Article
Effect of Material Extrusion Method on the Microstructure and
Mechanical Properties of Copper Parts

Naiara Aldeiturriaga 1 Ttziar Fraile 1@, Erika Dominguez 1, Aitor Zuriarrain 2, Pedro José Arrazola !
and Daniel Soler 1-*

Faculty of Engineering, Mondragon Unibertsitatea, 20500 Arrasate, Spain;
naiara.aldeiturriaga@alumni.mondragon.edu (N.A.); ifraile@mondragon.edu (L.F.);
edominguez@mondragon.edu (E.D.); pjarrazola@mondragon.edu (P.J.A.)

Engineering Department, Campus Goierri-Mondragon Unibertsitatea, 20500 Mondragon, Spain;
azuriarrain@mondragon.edu

*  Correspondence: dsoler@mondragon.edu

Abstract: In the present study, three extrusion-based Additive Manufacturing (AM) technologies were

considered: Fused Filament Fabrication (FFF), Pellet Extrusion Process (PEP) and Atomic Diffusion

Additive Manufacturing (ADAM). In order to compare these technologies, the same initial material

was employed: a copper filament commercialized by Markforged® (Waltham, MA, USA). The copper

filament was employed as received for ADAM and FFF technologies and shredded for PEP technology.

Different printing parameters were studied for each technology (except for ADAM, which does not

allow it) and the manufactured disc-shaped and tensile test parts were debindered and sintered

under the same conditions. Part density, micrography and mechanical properties were analyzed. The

density was observed to change with geometry, showing a relative density of around 95% for the

tensile test parts through all the technologies but lower relative densities for the disc-shaped parts:

around 90% for ADAM, between 85-88% for PEP and between 90-94% for optimized FFF printing

ﬁf;e;:tfgsr parameters. The micrographies present big cavities between infill and contour for ADAM, whereas

such cavities were not observed in either PEP or FFF parts. On the other hand, the parts made with

Citation: Aldeiturriaga, N Fraile: I pEp showed less and smaller porosity, but they had poor surface finishing, indicating that some
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printing parameters should be readjusted. Finally, the FFF parts had a better finishing but exhibited
a non-uniform pore distribution. Concerning the mechanical properties, all the printed parts show
Microstructure and Mechanical similar properties.
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1. Introduction

Additive Manufacturing (AM) has gained great relevance in the manufacturing of
complex and spare parts, catching the attention of different industries such as automotive
and aviation. Nowadays, AM technologies are applied in the industrial manufacturing of
polymeric parts and great effort is being made to achieve this goal for the manufacturing of
metallic parts.

There are different AM technologies employed for manufacturing metallic parts and
most of them are powder-based, such as Powder Bed Fusion (PBF) [1], Binder Jetting
(BJ) [2] and Material Extrusion (ME) [3]. This is the reason why these technologies show
many of the problems usually related to Powder Metallurgy. Although a big portion of the
This article is an open access article  155U€s has already been studied, there are still some challenges to overcome, such as part

distributed under the terms and  Shrinkage during the sintering process [4], which hinders the implementation of metallic
conditions of the Creative Commons ~ AM technologies in industrial manufacturing.
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However, ME of metals usually employs a polymeric matrix where the metallic powder is
trapped in the form of a filament [5] and are considered as desktop printers.

ME includes different type of technologies, but many of them are based on Fused
Filament Fabrication (FFF), also known as Fused Deposition Modelling (FDM), consisting
in the extrusion of a polymeric filament [6]. Initially, this technology was employed for
fabrication of polymeric parts but several years ago Markforged® and Desktop Metal
brought new solutions for manufacturing of metallic parts based on FFF [7]. Atomic
Diffusion Additive Manufacturing (ADAM) was brought to the market by Markforged® [8]
in 2017, including the debinding and sintering steps necessary to get a metallic part.
Desktop Metal developed a similar solution called Bound Metal Deposition (BMD) that
differs from the previous one on the shape of the initial materials [9]. In BMD, rods are
used, but ADAM and FFF use filaments.

One of the main challenges of this technology for metals is to increase the density of the
final part, because it is limited by the load of metallic particles on the filament. Consequently,
it is convenient to increase the percentage of metallic particles in the filament, which make
the manufacturing process more difficult because the material becomes very brittle [10].

The issue of using highly loaded filaments caused the development of a new tech-
nology (based on ME) that uses granulates or pellets as the initial materials, called Fused
Granular Fabrication (FGF) [11], Granule-based Material Extrusion (GME) [12] or Pellet
Extrusion Process (PEP) [13,14]. PEP brings a significant advantage by streamlining the
part manufacturing process through the elimination of filament manufacturing. This ap-
proach also enables the recycling or reutilization of defective parts by converting them
into nonuniform pellets of new raw material using a shredder, while, for a similar process
applied to filament-based systems, the necessity of filament manufacturing would increase
the overall cost [15]. Despite the fact that filament-based technologies have historically
received more attention [13], there is expected growth in interest in PEP due to already
mentioned advantages. However, few studies have already been published regarding the
manufacturing of copper parts [16]. Nevertheless, the latest studies have found that PEP
parts might show worse mechanical performance than FFF parts [12], but there is still a lot
of work to do on this topic.

This work is focused on the comparison of PEP and FFF technologies, as well as
on ADAM, taken as a reference because it arrived first to the market as a solution for
metallic AM. Therefore, three different systems are used for manufacturing of metallic
parts: (i) ADAM: Metal X (commercialized by Markforged®), (if) FFF: adapted Voladora V2
and (iii) PEP: Mini Pro Pellets (both commercialized by Indart3D (Irun, Spain)).

To be able to make a comparison between these three printers and the corresponding
manufacturing technologies, it is necessary to employ one material. Due to the properties
and limitations presented in the selection of parameters of Metal X, it is not possible to use
a material that it is not approved by Markforged®. Between the material commercialized
by this company, the material selected to perform such a comparison was copper filament.

Copper was chosen due to its excellent electrical and thermal conductivity, which
makes it very appropriate to carry out electrical and electronical applications [4]; moreover,
due to the current industrial advancements, there is a need for copper parts with complex
geometries and optimal mechanical properties, requiring the use of advanced manufactur-
ing technologies. However, common PBF techniques [17] such as Selective Laser Melting
(SLM), Direct Metal Laser Sintering (DMLS) and Direct Energy Deposition (DED) are not
suitable for copper. Due to copper’s high reflectivity, generating high thermal gradients
during these processes, achieving high-density and quality parts is very challenging, es-
pecially when employing conventional near-infrared laser beams. In the last few years,
some studies have been published where visible green and blue wavelength range laser
beams are employed as an alternative to near-infrared laser beams in order to process
high-reflectivity materials [18]. Consequently, pure copper parts have been difficult to
manufacture for different PBF technologies, opening the door for ME, where the properties
of copper are not limiting due to its simplicity and the fact that it is done in a non-sintered
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state. In addition, this material can be easily oxidized, so the use of powder embedded in a
polymeric matrix (pellet or filament) is profitable to avoid powder oxidation during the
manufacturing process.

The main goal of this paper is to compare three extrusion-based AM technologies,
Fused Filament Fabrication, Pellet Extrusion Process and Atomic Diffusion Additive Manu-
facturing, which have already been studied [19], considering different printing parameters
for each technology, while maintaining the same debinding and sintering processes.

The paper is organized as follows: in the next section, the material and manufacturing
systems are described; then, in Section 3, the methods employed for characterizing the
manufactured parts are explained and the three systems are compared. Subsequently,
obtained results are discussed, leading to the final section where conclusions are drawn.

2. Materials and Manufacturing Systems

As mentioned in the introduction, three printers, Metal X, adapted Voladora V2 and
NX Pro Pellets, and their corresponding manufacturing technologies (ADAM, FFF and
PEP, respectively) were used. The material employed in this work was copper filament
commercialized by Markforged® [20]. The flexibility of this filament (higher than other
filaments offered for Metal X) makes it very suitable for FFF. Table 1 shows the chemical
composition of the copper powder supplied by the manufacturer.

Table 1. Chemical composition of copper powder (data from Ref. [20]).

Composition Copper Oxygen Iron Other
Weight % 99.8 min 0.05 max 0.05 max bal

The NX Pro pellet printer was designed to work with pellets, so it was necessary to
process the copper filament in order to convert it to pellets. An automatic homemade
shredder was used at Indart3D to cut the filament and fabricate the copper pellets of about
2 mm length that were employed in this work, (see Figure 1).

Figure 1. Pellets obtained after cutting Markforged® copper filament.

Even though the shredder should not apply any change to the material, a ThermoGravi-
metric Analysis (TGA) of the commercial filament and the prepared pellets was carried out
to make sure the behavior of the material, with respect to temperature changes, did not
change after the process. The TGA was realized from ambient temperature to 550 °C with
a heating rate of 2 °C/min, employing a thermogravimetric analyzer STA 449 F3 Jupiter
(NETZSCH, Germany).

Figure 2 shows the thermograms of two samples of copper filament and two samples
of copper pellets obtained from the filament. It can be observed that all the thermograms
are very similar, showing that the grinding process had no effect on the properties of the
polymer remaining in the pellets. The percentage of mass loss presented in Figure 2 is of
great relevance, showing that only around 5 wt% was eliminated, which is directly related
to the amount of organic material present in the filament. Figure 2 shows the elimination
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of the organic material divided into two steps (roughly 200 °C to 300 °C and 300450 °C),
which reveals the presence of two different polymers in the filament/pellets [3].
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Figure 2. Thermograms of the commercial filament and the pellets obtained after processing the
commercial filament.

The powder remaining after TGA was observed in a Nova NanoSEM 450 (FEI, Oregon,
USA), a Scanning Electron Microscope (SEM) working with 20 kV of HV, a spot size of 6.0
and a working distance of 5 mm.

As can be seen in Figure 3, the copper powder obtained from the filament and the pellet
samples show a similar shape and size distribution. This characterization confirms what
was stated by the TGA, that is, there were no changes in the properties of the initial material
and, as the processes after shaping the parts were exactly the same for all the specimens,
the comparison carried out in this work was focused on the printing/deposition step.

Figure 3. Scanning Electron Microscope (SEM) images of the powder obtained after TGA of (a) the
commercial filament and (b) the pellets obtained after processing the commercial filament.

The technologies, printers and printing parameters are described in the following sections.

2.1. Atomic Diffusion Additive Manufacturing (ADAM)

The Metal X system consists of three main steps. The first one is the extrusion step,
where the parts are shaped, generating the green part. In this first step, the Metal X
system offers the user the opportunity to select the few parameters that were optimized
for the selected material by the manufacturer. In this work, the following parameters were
employed in order to extrude the desired geometries (see Table 2).
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Table 2. Parameters employed of manufacturing MF1 parts using ADAM.

Parameter MF
Post-sintered Layer Height (mm) 0.129
Fill Pattern Solid Fill
Wall Layers 2

Once the green part was manufactured, it was taken into the next steps of the Metal
X system. Before sintering, it was necessary to apply a debinding step carried out in the
Wash-1. This step consists in the elimination of the wax (dissolved in Opteon SF-79 solvent
(Chemours, Wilmington, DE, USA)) in order to form porosity that will help in eliminating
the rest of the organic components during sintering. It is important to make sure that the
part is perfectly dried before introducing it in Sinter-1 for the last sintering step. The Metal
X system is highly automatized, which means it facilitates the manufacturing of the part
but limits the user’s ability to optimize or improve the quality of the part to be fabricated.

As can be seen in Table 2, the specimens generated with this technology were labelled
as MF.

2.2. Fused Filament Fabrication (FFF)

Due to the limitations observed in ADAM technology, it is interesting to explore the
ability of more opened systems to manufacture metallic parts through ME.

Nowadays, there are many different FFF printers in the market. The Voladora V2
printer was adapted with the help of Indart3D to make it compatible with the manufac-
turing of a fragile metal powder loaded filament. For that, a direct extruder was mounted
in the printer and a holder was located on top of the printer. This modification allowed
the manufacturing of copper composite green parts, avoiding issues related to breaking of
the filament.

The FFF printer is a fully opened system and allows the adjustment of a huge amount
of parameters, allowing the optimization of the printing conditions to the material or
geometry employed, thus generating the need to spend some time adjusting the parameters
until a good-quality specimen is obtained. Some parameters, see Table 3, were fixed for all
the studied conditions.

Table 3. Main parameters employed for manufacturing FFF parts.

Parameter Value

Bed temperature (°C) 65
Printing speed (mm/min) 125
Infill (%) 100

Outline overlap (%) 15
Layer height (mm) 0.2
Nozzle diameter (mm) 0.4
Extrusion width (mm) 0.48

Only the effect of three parameters were studied in this work, as they were expected
to influence on microstructure: extrusion temperature, infill extrusion width and extru-
sion multiplier.

As can be observed in Table 4, seven sets of parameters were studied in this work,
and they were labelled using the notation Fx to denote filament-based material extrusion
followed by the condition number.
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Table 4. Conditions of different specimens using FFF.
Parameter F1 F2 F3 F4 F5 Fé6 F7
Extrusion temperature (°C) 225 225 225 225 225 225 240
Infill extrusion width (%) 100 100 100 100 90 110 100
Extrusion multiplier 1 1.05 1.01 0.95 1 1 1

2.3. Pellet Extrusion Process (PEP)

As the purpose of the study is the comparison between different ME technologies,
the parameters employed were selected to be as similar as possible between the different
technologies in order to reduce the sources of differences between them.

In Table 5, the parameters that were fixed for the fabrication of the specimens are
listed. It is important to note that this printer allowed to control two extrusion temper-
atures: the slightly lower one on the top of the extruder, whose objective is to ensure a
uniform mass of copper and wax for an optimal flow through the extruder, and the bottom
extruder temperature, which increases the temperature of the material to an appropriate
extrusion temperature.

Table 5. Main parameters employed for manufacturing PEP parts.

Parameter Value
Upper extrusion temperature (°C) 160
Lower extrusion temperature (°C) 225
Bed temperature (°C) 80
Printing speed (mm) 400
Infill (%) 100
Outline overlap (%) 35
Layer height (mm) 0.2
Nozzle diameter (mm) 0.8
Extrusion width (mm) 0.96

As shown in Table 6, in this case, only two parameters were labeled in order to see their
effect in the final part: as in the case of FFF, they were the Extrusion Multiplier and Flow,
which is the rotation velocity of the extruder. Therefore, only three parameter sets, labeled
as Px, show that the technology employed was pellet-based ME and the corresponding
numbers were considered.

Table 6. Conditions of different specimens using PEP.

Parameter P1 P2 P3

Flow (rpm) 325 325 275

Extrusion multiplier 1 0.8 0.8
3. Methods

Two types of specimens were manufactured, disc-shaped samples and tensile speci-
mens: (i) disc-shaped samples, two for each printing condition, for density measurements
and microstructure analysis, and to relate the presence of porosity and its shape to the
mechanical properties of the parts. The geometry of these specimens was about 4 mm in
height and 12 mm in diameter after the sintering process; however, not all specimens had
the same final dimensions. PEP specimens, being somewhat flatter, were approximately
2.8 mm in height and 11.5 mm in diameter, and the FFF specimens, being somewhat larger,
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had a diameter of approximately 13 mm; (ii) tensile specimens, which were fabricated at
each of the following conditions: P1, P2, F1 and F7. Concretely, there were three specimens
for each condition, and six extra specimens of ME. All specimens were manufactured with
a solid infill pattern.

3.1. Density Measurements

The Standard ASTM B962 [21] was followed for density measurements. Part density
(0p) and relative density (RD) values were calculated as described in a previous work [3].
Disc-shaped samples and tensile test specimens were used for density measurements. For
each sample there were performed at least three measurements.

3.2. Porosity Analysis

As two samples were manufactured for each condition, the longitudinal section and
the cross-section of the geometry could be studied. In Figure 4, the sample prepared for
microstructure analysis of MF can be observed. Thus, the contour-infill interface and
layer-layer interface can be studied and compared.

Figure 4. Image of the MF sample prepared for microstructure analysis, showing two different
parts manufactured at the same conditions, positioned to study the longitudinal and cross-section of
the part.

The porosity of the samples was observed in a FEI Nova NanoSEM 450, a Scanning
Electron Microscope (SEM) working with 20 kV of HV, a spot size of 6.0 and a working
distance of 5 mm.

3.3. Tensile Tests

The tensile specimens were fabricated following the dimensions defined by Abe et al. [22]
and illustrated in Figure 5.

_ (mm)
T=2 =447

s, | T

]

f—| —]
10 17107 7110

Figure 5. Tensile specimen dimensions (L = length; W = width; T = thickness) (data from Ref. [22]).

The tensile tests were carried out using the universal machine TN-MD-200 (HOYTOM,
Bizkaia, Spain). All the tensile tests were carried out with a strain rate of 0.2 mm/min in
the elastic zone and 2 mm/min in the plastic zone.
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4. Results and Discussion

First, as can be seen in Figure 6, the external appearance of the specimens varied
significantly depending on the technology employed. It is important to highlight that the
application of FFF and PEP for printing metallic parts is still under development, and as
previously mentioned, there are numerous printing parameters that can be adjusted to
achieve improved outcomes.

b) c)

Figure 6. Some examples of green parts corresponding to the three processes, PEP, FFF and ADAM.
(a) P2, (b) F1 and (c¢) MFE.
4.1. Density Measurements

The results regarding density measurements of disc-shaped samples are listed in
Table 7, where reported values correspond to the mean of performed measurements of
different samples at the same printing condition set.

Table 7. Values of density and relative density of disc-shaped parts manufactured at different conditions.

Density (g/cm?) Relative Density
Conditions.
Mean Deviation Mean Deviation
MF 8.012 0.003 0.894 0.003
P1 7.583 0.005 0.846 0.012
P2 7.851 0.005 0.876 0.009
P3 7.848 0.001 0.876 0.002
F1 8.213 0.083 0.917 0.009
F2 8.176 0.073 0.913 0.008
F3 8.153 0.071 0.910 0.008
F4 8.079 0.100 0.902 0.011
F5 8.162 0.159 0.911 0.018
F6 8.250 0.124 0.921 0.014
F7 8.411 0.211 0.939 0.024

Samples fabricated through PEP show a density between 7.5 and 7.9 g/cm? (RD of
85-88%), which is lower than the density obtained through ADAM. (Some specimens
had an RD lower than MF, as could be understood by considering the estandard devia-
tions.)However, the density of samples manufactured through FFF is, in nearly all the cases,
higher than the reference (MF). In particular, the highest density obtained is underthe F7
condition with a density of around 8.4 g/cm? (RD of roughly 94%), a density increase of
5%, with respect to the MF results.

As mentioned in Section 3.3, tensile tests were performed with specimens manufac-
tured with different techniques. Figure 7 shows the three samples before the sintering
process that were used to perform such tests. It is remarkable that, while the surface
finishing of MF samples was better than those manufactured with PEP and FFF, differences
were not as significant as in the case of the disc-shaped parts shown in Figure 6.
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Figure 7. Some examples of green parts corresponding to the three processes: (a) P2, (b) F1 and (c) MF.

The results obtained through tensile test specimens (Table 8) reveals very different
results. Surprisingly, the differences between samples observed in Table 7 are not observed
in this case. All the density measurements presented in Table 8 are very similar and are
located around 8.5 g/cm?® (RD of roughly 95%), independently of the conditions employed
for sample fabrication, suggesting the effect of sample geometry on density.

Table 8. Values of density and relative density of the specimens for tensile test manufactured at
different conditions.

Density (g/cm®) Relative Density
Conditions
Mean Deviation Mean Deviation
MF 8.490 0.064 0.948 0.007
P2 8.493 0.017 0.948 0.002
F1 8.494 0.121 0.948 0.014
F7 8.494 0.058 0.948 0.006

The values for density obtained in this section are comparable with the measurements
reported in previous works. Ren et al. [23] reported a density of 8.15 % for copper parts
manufactured through ME, which is lower than the values obtained in this study for
tensile test specimens (see Table 8) manufactured through any of the selected technologies.
However, the values for relative density obtained in this work are not as high as the
ones obtained through other AM technologies such as Electron Beam Melting (EBM),
reported [24] to be 8.84 %

As copper parts manufactured through ADAM technology are used as a reference, it
is important to note that the relative density measured in this work for all the geometries
was around 90-95%, while the relative density reported by Markforged® in the official
datasheet is 98% [20]. In general, the relative densities achieved with PEP and FFF are quite
similar to the ones reported by Hwang et al. [25] (92.1-95.5%) where FFF technology was
employed. However, Singh et al. [16] reported a relative density of 91% for copper parts
manufactured through PEP, much lower than the results presented in Table 8 for the same
technology. Thus, showing that material composition, printing parameters and debinding
and sintering steps are of great relevance for achieving a high density. Therefore, it is clear
that the optimization of those steps could lead to better final part properties, independently
of the employed technology (PEP, FFF or ADAM).

4.2. Porosity Analysis

This section is focused on the microstructure observed for each condition, but it
is important to take into account the close relation between density measurements and
the amount of porosity observed in the microstructure. As stated in Section 3.2, only
disc-shaped parts were considered for this analysis.

First, we analyze the reference sample (MF). Its microstructure is presented in Figure 8.
Taking into account that the density was about 89%, some porosity was expected. On
the one hand, concerning the longitudinal section, as shown in Figure 8a, the contour
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Longitudinal

Cross-section

rasters and its contact area with the infill was not well-linked and formed big cavities.
However, the porosity in the infill zone, as shown in Figure 8b, is not really significant. On
the other hand, the microstructure of the cross-section of the sample (Figure 8c,d) shows
the formation of small cavities in the junction between layers and rasters. These defects
appear all over the cross-section, being more notorious in the contour because, as seen in
the longitudinal section, the junction between contour rasters is worse than in the infill.
Apart from this bigger porosity, there are also micropores distributed all over the sample.
This porosity distribution is similar to the ones studied previously in other works [3].

Contour Infill

Figure 8. SEM images of longitudinal sections (a,b) and cross-sections (c,d) of the MF parts.

Figure 9 shows the longitudinal section and cross-section of parts manufactured by
PEP, with all pictures taken in the infill/contour zone. A first analysis reveals that the
porosity that it is observed in the longitudinal section of sample P1 is remarkable, especially
at the contour in the righthand side of the image, but no cavities were observed between
the contour and infill (see Figure 9a), while the cross-section of P1 (Figure 9b) shows less
porosity and no cavities between the layers or rasters. The low value of relative density (see
Table 7) is therefore related to the bad surface finishing that can be observed in Figure 6a,
where this sample was presented due to the high amount of material extruded in its
fabrication and not to an internal porosity.

In P2, as the extrusion multiplier was decreased, the amount of extruded material
was reduced. The obtained microstructure is shown in Figure 9¢,d, where less porosity is
observed and it has rounded shape, suggesting it has a different origin. A closer look on
the longitudinal section does not give additional information, but the porosity in the cross
section was not randomly distributed. The porosity in Figure 9d appears to be forming
horizontal lines that can be related to the junction between different layers, suggesting
there is not good adhesion between layers. Nevertheless, the adhesion was better than in
the MF sample.

The microstructure of sample P3 (shown in Figure 9e,f) is very similar to the previous
one, as their values for density and relative density suggest (see Table 7). There is no
presence of big cavities between the contour and the infill and the longitudinal section
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P1

P2

P3

presents a homogeneous distribution of porosity (Figure 9e). As in the previous case, the
cross-section shows porosity orientation related to the junction between layers.

Longitudinal Cross-section

200um_ 200 um_

Figure 9. SEM images of the longitudinal sections (a,c,e) and cross-sections (b,d,f) of the parts
manufactured at P1, P2 and P3 conditions.

In the case of the samples fabricated through FFF, the microstructure of the parts
manufactured at conditions F1 to F4 are presented in Figure 10, and F5 to F7 are shown in
Figure 11. This arrangement is meant to facilitate comparison due to the parameters varied
in each condition. So, Figure 10 allows us to study the effect of the extrusion multiplier, and
Figure 11 collects the variations in extrusion temperature (F7) and infill extrusion width (F5
and F6) to be compared with F1.

As shown in Table 7, parts manufactured at F1 condition had a higher density than the
reference (MF). This is mainly related to the absence of cavities between contour and infill
rasters (see Figure 10a,b); however, F1 shows more small pores inside the rasters than MF,
which could be due to the formation of gas/air bubbles during the deposition process or
inhomogeneities in the deposition pattern. It is important to remark that the cross-section
of F1 shows homogeneous porosity distribution indicating that the adhesion between the
layers is good enough.



Metals 2024, 14, 941 12 of 17

Longitudinal Cross-section

F1

F2

F3

F4

Figure 10. SEM images of longitudinal sections (a,c,e,g) and cross-sections (b,d,fh) of the parts
manufactured at F1 to F4 conditions.

Increasing the value for the extrusion multiplier does not seem to change the density
of the part (see Table 7). This is confirmed through the analysis of microstructures corre-
sponding to F2 and E3 (see Figure 10c—f) where the porosity observed is similar to the one
for F1 (Figure 10a,b) and does not show a relation to layer or raster direction.

Nevertheless, when the extrusion multiplier was less than 1, the density of the part
was decreased as it increased the porosity (see Figure 10g,h). In this case, a lack of stickiness
between rasters and layers can be observed.
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F5

F6

F7

Cross-section

Figure 11. SEM images of longitudinal sections (a,c,e) and cross-sections (b,d,f) of the parts manufac-
tured at F5 F6 and F7 conditions.

Moreover, in Figure 10h, the alignment of irregular porous can be observed correspond-
ing to the junction between the second and third layers. In addition, Figure 10g shows the
presence of a big cavity formed in the limits between the contour and infill rasters.

The effect of infill extrusion width can be observed in Figure 11a-d and can be com-
pared with Figure 10a,b. The last one corresponds to an infill extrusion width of 100%,
while Figure 11a,b correspond to a value of 90% and Figure 11c,d, belong to a value of
110%. Apparently, the reduction of this parameter leads to the formation of bigger holes
or cavities between different layers (as seen in the cross-sections), giving worse adhesion
between layers, with the corresponding decrease in density (see Table 7).

Finally, the effect of extrusion temperature can be analyzed through the inspection of
Figure 11e,f corresponding to a temperature of 240 °C, and Figure 10a,b, corresponding to
a temperature of 225 °C. Figure 11e shows a similar porous distribution compared with
Figure 10a, but it seems to present less porosity. Having a look at the porosity of both
cross-sections (Figures 10b and 11f), the porosity presented on the part manufactured at
225 °C is higher in size and number than the one presented on the part manufactured at
240 °C.
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4.3. Mechanical Properties

Figure 12 shows a stress-strain curve for each printing condition.
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Figure 12. Stress-strain curves of tensile specimens. Only one curve for each printing condition
is shown.

After the analysis of these curves and the corresponding to other specimens, the ob-
tained results of tensile tests are given in Table 9. The given values are the arithmetic means
of performed tests and the uncertainty is given by the corresponding standard deviation.

Table 9. Yield strength, tensile strength and maximum elongation of tested specimens and some
literature values.

Yield Strength Tensile Strength Maximum
(MPa) (MPa) Elongation (%)
MF 389+12 181 £8 375+07
P2 385£57 1784 £ 1.5 33.0+14
F1 384+44 185 £3 382+31
F7 452+7.0 177 £20 265+ 85
Markforged datasheet [20] 26 193 45

Experimental measurements can be compared (see Table 9) with the mechanical prop-
erties reported in Markforged’s material datasheet for copper [20]. On the one hand, the
maximum elongation achieved for copper parts manufactured through ADAM technology
are lower than the reported one, but very similar to the parts fabricated using FFF at F1
conditions. On the other hand, the parts manufactured at P2 conditions (PEP) show lower
maximum elongation; however, this property is expected to be higher through the opti-
mization of the printing parameters. The relevance in printing parameters is presented in
the results for F1 and F7, whose difference is based on the change of Extrusion Temperature.

Regarding the Tensile Strength (see Table 9), it can be concluded that the experimental
measurements are very similar for all the technologies at tested conditions, but are lower
than the theoretical one. However, focusing on yield strength, all the experimental mea-
surements are higher than the theoretical value. In this case, it is especially remarkable
the value obtained at F7 condition, that is higher than the others (which are pretty similar).
These results come along with the yield strength reported by Ren et al. [23] for copper parts
manufactured through Material Extrusion. Ren et al. obtained a yield strength of 51 MPa,
very close to the value obtained in this study for the F7 condition.

Concerning these mechanical properties, except maximum elongation, which can be
seen in Figure 13, the F7 specimen showed the smallest value, and no substantial difference
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was detected between different specimens, as considering reported uncertainties, the same
values could be associated with all parts. This uniformity is consistent with density results
shown in Table 8. Moreover, it confirms that poor surface finishing obtained with PEP is not
related to infill defects, as shown by micrography pictures, because it does not significantly
affect its mechanical behavior.

Maximum elongation (%)

50

40 : I
30 |

20

10

EMF HF1 WmF7 mP2

Figure 13. Comparison of maximum between different specimens.

5. Conclusions and Further Work
There are some conclusions that could be depicted from the previous sections:

e  According to that discussed in Section 4, the capacity to determine some parameters of
the printing strategy allows to overcome the problem of the lack of addition between
layers that is observed with the close printer Metal X of Markforged®.

e  Density measurements seem to indicate that not only the printing conditions determine
the density of the part, but that it could also be conditioned by the final geometry of
the part, suggesting that printing strategy may be conditioned to the final geometry of
the part.

e Parts manufactured by PEP showed lower pore density and smaller pores than those
based on filament extrusion, confirming that it could be a very promising technology.

e  No relevant differences in mechanical behavior were found between parts built using
different ME technologies. Especially regarding the advantages of PEP technology
detailed in the introduction, this conclusion is of great relevance, showing that the
mechanical behaviour and density of PEP manufactured copper parts is similar to
copper parts manufactured through FFF and ADAM.

To improve the current results for PEP in future works, we aim to expand the parame-
ters to be modified for printing optimization. In fact, we have already printed disc-shaped
and tensile parts by modifying the nozzle diameter to 0.4 mm, resulting in better surface
finishing. Additionally, the density of the disc-shaped parts was improved, but the tensile
parts showed lower density and poorer mechanical properties. This reinforces the idea that
the final geometry should dictate the printing conditions.
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