughness in these directions respectively are 936.49
and 939.03 nm for Ra (average roughness), 1.23 and 1.46 um for Rq
(root mean square roughness), and 5.65 and 6.17 um for Rt (total height
of the roughness profile). From the given values, it appears that the
surface roughness is slightly higher in the transverse direction compared
to the longitudinal direction, but in general, independent than built
direction, uniform surface roughness has been achieved.

Consistent surface roughness in both longitudinal and transverse
orientations (nanometre scale in depth) imply the absence of distortion
caused by thermal influences during the manufacturing process,
requiring an accurate scanning strategy for this printing job. In the
context of this measurement, R, represents the surface’s average
roughness, Rq corresponds to the square root of the cumulative squares
of individual heights and depths relative to the mean line, and Rz sig-
nifies the disparity between the deepest valley and the highest peak on
this Fin surface.

The majority of spherical powders utilized were generated through

0]

A cuboid of the Fin structure

Relationship

Fourier’s law
(Thermal conductivity)

The Van der Pauw’s method
(Electrical conductivity)

Wiedemann—Franz’s law
(Lorenz constant)

Fig. 13. Schematics of Van der Pauw configurations for electrical conductivity of thin rectangular sheet (Fin structure) and relation with thermal conductivity.
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Type Method Hardness
Rockwell HRA 44

Brinell HBW 2.5/62.5 121
Vickers HV 50 119

Journal of Alloys and Metallurgical Systems 7 (2024) 100097

Fig. 14. Rockwell, Brinell, and Vickers test results.

gas atomization and plasma spheroidization [42]. This is crucial to
achieve a finely spherical powder for metal AM processes. Such powders
play a vital role in enhancing powder flowability and it results densified
fabrication, contribute to reducing machine downtime, and increasing
manufacturing processing speed. According to the powder producer’s
documentation, the CuSn10 powder exhibits a size range of 20-63 um, a
measurement that aligns with our own findings. Our assessment reveals
that 10 % of the sample measures less than 19.3 um, 50 % falls below
36.7 um, and 90 % is smaller than 60 um (see Fig. 2). The advantages of
employing low-percent pre-alloying of Cu in L-PBF include achieving a
homogeneous composition, enhanced control over microstructure,
reduced sensitivity to process variations during printing, and improved
mechanical properties. According to Zhao et al. [43], while micro-
structural features are considered comparable for both pre-alloyed and
mechanically mixed powders, the latter exhibits a heterogeneous dis-
tribution of Ni and lower hardness when contrasted with samples
derived from pre-alloyed Cu-Sn-Ni powder.

A thorough examination of the macro- and micro-structural features,
along with mechanical analysis of copper alloys grouped by their com-
positions is a forthcoming objective. This systematic approach intends to
include a range of well-known pre-alloyed compositions like CuSn10,
CuCrlZr, CuNi2SiCr, Cul5Ni8Sn, CuAll0, and others. Establishing a
triangular relationship among i) thermo-electrical conductivity, ii)
parameter optimization and printability of alloys for additive
manufacturing, and iii) mechanical properties can serve as a benchmark
for process standardization and proper applications.

4. Conclusion

Highly densified and hard CuSn10 alloy, suitable for various appli-
cations, is produced using the selective laser melting process. The
printability and accuracy of its structural architecture are classified ac-
cording to configurations such as Struts, Tubes, and Fins.

1. In the present study, SLM components were fabricated using a laser
power of 160 W, a scanning speed of 320 mm/s, a hatch spacing of
0.1 mm, and a layer thickness of 0.025 mm, resulting in an energy
density of 200 J/mm>. Lower scanning speed was employed to
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overcome the balling phenomenon, and a reduced laser power was
used to address the high thermal conductivity of copper.

. The current study on the well-known copper alloy, CuSn10 (phos-
phor bronze or tin bronze), highlights that alloying pure copper
significantly impacts both thermal and electrical conductivities.
However, it enhances strength and low laser power printability in the
SLM process, even for complex shapes, microfabrication, and thin-
walled structures.

. Having recorded values of 34.3 W.m 'K ™! in thermal conductivity,
4.72x10° S/m in electrical conductivity, it exhibits ~90 % reduction
over pure Cu, however, in hardness measurements, SLMed CuSn10
showed a strength of 119 HV-50, which is 110 % of Copper’s
strength.

. The surface roughness in the built or transverse directions are both
~6 um. This indicates the potential to manufacture structures that
are independent of the build direction, allowing for application
without the need for polishing or post-processing for thin-walled
sheets.

. A lightweight, porous lattice structure featuring struts with a diam-
eter of 200 um, a height of 12 mm, and a volume fraction of 33 %,
can withstand a 1 kN force load and deform by 9 mm before reaching
the yielding point. This makes it a potential load-bearing architec-
ture for small-scale and compact electronic devices.

. While the flow rate changes from 0 to 200 ml/hr, the pressure dif-
ferential for micro-pipe shifts from 0 to 0.44 kPa for a Tube with an
inner diameter of 500 um, outer diameter of 1 mm, and a length
greater than 10 mm. The alignment of theoretical and experimental
data indicates that the internal frictional resistance caused by
unmelted powder particles is negligible due to dimensional accuracy.

. Although Cu-10 % Sn is classified as low-alloyed copper, it signifi-
cantly impacts the thermo-electrical conductivity of the material.
Therefore, it is recommended for use in TMD devices where strength
and complex/porous shapes are prioritized.
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Annex
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For a quick overview, two tables summarizing the article’s outcomes are provided here. The abbreviated results from this article are presented in
Table 1. Also, the main benefits and drawbacks of each structure are illustrated in Table 2.

Table 1

Brief findings from this article.

Structure Property Value Units
General XRD pattern a-Cu and §-Cu40.55n11 Phases
General Powder density > 4.7 g/cm®
Strut Compression strength 1 kN

Strut Hardness 119 HV-50
Tube Pressure and flow rate AP=0.44 kPa ~ Q=200 kPa, ml/hr
Tube Diameter precision inner 0.5, outer 1 mm

Fin Electrical conductivity 4.72x10° S/m

Fin Surface roughness ~6 um
General Energy density 200 J/mm?®
General Thermal conductivity 34.3 Wm?K?

Table 2
Benefits and drawbacks of structures discussed in this article.

Structure Benefit Drawback

General Higher hardness and strength than pure copper Thermal and electrical conductivity are lower than pure copper

Strut Lightness and complex architecture for electronic devices Sticked particles to lattice struts and difficulty of cleaning

Tube High control on pneumatic and hydraulic systems Distortion possibility for micro-pipes during post-processing

Fin Fabrication of micro-sheets with fine surface Difficulty in electrical measurements due to small size
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