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ABSTRACT: The ability to design complex copper (Cu) parts into the most efficient thermal
structures is an old dream, but difficult to realize with conventional manufacturing techniques.
The recent development of laser 3D printing techniques makes it possible to fully explore
intricate designs and maximize the thermal performance of Cu-based thermal management
components but present significant challenges due to its high optical reflectivity. In this study,
we demonstrated the laser 3D printing of pure Cu with a moderate laser power (400 W). Dense
Cu parts (95 %) with smooth surface finishing (Ra ~18 um) were obtained at a scan speed of 400
mm/s, a hatch distance of 0.12 mm, and a layer thickness of 0.03 mm. The hardness, electrical,
and thermal conductivity of the printed Cu parts are 108 MPa, 5.71x10” S/m, and 368 W/m-K,
respectively, which are close to those of bulk Cu. Additionally, complex heat sink structures
were printed with large surface areas (600 mm?/g), and their cooling performances were
compared to a commercial heat sink with a smaller surface area (286 mm?/g) on an electronic
chip. The complex heat sinks printed cools the electronic chip 45% more efficiently than the

commercial one. The introduction of selective laser melting to additively manufacturing Cu heat



sinks offers the promise to enhance the performance beyond the scope of exciting thermal

management components.

INTRODUCTION

The high thermal conductivity (~ 400 W/m-K) of pure copper (Cu) makes it an essential material
for thermal management applications in numerous industries, such as microelectronic
manufacturing, power plants, and aerospace[1-5]. However, the shape (i.e., surface area) of heat
sinks plays a crucial role in heat dissipation, and due to the current fabrication limitation is often
a simple geometry [6,7]. Recently, the development of additive manufacturing, especially
selective laser melting (SLM), has attracted tremendous attention due to its ability to efficiently
manufacture complex geometrical metal parts while minimizing waste products and post-
processing steps [7,8]. The thin and sophisticated features enabled by SLM and the excellent
properties of bulk Cu have the potential to significantly enhance the efficiency of heat sinks

components [9,10].

In the past, few attempts have been undertaken to additively manufacture pure Cu [11].
Silbernagel et al. and Jadlhav et al. studied the fabrication of Cu parts by SLM using low laser
powers of 200 and 300 W, respectively [12,13]. Low-density parts (86%) with low thermal
conductivity (TC) of 202 W/m-K were reported. The low-density parts resulted from insufficient
laser energy deposited on powders due to the fast heat dissipation rate and the low laser
absorption in the near-infrared (IR) domain of Cu [14,15]. High laser power (800 W) was
employed to overcome this issue, and dense Cu parts were printed (97%) with a TC of 336
W/m-K [16,17]. Nevertheless, the high reflectivity of Cu can severely damage the laser optics,

leading to high maintenance and operation costs [12]. Another approach is to print Cu alloys that



have much higher laser absorption rates than pure Cu. Serval studies reported the production of
fully dense Cu-alloys such as Cu-Cr, Cu-Sn, or Cu-Zn[18-20]. However, a post-processing step
is required on the as-built Cu alloys to reach an electrical and thermal properties close to bulk Cu
[18,19]. Despite these impressive results, SLM of pure Cu with properties comparable to bulk Cu

without post-processing remains challenging.
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Figure 1. (a) Schematic illustration of the SLM process to print Cu heat sinks, (b) photo of a
printed heat sink on an electronic chip with the thermal image in the insert, and (c) photos of

three complex-shaped heat sink structures printed: columnar, helix, bent tubes



In this study, the advantage of SLM in the fabrication of heat sinks was demonstrated by
additively manufacture passive heat sinks for electronic devices using a moderate laser power
(400W) (Figure 1 (a)). Complex shaped, dense, and crack-free heat sinks were fabricated by
SLM after optimizing the printing parameters (Figure 1 (c)). The heat dissipation performance
of the heat sinks printed was compared to the commercial one (COM, Enzotech Mosfet MOS-
C10) by studying the temperature profile of a hot electronic chip cooled by the heat sinks.
(Figure 1 (b)). It is shown that the printed heat sink structures with high-surface-area printed
outperform the COM one. SLM-based 3D printing technique offers an easy and effective method
to designing complex geometric shapes, ultimately improving the thermal performance of heat

sinks components.

EXPERIMENTAL SECTION

Cu parts were fabricated by SLM using an SLM 125 3D printer (SLM Solutions). The printing
parameters are summarized in Figure 2 (a). The printer is equipped with a continuous wave
(CW) fiber laser (IPG photonics, YLM, Yb: YAG, A = 1070 nm). The maximum output power is
400 W with a spot diameter of 70 um on the powder bed surface. Spherical Cu powders with an
average size of 45 um were used in this study (US Nano, Cu 99.5%). A scanning electron
microscopy (SEM) micrograph of the powders is presented in Figure 2 (a). The printing
chamber was filled with argon (Ar) (99.9%, Matheson) to reduce an oxygen level below 0.09%.
A constant pressure of 18 mbar was maintained during all experiments. The printing parameters
were optimized by adjusting the hatch distance from 0.08 to 0.12 mm, and the scan speed from
200 to 600 mm/s. The laser power and layer thickness were kept constant at 400 W and 0.03
mm, respectively, throughout the study. A stripe scan strategy was used in this study, as

illustrated in Figure 2 (c). The structures printed were designed using SolidWork®. Magics®



software was used to prepare print jobs and establish the printing parameters. The parts were

printed on a stainless-steel building plate (stainless steel, 123 x 123 x 25 mm?).

(a) Parameters Values
Spot Size 70 um
Laser Power 400 W

Scan Speed 200 to 600 mm/s

Hatch Distance 0.08 to 0.12 mm
Layer thickness 30 um
Powder size 45 um

Figure 2. (a) SLM parameters used in this study, (b) SEM micrographs of the copper powder,

and (c) schematic illustration of the stripe scan strategy.

The density of the samples was measured using the Archimedes method (Mettler Toledo
AT201). The microstructure of the printed parts was characterized using a scanning electron
microscope (SEM, FEI Quanta 200 Environmental SEM). The cross-sectional views of the
polished samples were observed using an optical microscope (Nikon Eclipse E600). The average

surface roughness was measured using an optical surface profiler (Zygo NewView 8000). The



crystalline phases of the powders and parts printed were analyzed by X-Ray diffraction (XRD,
Bruker-AXS D8 Discover Diffractometer, Cu Ka = 0.154 nm). Energy dispersive X-Ray (EDX)
was performed on the Cu powder and part using a Helios NanoLab™ 660 equipped with an
EDAX™ detector. The electrical resistance of the printed material was measured using a four-
point probe method (Keithley 2400 Source Meter) with a current ranging from -0.03 to 0.03 A.
The thermal conductivity was calculated from the electrical conductivity using the Wiedemann-
Franz law. Sample hardness was measured by Vickers hardness test (Wilson Tukon™ 2500-3),
using a load and dwell time of 0.5 Kg and 10 s, respectively. The physical properties of the heat
sinks printed were compared to a commercial Enzotech Mosfet MOS-C10 heat sink. The
thermal-dissipation performances of the printed heat sinks were evaluated by simulating the
thermal management situation of microelectronics using an IR camera (FLIR E85 24°). The heat
sinks were attached to an electronic chip with a thermal tape (3M™ 8815 Thermal Tape). Using
a hot plate, the memory card and the heat sink were heated to 100, 150, and 200 °C, respectively,

with a fan, which was placed 10 cm above the heat sink for airflow.

RESULTS AND DISCUSSION

Reports on the 3D laser printing of pure Cu show that high laser power is required to obtain
dense Cu parts. The printing parameter windows typically reported are a laser power between
600 to 1000 W, a scan speed comprise between 200 to 1000 mm/s, a layer thickness between
0.03 to 0.05, and a hatch distance from 0.05 to 0.12 mm [12,16,17]. Thus, the printing
parameters were optimized in the range of the same parameters as found in the literature to
achieve dense Cu parts with smooth surface finishes but by using a moderate laser power of 400
W. The hatch distance was adjusted from 0.08 to 0.12 mm at an increment of 0.01 mm. The scan

speed increased from 200 to 600 mm/s with a 50 mm/s increment. The layer thickness was kept



at fixed values of 0.03 mm. First, the overall shape of the printed parts was investigated and
qualitatively categorized into three groups, which defined the process window of pure Cu.
Figure 3 (a) and (b) show a photo of the printed parts on the base plate and a 2D map depicting
the quality of the parts at different scan speeds and hatch distances—cracked, good, and porous
samples are represented by green squares, red circles, and blue triangles, respectively. A low
scan speed (200 to 350 mm/s) resulted in cracked samples for all the hatch distances studied.
With a low scan speed, the energy deposited greatly exceeded the amount required to melt the
Cu powders. The high temperature of the molten pool generated a large thermal gradient in the
solid Cu, which ultimately caused interlayer delamination and debonding from the build plate
[21-23]. Note that, at a scan speed of 200 mm/s (Figure 3 (a)), the print was stopped because
bending/debonding of Cu from the build plate caused severe damage to the powder recoater.
Printing with a higher scan speed of 400 mm/s and a hatch distance of 0.12 mm produced smooth
Cu parts without defects. Similar results were also obtained with scan speeds ranging from 450
to 500 mm/s and hatch distances from 0.08 to 0.09 mm (Figure 3 (a)-(b). Finally, scan speeds
exceeding 500 mm/s yield rough and porous samples for the majority of the hatch distances
investigated (Figure 3 (a)-(b)). The defects develop when insufficient laser energy is applied to
the powder bed come from partial melting and sintering of the powders and subsequently result
in pore generation [24]. XRD was performed on the as-received Cu powders and the printed
parts for crystalline and phase evaluation in Figure S1. The diffractions peak at 20 = 36, 43, 50
and 74 ° are attributed to (-111), (111), (200) and (220) planes of the face-centered Cu [25]. No
other peaks were observed other than Cu peaks in either the as-received Cu powders or the
printed Cu parts. Additionally, the EDX analysis of the Cu powder and the printed parts can be

found in Figure S2. The results show the presence of 7.7 and 2.4 wt.% of oxygen on the Cu



powder and printed parts respectively. Note that, the EDX measurement represents an estimation
of the oxygen content in the feedstock and the printed part, and thus, cannot be interpreted as a
quantitative analysis due to the measurement incertitude. The XRD and EDX analyses indicate

that oxidation of Cu did not occur during the 3D printing step.
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Figure 3. (a) Photo of printed Cu cubes with laser scan speeds from 200 — 600 m/s and hatch
distances from 0.08 to 0.12 mm, respectively. (b) 2D map of the printing quality with respect to
the scan speed and the hatch distance, (c) 2D map of the part density, and (d) the average surface

roughness as a function of the scan speed and the hatch distance.

Part density and surface finish are the essential attributes to evaluate when assessing the print

quality and optimizing process parameters. The densities of the printed Cu parts are summarized



in the 2D map as a function of the scan speed and the hatch distance in Figure 3 (c). High-
density parts were obtained within an extremely narrow processing window with a scanning
speed of 400 mm/s and a hatch distance of 0.12 mm. A slight deviation in the scan speed or
hatch distance from the optimized processing window significantly decreased the density of the
printed part from ~95% to 70%. The average surface roughness (Ra) of the parts was measured
using an optical profiler, with the results plotted in Figure 3 (d). Using fast scan speeds (450 to
600 mm/s) for all hatch distances resulted in a large Ra (> 30 um). Lower scan speeds led to a
smaller Ra (< 18 um). The Ra results at low and high scan speeds confirm the previous
observations on part quality (Figure 3(a)). When the scan speed decreased, sufficient melting of
the Cu powders occurred, leading to an adequate flow of molten metal, and thus, a low Ra [26].
The findings obtained by studying the part shape, density, and surface roughness, suggest that at
a laser power of 400 W, a scan speed of 400 mm/s and a hatch distance of 0.12 mm are the

optimal parameters to print a crack-free Cu part with a density of 95% and a Ra of 18 um.

To better understand how the printing parameters, influence the density and Ra, the surface
morphology of the printed parts was studied and associated with the molten metal stability. The
laser-matter interactions induced the formation of a circular molten pool in several hundred
microseconds[27]. Printing parameters, such as the scan speed and hatch distance, influence the
dynamic, temperature, shape, and stability of the molten pool as well as the surface finish and the
part density [17,28,29]. At a slow laser scanning speed of 200 mm/s, bumps form on the surface
resulting in pores formation (Figure 4 (a) and (b)). The slow laser scanning speed generates a
significant temperature gradient in the molten pool and induces a great difference in the surface
tension between the edge and the center of the molten pool. As a result, the molten Cu tends to

flow from the hot molten pool towards the colder edges of the pool, thus creating bumps at the



pool borders (Figure 4 (b)) [30]. At 400 mm/s, the part shows a smooth and flat surface finish
with minimal defects (Figure 4 (c) and (€)). At a moderate scan speed, the temperature of molten
Cu is sufficiently high to achieve a desirable metal viscosity, resulting in a flat and stable molten
pool, as illustrated in Figure 4 (d). At 600 mm/s, the surface appears to be porous with balling
effect (Figure 4 (e) and (h)). The insufficient laser energy deposition at a fast scan speed leads to
an unstable molten pool (i.e., fluctuation), with poorly melted powders and a slow molten metal
flow, leading to the formation of large pores (> 80 um) (Figure 4 (h) and (f)) and bumps on the

surface (i.e., the balling effect)[31].
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Figure 4. (a), (d), and (g) SEM micrographs of as-built surface sand (b), (e), and (h) optical
images of polished surfaces with scan speeds of 200, 400, and 600 mm/s, respectively, and (c),

(F), and (i) schematic illustrations of the molten pool shapes at different laser scan speeds.

Producing high-density Cu parts with moderate laser power is a critical advancement in additive
manufacturing. Moderate power prevents damage to the laser optics (the back reflection of the
laser beam) and lowers the energy consumption (60% less power compared to 1 KW laser)
[32,33]. One possible explanation of the successful additive manufacturing of dense Cu parts
with a moderate power is associated with the laser beam. Jadlhav et al. reported that low laser
power led to porous Cu parts (84%) [12]. Others reported that adding oxide or carbon particles to
the Cu parts enhanced the laser absorption, which should have decreased the laser power. Yet,
high laser power was still required (> 500 W) [8,34]. Several studies demonstrated that the
wavelength, beam angle, size, and quality play vital roles in laser-matter interactions [35-37].
Naturally, the laser beam characteristics influence the power required to manufacture Cu. The
beam shape, size, and quality of the SLM 125 used in this study are presented in Figure S3. The
beam quality (M?) of the SLM 125 laser is 1.160, implying an excellent beam quality when
focused on a small spot ( i.e., 70 um) with the conservation of the original output power (i.e., 400

W)[38,39].

The main advantage of the SLM is its ability to manufacture complex shapes that cannot be
achieved by conventional machining techniques. The ability to design thin and sophisticated
structures has the potential to significantly enhance the functionality of current heat sinks to cool
electronic devices. The full potential of the SLM method was investigated by fabricating
different heat sink structures, as presented in Figure 5. The first heat sink is a commercial

(COM) columnar type. Figure 5 (a) and (b) show a photo and SEM micrographs of COM and



printed heat sinks having the same morphology and appearance with a column height of 12 mm
and a diameter of 1.2 mm, respectively. The second type of heat sinks is a helix structure with a
height and diameter of 12 mm and 750 um, respectively (Figure 5 (c)). The third type of heat
sinks consists of hallow, bent tubes with a pore diameter of 1 mm and a wall thickness of 300
um, as shown in Figure 5 (d). The optimal printing parameters (scan = 400 mm/s, hatch = 0.12
mm) were applied for the fabrication of complex structures with smooth, crack-free surfaces. It is
worth mentioning that the printing of pure Cu shows a spatial resolution of a few hundred
micrometers, which makes the SLM methods a desirable choice for the fabrication of complex

thermal management components.
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Figure 5. Top- and side-view photos and SEM micrographs of (a) a commercial (COM)

columnar, (b) a printed columnar, (c) a printed helix, and (d) a printed bent tubes heat sink.

The physical properties of the columnar heat sink printed were measured and compared with the
COM columnar heat sink and bulk Cu, as listed in Table 1 [40-42]. Prior to the measurements,

the printed and COM heat sinks were sandblasted to obtain a similar surface finish. The densities



of the printed and COM heat sinks were 95% and 98%, respectively. Note that the other
structures also had densities of approximately 95% (i.e., helix and bent tubes). The sample
preparation and the current/voltage curve can be found in Figure S4. The resistance of a single
Cu pillar was obtained by linear regression of the I/V curve and converted into electrical

conductivity using the following equation [43]:

L

o= 2)

A XR

where ¢ is the electrical conductivity (S/m), L is the length of the pillar (m), A is the area cross-
section (m?), and R is the resistance (). The results show that the printed and COM heat sinks
have an electrical conductivity of 5.71 x10” and 5.81 x 10" S/m corresponding to 98 % IACS
(International Annealed Copper Standard) and 100 % IACS, respectively (Table 1). Note that
the incertitude in the electrical conductivity measurements is derived from the incertitude on the
pillar dimensions measurement and the resistivity analysis. The electrical conductivity of the
heat sinks appears elevated, considering their oxygen content and density. One explanation is
that the small dimensions of the samples, imposed by COM heat sink (i.e., length = 12 mm,
diameter = 1.2 mm), may have inflated the electrical conductivity measurements. Therefore, one
can still conclude that the printed and COM heat sinks possess comparable electrical properties.
The thermal conductivity can be obtained from the electrical conductivity measurement for pure
metal using the Wiedemann-Franz law [44]:

~ =KL 3)
where « is the thermal conductivity (W/m.K), K is the temperature (K), and L is a proportionality
constant (2.2 x 108 WQ/K?). The thermal conductivity of the printed and COM heat sinks was

368 and 378 W/m.K, respectively. The thermal conductivities of the commercial and printed heat



sinks measured in this study are comparable to the one measured by C. Vincent et al. on pure Cu

prepared by a powder metallurgic route with similar density [41] as shown in Table 1.

Table 1. Physical properties of the printed and the commercial (COM) columnar heat sinks and

bulk Cu
Properties Printed heat sink COM heat sink Bulk Cu [40-42]
Density
(%) 95 98 100
Electrical
conductivity 571 +0.26x 107 5.81+0.17x 107 5.97 x 107
(S/m)
IACS
(%) 98 + 4 1003 103
Thermal
conductivity 368 + 17 378 £ 15 385
(W/m.K)
Hardness
(MPa) 108 £ 4 72+2 60-120

The hardness of the printed and COM heat sinks was tested on the base plate. SEM micrographs
of the indentation are presented in Figure S5 (a). The hardness of the printed heat sink was
found to be 108 MPa, which is higher than the COM one (72 MPa). The porosity and
microstructure (i.e., grain size) of the material affect the thermal and mechanical properties.
Several studies demonstrated that the porosity mainly affects the thermal conductivity, while the
microstructure alters the mechanical properties [41,45-47]. The grain size of the COM and
printed heat sinks was measured, after acid etching, and presented in Figure S5 (b). It was found
that the grain size of the printed and COM samples was about 22 and 30 pm, respectively. A
smaller microstructure hardened the material, producing better mechanical properties. Therefore,
the printed heat sink possesses thermal properties similar to the COM one made out of pure Cu

while being harder. The high thermal conductivity of the printed heat sink (i.e., 368 W/m.K) is



encouraging. We will explore the heat dissipation of SLM-printed heat sinks that can outperform

the COM model.

The surface area is the main factor in thermal management. SLM has the ability to easily
increase the specific surface area through manufacturing thin features of complex shapes [2,9].
To demonstrate the benefit of additive manufacturing in thermal management, the heat
dissipation performance of different printed structures was measured and compared to a COM
heat sink. Figure 6 (a) shows the experimental set-up where the heat sink was attached to a
memory card chip placed on a hot plate heated to 100, 150, and 200 °C, respectively. A fan was
located 10 cm from the top of the heat sink to produce airflow. The temperature of the electronic
chip was measured using an IR camera about 0.5 m from the heat sink. Figure 6 (b) displays the
IR images of the heat sinks at 200 °C. IR images for each structure and the chip temperature vs.
time can be found in Figure S6 and S7. The temperature of the chip alone was measured and
subtracted from the chip temperature with different heat sink structures (cooling effect). Figure 6
(c) shows the cooling effect as a function of the heating temperature. The structures show similar
cooling effects (-18 °C) at 100 °C. However, at 150 °C, the structures begin to show different
cooling effects, which become more pronounced when the heating temperature increases to 200
°C. The printed and COM columnar structures have a similar cooling effect at about -36 °C at
200 °C. However, the helix and bent tubes heat sinks outperformed both types of columnar
structures by reducing the chip temperature by -44 and -55 °C, respectively. The superior cooling
effect of the printed heat sinks is attributed to their increased surface area. As shown in Figure 6
(d), the bent tubes heat sink has the highest surface area of 600 mm?/g, followed by the helix one
with 390 mm?/g, and the columnar heat sinks with 286 mm?/g. In conclusion, using SLM to

manufacture intricately shaped heat sinks yielded dense and crack-free parts with large surface



areas and excellent thermal properties. High dissipation performance is achieved with the SLM

method and can produce heat-dissipating materials that exceed commercial ones.
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Figure 6. (a) Schematic illustration of the experimental set-up to measure the heat dissipation,
(b) IR images of commercial (COM), helix and bent tubes heat sinks heated at 200 °C, (c)
Cooling effect (Cooling = Tchip— Tchip with heat sink) Of different heat sinks as a function of heating

temperature and (d) Specific surface area of heat sinks.



CONCLUSION:

In this study, SLM with a moderate laser power (400 W) was successfully implemented to
additively manufacturing complex-shaped crack-free functional Cu parts that have a density up
to 95% and a surface roughness of 18 um. A systematic printing parameter development was
performed to optimize the printing quality and understand the part formation mechanism. It was
found that printing parameters play critical roles in controlling the printing quality. Insufficient
energy deposition led to rough surface finish associated with bumps and pores, while excess
energy deposition led to destructive balling effects, which could quickly fail the print. The high-
density achieved in this study is attributed to a high-quality laser beam, which allows for

uniform, focusing with the conservation of the original output power.

Functional Cu heat sinks with various sophistic structural designs were fabricated using the
optimized printing parameter and their physical properties and thermal performance in cooling
electronic chips were investigated. These printed Cu parts exhibited a thermal conductivity of
368 W/m.K, which is close to the bulk Cu fabricated using a powder metallurgy process (385

W/m.K).

The thermal performance of the printed Cu heat sinks was compared with commercially
available Cu product by studying their cooling dissipation efficiency of a hot electronic chip.
The COM and the printed columnar heat sinks with the same dimension showed similar cooling
performances. However, the printed heat sinks with a helix structure and a unique thin and
sophistic structure with bent porous tubes outperformed the COM columnar structure attributed
to a significantly enhanced surface area. The development in additively manufacturing pure Cu

parts will substantially improve the performance of the-state-of-art thermal components and



significant benefit the advancement of thermal management in a wide-range of fields, such as

microelectronics, industrial heat sinks or military high-power high-frequency radar.
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