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ABSTRACT

Recently additive manufacturing (AM) has brought
significant innovation to thermal management devices and
electronics. Among the most influential innovations are
additively manufactured copper/copper alloy components and
composites that benefit from the superior thermal, electrical and
structural properties of the material. Cu is widely used in
electronics, HVACR, radiators, charge air coolers, brazed plate
heat exchangers, and oil cooling. Ongoing research is
extensively studying, in parallel, Cu properties/characteristics
and the different AM process parameters required to enhance
the quality of the manufactured Cu components and to optimize
their performance/applications. In this paper, we report various
AM techniques and AM-based hybrid processes used to
produce high-density Cu components. Selective heat
exchanger/thermal management applications progress is also
reviewed. It is then shown that additively manufactured, dense
Cu can generate low mass structures and polymer/metal
composites that promise to revolutionize developments in
thermal management applications. Studies on the effect of the
material properties such as the Cu particle morphology and size
distribution are also reported. The major studies that report
using Cu to address the challenges of electronics fabrication and
cooling, which directly affect system-level performance and
reliability, are also discussed. A novel AM process that
facilitates microchannel cooling with Cu structures and new
processes that allow embedding copper wires into thermoplastic
dielectric structures are discussed to further emphasize the
potentially transformative advances in additively manufactured
electronics and thermal management devices using Cu/Cu alloy
composites.

KEY WORDS: Additive Manufacturing, Copper, Thermal
Management, Electronics, Composite Structures, Embedded
Structures.
INTRODUCTION

Additive manufacturing (AM), as referred by ASTM F2792,
is the official industry standard name of all applications of the
technology defined as the process of joining materials to make
objects from 3D model data, usually layer upon layer, as
opposed to subtractive manufacturing methodologies [1]. Most
common synonyms of AM are 3D-printing and freeform
fabrication.

AM first emerged as a novel technology with applications
limited to design and modeling, fit, and function prototyping.
Within the last two decades, AM has been developed to create
functional parts without the dedicated tooling and high costs of
conventional fabrication techniques [2]. As AM changed the
way parts are designed and manufactured, end use products

came into the view, supported with extensive ongoing research
and investigation [3]. With manufactured components spanning
the different commercial, industrial, medical, and thermal
domains, AM s revolutionizing fabrication concepts and
capabilities and creating an immense range of applications that
were once bound by conventional and traditional manufacturing
techniques [4].

The pace of the developments in AM technology is
increasing each year, and limitations of the process and the
materials used are being overcome, and eliminated in some
cases [5,6]. Until few years ago, AM of copper and its alloys
was considered as one of the major limitations of metal AM.
The superior properties of copper such as its high thermal and
electrical conductivities make it a preferred material for thermal
and electrical applications. However, several properties of pure
copper cause processing challenges for direct metal AM.
Mainly, the high thermal conductivity of pure copper (401
W.mtK? at 300 K) which, while ideal for thermal
management applications, rapidly conducts heat away from the
melt area, resulting in local thermal gradients, which lead to
layer curling, delamination, and ultimately, build and part
failure. On the other hand, copper’s high ductility hinders post-
build powder removal and recovery. Particles also tend to
agglomerate, reducing overall flowability and impeding
powder deposition. The sensitivity of Cu to oxidation requires
care in handling and storage before, during, and after part
fabrication. In most cases, the low laser absorption has hindered
the ability of metal AM process to provide the required energy
input to successfully print Cu components [7,8], which has
prevented much progress in different applications, especially
thermal management and electronics technologies, the focus of
our paper.

To benefit from AM capabilities, researchers have been
investigating its use in 3D electronics fabrication since 1998 [9,
10]. The first attempts used stereolithography (SL), a vat
photopolymerization technology [11-15], while other attempts
used Fused Deposition Modeling (FDM) with aerosol-sprayed
conductors [16-17]. The shortcomings of these processes such
as the limited types of materials and the maximum temperature
of the thermoplastics hinders the fabrication of high-power and
high frequency substrates. These limitations, and the rising
need to produce functional circuits, electronics, and energized
devices of high-performance and superior electrical, thermal,
and mechanical properties, directed the R&D focus towards
more reliable materials, and AM processes capable of
integrating discrete materials during fabrication [18,19].
Additively manufacturing copper, which is a preferable
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material when it comes to electronics and electronic cooling
[20], is an important development in AM that opens the door to
new possibilities.

The use of AM in different thermal management and heat
exchange applications has attracted attention in the past years,
and increasing numbers of research projects and funding dollars
are being recorded each year [21-30]. The ability of AM to
fabricate complex geometries is driving scientists to design
geometries that will ensure an optimized performance. Major
breakthroughs are being recorded by teams developing AM
processes beyond their previous limits and additively
manufacturing thermal management devices and heat exchange
components [21-25]. For example, Arie et al. [21] used direct
metal powder bed fusion to fabricate a manifold-microchannel
titanium heat exchanger, which would be impossible to
fabricate using conventional methods. The performance of this
HX was experimentally demonstrated to be superior to
conventional HXs [21]. Arie et al. [22] also investigated the
capability of AM to fabricate a polymer HX and showed
through experimental testing the excellent performance of this
HX due to the optimized design/geometry, which overcame the
limitation of the low thermal conductivity of polymer [22].

In parallel to all these advancements, and since Cu remains
the preferred material for thermal transfer, extensive research
has been conducted to overcome all the limitations of its 3D
printing.

In this paper we report some of the most successful AM
methods in printing Cu/Cu alloys, Cu composites, and
embedded components for thermal management, electronics
and electronic cooling applications.

I. Additive Manufacturing of Cu/Cu alloys

The growing interest in AM of copper and copper alloys [33-
35] rises from the need of various applications for optimized
cooling and thermal performance. Different groups have
addressed the challenges of Cu 3D printing by either studying
the process parameters, or by investigating the effect of the
powder/material characteristics. In this section, we report some
of the most critical studies, which set a base for future Cu 3D
printing.

Thermal management devices

One of the significant achievements of AM of copper has
been recently announced by 3T RPD® [36], a market leading
production AM company. 3T RPD® manufactures metal and
plastic parts for end usage and prototypes. The R&D team at 3T
RPD claimed to have successfully additively manufactured the
first pure copper component, a concept HX shown in Fig. 1,
using Direct Metal Laser Sintering (DMLS) [37]. DMLS had
proven viable before to produce copper alloy components and
products but never a pure copper part, mainly due to copper’s
reflectivity. To enable the printing of pure copper the team
claimed to have modified the DMLS machine and to have
accurately calibrated the parameter set, in addition to modifying
the approach of creating the support structures to overcome the
challenges imposed by the soft nature of copper compared to
harder metals such as titanium. Details of these modifications
were not published or specified, but the team claims to proceed
in refining the process to optimize the surface finish, and

material properties and to advance the capability to a fully
functional, production-ready material [37].

Fig. 1: 3T RPD® pure Cu concept heat exchanger fabricated by
3T using DMLS [37].

Until 2011, it was not possible to use the Selective Lase
Melting (SLM) method to fabricate copper alloys. However,
researchers at the Fraunhofer Institute for Laser Technology
ILT [38] have modified the process to solve the technical
problems. SLM enables manufacturing of complex shaped
components which would be produced with conventional
technology only at the highest cost or even not at all. The
research team at Fraunhofer ILT in Aachen showed for the first
time the successful modification of the SLM process to become
suitable for copper materials [39, 40]. With the high thermal
conductivity of Cu and Cu alloys, their inability to absorb the
laser light, and their high heat dissipation, it was not yet
possible to apply SLM to these materials. The SLM
modifications included using a uniform beam profile laser with
1000-W power instead of the 200-W laser, which is the standard
in SLM. This compensated for the high heat dissipation and the
low absorption rate of the copper during melting. Hovadur
K220 (a copper-nickel-silicium alloy) showed excellent results,
and the team successfully printed tool inserts with internally
located cooling structures that were almost 100 percent dense,
as shown in Fig. 2 [39,40], which deems the process ready for
industrial use. This advancement opens the door for various
applications, such as cooling semiconductor components, and
enables the quick cooling of hot spots, thus reducing the cycle
time and any minimizing warpage.
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Fig. 2: Tool inserts with internal cooling structures
Hovadur K220 by SLM [39,40].

The aerospace industry has always been a major explorer of
AM processes and capabilities. NASA is one of the leaders in
additively manufacturing parts and components for aerospace.
Among the “milestones” that NASA has achieved in this field
was successfully building the first full-scale, copper rocket part
with AM techniques. The engines used to provide the thrust that
powers rockets are composed of many complex parts made of
various materials. For this reason, NASA is pushing the limits
of AM to fabricate some of these parts and to benefit from the
potential of reduced time and cost. NASA’s Marshall Space
Flight Center in Huntsville, Alabama [41] demonstrated the
successful fabrication of a copper liner found in rocket



combustion chambers where super-cold propellants are mixed
and heated to the extreme temperatures needed to send rockets
to space Fig. 3 [42]. The combustion chamber liner has more
than 200 intricate cooling channels built between the inner and
outer liner wall. The NASA center reported that fabricating
these tiny passages with complex internal geometries was a
challenge. An SLM machine and GRCo-84 C alloy, created by
materials scientists at NASA’s Glenn Research Center in
Cleveland, Ohio were used in fabricating the chamber of 8,255
fused copper-powder layers, over almost 11 days. Extensive
materials characterization was conducted to validate the 3-D
printing processing parameters and to ensure the build quality.
Additively manufacturing the copper liner is only the first step
of the “Low Cost Upper Stage-Class Propulsion” Project
funded by NASA’s development program in the Space
Technology Mission Directorate. to revolutionize future space
endeavors, including NASA’s journey to Mars.

Fig. 3: (a) The first full-scale copper engine part, a combustion
chamber liner that operates at extreme temperatures and
pressures fabricated by NASA. (b) Cooling inlets are visible
along the top rim of the chamber [42].

The increasing capabilities of the AM processes have
triggered a growing interest in fabricating Cu/Cu alloys
components of novel geometries for optimized performance in
thermal applications such as mesh structures for high-surface
area heat exchangers [43].

Metallic cellular and hollow structures offer different
advantages over regular structures, mainly lower weight, lower
mass, and high strength. In thermal and heat transfer
applications, cellular structures offer the additional advantage
of high heat transfer coefficient and rate due to the large surface
area. Copper, due to its high thermal conductivity, is a first
choice for cellular structures for next-generation heat exchange
devices. Bai & Kumar [44] demonstrated the feasibility of using
the binder jetting (BJ) AM process in fabricating copper cellular
structures, shown in Fig. 4. Binder jetting is an AM process in
which a liquid binding agent is selectively deposited to join
powder particles; material layers are then bonded to form an
object.

Fig. 4: Cellular hollow Cu structures fabricated using the binder
jetting AM process [44].

Process and Material Parameters Study

Along with the extensive validation of AM processes
capable of successfully printing Cu components, attention has
also been paid to the effect of the process and the materials
parameters on the quality of the final 3D printed parts.
Researchers became aware recently that adjusting and
controlling the AM process parameters and the Cu powder
characteristics could lead to an optimized case where the
additively manufactured Cu components acquire the best
possible quality. Different AM processes and Cu alloys were
involved in these studies.

A parameter study has been conducted on the Electron
Beam Melting (EBM) process, by a research team at
RadiaBeam Technologies LLC [45]. The teamaimed to explore
the use of AM to fabricate complex RF photoinjectors with
geometries optimized for thermal management, where the
spatially optimized internal cooling channels may be fabricated
without the constraints typically associated with traditional
manufacturing methods. The research goal wasn’t just to test
the EBM capabilities in printing pure copper components, but
also to study the particle morphology and the size distribution
that directly affect developing EBM process parameters. Cu
powders were obtained from three manufacturers and labelled
A, B, and C; their purity was 99.99%, 99.99% 99.8% |,
respectively Fig. 5 [46]. Among the parameters that should be
investigated are the relative packing density and the contact
area between particles, which influence flowability, thermal
conductivity, and melt pool liquid flow. SEM images showed
that powder parameters, mainly the oxide/oxygen content and
the EBM build parameters should be considered and monitored
to ensure a successful fabrication of products with desirable
properties, particularly high electrical conductivity. EBM was
then used to additively manufacture copper structures, where
for each printed layer, the authors calculated and adjusted the
EBM process parameters such as beam current and speed to
maintain a stable process. Fig. 6 shows comparative 3D optical
metallographic image composites of three different structures
fabricated of three different powder mixtures, which illustrates
the oxide-influenced, directionally solidified microstructures or
microstructural architectures [46]. The ability to fabricate
complex geometries incorporating internal cooling channels
was then demonstrated as a copper block was additively
manufactured with three different channel sizes created straight
through the part in three orthogonal directions that curve
through the part with 90° elbows, as shown in Fig. 7. It was
concluded that high vacuum and critical care in the reuse of
powder should be considered, as high oxygen or dense oxide
content produces columnar oxide architectures that affect both
thermal and electrical conductivity. The quality of the 3D
printed parts was comparative to that of the wrought Cu parts
and showed the success of the AM process, as summarized in
Table 1 [46].
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Fig. 6: 3D construction shows EBM-built Cu components from
a mixture of 99.80% Cu powder C and a prior, high oxide
powder A (a); 99.99% Cu powder B (b); and 99.99% Cu
powder B built at elevated temperature (c). Arrow denotes build
direction [46].

Fig. 7: 3D CAD model of the cooling channel test block shows
internal cooling channel geometry (a); photographs of the
sectioned EBM-fabricated test blocks show cooling channels of
1.5, 4, and 7 mm in diameter (b and c) [46].

Table 1: Summary of measured EBM-fabricated Cu material
properties compared to wrought copper [46].

Wrought

EBM Cc10100

Copper Copper
Density 8.84 g/cm?® 8.90 g/cm?
Electrical conductivity 97% IACS 102% IACS

@ 20°C

Thermal conductivity 390 W/m*K 391 W/m*K

Yield strength (Rp 0.2) 76 MPa 69 MPa

Bai & Williams [47] investigated the ability to additively
manufacture copper structures of high purity, using the BJ
process, while also emphasizing the importance of studying
different powder and process parameters. Binder jetting

produces complex parts in industrial-grade materials. Another
advantage is the ability to print very large objects [48]. Since
copper cellular structures are expected to be successfully used
in complex heat exchangers of power generators for portable
electronic devices that use hydrocarbon fuels, Bai & Williams
[47] demonstrated the ability of BJ process to successfully
manufacture Cu cellular structures with an achieved density as
high as 85.5% of theoretical density. They also studied the
effects of varying the copper powder size, the sintering profiles,
and atmospheric control on the final part density and shrinkage.
In binder jetting, particles larger than 20 pm are typically
preferred so that the powder can be successfully spread during
the recoating step. A spherical particle shape is preferred
because it tends to flow during recoating and it is more easily
wetted with binders. Taking these conditions into consideration,
gas atomized spherical copper powder and three different
powders were explored to determine the effect of powder size
distribution on part processing, as summarized Table 2.
Samples using these powders were 3D-printed to study the
powder composition and the effect of the process parameters on
the quality of the obtained product, shown in Fig. 8 [47]. The
quality of the obtained coupons and their strength were also
characterized. On the other hand, the microstructural features
of the sintered samples were examined by microscopy. The
results show that reducing sintering atmosphere can achieve a
purity of up to 97.3% while the controlled sintering atmosphere
with the presence of hydrogen can increase the purity of copper
by up to 3.9% and can improve the sintered density by up to
25.3%. The tensile strength of printed sintered copper parts was
55.6% of the theoretical value due to the porosity. One major
conclusion was the challenge facing the binder jetting in
sinterability and densification, so this should be investigated in
the future.

Table 2. Powder particle size distribution, packing density and
purity. The highest achievable sintered density and volumetric
shrinkage [47].

Powder Name

Median
Particle size

(i)
AcoPowder 1534 copper powder 751 9.0%

Purity (Curw. %} | Sintered profile  Sintered density (% | Volumetric shrinkage (%)

theoretical)

1060°C/240 min 83.2% 14.9%

HirNacuum
1080°C/120 min T756% 0.1
HydrogenfArgon
1080°C/240 min 85,5% $34%
HydrogenfArgon

Sy

Oometal  atomized  copoer 165 B3
powder

feuPowder 5008 ultrafine 153 %.4%
atomized copper powder

Fig. 8: Sintered copper part samples (AcuPowder 153A copper
powder sintered in pure hydrogen at 1000 °C for 8 hours) [47].

In another study also entailing BJ of Cu, Bai et al. [49]
investigated bimodal powder mixtures as detailed in Table 3.
Their study revealed that the copper bimodal powder mixtures
are capable of improving spreading, powder bed density, and
sintered density compared with the constituent powders. By
using bimodal powder mixtures, the powder flowability is



improved by up to 15% (30+5 pum powder). For small particle
size ratio mixture (3-6 when 15 pm powder or 30 um powder is
mixed with 5 um powder), the powder bed density is improved
by up to 16.2%. This dramatic increase in the powder bed
density has failed to improve the sintered density when large
particles (75 um powder) are present, as they formed a rigid
section and limited the contribution of fine powders to overall
densification, as shown in Fig. 9 [49]. In other words, widening
particle size distribution without shifting median particle size
via bimodal mixtures (e.g., 30+5 um powder) is a successful
strategy and has shown an increase of sintered density up to
12.3 % depending on the sintering condition. These results
provide a framework for powder optimization to achieve high
sintered density in binder jetting of bimodal metal powders. The
authors look to explore the effects of different printing
parameters and optimize sintering profiles on final part density
in future work [49].

Table 3: A summary of the size and density of the powder and
bimodal powder mixtures [49].

Mixture | Median | Standard Powder components Apparent | Tapped | Hausner

nmumber | size (D) | deviation density density ratio
1 779um | 232 pm 75 um 56.1 % 64.9% 1.16
2 270pm | 392pm | T5pm(w.t73%H15pum | 59.7% 66.9% 1.12
3 264 pm 10.9 pm 30 pm 48.5% 60.8 % 1.25
4 174 ym 124 ym 30 pm (w.£.73%)+5 pm 53.7% 63.9 % 1.19
3 17.0 pm 0.7 nm 15 um 529% 03.1% 1.23
6 10.8 pm 4.7 im 15 pm (w.t.73%)+3 pm 54.6% 67.4% 1.23
7 8.3 ym 154 im 5 pm (w.t.73%)+30 pm 544 % 61.2% 1.13
3 5.8 um 2.7 ym Spm(w.t73%)y+15um | 473% 60.5 % 1.28
9 5.5 im NA 5pum 417% | 356% 1.33

Fig 9: Sintered structures of the primitives in (a) 15+5 pm
powder and (b) 75+5 um powder, (c) 30+5 um powder, sintered
at 1060 °C for 120 minutes [49].

Other attempts to 3D print Cu alloys and to enhance the
resulting part quality were made by Song et al. [50]. Thin-wall
components of W-Cu alloy were manufactured by SLM while
the effects of size and overlapping of melt pool on the thickness
of single-track wall were analyzed, shown in Fig. 10. The study
revealed that the energy input of the laser directly affects the
thickness of single-track wall; while other parameters such as
laser power and scanning speed, need to be selected
appropriately to obtain a good single-track wall. A part of the
study included examining the SLM process of multi-
composition alloy, such as CuW-CuP-CuSn, where the authors
concluded that in such cases, the powder adhesion is better than
single-composition powder, due to the difference in melting
points [50].
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Fig. 10: (a) Thin walls manufactured by SLM. (b) Powder
adhesion. (c) Mass production of thin wall heat sink by SLM
[50].

Another study that investigated the SLM of copper alloys
was performed by Popovich et al. [51]. The authors studied the
SLM of Cu-Cr and Cu-Cr-Zr alloys that are widely used in the
aerospace and nuclear industries. They showed that by
calibrating the parameters of the SLM, specifically the laser
power to overcome the difficulty imposed by the high thermal
conductivity and the low laser absorption of the Copper alloys,
bulk Cu-Cr-Zr-Ti alloy specimens with high density (97.9%)
could be successfully manufactured, as shown in Fig. 11 [51].
The mechanical tests revealed that the samples fabricated
parallel to the build direction showed UTS and elongation at
break slightly higher than that of components fabricated
perpendicular to the build direction. In general, the UTS of the
SLM fabricated copper alloy samples was approximately 20—
25% lower than that of the conventionally fabricated hot-rolled
samples, summarized in Table 4. The authors suggested that the
difference in values could be due to residual porosity in the
SLM material and would eventually need to be reduced by
better optimizing the process parameters or by applying the hot
isostatic pressure post-treatment [51].

Fig. 11: Cu-Cr-Zr-Ti specimens fabricated using SLM [51].



Table 4: Mechanical properties of the SLM Cu-Cr-Zr-Ti
samples after heat treatment [51].

Specimen type  UTS, MPa Elongation at break, %

20°C  600°C 800 °C 20+°C 600°C 800°C

195.1- 69.5-86.2 31.3-33.3
198.0

Perpendicular to 10.8-11.7 4.4-5.7 6.3-12.0
build
direction

Parallel to build  210.0- 82.2-82.3 41.2-46.6
direction 211.0

Hot-rolled + 249
heat treated

13.1-15.8 4.2-7.7 7.8-12.1

107 - 40 6 -

1l. Additive manufacturing of Composite and Embedded

Copper structures

The need for innovative designs and optimized performance
of electronics and electronic cooling drives a big part of the AM
research to develop novel processes producing composite
structures and embedded components. Many of these processes
have successfully included Cu parts, thus taking advantage of
the geometry of the structure and the superior characteristics of
the material.

One of the most recently reported processes is Embedded
Fiber Composite Additive Manufacturing (EFCAM), designed
and developed by Hymas et al. [52]. This innovative hybrid AM
process is capable of fabricating polymer-metal composite
structures by utilizing a standard FDM printing assembly to
construct the main body of the part, in conjunction with a
specialized metal fiber print head, designed, developed and
created by Hymas et el. [53], that can embed fibers of various
materials into the polymer structure in-situ [52]. EFCAM is
currently being used to produce specimens of a cross-media
fiber heat exchanger [53], which rely on copper or aluminum
fiber fins passing directly through the polymer walls of the fluid
channels, as shown in Fig. 12 [52]. This process produces a
lightweight and low-cost structure capable of outperforming
many industry-standard technologies in the field of low-grade
heat rejection. As EFCAM technology advances, it will enable
many tasks such as structural reinforcement for parts built using
the FDM process, along with other highly desired applications
such as embedded circuitry.

Fig. 12: PETG-copper composite structure built using the
embedded fiber composite additive manufacturing process [52].

Another emerging AM technology in composite and
embedded 3D printing is the ultrasonic additive manufacturing
(UAM) process, one type of laminated object manufacturing
(LOM). UAM uses the power of sound to merge layers of metal
foil for true metallurgical bonds with full density, including
copper, stainless steel, aluminum and titanium. The ultrasonic
vibrations create a friction-like relative motion between two
surfaces that are held together under pressure. This action, in
turn, causes shearing and plastic deformation between

asperities of the opposing surfaces, which disperses surface
oxides and contaminants. As the asperities collapse, metal-to-
metal contact is increased, creating solid-state bonding between
the parts through heat and pressure. This type of AM is usually
combined with conventional fabrication methods, leading to a
hybrid manufacturing system Fig. 13 [54]. With all design
freedom and capabilities provided by the UAM, Fabrisonic
LLC [55], a 3D metal printing service for equipment and
contract services companies, investigated its capabilities to
develop and build complex components with unique features.
Fabriconic’s UAM printer fabricated parts using aluminum and
copper with complex internal channels of different sizes Fig. 14
[54-56]. The obtained parts are claimed to be of the same
internal surface finish and repeatability as traditional CNC
machining. One important application to benefit from this
technology is the advanced heat exchangers whose
manufacturing using CNC machining limits the shape of the
internal passageway to planar arrays of cross-drilled holes.
Since the hybrid UAM machines are based on traditional 3-Axis
CNC mills, the welding process can be stopped at any point and
three dimensional channels can be machined. Subsequently, the
additive process continues to build up metal sealing in complex
3D flow paths. The x-ray image of Fig. 15 [54,55] illustrates the
ability for complex internal flow paths which are impossible
with traditional manufacturing methods.

Fig. 13: Hlustration of UAM process: (a) welding of aluminum
tape and (b) periodic machining operations [54].

Fig. 14: Complex internal channels and Cu microchannels (of
order of 0.1 to 0.5 inch) fabricated using UAM [54,55].

Composite AM allows UAM to form the joints of dissimilar
metals, or inter-metallics. A wide range of material
combinations have been successfully bonded using ultrasonics.
Al/Cu, Al/Fe and Al/Ti are routinely joined. Aluminum and
copper composite structures are successfully fabricated using
UAM, as shown in Fig. 15 [56]. Fabriconic claims that this
technology allows manufacturing aerospace components with
burst pressures in excess of 3000 PSI, with 4000 PSI in similar
copper structures. Another application made possible by UAM
is wave guides used in radio frequency devices, antennas, and
transmitting/receiving devices for optimal power transmission.



Fig. 15: Multi-metal heat exchanger. Fabrisonic’s process can
print multiple metals together without causing metallurgical
problems. In this structure the high heat areas are made of
copper and the rest of the structure is made of aluminum to
reduce weight [56].

Embedded 3D printing is also possible by UAM. In fact, all
kinds of wires, fibers, and sensors could be embedded into a
metallic substrate due to the solid-state nature of Fabrisonic’s
UAM bond. As the metals need not be heated for bonding,
many electronics can be embedded within the metallic layers
without damage. This enables sensors, communication circuits,
and actuators to be embedded into fully dense metallic
structures [55]. Fig. 16 shows a copper component containing
an embedded thermocouple. This allows for a wide range of
applications that were almost impossible before.

Fig. 16: Thermocouple embedded in copper component using
UAM [55]

One study that aimed to address the challenges of future
3D-printed electronics, and to assure their reliability and
durability, was conducted by Espalin et al. [19]. They
developed a next-generation machine called the multi3D
system, which denotes the use of multiple technologies to
produce 3D, multi-material, multifunctional devices. The
machine is composed of a material extrusion system based on
fused deposition modeling (FDM) technology and integrates
other technologies to compensate for FDM’s deficiencies in
surface finish, minimum dimensional feature size, and porosity.
On the other hand, to minimize the use of conductive inks, the
system includes a novel thermal embedding technology that
embeds and submerges copper wires into the thermoplastic
dielectric structures during FDM process interruptions, which
improves the mechanical properties of the structure while
providing high performance, robust interconnect, and ground
planes. It was also necessary to introduce a micromachining
high-resolution subtractive method, CNC micromachining,
demonstrated by the current system and laser ablation for a
future system to achieve channel widths of ~100 um and even
smaller. Components can thus be connected either through
conductive inks dispensed in channels or by high-performance,
high-gauge wires embedded within the substrate and joined by
using laser welding. The system is thus capable of fabricating
3D electronics structures composed of substrates with enhanced
dielectric and mechanical properties and the required

dimensional accuracies. The authors argue that among the
various advantages of their system is the benefit of
thermoplastics, over the thermosetting photopolymers usually
used in SL methods employed in 3D printing of electronics.
Thermoplastics allow solid wire conductors to be thermally
embedded into the substrate without affecting planarization.
Consequently, wires can be successfully integrated and the use
of conductive inks as interconnect can be eliminated. Figure 17
shows a conceptual model of a potential fabrication where
dielectric materials can be placed with full 3D freedom [19].
Modern electronic components and sensors as well as the high-
performance interconnect can be embedded during process
interruptions as shown in the center of the image.

500 um 500 um 500 Um

Fig. 17: (a) Demonstration of embedded copper wires in
ULTEM 9085 and polycarbonate (PC) substrates: an ultrasonic
embedding setup, (b) antenna pattern on PC substrate, (c) 40
gauge copper wire in PC, (d) 32 gauge copper wire in PC, (e)
28 gauge wire in PC, (f) 40 gauge copper wire in ULTEM, (g)
32 gauge copper wire in ULTEM, and (h) 28 gauge wire in
ULTEM [19].

The authors noted that unit-level customization can be enabled
by their transformational technology, including human
anatomy-specific biomedical devices or rapidly deployed
mission-customized spacecraft [19].

Other hybrid methods composed of AM processes
combined with a conventional process are being explored
extensively for achieving novel 3D printing of electronics. One
of these hybrid processes was developed by Sarobol et al. [57],
in which they fabricated at room temperature mesoscale circuits
and devices on Cu foils via a combination of established
electroplating and sputtering processes and the aerosol-
deposited (AD) process shown in Fig. 18. The multilayered
devices were fabricated layer by layer by employing AD to
deposit ceramic films, including high-permittivity BaTiO3
dielectrics and low permittivity alumina dielectrics.
Photolithography was performed for patterning and dry
chemical (HF/HNO3) etching to selectively remove materials.
Electroplating or sputtering is then employed to deposit internal
conductors such as Cu. Finally, a post-process annealing



treatment was performed The final grain size of the film was
found to be between 60 to 150 nm. The authors showed that the
physical and dielectric properties of the annealed AD BaTiO3
films were similar to those of bulk pressed and sintered
BaTiO3. It is worth mentioning that integrating ceramics onto
conductors as demonstrated above is not possible using
conventional fabrication methods because bulk sintering of
(pressed) alumina and BaTiO3 is usually performed at 1,600 C
and 1,400 oC, respectively, well above the Cu melting point of
1,083 °C. As this method is considered to establish a path
forward to embedding such structures in a resin-based
electronic packaging, a similar approach is anticipated to be
feasible in depositing multilayered, solid-state lithium ion
batteries directly onto polymer substrates or FPC [57].

B Ceramic particles

g / T

Nanoceramic Via formation
particle deposition (Cu plating)

Conductor formation
(Cu sputtering)

p T

Other ceramic
film formation

Nanoceramic
particle deposition

Conductor etching

A
k/ »

Conductor formation

Multiple layers

Fig. 18: Schematics of multilayered electronic device
fabrication by aerosol deposition to deposit ceramic films,
photolithography for patterning and dry chemical (HF/HNO3)
etching, and electroplating/sputtering to deposit internal
conductors [57].

In addition to the hybrid manufacturing methods being
currently investigated, various non-classical AM processes are
being developed, increasing the possibilities of novel
manufacturing techniques, especially in the continuously
demanding electronics/electronic cooling domain. Kaestle et al.
[58] demonstrated one of these non-classical AM processes
which includes Cu as the main material substrate. One of the
most focused-on interconnect technologies in power electronics
is wire bonding, and demands on advancing this bonding
method using copper instead of aluminum bond material drove
this research. The authors proposed the use of cold active
atmospheric plasma printing of copper layers in complex and
highly integrated power devices, so that connections between
the printed structures and active components such as bare dies
or LEDs and the peripheral package would be successfully
established. In their work, the authors additively printed Cu
layers on Al,O3 ceramic substrates Fig. 19 [58]. To ensure an
optimized process, the different parameters influencing the
process were investigated. The authors concluded that ideal
wire bonding is achieved due to high adhesive strength and a
low porosity of the printed Cu layers, accompanied by a
sufficient layer thickness, a tolerable waviness and surface
roughness. It was demonstrated that wire bonding was possible
on copper coatings acquiring a clearly oxidized surface;
nevertheless, the tolerable oxidization level and its effect on
mechanical joint strength require further examination. The

Annealing

authors pointed out also that different post-processing steps
should be further investigated as well. In other words, separate
investigation of all factors and parameters should be performed
to ensure a successful correlation between the coating
parameters, the resulting copper layer properties, and the final
bondability complex process. Fig. 20 [58] shows an
accumulation of the layer properties that need to be investigated
and therefore controlled to develop a stable bond process. An
example of a successful process combination is shown in Fig.
21 [58], where an Al wire bond loops on the printed copper
layers. In order to increase technological performance and
system reliability, the authors will investigate the copper wire
bonding to take advantage of copper’s superior material
properties and the possibility of developing a mono-metallic
joint system [58].
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Fig. 19: Schematic representation of the Plasmadust® process
within the plasma nozzle [58].

Bond loop
Oxide layer
Plasmadust® copper layer
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Fig. 20: Aggregation of the process influencing quality factors
for realizing bondable plasma-printed copper layers [58].

Fig. 21: (a) Wire bond loops (300 um) on printed copper layers.
(b) cross section of a bond loop on a printed copper layer on
alumina [58].



Summary & Conclusions

In this paper we reported some of the major influential work
conducted in the field of copper additive manufacturing. The
studies included major breakthroughs in overcoming the
process and material difficulties that hindered successful 3D
printing of copper structures. Novel processes that enable
fabricating composite and embedded structures were also
highlighted. These studies pave the way for innovative design
and manufacturing of optimized applications in thermal
management and electronics/electronic cooling fields. The
approaches followed in these studies, especially the research
tackling the effects of the material characterization and the AM
process parameters, set a base for researchers aiming to advance
the field of additive manufacturing of copper and copper
composite structures.
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