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Abstract: Material Extrusion Additive Manufacturing (MEAM) is a novel technology to produce
polymeric, metallic, and ceramic complex components. Filaments composed of a high-volume
content of metal powder and a suitable binder system are needed to obtain metallic parts. Thermal
and energetic controversies do not affect MEAM technology, although common in other additive
manufacturing (AM) techniques. High thermal conductivity and reflectivity of copper to high-energy
beams are the most challenging properties. A material extrusion technique to produce high density
and quality copper parts is deeply studied in this research. Characterization of the filament, printed
parts, brown parts and final sintered parts is provided. The sintering stage is evaluated through
density analysis of the sintered copper parts, as well as their dimensional accuracy after part shrinkage
inherent to the sintering process. The mechanical behavior of sintered parts is assessed through
tensile, hardness and impact toughness tests. In addition, the measured electrical and thermal
conductivities are compared to those obtained by other AM technologies. High-density components,
with 95% of relative density, were successfully manufactured using MEAM technology. Similar or
even superior mechanical, thermal and electrical properties than those achieved by other 3D printing
processes such as Electron Beam Melting, Selective Laser Melting and Binder Jetting were obtained.

Keywords: material extrusion additive manufacturing; copper; metal powder filament; sintering;
mechanical characterization; electrical and thermal characterization

1. Introduction

Copper, thanks to its specific properties, is widely used as raw material for several
industry and engineering sectors such as aerospace, power generation, defense, electronics,
among others. It is predominantly used for electrical conduction services and thermal
management due to its excellent electrical and thermal conductivity, and its moderate
price compared to gold and silver [1–5]. Moreover, copper parts exhibit a good corrosion
resistance, good machinability, and antibacterial performance, so these properties make
copper a suitable material for automotive and construction applications, or even medical
devices. It is used in the fabrication of numerous components such as heat exchangers,
electronic connectors, plastic deformation tools, springs and bearings, propulsion devices
in aeronautic features, cooling channels and gas turbines. Nowadays, the fast pace of
industrial growth requires more complex geometries, structures, and optimal properties of
copper components [6].
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Over the last decade, the development of additive manufacturing (AM) technologies
has attracted interest in both the academic and industrial sectors thanks to its ability to
produce metal parts with challenging geometries, without the need to use post-processing
operations and minimizing waste products [7–9]. Contrary to conventional subtractive
manufacturing methodologies, additive manufacturing is based on a bottom-up process,
in which metal parts with arbitrary geometry are created layer by layer [10,11]. Additive
manufacturing of metals allows high customizability, and it is competitive to other conven-
tional manufacturing methods such as machining, metal casting or welding [12,13], so they
are becoming more and more important in several industrial sectors. Complex components
like objects with internal structures, thin walls, or porous parts can be additively fabri-
cated without considering design restrictions due to machining tool limitations. Moreover,
the geometry optimization via 3D software offers many benefits like complicated geome-
tries, shorter manufacturing times, multifunctional integration, and savings in structures’
weight [14]. In addition, the option of doing post-processing methods, for example hot
isostatic pressing (HIP) [15,16] or abrasive polishing [17], can further enhance mechanical
and functional properties of printed metal parts.

Over recent years there has been a huge development of the additive manufacturing
processes of metal feedstocks, including copper. Direct energy deposition processes and
powder bed fusion systems are the methodologies most employed for the fabrication of
complex metal parts in short production series. The most studied processes are electron
beam melting (EBM) and selective laser melting (SLM), which have been applied in the
manufacturing of components of steel, nickel, aluminium, and titanium alloys, among
others. In the case of pure copper parts, the 3D printing of components with high ther-
mal and electrical properties has been extensively studied for their implementation in
thermal management systems [18,19], electronic devices [20–22], and in the aerospace
industry [23,24]. However, the manufacturing of complex shape parts with low porosity
using laser-based AM techniques is challenging due to the thermal properties of copper
and copper alloys [25]. The area melted by the high-energy beam experiences quick heat
dissipation due to copper’s high thermal conductivity, which harms the manufacturing
process. Thermal issues such as layer curling, high local thermal gradients, part deforma-
tions, delamination, and failure are consequently more probable due to thermally induced
stresses [25]. Moreover, low deposition of energy in the material is experienced because
of the reflectivity of copper to laser light, resulting in SLM copper parts with low density
and poor surface quality. Furthermore, this phenomenon is harmful for the laser and its
optics [26,27]. The use of electron beam melting (EBM) techniques for the manufacturing
of copper and copper alloys pieces solves the previous limitations thanks to the absence
of optical reflectivity of the materials to the electron beam [28]. The energy deposited
is enough to consolidate copper parts, but the high thermal energy dissipation during
the melting stage could cause defects such as porosity, cracks, internal stresses, or shape
distortion [29]. Heating the powder bed could reduce those defects. However, it has to be
mentioned that high-cost infrastructure is required to handle explosive powders safely and
the beam-based AM equipment. Thus, SLM and EBM require techniques that are expensive
and complex to operate [30,31].

These drawbacks underscore the need for more economical alternative metal 3D
printing techniques, with lower production costs and energy consumption. Copper parts
can be produced by several solid-state metal additive manufacturing technologies [32],
which are classified based on the bonding mechanism and its effect on the microstructure
and mechanical properties of the resulting components. Although many solid-state AM
technologies are currently being explored, only some of them have shown good results in
copper processing. These include three techniques based on mechanical strain and two
on sintering: additive friction stir deposition (AFSD) [33], ultrasonic additive manufactur-
ing (UAM) [34], cold spray [35], binder jetting (BJ) [36], and material extrusion additive
manufacturing (MEAM) [37], respectively. The mechanical strain-based techniques use
mechanical energy to facilitate metallic bonding. Therefore, the mechanical disruption of
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the oxide layer is followed by material bonding through severe plastic strain, which can be
induced by friction, ultrasonic scrubbing, or supersonic impact, of powder particles onto
a substrate or a previous layer of the same material. On the other hand, sintering-based
solid-state additive manufacturing techniques consist of the consolidation of a 3D-printed
powder compact, heating at a temperature below but close to the melting temperature. The
externally applied thermal energy increases the total system energy, causing the reduction
of the total material surface area and the metal particle bonding via the atomic diffusion
occurring between them. In binder jetting, one or more inkjet printheads deposit a liquid
binder agent on the top of a powder bed to selectively join the particles forming a printed
cross-sectional layer. This operation is repeated until the final part, called “green part”, is
completed [38]. Then, the printed part is subjected to a thermal cycle where the binder
system is removed, and the powder particles are strongly bonded by sintering process
in order to achieve final density and strength of the material. The sintered components
achieve an approximate relative density of 85%, so post-processing is needed to achieve
full density. In addition, BJ equipment is more expensive than MEAM equipment [38], so
this last manufacturing technique could be the most economical alternative for low and
medium production volume of complex medium-sized copper parts.

The Material Extrusion Additive Manufacturing technique is based on an AM process
well developed and used globally to produce 3D parts from filaments extruded through a small
diameter nozzle onto a heated platform, called Fused Deposition Modeling (FDM) [39,40].
This technology can be used to manufacture complex parts of thermoplastics [41,42], fiber
filled composites [43], low melting point metal alloys [44], even copper [45], high-melting-
point metallic alloys [46–48], cermets [49,50] or ceramics [51,52]. Instead of melting the
powder particles, as in SLM and EBM, these are combined with a binder system in a
filament, which is selectively extruded and deposited following the CAD model with
the design of the target part. The first layer of material is extruded onto a platform and
then the process is repeated layer by layer until the final geometry is obtained. Next, the
product is subjected to a solvent and/or thermal treatment to remove the binder system.
Finally, a sintering cycle is performed, and powder particles are bonded. The MEAM
parts are usually placed in a conventional electrical furnace to remove the last binder
components, coalesce the metallic particles thank to diffusion bonding, and densify the
shaped specimen [44,46,48]

Several studies have demonstrated that MEAM technology can be employed to pro-
duce a large variety of metal alloys and ceramic materials using binder and powder
compositions. MEAM technology to manufacture metal and ceramic components is also
known as a printing-debinding-sintering (PDS) process, fused layer modelling (FLM), or
fused filament fabrication (FFF) [53,54]. MEAM is becoming one of the most used 3D
printing techniques and to process a huge variety of highly filled materials. This method
requires a much lower initial investment than SLM or EBM technologies, and has short
processing times, an easy operating system, control on processing parameters, low material
wastage, and the chance to simultaneously use numerous materials. The MEAM process
does not need an enclosed chamber. It is a scalable technology, and no expensive energy
sources are required, and, moreover, it is not affected by the melting point, optical reflectiv-
ity, reactivity and/or thermal conductivity of the processed material. In some metal MEAM
developments, 17-4PH steel, H13 tool steel, or 316L stainless steel parts were obtained via
commercially available 3D printers [55,56]. Although extrusion 3D printing and sintering
of pure copper have been explored in several studies, the research works on microstructure,
porosity, geometric, physical, and mechanical properties of the final copper parts obtained
via MEAM are scarce.

Singh et al. [57] manufactured 3D-printed copper parts by extruding feedstock with
a screw extruder similar to that used in MIM process. A maximum green density of
5.5 g/cm3 and 1.6 µm of minimum surface roughness were achieved modifying the printing
parameters (nozzle speed, extrusion temperature, layer thickness, etc.). A solvent debinding
by immersion of the samples in water and a subsequent thermal debinding at 500 ◦C for
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1 h were carried out. The parts were sintered in a cycle in two stages: the first at 950 ◦C
for 3 h, and the second at 1030 ◦C for 3 h, as suggested by another study [58]. Final
parts with a relative density of ≈88%, without significant printing defects, except for the
porosity inherent to the process, were obtained. However, this density value is lower than
the value obtained by the conventional MIM process, so further optimization is required.
Hong et al. [59] and Yan et al. [60] analyzed the manufacture of copper parts with a raw
material composed of a copper polyvinyl carboxy polymer and polyvinyl alcohol paste-
filament. The effects of printing parameters were investigated to achieve acceptable green
parts, in which copper content, retraction distance, layer height and extrusion volume are
included, among others. After sintering at 1050 ◦C, a shrinkage of 45% took place and a
relative density of 87% was registered in the copper products. Zhao et al. [61] have also
proved the viability of extrusion technology to make copper parts, but the microstructure
and final properties of the parts were not reported. Ren et al. [62] suggested a sintering
stage close to 1000 ◦C to obtain final parts with higher relative density, near to 90%, but
a low binder fraction remained in the final products. Some advantages of using filament
feedstocks are low-cost equipment for the printing stage, availability of powders used
in powder metallurgy, and the same feedstocks used in metal injection molding (MIM)
or metal extrusion additive manufacturing (MEAM) [63–66]. For the use of filaments as
feedstock, their binder systems must have an adequate flexibility and mechanical strength
so they could be used in commercial MEAM printers. This way, new binders are being
developed, in which copper and other metal powders can be found [67–69].

In accordance with the current state of the art, this research is based on the processing
of copper MEAM components, seeking to obtain high-density and quality parts, minimizing
defects, as well as to provide a detailed geometric, mechanical, and physical performance
study. The achieved results are compared to those obtained by other copper manufacturing
processes, such as SLM, EBM, Binder Jetting and wrought copper, to validate the MEAM
scope and actual viability of the technique. The current study provides a general view and
relevant information regarding the mechanical and functional behavior of pure copper
components manufactured via the MEAM technology, which may be helpful for expanding
the applicability of this technique in engineering solutions that require the use of copper.

2. Materials and Methods
2.1. Material, MEAM Processing and Suitable Specimen Selection

A pure copper powder and polymer filament, with a metal fraction of over 95 wt.%
and a 1.85 mm in-diameter, supplied by Markforged with designation F-MF-1010, was
used [69]. The MEAM technology is divided in three main stages: printing, debinding
and sintering. Figure 1 shows the SEM micrographs of the copper filament, in which can
be appreciated the spherical metal powder particles, with irregular sizes in the 10–20 µm
range, coated by the binder-system that adheres particles with each other. The filament is
not covered by any polymeric external coating.

Pure copper parts were fabricated using the Markforged equipment, that englobes a
3D metal printer (MetalX), a washing machine which works with dissolvent (Wash1) and a
tubular furnace with a tight temperature control between room temperature and 1300 ◦C
(Sinter1). Figure 2 shows the equipment that have been used and the manufacturing process
which has been followed in this work.
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Figure 2. Flow chart of the manufacturing process of copper parts with Metal Extrusion Additive
Manufacturing technique using the Markforged equipment.

The first stage consists of the 3D printing of copper specimens using the MetalX 3D
printer, which allows a manufacturing volume of 300 × 467 × 1120 mm3, and a layer
thickness between 50 and 125 µm. Figure 3 shows in detail the 3D printer that has been
used in this study. This equipment works with two different filaments: the metal filament
of interest, in this case of copper, and a ceramic filament, which is used to build the auxiliary
supports if these are needed during the printing process. The metal and ceramic filaments
are carefully located in their specific coil at the upper printer cavity (Figure 3a), which is
thermally controlled in the suitable conditions for the raw materials. The print head with
double extruder (metal and ceramic) and the print bed are situated inside the printing
chamber (Figure 3b), which is also heated during the manufacturing process. The solvent
debinding process is carried out in the washing equipment, which has a work volume
of 356 × 254 × 203 mm3. For the final thermal debinding and sintering stages, a tubular
furnace is used, which can heat up at a maximum temperature of 1300 ◦C and has a
controlled atmosphere reaction chamber, whose volume is 18,356 cm3 (145 mm in diameter
and 1112 mm in length).
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Copper parts with different geometries were manufactured to analyze their geometric
and mechanical properties, as well as their electrical and thermal conductivity. Cylindrical
and prismatic specimens were processed to analyze the relative density and the volumetric
shrinkage after the printing and sintering processes, respectively. In addition, tensile
and impact specimens were elaborated according to ISO 2740 [70] and EN ISO 5754 [71]
standards, respectively. Moreover, cylindrical copper parts with 15 mm diameter and
different thicknesses were used for the determination of thermal conductivity of the MEAM
parts, while square-based copper parts were used to evaluate their electrical conductivity.

2.2. Processing Parameters and Printing Strategy

The manufacturing process starts with the CAD design of the geometry of the copper
part to be printed, using computer assisted design software (Solidworks, in this case).
When the CAD model is done, Eiger software is used to divide the model part in the
specific layers to be printed on. Another task that the software performs is the oversizing of
the part considering the contraction that it will suffer during the sintering process, which
depends on the material and the geometry. Eiger software also allows the setting of some
parameters for the impression, such as the printing scale, filling type (solid or triangular
structure), layer thickness, exterior wall thickness, and the use of rafts to ensure adherence
and enhance stability during the 3D printing. The software is useful for setting up the parts
orientation on the working platform for the printing; the user should consider the geometry
avoiding, as far as possible, extra supports and economizing on the manufacturing process.
In general terms, the larger dimension is placed on the X axis, the shorter one on the Y axis
and the different layer are printed following the Z axis. The printing strategy followed in
each sample is shown in Figure 4. When all the parameters and considerations are selected,
it is possible to check the total printing time, the duration of the solvent washing cycle,
the approximate cost of the used material, and the printed and sintered parts dimensions.
The parameters established for the copper 3D printed parts manufacturing are shown in
Table 1.

Table 1. Printing parameters for the additive manufacturing of copper parts by MEAM.

Parameter Value

Printing Scale 1
Filling Type Solid infill

Sintered Layer Thickness (mm) 0.129
Exterior Wall Layers 4
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The geometric and printing data are transferred to the 3D printer that, following the
designed printing process, prints the metal in the position and with the specifications
specified in the layered model, starting on the printing bed, and growing up the geometry
layer by layer. Each layer is printed following two deposition strategies. Firstly, the
filament is extruded following the perimeter of the layer using a contouring strategy and,
secondly, the infill of the part is done with a zig-zag solid infill strategy that is deposited
perpendicularly respect to the previous layer. The contouring thickness is defined when the
external wall parameter is established in the previous design step. The print head does the
horizontal movements in X and Y axis, while the print bed does the vertical displacement
in the Z axis, so the designed geometry can be printed using the selected metallic material.
Both metal and ceramic extruders work with an extrusion temperature of approximately
220 ◦C, which is adequate for avoiding filament obstructions or excessive fluidity.

The printed components are called green parts and contain both metal powder and
binder. Next, two debinding stages are carried out to remove the polymeric component.
The first consists of a chemical removal of the paraffin wax by the immersion of the
material in OpteonSF-79 solvent using the washing equipment. Green parts are submitted
to a solvent debinding iterative cycle with static conditions to remove approximately a
2.8 wt.%, that is the paraffin wax mass proportion in the printed material. After each cycle,
the parts are dried in ambient conditions for 4 h and weighed. The process is repeated
until the measured mass at the end of each iteration is stable, since this is an indication
that the solvent debinding of the paraffin wax is completed. Eiger software provides an
approximate time for the solvent debinding stage, based on the mass and geometry of the
parts, but the effectiveness of the process must be corroborated experimentally. After this
process, brown parts are obtained, which are brittle and must be manipulated carefully.

The second debinding process consists of a thermal treatment for the removal of the
high molecular weight (HMW) polymer that remains in the brown parts. The thermal
debinding is included in a cycle that also encompasses the sintering process and the
controlled cooling, necessary for the obtaining of the final metal parts. The thermal cycle is
divided into 3 main stages: a first heating to the HMW polymer debinding temperature,
which is maintained for a certain time to ensure the total binder system removal; a second
warm up to the copper sintering temperature with its correspondent plateau; and, finally, a
controlled cooling until room temperature. The complete thermal cycle is 30 h long and is
carried out under protective atmosphere conditions: 2.8% H2–97.8% Ar reducing mixture
atmosphere is used in the thermal debinding stage, and a pure Argon atmosphere in the
sintering stage and the controlled cooling. The final pure copper metallic parts are obtained
after the complete thermal cycle.
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2.3. Experimental Set-Up

The microstructural quality of the final copper parts at the different processing stages
was assessed using a LEICA DM IRM Optical Microscope and a JEOL J8M6500 Scanning
Electron Microscope. There are several methods to determine density values of the parts,
but in this study, Archimedes method has been selected because it is easy to apply and has
high reproducibility [72]. Relative density is measured by Archimedes method according
to ISO 2738 [73], using the mass of the sample in air and submerged in water. Green
and sintered parts with prismatic geometry are measured by the 3-coordinate measuring
device per contact Etalon Derby Tesa to evaluate the shrinkage and dimensional tolerances.
Mechanical properties of copper parts were analyzed through Vickers microhardness,
tensile and impact energy-absorption tests. The Vickers microhardness was measured
using a testing load of 50 g and a dwell time of 10 s. Ten microhardness measurements were
taken in different positions of the polished cross-section of each sample to calculate the
mean value. The tensile behavior, including ultimate tensile strength, yield strength and
effective elastic modulus, is evaluated with Microtest multiaxial equipment, using a 50 kN
load cell in quasi-static conditions at a rate of 25 N/s, according to ISO 3325 [70]. The impact
toughness is analyzed by HOYTOM Charpy equipment according to EN ISO 5754 [71],
using an impact energy of 300 J. Both tensile and impact energy tests were repeated three
times and the mean results were calculated. The fracture surfaces after the tensile and
Charpy tests were examined utilizing SEM to analyze the type and mechanism of fracture
of Cu MEAM parts.

For the determination of the electrical conductivity, the Van Der Pauw Method was
applied, which employs a four-point probe placed around the perimeter of the sam-
ple. The Van Der Pauw technique accurately measures the electrical resistivity of an
arbitrary-geometry part and facilitates its resistivity, which becomes important for irregular
shapes [74]. Square-based copper parts with different thicknesses were manufactured to
meet the condition of the Van Der Pauw method: the samples are uniformly thick, the
surface of each sample is singly connected (without isolated holes), and the four contacts
are at the perimeter of the samples and are sufficiently small [75]. The electrical resistivity
ρ [Ω·m] is obtained by Equation (1), where R [Ω] is the average of the measured electrical
resistance by alternating source-measure contacts, t [m] is the thickness of the specimen
and f is the form factor associated with the sample cross-section (≈1 for square cross sec-
tion). Electrical conductivity σ [S/m] is obtained as the inverse of electrical resistivity. The
calculated electrical conductivity is compared with respect to IACS (International Annealed
Copper Standard), where the reference value of 100% IACS of the annealed pure copper is
58.106 S/m [76]).

ρ =
π·t· f
ln(2)

·R (1)

The thermal conductivity is determined through laser flash analysis with LFA-1000
system from Linseis Company. To make sure the reflectivity of the printed copper would
not affect any of the incoming laser flash, the test sample is coated with dry graphite film
as a “flat black”. A series of three laser flashes is shot into the cylindrical copper parts,
with first low, then medium, and finally full power of the laser. The average of these three
tests gives the thermal diffusivity measure. The thermal conductivity can be calculated
using Equation (2) [77,78]. λ [W/mK] represents the thermal conductivity, α [cm2/s] is the
thermal diffusivity which is the obtained value from the laser flash device, ρrel [g/cm3] is
the material density and Ccopper [J/gK] is the specific heat. The specific heat is assumed
constant at 0.388 J/gK for pure copper. Therefore, the sample density has the highest
influence on the thermal conductivity, which is measured by the Archimedes method
according to the standard.

λ = α·ρrel ·Ccopper (2)
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3. Results and Discussion
3.1. Copper Parts Manufacturing

Pure copper parts with different geometries were manufactured following the MEAM
technique, and some of them are shown in Figure 5 in different stages. Regarding the print-
ing stage, all the designed parts could be printed successfully without apparent geometry
distortions or defects, and the employed time and material depended on the established
printing parameters and part shape. The metal filament is a combination of pure copper
powder and binder, which allows the manufacturing of the desired geometry and assures
the stability of the green part until the next process stage. Most commercially available
highly-filled polymers with metal powder are used in Metal Injection Molding (MIM), and
they are designed to have a good flowability so the cavity of the injection molding tool can
be completely filled [79]. Zhong et al. [80] reported that the main properties of the filament
material for MEAM technology must be enough strength and stiffness, good ductility, and
flexibility, so the filament can be wound in a spool for the continuous feeding and can be
well-processed by the printing machine. The filaments used have a binder system made up
with wax, which is chemically removed after the printing process, and a high molecular
weight (HMW) polymer, which is thermally removed in the pre-sintering process. This
binder system is homogeneously combined with pure copper powder to form the filament
material, which has approximately the following proportions: 2.85 wt.% of wax, 2.15 wt.%
of HMW polymer, and 95 wt.% of metal powder.
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Figure 5. Copper parts manufactured by Metal Extrusion Additive Manufacturing. (a) Green parts
after printing stage. (b) Final sintered parts.

Figure 5a shows several green specimens with different geometries, just after the print
process. These had a non-metallic appearance due to their binder content but exhibited an
enough strength to be easily manipulated. After the debinding stage, through the solvent
washing cycle, all the specimens reached a weight loss of 2.8 wt.%, so the wax included
in the binder system was successfully removed. The washed parts, called brown parts,
had similar color and consistency to the green parts, and these could be easily handled to
continue the manufacturing process. Finally, the thermal debinding and sintering cycle of
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the parts was for 30 h. As can be observed in Figure 5b, the sintered copper parts achieved
the characteristic metallic aspect, the geometry of each specimen remained stable, and no
evidence of oxidation was detected. All the manufactured copper parts exhibited strong
and high-quality metallic appearance, with no signs of melt areas or lack of sintering.
Moreover, the final metallic specimens show in their surface the characteristics of the 3D
printing process with fine printing lines. It can be appreciated how the print head deposited
the material following the layer perimeter and then the inside part was filled with parallel
lines. This manufacturing strategy is similar in the printing of all parts independently of
their shape or geometry.

In addition to the change in appearance, the copper specimens experienced a volu-
metric shrinkage after sintering, which influences in the dimensional tolerances of this
manufacturing process. The dimensions of the parts obtained via the 3-coordinate mea-
suring device are used as the basis for calculation of the volumetric shrinkage and the
dimensional tolerances of the pure copper parts after the thermal process, as shown in
Table 2. The measurements have been taken in each printing axis (X, Y, Z), so the linear
shrinkage percentages after the sintering process have also been calculated independently
for the three axes. As can be observed in the presented results, the shrinkage that copper
parts suffered is slightly greater in the Z-direction than the X or Y directions. The X and
Y dimensional shrinkages are very similar, namely, 13.2% in the X-axis and 13.4% in the
Y-axis. The larger shrinkage in the Z-axis of 13.8% may be attributed to gravity effects
that become more important during the sintering process. This variation proves that it is
important with this technique to consider the dimensional compensations needed in the
sizing of the part in each direction.

Table 2. Average values and deviations of the printed and sintered samples dimensions.

Direction Di CAD Model (mm) Di Green (mm) Di Sintered (mm) % Shrinkage ∆D (%)

X axis 55 63.572 ± 0.009 55.151 ± 0.060 13.2 −0.151 ± 0.055
Y axis 10 11.462 ± 0.006 9.920 ± 0.012 13.4 0.024 ± 0.003
Z axis 10 11.539 ± 0.012 9.988 ± 0.018 13.8 0.080 ± 0.016

The dimensional tolerance has been calculated using the nominal dimensions estab-
lished in the CAD model and the real measurements of the sintered copper parts, applying
Equation (3). When the obtained tolerance values are positive, it means that the measured
value of the sintered part is above the nominal dimension defined in the CAD model. On
the other hand, negative values imply the copper part had contracted more than initially
established in that direction.

∆D(%) =
Disintered − DiCAD

DiCAD
(3)

The tolerance values presented in Table 2 allows the analysis of the XY-plane, where
the Y-axis showed fitter results than the X-axis, at 0.024% and −0.151%, respectively.
Taking into account that the Y-dimension is considerably shorter than the X-dimension
in the evaluated copper part, this behavior could be based on the manufacturing error
introduced by the print head. When the displacement of the print head for the material
deposition is large, it causes a higher error accumulation, which leads to wider dimensional
tolerances after the sintering shrinkage of the metal parts. Attending to the tolerance
percentage obtained for the Z-measurement (0.08%), this is slightly larger as compared to
the X-direction, even both dimensions are nominally equal. These dimensional differences
in sintered parts have been previously reported and are partially attributed to the different
degrees of particle consolidation across layers and within layers [17]. The printing process
in the MEAM method starts with the deposition of the first layer in the XY-plane, and then
the part is built up layer by layer in the Z-direction. This printing strategy means that the
layer-by-layer interaction, the filament solidification after its deposition, and the sintering
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process itself, influence the nominal deviations in the Z-axis, which therefore decreases
its precision.

The structure of the samples in all MEAM process manufacturing stages have been
microscopically evaluated. For a suitable characterization, SEM micrographs of the green,
brown, and final parts are presented in Figure 6 at different magnifications. Figure 6a,b
exhibits SEM images of the transversal section of an as-printed part. The different printed
layers that conform the volumetric geometry can be observed at the lower magnifications
(Figure 6a). Between adjacent printed layers, several printing defects, or holes with lack
of material, are detected. Two types of voids are observed, the “extrusion voids” that
are also presented in the copper and polymer filament, and the “printing voids” that
appear between the printed layers. When the filament is extruded through the nozzle, it is
strongly sheared and the formation of extrusion voids results from the complex state of
stress and from the variation of viscosity as the feedstock spreads out of the extruder and
solidifies on the deposited layers. Regarding the printing voids, they are caused and are
strongly influenced by the printing strategy followed in the manufacturing of the green
parts. The powder particles coated by the binder system, with a similar appearance to
that of the filament, can be seen at higher magnifications (Figure 6b). The optimization of
parameters such as layer thickness, nozzle speed and extrusion temperature were studied
to increase the density values in the green state of copper parts in a previous study [49].
The more optimized results were achieved for a green density of 5.42 g/cm3. The suitable
parameters used in this work resulted in the manufacturing of green parts with a density
of 5.57 ± 0.4 g/cm3, which is higher than reported in the previous study.
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After printing, the samples were immersed in solvent to remove the partially soluble
wax component. Completion of the solvent debinding stage for the green parts required
10 h. A weight loss of 2.8% has been registered, and the samples had enough strength to
be handled. The copper parts after the solvent debinding stage, brown pieces, are shown
in Figure 6c,d. The main difference between green and brown stages is that the wax part
of the binder system has been removed. Consequently, the agglomeration between the
metal powder particles looks less significant and the polymeric film that covered them
also becomes less thick. In addition, the limits between the different deposited layers that
form the part geometry are less well defined, although pores and holes are still detected.
In Figure 6d, it can be seen that adjacent copper particles are still bonded by part of the
binder system, probably by the HMW (backbone) polymer, ensuring that these have an
enough strength to be handled. Interconnected capillary voids are observed, which can
allow the flow of backbone polymer and gaseous decomposition products of degradation
of the remained binder. The micrographs of the polished transversal section of a copper
part obtained after the complete thermal cycle, which includes the thermal debinding of
the HMW binder and the possible remaining soluble wax residue, and the final sintering
stage for material consolidation and densification, are shown in Figure 6e,f. No remains
of the binder system are observed, so the chemical and thermal debinding are effective
and have not negatively interfered in the sintering of the material. The sintering process
is driven by an atomic diffusion mechanism, thermally activated. SEM images show a
typical metal sintered mesostructure, in which unity and continuous and homogeneous
appearance proves the adequate sintering of the copper parts. A low residual microporosity
inherent to the sintering process is observed. The micro-pores or interstices are very small
and isolated, which denotes that a suitable bonding and a good integrity among copper
particles have been achieved after the sintering.

3.2. Mechanical, Thermal, and Electrical Properties

Several micrographs of the transversal section of copper sintered parts are presented
in Figure 7, which are analyzed based on the microstructure, on the sintering porosity
and on the defects provoked by the printing strategy. Different types of porosity can be
seen in Figure 7a. The largest pores can be observed on the right side, which corresponds
to the external wall of the copper part. These have been induced during the contour
printing, based on the followed printing strategy, and could not be completely closed or
removed during the sintering process. The detected smaller and more rounded pores are
homogeneously distributed in all the transversal section. These are called inherent-sintering
pores and usually appear in the metallic parts obtained after a powder metallurgy sintering
cycle and are also favored by the inner solid filling printing strategy performed by the
print-head. Figure 7b shows the inner aspects of the copper sintered parts, in which it
can be seen that the followed solid infill printing strategy is reproduced. This micrograph
shows that the porosity distribution is not completely homogeneous or isotropic, with
more pores concentrated between layers than within layers. This fact could be expected, as
powder particles are not consolidated across layers as well as they are within a layer. Thus,
it has been verified that the micropores exhibit a certain alignment at 0.129 mm, adjusting
to the layer thickness value established in the printing parameters, and thus having been
induced by the printing strategy followed inside the piece. On the other hand, a higher
magnification micrograph of the biggest external pores is presented in Figure 7c, in which
their irregular geometry and size can be seen. Due to the contouring printing strategy,
which follows the layer perimeter during the printing of the established external thickness
(4 layers in this study), the outside areas of the copper sintered parts present higher porosity,
which notably influences the achieved global density. Moreover, the four layers that form
the exterior perimeter sample side can be differentiated thanks to the printing pores induced
between them. Despite the printing induced pores remaining relatively large, it can be
observed that most of them are rounded, and that they are reduced in size. The fact that
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bigger cavities divide into smaller pores is an indication that the sintering process is in an
advanced stage.
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Figure 7d,e shows the microstructure of the copper sintered parts. Different to the
dendritic microstructure of cast copper, copper microstructure obtained by MEAM is
polycrystalline based on equiaxed grains. Double parallel straight lines extending across
many grains are annealing twins. The details of the copper MEAM parts’ microstructure
are indicated in Figure 7e, which was taken on the outside perimeter of the cross section.
Besides the printing-induced and the inherent sintering pores, the grain boundaries, as
well as the twins within some copper equiaxed grains can be observed.

All the test results, analysis and measurements of the final copper parts obtained
in this study are collected in Table 3, as well as Binder Jetting, SLM, EBM and wrought
copper values reported in previous research works. It is worth mentioned that mean
values and standard deviations are included. For the wrought copper values, the C10100
copper type was chosen as the reference material because it is mainly used in thermal and
electrical functional applications. In the case of Binder Jetting, Selective Laser Melting and
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Electron Beam Melting, the used process parameters and test specifications are defined in
the given references. For the wrought material, the values are given with upper and lower
thresholds, as this range is due to the section thickness and the temper type applied to the
C10100 copper.

Table 3. Average values of mechanical, thermal, and electrical properties of copper parts manufac-
tured by MEAM and comparison with other technology values.

Properties Indirect Processes Direct/Melting Processes Wrought
[81,82]

MEAM Binder
Jetting
[37,83]

SLM
[26,84,85]

EBM
[86,87]This Study Markforged [69]

Relative Density (%) 95.3 ± 0.5 96–98 85.8 ± 0.4 99.1 ± 0.5 99.95 100
Yield Strength (MPa) 65.0 ± 1.5 26 - 187 ± 5.3 78.1 ± 0.9 69–365

Tensile Strength (MPa) 205.8 ± 5.0 193 176.4 ± 6.5 248 ± 8.5 177 ± 3.3 220–455
Maximum elongation (%) 35.1 ± 1.4 45 28.9 ± 1.6 9.2 ± 1.75 59.3 ± 7.5 4–55

Impact Energy (J/cm2) 55 ± 2 - - - - 66.8 ± 1.6
Vickers Hardness (HV) 54.8 ± 2.1 - - 85 ± 4.2 57.8 ± 1.55 40–130

Thermal
Conductivity

(W/m·K)

363 ± 9
(90% IACS) 350 245.7 ± 4.7

(61% IACS)
336 ± 7

(84% IACS)
390 ± 5

(100% IACS)
390

(100% IACS)

Electrical
Conductivity
(×106 S/m)

48 ± 1
(82% IACS) 84% IACS 37 ± 4

(65% IACS)
51 ± 2

(88% IACS)
56 ± 1

(97% IACS)
58

(100% IACS)

As can be seen, similar results to those indicated by Markforged have been obtained
in this work. The slight differences can be attributable to the 3D manufacturing process
itself. The results obtained in this study are analysed parameter by parameter below. Due
to its enormous influence on the properties of the final copper parts, including mechanical,
electrical, and thermal properties, the first result to be evaluated is the relative density. The
average relative density achieved by the MEAM method, which has been calculated based
on the measurements of sintered copper parts with different geometries, is 95.3%. It is noted
that the printed geometry does not significantly affect the obtained density measurements,
because the registered deviation is about ±0.5%. This fact confirms, regarding density
terms, the good reproducibility of MEAM manufactured copper parts.

In 3D manufacturing by high-energy beams, such as EBM and SLM, it is possible to
obtain copper pieces with relative densities close to full density, at 99.95 [26] and 99.1% [Ike
shoji], respectively. These techniques use additive manufacturing melting technologies in
which the powder material is melted to process part, favoring the achievement of almost
full density. As it can be seen in Table 3, Material Extrusion Additive Manufacturing is
able to produce denser copper parts in comparison with the Binder Jetting process, in
which specimens only achieved 85.8% relative density. As both these techniques differ in
respect of the printing and sintering steps, their densification stages are based in a thermally
activated solid state diffusion process, and there is no melting of powder material, their
comparison makes more sense. The higher density results obtained in MEAM technology
against BJ means a better powder particle packing in the printing stage that favors the
densification in solid-state sintering. Moreover, BJ manufactured parts usually present
a limited degree of necking between copper particles, and this provokes the presence of
surface-connected and interconnected open pores inside sintered copper products [36]. As
can be observed in Figure 7, in the case of copper MEAM parts, both sintering-inherent
pores and printing-induced pores are isolated and no communication exists between them,
so no open porosity is detected. This fact leads to higher density and predictably better
mechanical properties than binder jetting. In addition, the option of using post-processing
stages, such as hot isostatic pressing (HIP), can further enhance the final density of copper
components manufactured via MEAM technology. Moreover, different microstructures and
densities, even higher than those obtained in this work, could be achieved by optimizing
both the printing parameters (layer thickness, external wall layers, solid-fill strategy, con-



Materials 2022, 15, 4644 15 of 23

touring strategy, etc.) and sintering conditions (temperature, time, protective atmosphere,
heating, and cooling rate).

The uniaxial tensile stress-strain curve of an evaluated sintered copper part is shown
in Figure 8. The mechanical properties obtained from the different tensile tests were similar
and all the samples displayed the same behaviour, which proves a good manufacturing
reproducibility. All the tensile curves, including the presented one, include three stages:
elastic zone, strain hardening zone and crack propagation zone. In the elastic zone, the
stress increases linearly and rapidly until the material started to harden, exhibiting a
yielding point at the end of this stage. In the second stage, further stress leads to strain
hardening until the ultimate tensile strength is reached. In the third stage the spontaneous
and sudden propagation of a crack occurs, after exceeding the highest tensile strength due
to the inherent manufacturing process porosity. Note that the stress-strain curve shows
in its last stage that copper MEAM samples are very brittle, and their premature fracture
is due to the brittleness of the material after hardening, which is induced by the severe
propagation of a crack across the pores.
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The achieved values for MEAM manufactured copper parts are near to 65 MPa,
206 MPa and 35% for yield strength, ultimate tensile strength, and maximum elongation
percentage, respectively. As can be observed in Table 3, their comparison with other AM
techniques and wrought copper demonstrates that the MEAM copper samples processed
in this work are suitable and can meet the minimum requirements of wrought parts and
high-energy additive manufacturing processes. Furthermore, the long sintering time at
high temperature could cause moderated tensile strength and more ductile properties than
SLM. In addition, a variety of microstructures and mechanical properties could be achieved
by modifying the sintering cycle parameters. Future research could work in this area to
adjust the final properties of sintered parts to application requirements.

Comparing with the reported Binder Jetting results, as both techniques are based
on the same sintering concepts, it was found that copper MEAM parts attained higher
mechanical properties thanks to higher relative density and material integration, which
confirms that the strength of sintered copper compacts is proportional to their porosity
[Yan]. The highest strength and lowest elongation properties are attributed to SLM parts,
due to their higher heating and cooling rates and consequent near to full density parts.
Focusing on the SLM and EBM tensile properties, they are attributed to the different cooling
rates between these techniques. The high reflectivity of copper to conventional laser light
near IR results in low deposition of laser energy in the material that, added to high copper
thermal conductivity, provokes high temperature gradients and extremely rapid cooling
[Gush]. These phenomena provoke a small grain size microstructure in SLM processed
copper specimens that corroborates the higher tensile strength results. In the case of EBM,
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the used high energy source and its lower reflectivity on copper cause a higher powder bed
temperature and slower cooling rates during the manufacturing process, so the obtained
microstructure presents bigger grain size than in SLM parts. This translates in the lowest
tensile strength together with binder jetting parts, and the highest maximum elongation
value [Ike shoji].

The microhardness measurements that have been undertaken for the copper sintered
parts and their comparison with the results of wrought copper and other techniques
measurements are also presented in Table 3. The microhardness measurements have
been taken along the polished cross section of copper samples and avoiding the printing
induced porosity, so the Vickers indentations evaluated the copper sintering quality and the
influence of sintering inherent microporosity on the material hardness. The microhardness
results tend to be similar to the described behavior for the tensile properties. With an
average Vickers hardness of 54 HV, MEAM copper specimens present a slightly lower
microhardness than those of SLM and wrought copper. Considering that the MEAM
technique is an indirect additive manufacturing technique in which the densification is
achieved through the sintering process, the obtained hardness values are quite competitive
with other copper manufacturing methodologies. Regarding the hardness differences
between both SLM and EBM high-energy manufacturing processes, the higher results for
SLM copper samples was attributed to the smaller grain size in the microstructure. On the
other hand, Vickers hardness was also evaluated on the surface of copper MEAM parts, in
order to evaluate the influence of printing voids on the material’s hardness. The presence
of printing induced cavities and relatively large-size pores in the contouring layers near
the surface (Figure 7) results in a lower average hardness of ~40 HV.

Impact or fracture toughness represents the capability of a material to prevent crack
propagation. This property is closely related with ductility: higher ductility results in
higher toughness. For materials applied in structural, and even functional, applications,
it is optimal to concurrently possess high strength for enduring bigger loads, and high
toughness for eluding catastrophic breakdown. The impact toughness can be directly
obtained from the absorbed impact energy by Charpy tests and normalized by the cross
area. The impact energy absorption is proportional to the closed area of the stress-strain
curve presented in Figure 8. As it can be seen in Table 3, the impact toughness for copper
MEAM parts is 55 J/cm2, which is slightly lower than for wrought copper [Gush]. The lower
toughness can be attributed to the presence of defects like porosity (sintering inherent and
printing induced), that facilitates the crack propagation and the material failure. However,
considering the detected porosity of about a ~5% in copper samples fabricated in this work,
the measured impact energy is quite similar to the one assessed for wrought material. This
fact corroborates that the main porosity of pure copper MEAM parts is closed and isolated.

Micrographs of the fracture surfaces of the copper tensile and Charpy samples obtained
by MEAM are presented in Figure 9. Fracture surfaces demonstrate a combination of brittle
and ductile fracture, when there are both river patterns and dimples. The fractography
indicates a trans-granular failure mode, shaping the usual ductile dimples that appear in
soft materials like copper, which is a proof of an excellent cohesive strength between copper
particles and high ductility [88]. Thus, the fracture morphology exhibits “honeycomb”
shape, as shown in Figure 9. It is also seen that large voids were formed on the fracture
surface. Such voids correspond with the pores that can be seen on the cross-section of
the sample (Figure 7), which are rather detrimental to the mechanical properties of the
material. For copper MEAM samples, the established parameters and printing strategy
characteristics result in a poor sintering condition between adjacent layers, which lead to
non-closed pores existing after sintering in the interface of the neighboring tracks. Such
defects are preferential areas for the generation of stress concentration and initiation of
crack, which are propagated causing the fracture of the samples [89]. During the tensile and
Charpy tests, the fracture phenomenon easily happened at this layer interface, especially
where the pores and voids exist, and its coalescence is inevitable.
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Finally, electrical and thermal properties of the copper MEAM parts are presented in
Table 3. The Van Der Pauw measurements yielded an average electrical conductivity up to
48·106 S/m, which is equivalent to 82% IACS (International Annealed Copper Standard—
definition of 58 µS/m as 100% IACS for electrical conductivity). Laser flash testing yielded
a thermal conductivity average of 363 W/mK, which is a relative thermal conductivity
of 90%. As can be seen, regarding electrical and thermal conductivities, high values are
achieved by MEAM additive manufacturing method.

Furthermore, both conductivity properties have been evaluated following different
directions in the sample, and are nearly identical, so it can be concluded that these phys-
ical properties are isotropic for the manufactured pure copper parts. As oxidation and
impurities have not been detected, the main objective of this evaluation is to study the
effect of the porosity on the thermal and electrical conductivities. In previous research,
Vincent et al. [90] studied the effect of the porosity volume fraction on the thermal con-
ductivity of copper parts manufactured via powder metallurgy. A nonlinear evolution of
conductivity properties as a function of volume fraction pores was demonstrated, as well
as three main domains: Domain-I between 0 and 6% of porosity where a linear decrease of
thermal conductivity was observed; Domain-II (transition) between 6 and 9% of porosity
where a steep decrease in thermal conductivity was detected; and Domain-III of over 9% of
porosity where a linear decrease of thermal conductivity with larger slope than in Domain
I was assessed. It is well established that for sintered products, the transition from open
to closed porosities occurs for 6% of porosity [91]. Taking into account that the average
measured relative density of pure copper parts manufactured in this work was 95.3%, the
~5% of porosity allows these copper specimens to have high thermal and electrical conduc-
tivities encompassed by the previously defined Domain-I. As interconnected porosity offers
resistance to heat flow (open space), it is verified that the initial open porosity after the
debinding stage becomes a reduced isolated (closed) porosity as the densification proceeds
in the sintering process. Moreover, the microstructural observations are in agreement with
these explanations.

As the electrical and thermal conductivities are transport properties, it is possible
to correct both by considering the sample’s density. There are different expressions to
per-form these corrections; however, for high density values„ different corrections will
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offer similar results [92]. The expression connecting the electrical conductivity with the
porosity of a closed-cell material is presented in Equation (4):

σ = (1 − 1.5·θ)·σi (4)

where σ and σi are the electrical conductivity of the sample and the intrinsic conductivity,
respectively, and θ is the mean samples’ porosity defined by Equation (5), being ρ/ ρ100 the
relative density.

θ = 1 − ρ/ ρ100 (5)

On the other hand, the thermal conductivity can be related with the porosity through
the Equation (6):

λ =
(1 − θ)

1 + 11θ2 ·λi (6)

where λ and λi stand for the thermal conductivity of the sample and the intrinsic one,
respectively [93].

After considering both corrections we obtain λi = 390 W/mK and σi = 51·106 S/m
for the thermal and electrical conductivities, respectively, which agrees with the IACS
tabulated values. Therefore, an improvement in relative density would directly improve
both conductivity values.

Other factors that affect the conductive properties of the solid pure metals are working
temperature, atomic lattice structure, impurities, microstructural defects, and anisotropy.
In comparison with other AM technologies for copper parts processing, MEAM technique
seems to create better conductive properties than SLM and BJ methodologies. The EBM
process achieved the best electrical and thermal behavior thanks to having the highest
densification and good processability. The notably lower relative density of BJ copper
parts compared to MEAM specimens explains the better conductive characteristics for the
products manufactured in this study. As reported [Davis], many columnar dendrites with a
certain growth direction and an important microstructural anisotropy were detected in SLM
copper parts, so thermal and electrical conductivity values are lower than those obtained
by MEAM. Thus, microstructural porosity defects that exist in copper parts obtained by
Material Extrusion Additive Manufacturing are not the main factors affecting the electrical
and thermal conductivities.

4. Conclusions

This work studied the geometric, mechanical and functional performance of 3D printed
pure copper metal parts manufactured by the cost-effective Material Extrusion Additive
Manufacturing (MEAM) technique. The main conclusions are given below:

- Green copper samples manufactured using extrusion 3D printing resulted in a density
of 5.57 g/cm3, which corresponds with a ~60% of relative density. By an effective
solvent debinding stage, a maximum weight loss of 2.8% was observed, which resulted
in brown parts with a density of ~5.41 g/cm3 and enough strength to be handled.
The resulting interconnected porosity provided transport channels for the thermal
debinding of the binder system rest, including backbone polymer.

- Pure copper parts with ~95.3% relative density and a ~13.5% approximately isotropic
shrinkage were prepared by 3D extrusion printing and sintering with optimized
parameters for every process step. This densification result is better than the ones
reported in the literature for the fabrication of copper components by indirect addi-
tive manufacturing, such as ~83.9% by rapid tooling or 85 to 90% by binder jetting.
Moreover, the relative density achieved in the present study is close to those obtained
with high-energy beam technologies such as SLM and EBM, which are more complex,
expensive and currently developed techniques.

- Tensile strength values of 205.8 MPa and a maximum elongation of 35% by tensile
tests, and an average hardness of ~55 HV, were registered for 3D printed copper
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samples. The good combination of strength and strain led to a high toughness of
55 J/cm2, closed to the values reported for wrought copper.

- The achieved mechanical properties are comparable to those obtained by SLM and
EBM high-energy technologies, and higher than those for Binder Jetting indirect
additive manufacturing methodology. In addition, given that a sintering process is
carried out in the manufacturing process, the MEAM technique can achieve specific
microstructures by modifying the sintering thermal cycle.

- The measured average thermal conductivity for copper parts fabricated in this work
was 363 W/mK, which means a ~90% IACS. The Van Der Pauw test carried out
on material extrusion additive manufactured pure copper specimens revealed an
average electrical conductivity of 48 × 106 S/m, that corresponds to a ~82%IACS. The
MEAM technique attained better thermal and electrical conductive properties than
SLM high-energy beam technology and Binder Jetting indirect additive manufacturing
methodology. The experimentally achieved thermal and electrical conductivity values
are slightly lower than those obtained in EBM and wrought copper, which are ~100%
IACS thanks to their higher densification and good processability. The reduction
in the measured properties in this study was attributed to thermal and electrical
resistance possibly introduced through defects created during the manufacturing
process, mainly the printing-induced and the sintering-inherent porosity. As was
demonstrated, the porosity effect is more important in the final electrical properties
than in the thermal ones.

In short, the use of Material Extrusion Additive Manufacturing technique with subse-
quent debinding and sintering steps was a cost-effective and promising technology for the
manufacturing of copper metal parts with acceptable mechanical, thermal and electrical
performance. The overall optimized parameters aim to achieve high density, and they open
the way to the manufacturing of pure copper customized parts with high density which are
difficult to fabricate with other 3D printing techniques. Furthermore, the MEAM technique
can be oriented to the manufacturing of functional copper components that do not usually
need fully dense material or are not subjected to extreme loading conditions. In this way,
the present technology should allow the fabrication of pure copper customized parts such
as complex shaped electric components, optimized-shaped heat sinks for a better heat
dissipation in electronic and other devices, or parts with internal cooling channels that are
usual in bearing.

Author Contributions: Conceptualization, A.R., G.P.R. and M.Á.C.; Data curation, A.C., A.R. and
Ó.J.D.; Formal analysis, A.C., A.R., G.P.R. and M.Á.C.; Funding acquisition, G.P.R. and M.Á.C.;
Investigation, A.C., A.R. and G.P.R.; Methodology, A.C., A.R. and Ó.J.D.; Project administration,
G.P.R. and M.Á.C.; Supervision, G.P.R. and M.Á.C.; Writing—original draft, A.C., A.R. and Ó.J.D.;
Writing—review and editing, G.P.R. and M.Á.C. All authors have read and agreed to the published
version of the manuscript.

Funding: The authors would like to acknowledge the financial support from the Castilla-La Man-
cha Government (JCCM) under research grants (SBPLY/19/180501/000170) co-financed by the
ERDF (European Regional Development Fund) and by University of Castilla-La Mancha (Grants no.
2020-GRIN-28943 and 2021-GRIN-31096).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Copper as Electrical Conductive Material with Above-Standard Performance Properties. 2015; pp. 1–38. Available online:

https://www.conductivity-app.org/single-article/cu-overview#L15 (accessed on 1 June 2022).
2. Jiang, P.-X.; Fan, M.-H.; Si, G.-S.; Ren, Z.-P. Thermal–hydraulic performance of small scale micro-channel and porous-media

heat-exchangers. Int. J. Heat Mass Transf. 2001, 44, 1039–1051. [CrossRef]
3. Vasiliev, L.L. Heat pipes in modern heat exchangers. Appl. Therm. Eng. 2005, 25, 1–19. [CrossRef]
4. Lee, J.; Mudawar, I. Two-phase flow in high-heat-flux micro-channel heat sink for refrigeration cooling applications: Part

I—-pressure drop characteristics. Int. J. Heat Mass Transf. 2005, 48, 928–940. [CrossRef]

https://www.conductivity-app.org/single-article/cu-overview#L15
http://doi.org/10.1016/S0017-9310(00)00169-1
http://doi.org/10.1016/j.applthermaleng.2003.12.004
http://doi.org/10.1016/j.ijheatmasstransfer.2004.09.018


Materials 2022, 15, 4644 20 of 23

5. Silvain, J.-F.; Heintz, J.-M.; Veillere, A.; Constantin, L.; Lu, Y.F. A review of processing of Cu/C base plate composites for interfacial
control and improved properties. Int. J. Extreme Manuf. 2020, 2, 012002. [CrossRef]

6. Zhang, H.; Chen, L.; Liu, Y.; Li, Y. Experimental study on heat transfer performance of lotus-type porous copper heat sink. Int. J.
Heat Mass Transf. 2013, 56, 172–180. [CrossRef]

7. Frazier, W.E. Metal Additive Manufacturing: A Review. J. Mater. Eng. Perform. 2014, 23, 1917–1928. [CrossRef]
8. Körner, C. Additive manufacturing of metallic components by selective electron beam melting—A review. Int. Mater. Rev. 2016,

61, 361–377. [CrossRef]
9. Ian, G.; Rosen, D.W.; Stucker, B. Additive Manufacturing Technologies-Rapid Prototyping to Direct Digital Manufacturing; Springer

Science & Business Media: New York, NY, USA, 2010. [CrossRef]
10. Herzog, D.; Seyda, V.; Wycisk, E.; Emmelmann, C. Additive manufacturing of metals. Acta Mater. 2016, 117, 371–392. [CrossRef]
11. Zhang, Y.; Wu, L.; Guo, X.; Kane, S.; Deng, Y.; Jung, Y.-G.; Lee, J.-H.; Zhang, J. Additive Manufacturing of Metallic Materials: A

Review. J. Mater. Eng. Perform. 2018, 27, 1–13. [CrossRef]
12. Rahman, Z.; Barakh Ali, S.F.; Ozkan, T.; Charoo, N.A.; Reddy, I.K.; Khan, M.A. Additive Manufacturing with 3D Printing:

Progress from Bench to Bedside. AAPS J. 2018, 20, 101. [CrossRef]
13. Dilberoglu, U.M.; Gharehpapagh, B.; Yaman, U.; Dolen, M. The Role of Additive Manufacturing in the Era of Industry 4.0.

Procedia Manuf. 2017, 11, 545–554. [CrossRef]
14. Guo, N.; Leu, M.C. Additive manufacturing: Technology, applications and research needs. Front. Mech. Eng. 2013, 8, 215–243.

[CrossRef]
15. Das, S.; Wohlert, M.; Beaman, J.J.; Bourell, D.L. Producing metal parts with selective laser sintering/hot isostatic pressing. JoM

1998, 50, 17–20. [CrossRef]
16. Kumar, A.; Bai, Y.; Eklund, A.; Williams, C.B. Effects of hot isostatic pressing on copper parts fabricated via binder jetting. Procedia

Manuf. 2017, 10, 935–944. [CrossRef]
17. Karakurt, I.; Ho, K.Y.; Ledford, C.; Gamzina, D.; Horn, T.; Luhmann, N.C.; Lin, L. Development of a magnetically driven abrasive

polishing process for additively manufactured copper structures. Procedia Manuf. 2018, 26, 798–805. [CrossRef]
18. Singer, F.; Deisenroth, D.C.; Hymas, D.M.; Ohadi, M.M. Additively manufactured copper components and composite struc-

tures for thermal management applications. In Proceedings of the 2017 16th IEEE Intersociety Conference on Thermal and
Thermomechanical Phenomena in Electronic Systems (ITherm), Orlando, FL, USA, 30 May–2 June 2017; pp. 174–183. [CrossRef]

19. Neugebauer, R.; Müller, B.; Gebauer, M.; Töppel, T. Additive manufacturing boosts efficiency of heat transfer components. Assem.
Autom. 2011, 31, 344–347. [CrossRef]

20. Park, B.K.; Kim, D.; Jeong, S.; Moon, J.; Kim, J.S. Direct writing of copper conductive patterns by ink-jet printing. Thin Solid Film.
2007, 515, 7706–7711. [CrossRef]

21. Espalin, D.; Muse, D.W.; MacDonald, E.; Wicker, R.B. 3D Printing multifunctionality: Structures with electronics. Int. J. Adv.
Manuf. Technol. 2014, 72, 963–978. [CrossRef]

22. Martin, J.D. Exploring Additive Manufacturing Processes for Direct 3D Printing of Copper Induction Coils. In Proceedings of the
ASME 2017 International Mechanical Engineering Congress and Exposition, Tampa, FL, USA, 3–9 November 2017. [CrossRef]

23. Zhakeyev, A.; Wang, P.; Zhang, L.; Shu, W.; Wang, H.; Xuan, J. Additive Manufacturing: Unlocking the Evolution of Energy
Materials. Adv. Sci. 2017, 4, 1700187. [CrossRef]

24. Gradl, P.R.; Greene, S.E.; Protz, C.S.; Ellis, D.L.; Lerch, B.A.; Locci, I.E. Development and hot-fire testing of additively manufactured
copper combustion chambers for liquid rocket engine applications. In Proceedings of the 53rd AIAA/SAE/ASEE Joint Propulsion
Conference, Atlanta, GA, USA, 10–12 July 2017.

25. Tran, T.Q.; Chinnappan, A.; Lee, J.K.Y.; Loc, N.H.; Tran, L.T.; Wang, G.; Kumar, V.V.; Jayathilaka, W.A.D.M.; Ji, D.; Doddamani, M.;
et al. 3D Printing of Highly Pure Copper. Metals 2019, 9, 756. [CrossRef]

26. Jadhav, S.D.; Dadbakhsh, S.; Goossens, L.; Kruth, J.P.; Van Humbeeck, J.; Vanmeensel, K. Influence of selective laser melting
process parameters on texture evolution in pure copper. J. Mater. Process. Technol. 2019, 270, 47–58. [CrossRef]

27. Colopi, M.; Demir, A.G.; Caprio, L.; Previtali, B. Limits and solutions in processing pure Cu via selective laser melting using a
high-power single-mode fiber laser. Int. J. Adv. Manuf. Technol. 2019, 104, 2473–2486. [CrossRef]

28. Ramirez, D.A.; Murr, L.E.; Martinez, E.; Hernandez, D.H.; Martinez, J.L.; Machado, B.I.; Medina, F.; Frigola, P.; Wicker, R.B. Novel
precipitate—Microstructural architecture developed in the fabrication of solid copper components by additive manufacturing
using electron beam melting. Acta Mater. 2011, 59, 4088–4099. [CrossRef]

29. El-Wardany, T.I.; She, Y.; Jagdale, V.N.; Garofano, J.K.; Liou, J.J.; Schmidt, W.R. Challenges in Three-Dimensional Printing of
High-Conductivity Copper. J. Electron. Packag. 2018, 140, 020907. [CrossRef]

30. Frigola, P.; Harrysson, O.A.; Horn, T.J.; West, H.A.; Aman, R.L.; Rigsbee, J.M.; Ramirez, D.A.; Murr, L.E.; Medina, F.; Wicker, R.B.;
et al. Fabricating copper components with electron beam melting. Adv. Mater. Process. 2014, 172, 20–24.

31. Gonzalez-Gutierrez, J. Indirect Additive Manufacturing Techniques for Metal Parts: Binder-Based Additive Manufacturing Techniques,
Encyclopedia of Materials: Metals and Alloys; Elsevier: Amsterdam, The Netherlands, 2022; pp. 319–329. [CrossRef]

32. Tuncer, N.; Bose, A. Solid-State Metal Additive Manufacturing: A Review. JoM 2020, 72, 3090–3111. [CrossRef]
33. Yu, H.Z.; Jones, M.E.; Brady, G.W.; Griffiths, R.J.; Garcia, D.; Rauch, H.; Cox, C.D.; Hardwick, N. Non-beam-based metal additive

manufacturing enabled by additive friction stir deposition. Scr. Mater. 2018, 153, 122–130. [CrossRef]

http://doi.org/10.1088/2631-7990/ab61c5
http://doi.org/10.1016/j.ijheatmasstransfer.2012.08.047
http://doi.org/10.1007/s11665-014-0958-z
http://doi.org/10.1080/09506608.2016.1176289
http://doi.org/10.1007/978-3-662-53120-4_16866
http://doi.org/10.1016/j.actamat.2016.07.019
http://doi.org/10.1007/s11665-017-2747-y
http://doi.org/10.1208/s12248-018-0225-6
http://doi.org/10.1016/j.promfg.2017.07.148
http://doi.org/10.1007/s11465-013-0248-8
http://doi.org/10.1007/s11837-998-0299-1
http://doi.org/10.1016/j.promfg.2017.07.084
http://doi.org/10.1016/j.promfg.2018.07.097
http://doi.org/10.1109/itherm.2017.7992469
http://doi.org/10.1108/01445151111172925
http://doi.org/10.1016/j.tsf.2006.11.142
http://doi.org/10.1007/s00170-014-5717-7
http://doi.org/10.1115/IMECE2017-71685
http://doi.org/10.1002/advs.201700187
http://doi.org/10.3390/met9070756
http://doi.org/10.1016/j.jmatprotec.2019.02.022
http://doi.org/10.1007/s00170-019-04015-3
http://doi.org/10.1016/j.actamat.2011.03.033
http://doi.org/10.1115/1.4039974
http://doi.org/10.1016/B978-0-12-819726-4.00100-9
http://doi.org/10.1007/s11837-020-04260-y
http://doi.org/10.1016/j.scriptamat.2018.03.025


Materials 2022, 15, 4644 21 of 23

34. Friel, R.; Harris, R. Ultrasonic Additive Manufacturing—A Hybrid Production Process for Novel Functional Products. Procedia
CIRP 2013, 6, 35–40. [CrossRef]

35. Yin, S.; Cavaliere, P.; Aldwell, B.; Jenkins, R.; Liao, H.; Li, W.; Lupoi, R. Cold spray additive manufacturing and repair:
Fundamentals and applications. Addit. Manuf. 2018, 21, 628–650. [CrossRef]

36. Bai, Y.; Williams, C.B. An exploration of binder jetting of copper. Rapid Prototyp. J. 2015, 21, 177–185. [CrossRef]
37. Gonzalez-Gutierrez, J.; Cano, S.; Schuschnigg, S.; Kukla, C.; Sapkota, J.; Holzer, C. Additive Manufacturing of Metallic and

Ceramic Components by the Material Extrusion of Highly-Filled Polymers: A Review and Future Perspectives. Materials 2018,
11, 840. [CrossRef] [PubMed]

38. Munsch, M.; Schmidt-Lehr, M.; Wycisk, E. Metal Additive Manufacturing with Sinter-Based Technologies. AM Power In-
sights No. 4, Hamburg, Germany, 2018. Available online: https://am-power.de/en/insights/additive-manufacturing-sinter-
basedtechnologies/ (accessed on 9 February 2022).

39. Galati, M.; Minetola, P. Analysis of Density, Roughness, and Accuracy of the Atomic Diffusion Additive Manufacturing (ADAM)
Process for Metal Parts. Materials 2019, 12, 4122. [CrossRef] [PubMed]

40. Gebisa, A.W.; Lemu, H.G. Investigating Effects of Fused-Deposition Modeling (FDM) Processing Parameters on Flexural
Properties of ULTEM 9085 using Designed Experiment. Materials 2018, 11, 500. [CrossRef] [PubMed]

41. Ligon, S.C.; Liska, R.; Stampfl, J.; Gurr, M.; Mülhaupt, R. Polymers for 3D printing and customized additive manufacturing. Chem.
Rev. 2017, 117, 10212–10290. [CrossRef] [PubMed]

42. Carneiro, O.S.; Silva, A.F.; Gomes, R. Fused deposition modeling with polypropylene. Mater. Des. 2015, 83, 768–776. [CrossRef]
43. Brenken, B.; Barocio, E.; Favaloro, A.; Kunc, V.; Pipes, R.B. Fused filament fabrication of fiber-reinforced polymers: A review.

Addit. Manuf. 2018, 21, 1–16. [CrossRef]
44. Gibson, M.A.; Mykulowycz, N.M.; Shim, J.; Fontana, R.R.; Schmitt, P.; Roberts, A.; Ketkaew, J.; Shao, L.; Chen, W.; Bor-

deenithikasem, P.; et al. 3D printing metals like thermoplastics: Fused filament fabrication of metallic glasses. Mater. Today 2018,
21, 697–702. [CrossRef]

45. Dehdari Ebrahimi, N.; Ju, Y.S. Thermal conductivity of sintered copper samples prepared using 3D printing-compatible polymer
composite filaments. Addit. Manuf. 2018, 24, 479–485. [CrossRef]

46. Wu, G.; Langrana, N.A.; Sadanji, R.; Danforth, S.C. Solid freeform fabrication of metal components using fused deposition of
metals. Mater. Des. 2002, 23, 97–105. [CrossRef]

47. Bose, A.; Schuh, C.A.; Tobia, J.C.; Tuncer, N.; Mykulowycz, N.M.; Preston, A.; Barbati, A.C.; Kernan, B.; Gibson, M.A.; Krause, D.;
et al. Traditional and additive manufacturing of a new Tungsten heavy alloy alternative. Int. J. Refract. Met. Hard Mater. 2018, 73,
22–28. [CrossRef]

48. Singh, P.; Shaikh, Q.; Balla, V.K.; Atre, S.V.; Kate, K.H. Estimating powder-polymer material properties used in design for metal
fused filament fabrication (DfMF3). JoM 2019, 11, 840. [CrossRef]

49. Lengauer, W.; Duretek, I.; Fürst, M.; Schwarz, V.; Gonzalez-Gutierrez, J.; Schuschnigg, S.; Kukla, C.; Kitzmantel, M.; Neubauer, E.;
Lieberwirth, C.; et al. Fabrication and properties of extrusion-based 3D-printed hardmetal and cermet components. Int. J. Refract.
Met. Hard Mater. 2019, 82, 141–149. [CrossRef]

50. Berger, C.; Abel, J.; Pötschke, J.; Moritz, T. Properties of additive manufactured hardmetal components produced by fused
filament fabrication (FFF). In Proceedings of the Euro PM2018 Congress and Exhibition, Bilbao, Spain, 14–18 October 2018;
European Powder Metallurgy Association (EMPA): Shrewsbury, UK, 2018. ISBN 978-1-899072-50-7.

51. Jafari, M.A.; Han, W.; Mohammadi, F.; Safari, A.; Danforth, S.C.; Langrana, N. A novel system for fused deposition of advanced
multiple ceramics. Rapid Prototyp. J. 2000, 6, 161–174. [CrossRef]

52. German, R.M.; Bose, A. Injection Molding of Metals and Ceramics; Metal Powder Industries Federation: Princeton, NJ, USA, 1997.
53. Tosto, C.; Tirillò, J.; Sarasini, F.; Cicala, G. Hybrid Metal/Polymer Filaments for Fused Filament Fabrication (FFF) to Print Metal

Parts. Appl. Sci. 2021, 11, 1444. [CrossRef]
54. Roshchupkin, S.; Kolesov, A.; Tarakhovskiy, A.; Tishchenko, I. A brief review of main ideas of metal fused filament fabrication.

Mater. Today Proc. 2020, 38, 2063–2067. [CrossRef]
55. Godec, D.; Cano, S.; Holzer, C.; Gonzalez-Gutierrez, J. Optimization of the 3D Printing Parameters for Tensile Properties of

Specimens Produced by Fused Filament Fabrication of 17-4PH Stainless Steel. Materials 2020, 13, 774. [CrossRef]
56. Sadaf, M.; Bragaglia, M.; Nanni, F. A simple route for additive manufacturing of 316L stainless steel via Fused Filament Fabrication.

J. Manuf. Process. 2021, 67, 141–150. [CrossRef]
57. Singh, G.; Missiaen, J.M.; Bouvard, D.; Chaix, J.M. Copper extrusion 3D printing using metal injection moulding feedstock:

Analysis of process parameters for green density and surface roughness optimization. Addit. Manuf. 2021, 38, 101778. [CrossRef]
58. Ott, J.; Burghardt, A.; Britz, D.; Mucklich, F. Free-sintering study of pressure-less manufactured green bodies made of fine Cu

powder for electronic applications. In Proceedings of the Euro PM2019 International Powder Metallurgy Congress & Exhibition,
Maastricht, The Netherlands, 13–16 October 2019.

59. Hong, S.; Sanchez, C.; Du, H.; Kim, N. Fabrication of 3D Printed Metal Structures by Use of High-Viscosity Cu Paste and a Screw
Extruder. J. Electron. Mater. 2015, 44, 836–841. [CrossRef]

60. Yan, X.; Hao, L.; Xiong, W.; Tang, D. Research on influencing factors and its optimization of metal powder injection molding
without mold via an innovative 3D printing method. RSC Adv. 2017, 7, 55232–55239. [CrossRef]

http://doi.org/10.1016/j.procir.2013.03.004
http://doi.org/10.1016/j.addma.2018.04.017
http://doi.org/10.1108/RPJ-12-2014-0180
http://doi.org/10.3390/ma11050840
http://www.ncbi.nlm.nih.gov/pubmed/29783705
https://am-power.de/en/insights/additive-manufacturing-sinter-basedtechnologies/
https://am-power.de/en/insights/additive-manufacturing-sinter-basedtechnologies/
http://doi.org/10.3390/ma12244122
http://www.ncbi.nlm.nih.gov/pubmed/31835380
http://doi.org/10.3390/ma11040500
http://www.ncbi.nlm.nih.gov/pubmed/29584674
http://doi.org/10.1021/acs.chemrev.7b00074
http://www.ncbi.nlm.nih.gov/pubmed/28756658
http://doi.org/10.1016/j.matdes.2015.06.053
http://doi.org/10.1016/j.addma.2018.01.002
http://doi.org/10.1016/j.mattod.2018.07.001
http://doi.org/10.1016/j.addma.2018.10.025
http://doi.org/10.1016/S0261-3069(01)00079-6
http://doi.org/10.1016/j.ijrmhm.2018.01.019
http://doi.org/10.1007/s11837-019-03920-y
http://doi.org/10.1016/j.ijrmhm.2019.04.011
http://doi.org/10.1108/13552540010337047
http://doi.org/10.3390/app11041444
http://doi.org/10.1016/j.matpr.2020.10.142
http://doi.org/10.3390/ma13030774
http://doi.org/10.1016/j.jmapro.2021.04.055
http://doi.org/10.1016/j.addma.2020.101778
http://doi.org/10.1007/s11664-014-3601-8
http://doi.org/10.1039/C7RA11271H


Materials 2022, 15, 4644 22 of 23

61. Zhao, Y.; Gao, W.; Xi, J.; Li, H.; Ren, F. Development of copper powder paste for direct printing and soft mold casting. Addit.
Manuf. 2019, 31, 100992. [CrossRef]

62. Ren, L.; Zhou, X.; Song, Z.; Zhao, C.; Liu, Q.; Xue, J.; Li, X. Process Parameter Optimization of Extrusion-Based 3D Metal Printing
Utilizing PW–LDPE–SA Binder System. Materials 2017, 10, 305. [CrossRef] [PubMed]

63. MarkForged Metal X. Available online: https://markforged.com/3d-printers/metal (accessed on 22 February 2022).
64. Desktop Metal Studio System 2. Available online: https://www.desktopmetal.com/products/studio (accessed on 22 February 2022).
65. De Calan, G. Benchmark of AM Technologies; NanoeWebinar: Ballainvilliers, France, 2020; Available online: https://nanoe.com/

(accessed on 22 February 2022).
66. Gonzalez-Gutierrez, J.; Thompson, Y.; Handl, D.; Cano, S.; Schuschnigg, S.; Felfer, P.; Kukla, C.; Holzer, C.; Burkhardt, C. Powder

content in powder extrusion moulding of tool steel: Dimensional stability, shrinkage, and hardness. Mater. Lett. 2021, 283, 128909.
[CrossRef]

67. Gloeckle, C.; Konkol, T.; Jacobs, O.; Limberg, W.; Ebel, T.; Handge, U.A. Processing of highly filled polymer–metal feedstocks for
fused filament fabrication and the production of metallic implants. Materials 2020, 13, 4413. [CrossRef] [PubMed]

68. Ultrafuse 316L-User Guidelines for 3D Printing Metal Parts. Available online: https://www.mholland.com/media/BASF_
Ultrafuse_316L_User_Guidelines.pdf (accessed on 22 February 2022).

69. Markforged Pure Copper Metal-Polymer Filament Datasheet. Available online: https://www-objects.markforged.com/craft/
materials/Copper-V1.1.pdf (accessed on 23 February 2022).

70. ISO 3325:1996; Sintered Metal Materials, Excluding Hardmetals. Determination of Tranverse Rupture Strength. International
Organization for Standardization: Geneva, Switzerland, 1996. Available online: https://www.iso.org/standard/1584.html
(accessed on 1 June 2022).

71. ISO 5754:2017; Sintered Metal Materials, Excluding Hardmetals. Unnotched Impact Test Piece. International Organization for
Standardization: Geneva, Switzerland, 2017. Available online: https://www.iso.org/standard/69222.html (accessed on 1 June 2022).

72. Spierings, A.B.; Schneider, M.; Eggenberger, R. Comparison of density measurement techniques for additive manufactured
metallic parts. Rapid Prototyp. J. 2011, 17, 380–386. [CrossRef]

73. ISO 2738:1999; Sintered Metal Materials, Excluding Hardmetals. Permeable Sintered Metal Materials. Determination of Density,
Oil Content and Open Porosity. International Organization for Standardization: Geneva, Switzerland, 1999. Available online:
https://www.iso.org/standard/21494.html (accessed on 1 June 2022).

74. Ramadan, A.A.; Gould, R.D.; Ashour, A. On the Van der Pauw method of resistivity measurements. Thin Solid Films 1994, 239,
272–275. [CrossRef]

75. Schroder, D.K. Semiconductor Material and Device Characterization; John Wiley & Sons: Hoboken, NJ, USA, 2015.
76. European Copper Institute. Copper as Electrically Conductive Material with above Standard Performance Properties. 2020.

Available online: https://conductivity-app.org/ (accessed on 21 December 2021).
77. Raab, S.J.; Guschlbauer, R.; Lodes, M.A.; Körner, C. Thermal and electrical conductivity of 99.9% pure copper processed via

selective electron beam melting. Adv. Eng. Mater. 2016, 18, 1661–1666. [CrossRef]
78. Meeder, M.P. Modeling the Thermal and Electrical Properties of Different Density Sintered Binder Jetted Copper for Verification

and Revision of the Wiedemann-Franz Law. Ph.D. Thesis, Virginia Tech, Blacksburg, VA, USA, 2016.
79. Álvarez, K.; Lagos, R.F.; Aizpun, M. Investigating the influence of infill percentage on the mechanical properties of fused

deposition modelled ABS parts. Ing. E Investig. 2016, 36, 110. [CrossRef]
80. Zhong, W.; Li, F.; Zhang, Z.; Song, L.; Li, Z. Short fiber reinforced composites for fused deposition modeling. Mater. Sci. Eng. A

2001, 301, 125–130. [CrossRef]
81. Davis, J.R. and ASM International, Copper and Copper Alloys (ASM Internationals), 2001, ASM International Materials Park,

OH: 44073-0002. Available online: www.asminternational.org (accessed on 1 June 2022).
82. Liang, N.; Zhao, Y.; Wang, J.; Zhu, Y. Effect of grain structure on Charpy impact behavior of copper. Sci. Rep. 2017, 7, srep44783.

[CrossRef]
83. Kumar, A.Y.; Wang, J.; Bai, Y.; Huxtable, S.T.; Williams, C.B. Impacts of process-induced porosity on material properties of copper

made by binder jetting additive manufacturing. Mater. Des. 2019, 182, 108001. [CrossRef]
84. Ikeshoji, T.T.; Nakamura, K.; Yonehara, M.; Imai, K.; Kyogoku, H. Selective laser melting of pure copper. JoM 2018, 70, 396–400.

[CrossRef]
85. Yan, X.; Chang, C.; Dong, D.; Gao, S.; Ma, W.; Liu, M.; Liao, H.; Yin, S. Microstructure and mechanical properties of pure copper

manufactured by selective laser melting. Mater. Sci. Eng. A 2020, 789, 139615. [CrossRef]
86. Lodes, M.A.; Guschlbauer, R.; Körner, C. Process development for the manufacturing of 99.94% pure copper via selective electron

beam melting. Mater. Lett. 2015, 143, 298–301. [CrossRef]
87. Guschlbauer, R.; Momeni, S.; Osmanlic, F.; Körner, C. Process development of 99.95% pure copper processed via selective electron

beam melting and its mechanical and physical properties. Mater. Charact. 2018, 143, 163–170. [CrossRef]
88. Gärtner, F.; Stoltenhoff, T.; Voyer, J.; Kreye, H.; Riekehr, S.; Koçak, M. Mechanical properties of cold-sprayed and thermally

sprayed copper coatings. Surf. Coat. Technol. 2006, 200, 6770–6782. [CrossRef]
89. Martin, J.H.; Yahata, B.D.; Hundley, J.M.; Mayer, J.A.; Schaedler, T.A.; Pollock, T.M. 3D printing of high-strength aluminium

alloys. Nature 2017, 549, 365–369. [CrossRef]

http://doi.org/10.1016/j.addma.2019.100992
http://doi.org/10.3390/ma10030305
http://www.ncbi.nlm.nih.gov/pubmed/28772665
https://markforged.com/3d-printers/metal
https://www.desktopmetal.com/products/studio
https://nanoe.com/
http://doi.org/10.1016/j.matlet.2020.128909
http://doi.org/10.3390/ma13194413
http://www.ncbi.nlm.nih.gov/pubmed/33022989
https://www.mholland.com/media/BASF_Ultrafuse_316L_User_Guidelines.pdf
https://www.mholland.com/media/BASF_Ultrafuse_316L_User_Guidelines.pdf
https://www-objects.markforged.com/craft/materials/Copper-V1.1.pdf
https://www-objects.markforged.com/craft/materials/Copper-V1.1.pdf
https://www.iso.org/standard/1584.html
https://www.iso.org/standard/69222.html
http://doi.org/10.1108/13552541111156504
https://www.iso.org/standard/21494.html
http://doi.org/10.1016/0040-6090(94)90863-X
https://conductivity-app.org/
http://doi.org/10.1002/adem.201600078
http://doi.org/10.15446/ing.investig.v36n3.56610
http://doi.org/10.1016/S0921-5093(00)01810-4
www.asminternational.org
http://doi.org/10.1038/srep44783
http://doi.org/10.1016/j.matdes.2019.108001
http://doi.org/10.1007/s11837-017-2695-x
http://doi.org/10.1016/j.msea.2020.139615
http://doi.org/10.1016/j.matlet.2014.12.105
http://doi.org/10.1016/j.matchar.2018.04.009
http://doi.org/10.1016/j.surfcoat.2005.10.007
http://doi.org/10.1038/nature23894


Materials 2022, 15, 4644 23 of 23

90. Vincent, C.; Silvain, J.; Heintz, J.; Chandra, N. Effect of porosity on the thermal conductivity of copper processed by powder
metallurgy. J. Phys. Chem. Solids 2012, 73, 499–504. [CrossRef]

91. German, R.M. Sintering Theory and Practice; Wiley: New York, NY, USA, 1996.
92. Feng, Y.; Zheng, H.; Zhu, Z.; Zu, F.-Q. The microstructure and electrical conductivity of aluminum alloy foams. Mater. Chem. Phys.

2003, 78, 196–201. [CrossRef]
93. Koh, J.; Fortini, A. Prediction of thermal conductivity and electrical resistivity of porous metallic materials. Int. J. Heat Mass Transf.

1973, 16, 2013–2022. [CrossRef]

http://doi.org/10.1016/j.jpcs.2011.11.033
http://doi.org/10.1016/S0254-0584(02)00334-6
http://doi.org/10.1016/0017-9310(73)90104-X

	Introduction 
	Materials and Methods 
	Material, MEAM Processing and Suitable Specimen Selection 
	Processing Parameters and Printing Strategy 
	Experimental Set-Up 

	Results and Discussion 
	Copper Parts Manufacturing 
	Mechanical, Thermal, and Electrical Properties 

	Conclusions 
	References

