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Abstract: Thermal management devices such as heat exchangers and heat pipes are integral to safe
and efficient performance in multiple engineering applications, including lithium-ion batteries,
electric vehicles, electronics, and renewable energy. However, the functional designs of these
devices have until now been created around conventional manufacturing constraints, and thermal
performance has plateaued as a result. While 3D printing offers the design freedom to address
these limitations, there has been a notable lack in high thermal conductivity materials beyond
aluminium alloys. Recently, the 3D printing of pure copper to sufficiently high densities has finally
taken off, due to the emergence of commercial-grade printers which are now equipped with 1 kW
high-power lasers or short-wavelength lasers. Although the capabilities of these new systems
appear ideal for processing pure copper as a bulk material, the performance of advanced thermal
management devices are strongly dependent on topology-optimised filigree structures, which
can require a very different processing window. Hence, this article presents a broad overview of
the state-of-the-art in various additive manufacturing technologies used to fabricate pure copper
functional filigree geometries comprising thin walls, lattice structures, and porous foams, and
identifies opportunities for future developments in the 3D printing of pure copper for advanced
thermal management devices.

Keywords: additive manufacturing; heat sink; heat pipe; filigree geometries; thin wall; lattice
structure; metal foam; porous metals

1. Introduction

3D printing, also known as additive manufacturing (AM), has gained traction as an
industrial manufacturing solution for complex geometry components. This is due to its
inherent advantages in the freedom of design and integration of functional parts that result
from a layer-by-layer fabrication process. For thermal management devices such as heat
sinks and heat exchangers, which consist of multiple fins or internal passageways that
are constructed out of thin wall geometries and lattice structures, AM is an appealing
alternative to conventional manufacturing processes such as subtractive machining. This is
illustrated in Figure 1, which visually highlights the differences in channel geometries for
a cold plate heat sink that are possible with AM compared to traditional machining. The
AM channels, formed as topology-optimised lattice structures, can increase the amount of
surface area that is available for heat transfer within the smallest volume possible, while
still facilitating smooth fluid flow with minimal pressure losses in contrast to simpler
linear geometries [1].

Until recently, the development of metal AM hardware and processing technologies
has generally focused on improving the performance of structural metals such as steels,
nickel alloys, titanium alloys, and aluminium alloys. High levels of dimensional accuracy
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and geometrical complexity, as well as material properties that are comparable to mature
refinement techniques, can now be routinely obtained from various commercial AM so-
lution providers [3-7]. However, while these materials could be 3D printed into the form
factor of a heat sink or heat exchanger, with the exception of aluminium alloys, many are
not expected to see typical use in advanced thermal management devices due to their
lower thermal conductivities, as shown in Table 1. For example, in the comparison of two
identical-geometry heat sinks, manufactured using 316L stainless steel and aluminium 6061,
respectively, using selective laser melting AM, Wong et al. [8] noted that the aluminium
heat sink was able to transfer more than twice the heat of the stainless steel heat sink for
Reynolds number > 2000.

Figure 1. Exposed internal channels of a cold plate heat sink fabricated via (a) additive manufactur-
ing [1] and (b) conventional machining [2].

Table 1. List of structural metals in order of decreasing thermal conductivity at temperatures between
0°Cand25°C][9].

Material Thermal Conductivity (W/m-K)
Aluminium 236
High Carbon Steel 36
Titanium 22
Inconel Nickel Alloy 15
304 Stainless Steel 14

Nevertheless, continuous efforts have been made to increase the performance limits of
additively manufactured thermal management devices with less-than-ideal material prop-
erties, and enhancements to heat transfer capabilities ranging from 10% to 40% have been
achieved over their conventionally manufactured baseline counterparts [10]. Eventually,
however, a combination of both optimal material properties and design geometries will be
necessary to achieve a true performance breakthrough in additively manufactured thermal
management devices towards next-generation levels.

In this context, AM technology has progressively matured over the past five years. The
recent emergence of industrial-grade 3D printers in the commercial market that are now
equipped with higher power 1 kW lasers (100-400 W typical) in the near-infrared (NIR)
spectrum (1060 nm) [11], as well as short-wavelength green lasers (515 nm) [12,13] has
created new opportunities for manufacturers of thermal management devices to 3D print
pure copper beyond the laboratory level. Pure copper, the quintessential material known
for its outstanding thermal and electrical conductivities that are approximately double that
of aluminium, could previously not be processed via Laser-Powder Bed Fusion (L-PBF), the
most widely used metal AM process, to sufficiently high density and conductivities. This
is due to the inherently high optical reflectivity of copper to NIR irradiation [14], which
is the typical wavelength of laser units used in commercial L-PBF printers. As a result,
the complete melting and fusion of the copper feedstock particles cannot occur. In severe
cases, stray back-reflections of the laser can result in damages to the optical system of the
3D printer (see Figure 2) [15]. Hence, the lack of printability for copper has hitherto been a
major obstacle in the additive fabrication of thermal management devices [16].



Technologies 2023, 11, 141

30f39

Figure 2. Coating damages to the optical mirror (denoted by dotted outline) of a laser-powder bed fusion
printer after being subjected to a 12 h exposure to back-reflections from a bulk copper substrate [15].

Although the literature on the AM processing of high-purity copper has been recently
reviewed by Romano et al. [17], Jiang et al. [18], Campagnoli et al. [19], and Tran et al. [20]
between 2019 and 2022, a gap is noted in the concise evaluation of state-of-the-art 3D
printing of pure copper functional geometries with fine or filigree features that are specific
to thermal management devices. To the best of the authors” knowledge, the only review on
the AM of copper for thermal management applications was previously published in 2017
by Singer et al. [16], before the wider availability of commercial L-PBF printers that are
equipped with high-power or short-wavelength lasers. Hence, this literature review article
aims to provide an analysis of recent developments in the AM processing of copper, with a
focus on thin walls, lattice structures, and porous foams using various AM technologies.
The authors hope that this article can aid the larger scientific community and manufacturing
industries in identifying further opportunities to utilise the advantages of AM for thermal
management applications for an increasingly digitalised and energy-conscious society.

In the following sections, the working principles of common thermal management
devices and opportunities for performance enhancements are first introduced. Next, an
overview of the different AM techniques is presented and the benefits of AM at addressing
conventional manufacturing challenges are briefly discussed. Following this, an analysis
of market-ready AM processes to 3D print pure copper is conducted, which represents the
baseline capabilities of copper AM technology that manufacturers of thermal management
devices can pragmatically implement today. Subsequently, findings from recently published
scientific studies are assessed to determine the state-of-the-art developments in the field,
with a focus on the processibility of filigree geometries and their corresponding material
properties for use in advancing thermal management devices. Lastly, an outlook is presented
on where future research and developmental efforts for AM of pure copper can be made to
better address both the current and future needs of thermal management devices.

2. Thermal Management Devices
2.1. Common Examples and Operating Principles

Thermal management devices are used to maintain a system within its operating
temperature range by controlling the quantity of heat inflows and outflows. Some common
examples include heat sinks, heat exchangers, heat pipes, and vapour chambers, and their
basic operating principles are summarised in Figure 3. Thermal management devices can be
used individually, or together in various configurations as a collective thermal management
system, such as in heating, ventilation, and air-conditioning (HVAC) building infrastructures.
A brief description of the four common thermal management devices is as follows:

Heat sinks are finned metal devices that are frequently found on top of computer chips
to provide cooling. Heat from the computer chip is first conducted into the heat sink via
direct physical contact. It is then dissipated away into the ambient environment through
extended fin surfaces via the natural convection of air, or via forced convection if a fan is
used [21]. When water is used as the working fluid instead of air, the heat sink is known as
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a cold plate. Since only one type of working fluid is used in heat sinks, they are classified
as single-fluid domain thermal management devices.

Heat exchangers are devices that enable heat exchange between two working fluids at
different temperatures [22]. Since the fluids are fundamentally not intended to mix during
operation, they must be kept separated by high thermal conductivity thin-walled structures
in lattice shell or channel configurations, which are designed to be impermeable to the
fluids. The main feature that distinguishes heat exchangers from heat sinks is that heat
exchangers involve at least two working fluids or mediums and are thus multiple-fluid
domain thermal management devices.

In their basic configuration, heat pipes are closed tube vessels that contain a working
fluid and porous wick structure within an internally sealed vacuum environment. During
operation, heat pipes utilise a continuous cycle of the evaporation and condensation of the
encapsulated working fluid to transfer heat rapidly between the hotter side (evaporator)
and colder side (condenser) [23]. As the liquid working fluid absorbs heat energy at the
evaporator end, it vaporises and diffuses along the tube towards the condenser end due to
an evolving pressure gradient, and thus carries along a significant amount of thermal energy
in the form of the latent heat of vaporisation. This thermal energy is then spontaneously
released into the cooler condenser, and the working fluid condenses back into a liquid
which is returned to the evaporator through the porous wick structure via capillary forces,
and the cycle repeats.

Vapor chambers operate similarly to heat pipes; however, their design allows heat to
be transferred or spread in a planar manner rather than along a single axis [24].

2.2. Common Examples and Operating Principles

Well-implemented thermal management solutions facilitate safe, reliable, efficient,
and high performing systems across multiple engineering domains and applications. For
example, the operating temperatures of lithium-ion batteries used in electric vehicles signif-
icantly affect their output power, charge capacity, internal resistance, charging performance,
and total lifetime before failure [31,32]. In severe cases, overheated batteries can even result
in fire and explosion hazards due to thermal runaway [33]. New frontiers in thermal man-
agement solutions for electric vehicle batteries are therefore being continuously pursued to
keep temperatures within the optimal range of 15 °C to 35 °C [34], while simultaneously
ensuring that temperature variances across individual cells do not exceed 5 °C [35], as
electric vehicles place increasingly greater demands on their batteries for better range, faster
charging times, and enhanced output performance.

In the domain of digitalisation and microelectronics, Moore’s law predicts that the
number of transistors on an integrated circuit would approximately double every two years,
which inadvertently results in an accelerated emergence of high performance computer
chips and electronics packaging with high packing densities and high heat fluxes [36]. To
maintain an operating temperature below 85 °C, modern computer chips require cooling
capabilities of as much as 300 W/cm? [37], which is equivalent to dissipating the amount
of heat produced simultaneously by five hair-dyers for the same unit area. Thus, as micro-
electronics continue to evolve in an increasingly digitalised world, the cooling performance
of next-generation thermal management devices will have to exponentially advance as
well [37,38].

From a global sustainability perspective, the impending onset of climate change
has spurred worldwide efforts towards net-zero carbon emissions by 2050, under the
Paris Agreement [39] and United Nations Net-Zero Coalition [40]. Against the backdrop
of increasingly strict carbon tax legislations and rising energy prices, the International
Energy Agency has determined that enhancements to renewable energy technology and
improvements to energy efficiencies will be critical in the near term for achieving a 50%
reduction in global emissions by 2030 [41]. Here, breakthroughs in thermal management
devices and systems are integral to elevating the capabilities of the infrastructure used
to generate and store clean energy, such as solar panels [42,43], wind turbines [44,45],
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geothermal energy systems [46,47], hydrogen generation and storage [48-51], and nuclear
power plants [52,53]. Moreover, in commercial air travel, which is currently the mode
of transport with the fastest growth in greenhouse gas emissions [54], enhanced thermal
management in gas turbine aero engines are key to reducing emission levels, increasing
fuel economy and improving flight safety by preventing the build-up of carbon lacquer
that can choke fuel lines [55].

Thermal fins
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Figure 3. Schematic and basic operating principles of a (a) heat sink [21,25], (b) heat exchanger [26-28],
(c) heat pipe [23,29], and (d) vapour chamber [24,30].

2.3. Potential Ways to Improve Thermal Management Devices and the Limitations Faced

Potential ways to increase the performance of thermal management devices are as
follows. In the modelling and simulation of new heat exchanger designs, triply periodic
minimal surfaces (TPMS) such as Gyroid and Schwarz-D lattice structures have been found
to improve heat transfer capabilities by up to 120% more than the linear channel geometries
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used in a printed circuit heat exchanger (PCHE) for the same pumping power, as shown
in Figure 4 [56]. This is due to the increase in the specific heat transfer surface area of
the lattice geometries, and greater mixing that is promoted by the increased hydraulic
tortuosity of the lattice flow paths [57].
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Figure 4. Numerical modelling comparisons of lattice structures (Gyroid and Schwarz-D) against
a reference printed circuit heat exchanger (PCHE) with linear channel geometries for their (a) com-
putational fluid domains, (b) specific heat transfer surface areas, and (c) heat transfer performances
quantified by Nusselt number (Nu) at various pumping powers [56].

One caveat, however, is that surface area and tortuosity cannot be pragmatically
increased indefinitely by using smaller and more numerous lattice cells to improve heat
transfer performance. This decreases permeability, and according to Darcy’s law [58] that
governs the fluid flow of dynamic viscosity y through a homogeneous porous medium
of uniform cross-sectional area A; flow rate Q is directly proportional to the product of
permeability k and the pressure drop across the porous medium AP over length L, as shown
in Equation (1).

Q= k;LAP 1)

Hence, any loss in permeability needs to be negated by using a higher pumping
power to maintain the same flow rate, which comes at the expense of a larger pump or
the increased wear and tear of the pump. At the same time, the physical construction
and inspection of smaller cellular units would also be more challenging, which ultimately
increases manufacturing costs.

Care should therefore be taken in designing and selecting the appropriate lattice
structure and unit cell size to maximise heat transfer performance while keeping pumping
power and manufacturing costs minimal. While the optimal design will vary depending
on functional requirements, some reference guidelines can be taken from Table 2, which
provides a short summary of various TPMS designs from the available literature that are
benchmarked against a conventional reference.
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Table 2. Comparison of TPMS lattice structures in heat exchangers to conventional designs. Modified from [59].

TPMS Structure(s)
Investigated

Reference Experimental
(Year) Method

Working Fluid

(Hot/Cold) Key Findings

Femmer et al.

Empirical (Nusselt
number, Nu) and

Schwarz-P (P),
Schwarz-D (D),
Gyroid (G),
I-graph-wrapped
package (IWP)

5 % 5 x 5 unit cell

Overall, TPMS structures perform better than their conventional design counterparts (plate and
tube) in terms of Nusselt number, in the order Nurpps > Nupjate > Nurype;

For a flow rate above 12 mL/min, the relative heat transfer performance of TPMS structures are
Nup > Nupwp > Nug > Nup which is in the same order of the available surface area for heat
exchange from the different TPMS structures, respectively;

The pressure drop performance of the tested designs from smallest (best) to highest (worst) are

(2015) [60] Computation Fluid Water-Water - it APrype < APp < APg < APp < APrwp;
Dynamics (Pressure configuration in ae; To provide a singular metric to evaluate heat transfer performance against pressure drop, the
Drop, AP) xlz(;lirig * 10mm “surface area goodness factor” Nu/ (Pr% w) was used, and all TPMS structures except P were
0.4 mm wall found to perform better than the conventional tube design;
thickness In fact, P performed equivalently to the conventional tube design;
D exhibits the best heat transfer to pressure drop performance.
G has more than twice the available surface area for heat exchange (251.5 cm?) compared to the
reference plate type heat exchanger with straight channels (120 cm?) for the same bulk volume;
Gyroid (G) At a flow velocity of 10 mm/s, the TPMS heat exchanger has 6 x the heat transfer rate of the
) ) 10 x 10 x 10 mm? reference heat exchanger at the expense of 14 x the pressure drop;
Peng et al. Compujcahonal Fluid v Water unit cells At a flow velocity of 20 mm/s, the TPMS heat exchanger has 7.5 the heat transfer rate of the
(2019) [61] Dynamics 0.5 mm wall reference heat exchanger at the expense of 19x the pressure drop;
thickness Regardless, the absolute value of the maximum pressure drop for the TPMS heat exchanger at
19 Pa (0.000188 atm) is trivial in exchange for an absolute increase in heat transfer rate by 1 KW
compared to the reference heat exchanger.
Schwarz-D (D), Both D and G produce up to two orders of magnitude higher turbulent kinetic energy than the
Gyroid (G) reference printed circuit heat exchanger (PCHE) with linear channels;
- 3.77 x 3.77 x 24 mm3 In particular, G produces the highest turbulent kinetic energy due to strong flow mixing in the
Li et al. Computational Fluid gupercrlltllcall COs- fluid domains . interconnected channels; . N
(2020) [56] Dynamics upercritica 1.61 mm hydraulic Both D and G produce a higher heat transfer coefficient than the reference PCHE from 16-120%
CO; diameter depending on the flow regime governed by Reynolds number;

0.7 mm wall
thickness

After factoring in pressure drop, both D and G outperform the PCHE by 17-100% in overall
thermal performance.




Technologies 2023, 11, 141

8 of 39

Temperature
(a) 1.699344
16

Temperature
11638
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In the case of natural convection heat sinks, large scale computational modelling
with an order of 20 to 330 million state degrees of freedom was used to identify the
most effective heat dissipation geometries. Through a multi-physics Navier-Stokes and
Bousinessq approximation framework, the solutions spontaneously converged into organic
branch-like fractal geometries over a wide range of Grashof numbers between 103 and 106,
as shown in Figure 5a. This continues to hold true even after 1000 iterations, as shown
in Figure 5b [62].

Temperature

1.54501 (b)

X
(4

Gr=10*

Temperature

0.860435
0.8

z Iteration 600
Gr=10°

Iteration 1000

Figure 5. (a) Topology-optimised solutions for the most effective heat dissipation geometries in
natural convection heat sinks over the range of 103 < Grashof number Gr < 106, and (b) solution
evolution for Grashof number Gr = 10° up to 1000 iterations [62].

Meanwhile, in heat pipes and vapour chambers which utilise internal wicks to circu-
late a working fluid via vapour diffusion and capillary flow to transfer heat, integrated
hierarchical micro-porous structures with grooved geometries (see Figure 6) can enable an
optimal balance of high capillary pressure to drive fluid flow over longer distances and
against the effects of gravity while still retaining high vapour permeability [63,64].

Evaporator

Adiabatic

Condenser

Heat pipe wall

Figure 6. Integrated heat pipe wick with hierarchical micro-porous structure and grooved channels [63].
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Despite the promising potential of these solutions, physical fabrication of the filigree
geometries will remain a challenging feat as long as manufacturers continue to rely on
conventional processes such as casting, sintering, forming, and subtractive machining in the
production of thermal management devices [65-67]. Although established, these processes
inadvertently approach a technological limit in terms of the possible complex features.
For example, three-dimensional lattice structures cannot be fabricated using subtractive
machining due to lack of direct access for physical tooling, while porous structures are
at risk of crushing, blockages, and torn cellular ligaments when being machined into the
required geometry for assembly, as shown in Figure 7. Even with the use of wire electric-
discharge machining, partial melting of the machined surface resulted in pore fusion and
closure of the recast layer. This had to be removed in turn by a secondary acid etching
process to expose the underlying open-cell pores, which in itself is also a challenging
process, before good surface uniformity can be achieved [68].

(a) As-sintered

(b) After lathe machining (c) After wire-EDM

Figure 7. Surfaces of porous nickel heat pipe wick: (a) in original as-sintered condition, (b) after lath-
ing, and (c) after wire-electric discharge machining (wire-EDM). Pores were crushed or blocked and
ligaments damaged after lathing or wire-EDM, which inhibited capillary flow of working fluid [68].

3. Additive Manufacturing
3.1. Overview

Additive Manufacturing (AM) is a direct digital-to-physical manufacturing technology
that deposits feedstock material, one layer at a time, according to the two-dimensional
cross section of the digital part model.

From an overarching manufacturing supply chain and logistics perspective, the direct
digital-to-physical nature of AM facilitates decentralised manufacturing—a digital file can
be uploaded into the computing cloud and printed from anywhere in the world without
the need for extensive tooling and fixtures. As an example of how AM can increase supply
chain resilience, one would need to look no further than the recent COVID-19 pandemic
to witness its rapid response in alleviating local shortages of healthcare consumables
and facilities, improving the comfort levels of personal protective equipment, and in situ
fabrication of visualisation and training aids to help cope with the limited number of trained
healthcare workers [69]. Hence, for manufacturers in the large-scale distribution of thermal
management devices and systems, decentralised manufacturing through AM can provide
a competitive edge in both cost and lead times. Moreover, as a secondary benefit of direct
digital-to-physical fabrication, manufacturers can also readily customise their product
offerings according to the geographical location of the additive manufacturing facility on
site. For example, the battery thermal management systems of electric vehicles in temperate
and tropical regions will differ according to the range of environmental temperatures that
the vehicle will be exposed to during operation. Hence, designs of thermal management
devices should cater for stronger heating performance in vehicles that will experience
colder climates due to range reduction at low temperatures (see Figure 8).
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Figure 8. Differences in the range of electric vehicles at freezing and near room temperatures [70].

At the product level, the bottom-up approach in the selective deposition of feedstock
material intrinsically enables AM to fabricate the required functional geometries without
being subjected to conventional manufacturing constraints [71]. As previously mentioned,
filigree geometries and internal channels that would have otherwise been highly challeng-
ing or even impossible to fabricate using forming and subtractive machining, due to reasons
such as lack of direct tooling access or structural strength to withstand cutting forces, are all
feasible to be produced using AM [72]. Without such manufacturing limitations, benefits
are abundant, such as light-weighting, an increased strength-to-weight ratio, reduced raw
material wastages, higher assembly reliability through parts consolidation, and increased
cost-effectiveness due to a lower parts count [73]. One such example is a hydraulic actuator
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valve block, shown in Figure 9, that is used to control flight surfaces of the Airbus A380.
The flight-certified titanium alloy AM valve block, while fulfilling identical functionalities
to the conventionally manufactured counterpart, was also 35% lighter and reduced the
total parts count by 10 [74].

.\\\\\\\\\\\\\\\\\‘

AR LT

Conventionally
Manufactured

Flight-certified
Identical functionality
to conventional part
35% less weight

10 parts eliminated

Additively Manufactured

Figure 9. AM hydraulic valve block jointly developed by Liebherr-Aerospace and EOS [74].

Essentially, the versatile and agile nature of AM offers numerous advantages from
a production perspective in terms of mass customisation, shortening the supply chain, on-
demand production of spare parts, and overall improved cost-effectiveness and lead times [75].

Today, many similar AM processes exist under different commercial trademarks.
To help better identify them, these AM processes can be grouped into seven families of
technologies based on their shaping methodologies in accordance to ISO/ASTM 52900 [76].
A summary of the working principles, unique strengths, and typical materials processed
for each of these AM technologies is provided in Figure 10 [77].
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= High level of accuracy and complexity
+  Smooth surface finish
Accommodates large build areas

Strengths:
*  High level of complexity
«  Powder acts as support material
*  Wide range of materials

Strengths:

*  Allows for full color printing

*  High productivity

¢ Uses awide range of materials

Typical Materials
UV-Curable Photopolymer Resins

Typical Materials
Plastics, Metal and Ceramic Powders, and
Sand

Strengths:

= High volumetric build rates

*  Relatively low cost (non-metals)

= Allows for combinations of metal foils,

Droplets of material are deposited layer by layer
to make parts. Common varieties include jetting
a photcurable resin and curing it with UV light,

as well as jetting thermally molten materials that

Material is extruded through a nozzle or orifice
in fracks or beads, which are then combined into
multi-layer models. Common varieties include
heated thermoplastic extrusion (similar to a hot

CLIP™- Continuous Liquid Interface Production | EBM™- Electron Beam Melting; MJF™- Multi and others) Projet™ ADAM™ - Atomic Diffusion Additive Mig* Laser cladding
Jet Fusion; SHS™ - Selective Heat Sintering *metal & ceramic require post-print sintering BMD™ - Bound Metal Deposition™ WAAM - Wire-arc Additive Manufacturing
Description: Description: Description: Description: Description: Description: Description:

Powder or wire is fed into a melt pool which
has been generated on the surface of the part
where it adheres to the underlying part or layers
by using an energy source such as a laser or

= High level of accuracy
*  Allows for full color parts
«  Enables multiple materials ina single part

*  Inexpensive and economical

*  Allows for multiple colors

Can be used in an office environment
.

then solidify in ambient temperatures. glue gun) and syringe dispensing. electron beam. This is essentially a form of
automated build-up welding.
Strengths: Strengths: Strengths:

= Not limited by direction or axis
«  Effective for repairs and adding features
*  Multiple materials in a single part

Typical Materials
Powdered Plastic, Metal, Ceramics, Glass,
and Sand.

Liquids, and Slurries (Syringe Types)

including embedding components. Parts have good structural properties Highest single-point deposition rates
Typical Materials Typical Materials Typical Materials Typical Materials
Paper, Plastic Sheets, and Metal Foils/Tapes Photopolymers, Polymers, Waxes Thermoplastic Filaments and Pellets (FFF); Metal Wire and Powder, with Ceramics

© 2015-21 Created and designed by Hybrid Manufacturing Technologies. For more information visit www.hybridmanutech.com

Figure 10. Seven families of additive manufacturing technologies [77].
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3.2. Market-Ready AM Solutions to 3D Print Pure Copper

As one of the most thermally conductive materials known to humankind that is
still cost-sensible (the other alternatives being diamond, gold, and silver), copper has
traditionally been the preferred choice of material for manufacturing thermal manage-
ment devices.

Assuming full density (8.96 g/cm3 at room temperature), the high thermal conduc-
tivity of copper at close to 400 W/m-K will then be predominantly determined by its
purity levels (see Figure 11), since contaminants can act as electron and phonon scat-
tering sites within the metal lattice and disrupt the ability to transfer heat by reducing
mobility [78,79]. Hence, conventional copper refinement processes have been gradually
developed over the past 150 years to yield at least 6N levels of purity (99.9999% pure
copper) today [80,81].
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Figure 11. Thermal conductivities of 4N and 6N copper can differ by up to an order of magnitude at

low temperatures [81].

Recently, the 3D printing of pure copper (>99.8% pure) has begun to emerge as the
market-ready commercial solutions from several key AM manufacturers and providers (see
Table 3). This is a game-changer for AM designers of thermal management devices, since
aluminium alloys had previously been the only practical option for applications requiring
high thermal conductivity (the thermal conductivity of aluminium is approximately only
half that of pure copper).
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Table 3. Manufacturer-specified properties of commercially available high-purity copper AM solutions (as of September 2023).

AM AM Fgeo slzgsk Layer Relative Electrical Thermal Yield Tensile Elongation Surface Mip?li:i‘[;iﬁ;:zau
Category Process 1 Solution Equipment Purity Thickness Density Conductivity ~ Conductivity 4 Strength Strength at Break Roughness Demonstrated Ref.
Provider o (um) (%) (% IACS 3) (W/m-K) (MPa) (MPa) (%) (um)
(%) (mm)
180 200 5
M 290 >80 >332 (as printed) (as printed) (as printed)
(400 W - 20 >95 (asprinted)  (as printed) 140 190 20 - - [82]
EOS version) (heat treated) (heat treated) t r(e};izg) ¢ r(e};etgf:l) ¢ r(e}:iii)
1(\{[1%38 9995 10 2993 100.7 418 159-162 227-230 45.6-48.1 Sa %%15 07 (1]
version) ) i (as printed) (as printed) (as printed) (as printed) (as printed) direction) :
TruPrint
L-PBE 1000 (Green
_ - Edition)
Beam TRUMPF TruPrint >99.9 - >99.5 100 415 - - - - - [12,13]
Based 5000
(Green
Edition)
Renishaw Ren/M 99.9 30 >98 - - - - - - 0.35 (53]
DMP 350 102 423 )
3D Systems variants - - >99.5 (as printed) (as printed) - - - - B (84]
Arcam
GE >98 >406 105-125 170-200 31-35 =
EBM Additive Q10plus >99.95 50 B as printed as printed as printed as printed as printed B B (851
v2.0 p P p P P
Studio 85.2 353 45 195 37
System 99.3 - >97.6 (as sintered) (as sintered) (as sintered)  (as sintered)  (as sintered) B B (86l
Desktop : _
BJT Metal Productl(in % 373 37 174 28 R, 3-12
Sinter- SZ::IIT’I ;)01 >99.95 - 96.5 (as sintered) (as sintered) (as sintered)  (as sintered)  (as sintered) Z(cti(i)gest?c?n) B 1871
Based ' i
84 350 26 117-193 15-45
FFF Markforged Metal X >99.8 - 98 (as sintered) (as sintered) (as sintered)  (as sintered)  (as sintered) B B (s8]
VPP Holo PureForm 99.9 - 95 92 366 - - - - 0.1 [89]

1 L-PBF—Laser Powder Bed Fusion; EBM—Electron Beam Melting; BJT—Binder Jetting; FFF—Fused Filament Fabrication; VPP—Vat Photopolymerisation. 2 Relative density that is
expressed as a percentage of solid bulk pure copper at 8.96 g/cm?. 3 IACS—International Annealed Copper Standard, 100% IACS corresponds to an electrical conductivity of 58 MS/m
at 20 °C. * Other than Markforged and Holo, all thermal conductivity values in this table have not been specified by their respective AM solution providers and are calculated from
electrical conductivity using Wiedemann—Franz Law.
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While the properties of these commercial copper printing solutions seem to be already
sufficiently well-established to create the advanced geometries shown in Figure 12, it is
likely that further investigations will be required to determine the feasibility of meeting the
actual functional requirements of thermal management devices.

Figure 12. Copper components fabricated using Laser Powder Bed Fusion AM. (a) Heat sink, source:
Renishaw, (b) TPMS gyroid structure with 0.35 mm wall thickness and 5 mm cell size, source:
Renishaw, (c) heat exchanger, source: EOS, (d) heat exchanger, source: Delva Oy, and (e) heat
exchanger, source: 3D Systems.

For example, many commercial AM providers at present (see Table 3) do not clearly
define the properties of their copper printing solutions for thin-wall structures, which are
incidentally the main functional features of heat sinks and heat exchangers. From this per-
spective, it is notable that multiple studies have reported stark differences in dimensional
accuracy, geometrical distortion, surface roughness, density, microstructure, mechanical
properties, and overall printability between bulk regions and thin-wall structures for differ-
ent materials and AM processes [90-95]. It is thus likely that completely new and different
process parameters and print strategies from what have already been established in existing
commercial solutions will be required before dense and well-formed thin-wall copper
structures with high thermal conductivity can be obtained. This is particularly critical for
liquid-based heat sinks and heat exchangers to prevent leakages and cross-contamination
of the working fluids. Therefore, in the next section, the state-of-the-art is critically assessed
to determine the true capabilities in the AM of pure copper filigree geometries.

4. State-of-the-Art in the AM of Pure Copper Filigree Geometries
4.1. Thin-Wall Structures

Recently, in 2019, Guan et al. investigated the L-PBF fabrication of pure copper thin-
wall grid-like structures (see Figure 13a) using a typical 1060 nm NIR wavelength laser
with a beam spot size of 80 um [96]. At a laser power of 190 W and scan speed of 500 mm/s,
thin walls of 0.2 mm, 0.3 mm, and 0.5 mm thickness were formed. Despite the use of a
meander exposure strategy with a hatching distance of 60 pm (see Figure 13b) that imparted
additional energy from multiple meltpool overlaps compared to single laser scan tracks,
the authors observed that the thin walls consisted primarily of discontinuous meltpool
beads that were only partially fused together (see Figure 13c,d). Furthermore, some powder
particles could also be found trapped in the cave-like pores formed between adjacent
semi-fused beads, especially at the intersections of the grid-like structure (see Figure 13e).
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(a)

To achieve further densification, the authors proposed the use of higher power 500 W lasers
in combination with several laser remelting exposure strategies. At the same time, it is also
advisable that the energy input should not be overly excessive. This would increase the
susceptibility of filigree geometries to the denudation effect [97], whereby the depletion
of metal particles occurs in the immediate vicinity of the solidified track and is caused by
the outwards meltpool vapor pressure created during laser exposure. When multiple thin
walls are closely packed together such as in the case of a mesh structure, the formation of a
large denudation zone can result in an uneven powder bed for the next deposited layer.

20mm

20mm

Figure 13. (a) Pure copper thin-wall grid structures with wall thickness of 0.2 mm, 0.3 mm, and
0.5 mm fabricated using NIR L-PBF [96], (b) meander exposure strategy for three consecutive layers
N, N+1, and N+2 [98], (c) close-up optical image of grid structure shown in (a) with porous surface
texture [96], (d) SEM image of grid structure with lack-of-fusion resulting in individual meltpool
beads [96], and (e) SEM image of grid structure node intersection, with trapped spherical particles
within cave-like pores [96].

In the same year, Silbernagel et al. [99] conducted a L-PBF process parameter study on
free-standing pure copper thin walls 18 mm in length and 4 mm in height (see Figure 14a).
The 3D printer used was equipped with a laser unit of 1070 nm wavelength and beam
spot size of 35 um. The authors investigated three different laser powers of 100 W, 150 W,
and 200 W, three different layer thicknesses of 30 pm, 45 pm, and 60 pum, and a scan speed
ranging from 150 mm/s to 1250 mm/s in increments of 25 mm/s. Also, instead of the
meander exposure strategy used by Guan et al. [96] in the previous study, the authors
utilised a single-line laser scan track that was repetitively stacked at every layer to form
the planar wall. Hence, the wall thickness would be solely dependent on the size of
the meltpool in the powder bed. Regarding layer thickness, the authors observed that
the use of 45 pm layers resulted in a good balance of powder spreadability and melting
behaviour, therefore it was used for the rest of the study. The 30 um layers resulted in
powder spreading issues, which ultimately resulted in missing sections in the thin walls.
Conversely, 60 um layers resulted in inconsistent meltpool tracks, which exhibited sintering
rather than melting characteristics and further indicated that the energy was insufficient
for full-depth penetration into the thicker deposited layer. For laser power, the authors
found that improvements to the continuity of the thin walls were insensitive to different
combinations of laser powers or different orders of those powers, even when multiple scans
over the same track were made. In fact, repeated passes at high laser powers resulted only
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in a detrimental balling effect on the thin walls. Here, the effects of denudation for thin-wall
structures when using remelting strategies at high laser powers are re-emphasised. For
the scan speeds, the authors found that while the highest, 1250 mm/s, scan speed could
provide sufficient energy to form a thin wall, bonding was minimal, which resulted in very
thin walls of low strength. Subsequently, by comparing the continuity of the meltpool tracks
and wall thickness, the authors were able to identify an optimal scan speed of 300 mm/s.

Additionally, Silbernagel et al. [99] also investigated the changes in the chemical
composition of the pure copper meltpool when a steel substrate is used. Due to the low
thermal conductivity of steel, it has now become a common approach to use steel substrates
instead of copper substrates to prevent rapid heat loss from the meltpool during the L-PBF
of pure copper, especially during the critical initial layers to prevent delamination. Here,
the authors found through EDX analysis that a considerable amount of iron had diffused
into the meltpool for the first 1.5 mm in the vertical build direction, which resulted in a
physical bulging of the thin walls (see Figure 14b,c). Nonetheless, at higher build heights,
the copper concentration returned to near 100% purity levels and any previously iron-
contaminated layers did not remelt, which prevented further diffusion of iron along the
build direction. Physically, this is marked by a notable decrease in wall thickness past the
iron-contaminated zone.

// _,// | I3

Figure 14. (a) Free-standing pure copper thin walls fabricated via NIR L-PBF at various laser powers,
scan speeds, and layer thicknesses, (b) cross-section of thin walls illustrating bulging at the base, and
(c) EDX analysis of cross-section highlighting iron contamination at the base causing the bulging [99].

To overcome the key challenge of meltpool heat loss encountered by long-pulse or
continuous wavelength lasers that are common to many L-PBF printers, Kaden et al. first
explored the use of ultrashort pulse (USP) femtosecond lasers in 2017 [100]. The authors
theorised that the extremely short interaction times between the USP laser and the powder
feedstock would drastically minimise heat loss from the meltpool during laser exposure,
and thus be able to retain a greater amount of energy for the complete melting and fusion
to occur. Furthermore, the confinement of the active heating zone to the immediate vicinity
of the illuminated area would also enhance the precision and resolution of filigree copper
geometries. As a result, the authors were able to fabricate homogenous thin-wall structures
of approximately 100 um in wall thickness with a height-to-width aspect ratio of 15:1 (see
Figure 15a). However, incomplete fusion was still clearly observable through scanning
electron microscopy (see Figure 15b). The authors attributed the lack of densification to
a non-optimal ratio of beam spot size to particle diameter, by reasoning that since only
particles that underwent direct laser exposure would melt and fuse together to form a bead,
using particles and beam spot diameter of the same size order (35 pm) would prevent the
consolidation and fusion of adjacent particles into the meltpool during exposure.
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In a later study [101], Kaden et al. compared the performances of USP lasers at 1030 nm
(NIR) and 515 nm (green) wavelengths in fabricating thin-wall structures (see Figure 15¢,d).
While the beam spot size of both lasers was similar, hardware restrictions limited the power
output of the green laser to half that of the NIR laser. In comparison to the NIR laser, a
smaller layer thickness of 15 um instead of 30 um was used for the green laser, as well as a
smaller particle size of 10 um instead of 25 pm. The authors observed that the thin walls
produced by both lasers yielded highly similar geometrical resolutions and morphologies,
with an average wall thickness below 100 um (see Figure 15e,f). This suggested that the
effective energy absorbed by the illuminated copper feedstock at 515 nm is approximately
double that of 1030 nm. Regardless of laser wavelength, however, full densification could
still not be achieved. Nonetheless, the power output produced by the USP lasers at 11 W
(green) and 24 W (NIR) needs to be taken into consideration, which is extremely low
compared to the 1 kW laser systems available today. Moreover, the ability of the copper
feedstock powder to even melt and fuse together at such low levels of output in the first
place is evidence of the latent potential of USP lasers. For example, in further investigations
with the green USP laser for actual engineering components, Kaden et al. [102] were able to
achieve filigree copper geometries such as complex organic structures (Figure 15g), reduce
the strain and support structures for thin overhanging regions (Figure 15h), and produce
thin-wall structures with extremely high aspect ratios of 70:1 (Figure 15i).

Figure 15. (a) Pure copper thin-wall structures fabricated using ultrashort pulse L-PBF [100], (b) SEM
image of thin-wall structure displaying wall thickness of 100 um and homogeneous high poros-
ity [100], (c,d) pure copper thin-wall structures fabricated using ultrashort pulse L-PBF at 1030 nm
(NIR) and 515 nm (green) wavelengths [101], (e,f) corresponding SEM images to (c¢,d) showing the
highly similar structures produced [101], (g) topology-optimised structure for a lightweight mirror
mount [102], (h) turbine wheel with highly inclined overhanging thin fins not requiring support
structures [102], and (i) thin-wall structure with 100 um wall thickness and extremely high aspect
ratio of 70:1 [102].

In another attempt to improve densification of thin-wall structures, Ma et al. [103]
investigated the influence of using higher NIR laser powers of up to 500 W for various
scan speeds and hatching distances on the relative density, surface roughness, and wall
thickness of thin-wall copper flanged samples (see Figure 16a,b).
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(a)

(b)

(d)

No. Process factor Test result
Laser power P (W)  Scanning speed v(mm/s)  Hatchspacing h(um)  Volume energy density Ev (J/ Relative density o (pm)  Wall thickness W (mrn)*
mma) (%)
1# 200 1000 30 166.67 80.90 55 0.128
2# 200 1300 40 96.15 85.03 52 0.087
3# 200 1600 50 62.50 82.71 53 0.088
4# 200 1900 60 43.86 89.70 51 0.079
5# 300 1000 40 187.50 99.38 37 0.158
6# 300 1300 30 192.30 98.07 40 0.180
7# 300 1600 60 78.12 95.92 44 0.148
8# 300 1900 50 78.94 92.87 49 0.137
9# 400 1000 50 200.00 99.75 29 0.192
10# 400 1300 60 128.20 98.17 38 0.171
11# 400 1600 30 208.33 99.31 37 0.157
12# 400 1900 40 131.57 98.51 38 0.201
13# 500 1000 60 208.33 99.80 36 0.200
14# 500 1300 50 192.30 99.22 38 0.217
15# 500 1600 40 195.31 97.30 42 0.211
16# 500 1900 30 219.29 93.20 45 0.171
*Nominal wall thickness of digital model is 50 pm
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Figure 16. (a) Influence of using higher NIR laser powers up to 500 W for various scan speeds
and hatching distances on relative density, surface roughness, and wall thickness, (b) resulting
copper flanges fabricated from process parameters shown in (a), (c¢) main effect plots for laser power,
scan speed, and hatching distance on relative density, (d) schematic of linear scanning and circular
scanning exposure strategies, and (e) comparison of wall thickness, surface roughness, and relative
density for linear and circular scanning exposure strategies [103].

At higher laser powers above 400 W, the authors were able to consistently obtain
relative densities of the thin walls above 99%, as shown in Figure 16a. In fact, unlike the
insensitivity of the meltpool to changes in laser outputs below 200 W [99], the authors found
that when the laser output was increased from 200 W to 300 W, the relative density could be
significantly improved to nearly full density levels, regardless of the scan speeds or hatching
distance used (see Figure 16¢c). Hence, it seems that a minimum output of 300 W would
be required for NIR lasers before full densification could be obtained. However, there is a
trade-off in dimensional accuracy when higher laser powers are used, with physical wall
thickness ranging from two to four times that of the digital model. While the authors could
compensate for the additional material by simply reducing wall thickness in the digital
model to 50 um to achieve the desired value of 200 pm for the physical part, it is noted
that such an approach could be challenging to implement for complex finned structures
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of varying cross-sectional areas such as in topology-optimised heat sink geometries. The
authors also found that the exposure strategy played an important role in determining
the wall thickness and surface roughness of the parts. In general, implementing a circular
scanning strategy that conformed to the cylindrical geometry of the parts instead of a
generic linear scanning strategy (see Figure 16d) produced more accurate wall thicknesses
and lower surface roughness (see Figure 16e). Here, further developments in customised
geometry-dependent exposure strategies for filigree geometries beyond basic primitive
shapes are highly anticipated due to the potential scale of improvements that can be
unlocked with this technique.

So far, the fabrication of pure copper thin-wall geometries via typical NIR lasers with
an output below 200 W does not seem capable for obtaining fully dense or near fully
dense structures. This is further affirmed through the work of Jadhav et al. [104], who
used an empirically validated analytical model for the L-PBF processing characteristics
of pure copper at laser powers ranging from 200 W to 500 W with different scan speeds
(see Figure 17a).

(b) Conduction Keyhole Keyhole-induced porosity
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Figure 17. (a) Porosity analysis images of bulk copper specimens fabricated using NIR L-PBF between
200 W and 500 W for various scan speeds, with green dotted outline representing ideal keyhole
regime with good fusion, blue dotted outline representing keyhole-induced porosity regime, and
red outline representing lack-of-fusion conduction regime, (b) schematics of conduction, keyhole,
and keyhole-induced porosity regimes in L-PBF of pure copper, (c¢) mapping of keyhole regime,
conduction regime, and transition zone between regimes to laser power and scan speed [104].
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While no thin-wall structures were investigated, the authors were able to obtain rela-
tive densities exceeding 99% for bulk pure copper specimens using a 1080 nm wavelength
laser with beam spot size of 37.5 um, laser power of 500 W, and range of scan speeds
corresponding to a volumetric energy density window of 230 to 310 J/mm?3. A standard
L-PBF powder feedstock size of 25-60 um was used.

Perhaps of greater interest is that the analytical model categorised the L-PBF processing
of pure copper into two different processing windows—the conduction regime and keyhole
regime (inclusive of keyhole-induced porosity, see Figure 17b). The authors found that
for highly reflective materials such as copper to be fully densified using NIR lasers, the
processing window needs to occur in the keyhole regime. The formation of keyholes is
the critical factor that enables full densification to occur, since effective laser absorption is
exponentially increased by the presence of multiple internal reflections of the laser within
the keyhole, as shown in Figure 17b. However, the keyhole also needs to be stabilised
through an optimal processing window—in essence, for copper, since the bottom half
of the keyhole absorbs approximately four times the amount of laser energy as the top
half of the keyhole [105], it is more likely to remain in the molten state while the top half
solidifies earlier [106]. This will result in trapped or keyhole-induced porosity within the
material, which is exacerbated by introducing overly large amounts of volumetric energy
density. Conversely, too little volumetric energy density places the L-PBF of copper into
the conduction regime, in which most of the laser energy is reflected or dissipated away
instead of being absorbed by the meltpool. Hence, for typical copper feedstock sizes at NIR
wavelengths, this corresponds to the narrow processing window of 230 to 310 J/mm? (see
Figure 17¢).

However, the authors also concluded that it is the formation of stable keyhole features,
rather than the laser power per se, that enables the production of bulk solid copper at
full densities. Hence, it follows that as long as optimal keyholes can be formed, it will
still be possible to obtain the full densification at laser powers below 500 W by optimising
other key process variables in L-PBF such as particle size, baseplate material, and platform
heating, modifying the surface of the copper feedstock for higher optical absorption of NIR
(1060 nm) wavelength laser energy, or using green (515 nm) or blue (450 nm) wavelength
lasers which have inherently better absorptivity by non-modified copper powder particles
(see Figure 18).
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Figure 18. Absorption of metals at different irradiation wavelengths [107].
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Such approaches were indeed used by Qu et al. [108], who were able to obtain pure
copper bulk components with a relative density of 99.6% at 200 W of NIR laser output
from a high precision L-PBF system with a small beam spot size of 25 um, fine power
particles between 5 um and 25 um, a small layer thickness of 10 um, and 316 L stainless
steel substrate. The authors were also able to achieve an electrical conductivity of 96% IACS
after the heat treatment of the components, which suggests an ideal thermal conductivity
that is near to the theoretical limits of copper. Thin-wall structures using an exposure
strategy of single-line scan tracks (see Figure 19a,b) were also fabricated over a range of
laser powers and scan speeds (see Figure 19¢).

(a) Copper
powder

A 4

v v v v v . 4
Lack of fusion(LOF)
= v = = »

3
“«

vomomww
Densification
L ZSEE Y SEEEY BURLY LECEL SRR SEER 1

Scan speed (mm/s)

@
3
«
<
“«
-
.
.

..
vowyym i e
Overfusion

100 120 140 160 180 200 220 240
Power (W)

Side surface

Top surface

6.030

5487

4945

4402

3860

650 800 650 800 950
(f) Speed(mmis) Speed(mm/s)
250, 150
® Densification
° ® Overfusion
_.200+
5 y=214+20.6In(x-0.17) £ a m e ®
=100
£ 150 3
% S y=119+26.6In(x-0.16)
o
2100+ - 4
% - y=32.1+50.9x § 504
= 50 v g .
1 hd v Lack of fusion (LOF)
®  Densification
® Overfusion
0L+ - ' - - . ; oL, . . . . .
01 03 05 07 09 11 13 15 01 03 05 07 09 11 13

Linear energy density (J/mm) Linear energy density (J/mm)

Figure 19. (a) Schematic of single-line exposure strategy used to fabricate thin walls, (b) free-standing
thin walls fabricated using a bespoke high precision NIR L-PBF at various laser powers and scan
speeds, (c) processing windows for lack of fusion, densification, and overfusion, (d) close up of side
and top surfaces of thin walls for different processing windows, as indicated, (e) top and side surface
roughness of thin walls for different processing windows, and (f) meltpool width and depth for
different processing windows [108].
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The authors observed processing characteristics similar to what had been reported
by Jadhav et al. [104]—lack of fusion, densification, and overfusion (see Figure 19¢,d),
Nonetheless, the inherently high precision of the printer and material feedstock sys-
tem lend themselves well to producing high-density thin walls with low surface rough-
ness between Ra 3 and 5 pm (see Figure 19e), and wall thicknesses as low as 150 pm.
The meltpool depth was also found to be well-controlled and ranging between 50 and
100 pm depending on the process parameters used (see Figure 19f), which is important in
three-dimensional shell-based triply periodic minimal surface lattice structures consisting
of vertical thin walls, as well as horizontal thin ‘floors” and “ceilings’. Overall, the geometri-
cal quality, surface roughness, and material properties of the filigree components fabricated
by Qu et al. are highly favourable for advanced thermal management devices.

Recently, continuous short-wavelength lasers of 515 nm (green) and 450 nm (blue)
have begun to emerge for use in L-PBF systems, due to the aforementioned higher energy
pure copper absorptivity of these wavelengths. Contrary to NIR lasers, the current optical
hardware capabilities of these short-wavelength lasers appear to have a minimum beam
spot size of 200 pm [109-114], which results in an illuminated area that is up to six times as
large as that of a typical 80 um beam spot size for NIR lasers. In fact, even for the same
beam spot size and laser process parameters over a range of different scan speeds, Hori
et al. [110] observed that the copper meltpool bead size for a blue laser was consistently
two to four times larger than that of a NIR laser (see Figure 20).
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Figure 20. Comparison of meltpool bead size between NIR and short-wavelength blue lasers with
same beam spot size at different scan speeds [110].

Horn et al. [112] fabricated thin-wall structures at different inclination angles of 90°
(vertical), 60°, and 30° (see Figure 21a) using a continuous wavelength green laser with
a beam spot size of 200 um and maximum power of 500 W. The authors observed that
while highly dense core regions of the thin walls could be achieved, an enveloping porous
and branch-like structure of solidified melt beads known as ‘drips’ was also concurrently
formed (see Figure 21b), regardless of laser power, scan speed, or exposure strategy used.
While the extent of the drips could be reduced at more horizontal inclination angles, they
could not be fully removed, and inadvertently resulted in higher surface roughness that
is accompanied by an increase in wall thickness of 22% to 83% of the dense core region
(see Figure 21c).
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Figure 21. (a) Design of thin-wall specimen coupons for fabrication with a continuous wavelength
green laser [112], (b) cross-section of thin walls consisting of a dense core region with porous branch-
like structures of solidified melt beads [112], (c) wall thickness of thin walls fabricated using different
number of scan tracks at print angles of 90° (vertical), 60°, and 30° [112], and (d) similar dense
core/porous outer shell phenomena is observed in another study when green lasers are used [109].
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Horn et al. further noted that the presence of drips were also observed in another
study on the L-PBF of pure copper using a green laser [109], however, since they only
occurred around the borders of the bulk material due to the remelting of the core regions
via overlapping meltpool hatching, fully dense and defect-free parts could still be obtained
and the effects of the drips on bulk geometries (see Figure 21e) were considered less
significant compared to filigree geometries. In the context of thin-wall structures for
thermal management devices, however, the reviewed literature suggests that the current
hardware capabilities of short-wavelength lasers are still not as refined as medium power
(>400 W) NIR lasers at producing high-resolution geometries with smooth surfaces for
rapid heat transfer and minimal flow losses (see Figure 22).

NIR Laser, 208.33 J/mm?3 Green Laser, 145 J/mm?3

Figure 22. Comparison of thin-wall fabrication capabilities of NIR lasers [103] and green lasers [112].

As the scientific community continues to make progress in beam-based AM techniques
to process pure copper filigree geometries, another promising group of techniques that
has begun to emerge is sinter-based AM. Sinter-based AM refers to any AM process that
involves a two-stage shape and sinter approach in the fabrication of 3D components. With
reference to Figure 23a, the first stage involves the shaping of parts into the desired geometry
either via the extrusion of a metal-polymer paste or filament through a nozzle (material
extrusion), via the selective jetting of a polymer binder into the power bed (binder jetting),
or via the selective curing of a metal-polymer slurry using light (vat photopolymerisation).
At this stage, regardless of how the parts have been shaped, they would all consist of
metal particles that are only temporarily bonded together by the polymer adhesives. In the
second stage, the parts are sintered in a furnace to remove the polymer binders and form
metallurgical bonds between the particles for further densification. Thus, sinter-based AM
inherently avoids the poor absorptivity of copper particles to laser irradiation by removing
the need for a laser to melt and fuse the particles together in the first place. Optimal
selection of polymer binders and process parameters for debinding and sintering, however,
will be critical to obtaining dense, dimensionally accurate, and residue-free copper parts.

For example, Yan et al. [115] utilised a paste material extrusion method to form a
vase-like thin-wall cylinder (see Figure 23a) in 2018. The paste consisted of 1 um copper
powder particles (purity > 99.5%) mixed with paraffin wax at a powder to wax mass
ratio of 10:1. After sintering, the authors were able to obtain thin-wall structures with a
relative density of 90.4%, hardness of 80 HV, and a wall thickness of 340 um that appears
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visually smooth (see Figure 23b). SEM analysis indicated high metallurgical bonding, while
EDX analysis revealed that no residual carbon from binder pyrolysis was retained in the
material (see Figure 23c). However, the oxygen content was around 5% by mass, which
can be detrimental to the conductivity of pure copper. It is likely that the oxygen pick-up
could have originated from the paste preparation in an exposed environment at elevated
temperatures of 70-80 °C, during which slight oxidation of the copper particles can occur
due to their high surface area to volume ratio. Further validation is required in this area.
Regardless, the proper handling of specimens in sinter-based AM is required due to the lack
of an inert process chamber that is inherent to beam-based powder bed fusion processes.
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Figure 23. (a) Workflow of paste material extrusion method, (b) vase-like geometry formed using
material extrusion with smooth walls of 340 um wall thickness, and (c¢) EDX analysis indicates no
carbon residue after pyrolysis, but some amount of oxygen is detected [115].

One of the most exciting and modern developments in the sinter-based AM of pure
copper is the digital light processing (vat photopolymerisation) of a metal-polymer slurry,
in which the extremely high resolution of digital light processing (see Figure 24a) in combi-
nation with a mature sintering process rooted in conventional metal injection moulding
results in thin-wall structures of high density (95% bulk density), electrical conductivity
(92% IACS), and thermal conductivity (92% copper standard) at just 100 um thick [89]
(see Figure 24b). This technique is currently exclusive to one commercial manufacturer,
however, and future developments in this space by other AM manufacturers is anticipated.

No. C330

\n.)

Figure 24. (a) Extremely high resolution of small components fabricated using digital light processing
(vat photopolymerisation) of a copper slurry, and (b) wall thickness as low as 100 um with visually
high geometrical stability and smooth surfaces [89].

4.2. Lattice Structures

While the thin walls reviewed so far are predominantly vertically orientated features
that are targeted for use as fins of single-fluid domain heat sinks, the intertwining passage-
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35 degrees

30 degrees

ways in heat exchangers with two or more fluid domains necessitate a more elaborate 3D
volumetric structure in the form of TPMS shell-based lattice structures. As seen earlier in
Figure 4, TPMS structures such as Gyroid and Schwarz-D are able to elevate heat exchanger
performance due to an optimal balance of increased heat transfer surface area with minimal
pressure losses.

By definition, TPMS are minimal surfaces that recur periodically in three independent
directions, e.g., the X, Y, and Z cartesian axes [116]. Hence, TPMS lattices can be visualised
as repeating unit shells that are formed by thin walls, thin ‘floors’, and thin ‘ceilings’ with
smooth curvatures. This makes TPMS a more challenging geometry to produce than solely
vertical thin walls for beam-based AM due to the addition of overhangs and curved surfaces
that are susceptible to over-heating from excessive meltpool depth penetration (Figure 25a)
and the staircase effect (Figure 25b). Nevertheless, the principles behind the AM fabrication
of thin-wall structures are still applicable for TPMS lattices.
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Figure 25. (a) Increased deformation and overheating at high inclination angles for overhangs [117],
and (b) staircase effect of inclined or curved surfaces [118].

For example, Qu et al. [108] fabricated N14 and primitive-type TPMS lattice structures
using their self-developed high-precision NIR L-PBF system (see Figure 26a). Optical
microscopy analysis of the top surface cross-sectional area indicated a wall thickness
of 100 um with a dense and pore-free microstructure (see Figure 26b). Conversely, the
side surface cross-sectional area exhibited a significantly higher wall thickness of 149 um
(see Figure 26¢) due to the staircase effect. Surface roughness (see Figure 26d) was also
highly dependent on build orientation and increased in order of top-facing (Ra 3.3 um),
side-facing (Ra 14.8 um), and bottom-facing overhanging surfaces (Ra 19.2 um). This is
because at increasingly horizontal overhangs, the meltpool depth can penetrate through
the overhanging region, which results in the remelting of the solidified layers and partial
fusion of powder particles to the underlying surface (see Figure 26e).

In contrast to NIR lasers, lattice structures fabricated using blue and green lasers face
challenges with minimum feature size and smooth surfaces [119,120], which is a similar
outcome from the thin-wall geometries shown earlier. Visual examples of lattices that were
fabricated using blue and green short-wavelength lasers are shown in Figure 27.

Nevertheless, NIR lasers are not without their challenges. As mentioned earlier, Jad-
hav et al. [104] reported that the optimal processing window for dense and well-formed
pure copper structures using NIR lasers can occur only in a small range within the keyhole
regime. This is further validated by Alphonso et al. [121], who conducted a comparison
study of both green and NIR lasers using a benchmark artifact. Through numerical mod-
elling and experimental verification, the authors determined that while both conduction
and keyhole regimes are feasible processing windows for green lasers, only the keyhole
melting regime is practical for NIR lasers. Hence, without fine tuning the process param-
eters for specific geometries, the use of NIR lasers in lattice structures can also result in
unstable meltpools and distorted geometries [121] (see Figure 28).
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Figure 26. (a) N14 and primitive-type lattice structures fabricated using a high precision NIR L-PBF
printer, (b) cross-sectional area of vertical lattice wall shows good densification, smooth surfaces, and
a thickness of 100 um (c) comparison of wall thickness for top and side surfaces, (d) comparison of
surface roughness for top and side surfaces, and (e) schematic illustrating laser burn-through and
over-penetration for highly inclined surfaces [108].
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Figure 27. Larger minimum unit cell size, lower resolution, and rougher surfaces in lattice structures
produced using a (a) blue laser [119] and (b) green laser [120] in L-PBF.

NIR Laser Green Laser

Figure 28. The narrow processing windows of pure copper for NIR lasers in L-PBF can result
in unstable meltpools and distorted geometry (red outline) compared to green lasers with larger
processing windows [121].

In terms of the sinter-based AM of pure copper lattice structures, the technique that
appears to have made the most demonstratable progress is vat photopolymerisation. Just
like for thin-wall structures, the resolution, surface roughness, and surface homogeneity for
TPMS lattice structures appear outstanding with this technique (see Figure 29). An improve-
ment in isotropic properties compared to beam-based AM is also expected, due to increased
grain texture homogeneity from the sintering process instead of an elongated grain struc-
ture that is characteristic of beam-based AM techniques [120]. This is critical to the thermal
and electrical conductivity of pure copper since grain boundaries, especially low-angle
grain boundaries with misorientation angles between 14° and 18°, induce dislocation and
strain in the crystal lattice, which inhibit electron mobility and increase resistance [122].
Furthermore, the nodes of the lattice structures fabricated using beam-based AM typically
contain high residual stresses due to repeated melting and solidification cycles [120].
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Figure 29. Complex triply periodic minimal surface lattice structures with high resolution and smooth
homogeneous surfaces using digital light processing (vat photopolymerisation). Source: Holo.

On the other hand, the maximum relative density achievable via sinter-based AM for
pure copper (<98%) is typically lower than that of beam-based AM (>99%) to date, as shown
earlier in Table 3. This is due to the inherent use of polymer binders, which can leave behind
residual carbon contaminants even after extensive debinding and pyrolysis processes. The
necking and subsequent fusion of adjacent powder particles are thus inhibited during
sintering, which results in high porosity levels [89,123]. Therefore, developments in sinter-
based AM techniques for pure copper have, until now, mostly focused on improvements to
densification and purity levels at the material level [123-131]. These efforts appeared to
have paid off, as high thermal and electrical conductivities that are just shy of beam-based
AM and conventionally processed copper has already been achieved for sinter-based AM
techniques (see Table 3). Therefore, future work in this field is anticipated to transition
towards the high-resolution printing of filigree geometries for pure copper, which is a
similar journey to that previously undergone by beam-based AM.

4.3. Copper Foams

The literature that has been reviewed up to this point indicates good progress in the
AM of pure copper towards addressing the manufacturing challenges of heat sinks and
heat exchangers that were elaborated earlier in Section 2.3. Specifically, solutions already
exist, at least at the laboratory level, to enable the AM fabrication of highly dense thin-wall
geometries and TPMS lattice shells to channel fluid flow without leakages or absorption of
the working fluid into the actual material.

Conversely, for heat pipes and vapour chambers, porous copper foams that function
as wick structures are required whereby fluid flow is induced by capillary forces through
an interconnected network of open pores which typically range from the micron to sub-
millimetre in size [132,133]. Notably, unlike the voids in additively manufactured lattice
structures which can be precisely curated through digital design and modelling and then
replicated in the AM process, the pores in copper foams are directly formed as an inherent
outcome of the process parameters used.

Key metrics of the foam structure that govern capillary flow performance include
porosity, permeability, effective pore radius, and pore morphology in response to the
surface tension and contact angle of the fluid [133,134]. As a general reference, industrial-
manufactured heat pipe wicks typically have porosities between 45% and 70% and perme-
abilities ranging from 107¥ m? t0 1077 m? at pore sizes between 1 um and 1 mm [135].

A small number of AM techniques have demonstrated promising potential in the
fabrication of copper foams. However, they are still at the very nascent stages of research
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and further investigations will be required to determine their practical usability as wick
structures in heat pipes and vapour chambers.

Kaden et al. [100-102] and Singh et al. [136] utilised ultrashort laser pulses in L-PBF
to fabricate geometrically stable bulk copper foam structures with isotropic porosities
ranging from 36% [102] to as high as 60% [136] (see Figure 30). The thermal and electrical

conductivity at 36% porosity (64% relative density) were measured to be approximately
10% that of fully dense copper [102].

(b)

v, (mm/s)

60 80 100w,
Figure 30. (a) Bulk pure copper foam structures fabricated using ultrashort pulse L-PBF with a green
femtosecond laser [102], (b) horizontal planar view of (a) [102], (c) vertical planar view of (a) [102],
(d) 3D view of copper foam fabricate using ultrashort pulse L-PBF as observed via SEM [101], (e) bulk
pure copper foam fabricated using ultrashort pulse L-PBF with a nanosecond green laser [136], and
(f) porosity levels at various laser powers and scan speeds [136].

Whereas, for sinter-based AM, Miyanaji et al. [137] utilised an “Additive Expansion by
the Reduction of Oxides (AERO)” process in the binder jetting of copper (see Figure 31a).
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During AERO, copper oxide in the printed parts was reduced during sintering in a hydro-
gen environment into steam, which, upon outgassing, resulted in the formation of a copper
foam with porosity levels up to 59% (see Figure 31b).
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Figure 31. (a) Schematic of Additive Expansion by the Reduction of Oxides (AERO) process, and
(b) SEM image of copper foam produced using AERO process.

5. Summary and Outlook

In summary, the performance required from thermal management devices will be-
come exponentially more demanding as society progresses towards an increasingly digi-
talised and energy-efficient world. To advance the capabilities of these devices, modelling
and simulation iterations have identified topology-optimised functional geometries such
as branch-like fractal structures, triply periodic minimal surface lattices, and porous foams
with curated microstructures as some of the most promising solutions. While conven-
tional manufacturing processes fall short in physically manifesting these geometries,
additive manufacturing offers vast possibilities from both a broader supply chain and
deeper product-centric level, and commercial solutions to 3D print pure copper as a bulk
material are now market-ready with properties that are comparable to conventionally
processed copper.

Nonetheless, it is the properties of functional filigree structures that matter most,
rather than the bulk material, where the performance of advanced designs in thermal
management devices is concerned. Here, Table 4 provides key examples in the state-of-
the-art 3D printing of pure copper which show promising potential in fabricating thin
walls with high density and good surface quality, as well as foam structures with highly
homogenous pore structures. The technology maturity of these processes is currently at the
test coupon level, and further work will be required to translate them from the laboratory
scale to an economically feasible production and manufacturing line.
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Table 4. Key examples in state-of-the-art 3 D printing of pure copper filigree structures.

Beam-Based AM

Sinter-Based AM

Technology
AM Process ! L-PBF MEX VPP BJT
L Near-Infrared (1060 nm) Short-Wavelength (515-650 nm) Pulsed
aser
- i NA
Characteristics Low Power Medium Green (515 nm) Blue (650 nm) Near Infrared Green (515 nm)
Power (1060 nm)
Reference [108] [103] [112] [110] [100-102] [115] [89] [137]
Laser Power (W) 200 400 200-500 200 24 11
NA
Beam Spot 25 50 200 200 35 30
Diameter (um)
Type of Filigree
Structures High-Density Thin Walls Bulk Foams and Thin-Wall Foams High-Density Thin Walls Bulk Foams
Fabricated
%ﬁﬁ‘gg (Vﬁ; 150 126 300 550 <100 <100 340 100 NA
. . 2 .
Relative [.)e.nsrcy . Visually dense NA for thin Highly porous Highly porous NA for thin
(%) of filigree Visually dense core surrounded wall: bulk and and wall: bulk
structure fabricated,  and pore-free 99.86 by porous . . 90.4 L . 41
. . . material relative =~ homogeneous homogeneous material relative
or otherwise as cross-section protrusions of . o . . . o
described melt beads density of 99.1% cross-section cross-section density of 95%
Surface Roughness
(um) of filigree . . Visually rough
structure fabricated, Ra<5 15 Visually ro?fg tdl;le ea;zprotrudlng Visually rough due to high porosity ~ Visually smooth ~ Visually smooth due to high
porosity

or otherwise as
described

! L-PBF—Laser Powder Bed Fusion; MEX—Material Extrusion; VPP—Vat Photopolymerisation; BJT—Binder Jetting; > Relative density that is expressed as a percentage of solid bulk

pure copper at 8.96 g/cm?3.
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The following points are further highlighted to suggest how current and future needs
in the 3D printing of pure copper for thermal management devices can be better addressed.

e  The AM process optimisation in the current literature mainly targets density improve-
ments to pure copper, even though its properties are already comparable to that of
conventionally processed copper. Such an approach is ideal for high-density thin-wall
structures and shell-based TPMS lattices for heat sinks and heat exchangers but can
result in the underdevelopment of copper foam structures. In fact, the majority of
copper foam structures fabricated via AM today appear to be by accident rather than
intention, and may even be treated as a negative result due to the notable decline in
thermal conductivity with decreasing density (10% electrical and thermal conductivity
at 64% relative density).

e  Justas AM processes for pure copper are continuously being developed to meet the
design and manufacturing requirements of advanced thermal management devices, a
“Design for Additive Manufacturing” approach can also be utilised to fully embrace
and leverage the inherent characteristics of the process. For example, L-PBF using
ultrashort laser pulses is a unique and niche technology that can fabricate thin-wall
geometries at an extremely high resolution and homogeneous porosity.

e  Although beam-based AM technologies are currently more developed than sinter-
based AM technologies, the latter is likely to be more scalable and cost-competitive
since the sintering process is based on conventional knowledge from technologically
mature powder metallurgy and metal injection moulding domains. This will be a
crucial determining factor for high volume manufacturers of thermal management
devices, such as in the electronics industry.

e  Moreover, to transition from the laboratory scale to an actual production and manu-
facturing level, industry standards for the AM processing of pure copper have to be
established, which is similar to how the ASTM standards have been created for AM
metals such as stainless steels [138], nickel alloys [139], aluminium alloys [140], and
titanium alloys [141,142]
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