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Abstract: This paper presents 3D-printed micro-porous structures made of a Cu/PLA composite
by using material extrusion 3D printing technology. A metallic filament made of 80% copper and
20% polylactic acid (PLA) was used for the 3D printing of the porous samples. We varied printing
parameters, aiming to obtain a micro-range porosity that can serve as a water-filtering structure.
The produced samples were analyzed from the aspects of dimensional accuracy, level of porosity,
and capacity for water flow. Several samples were fabricated, and the water flow was exhibited for
the samples with an approximate 100 um size of the interconnected open porosity. The application
of material extrusion 3D printing, as a cost-effective, widely available technology for producing
micro-range porous structures, is still challenging, especially for interconnected predefined porosity
with metal-based filaments. Our research showed that the optimization of 3D printing parameters can
enable the fabrication of copper-based micro-porous structures, but further research is still needed.

Keywords: metal additive manufacturing; material extrusion 3D printing; copper (Cu); polylactic
acid (PLA); nature-based material; antibacterial filter; water filter

1. Introduction

Material extrusion 3D printing technology, according to ISO/ASTM terminology, or
Fused Deposition Modeling (FDM, trademarked acronym from Stratasys 3D printers) [1],
is a widely available 3D printing technology whereby filament is extruded through a
heated nozzle and deposited on a build plate in subsequent layers, thus creating 3D-printed
objects. The optimization of printing parameters still represents a challenge [2—4], as does
dimensional accuracy, especially in relation to composite filaments [5]. Pure polylactic acid
(PLA), as a nature-based, eco-friendly material, is among the most widely used filament
materials, but its mechanical properties still limit final applications, and different material
extrusion 3D printing optimization techniques have been studied [6]. Filaments made of
natural materials are of great significance for sustainable materials in different areas [7].
PLA also serves in combinations (blends or composites) with different materials, from other
polymers to metallic materials such as copper (Cu) [8,9], with applications in filtration
systems [10,11], electronics [12], and the biomedical field [13].

Reinforcing PLA with other materials has a profound effect on the filament’s me-
chanical properties, and further on the properties of the printed objects [11,14], whereas a
PLA /Cu composite is influenced by PLA’s brittleness upon impact [15]. Copper as a PLA
reinforcement significantly improves the flexural strength and flexural modulus [16] and
increases yield strength [15]. Copper-based filaments have good corrosion resistance, ther-
mal and electrical conductivity, and also exhibit antibacterial properties [5]. Pure copper
and copper-based materials have excellent antiviral and antibacterial properties in relation
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to a wide group of pathogens and viruses [17]. Composites with 90% copper and 10% PLA
also show high antibacterial properties [18].

Processing parameters during the material extrusion 3D printing process, such as
printing temperature and speed, as well as filament orientation, essentially affect the final
material properties of the printed objects. Printing orientation and layer thickness have
been shown to have a significant impact on compressive strength [19]. Variation in the
printing temperature has effects on the bonding between PLA and copper and can result in
random small voids that also further influence the mechanical properties of the printed
object [19]. On the other hand, the fabrication of the designed porosity within 3D-printed
objects is very significant for a range of applications, including water filters. Cu/PLA
filaments have been used for 3D-printed porous structures where the desired porosity was
finally achieved through thermal post-processing that removed the polymer component to
produce pure copper foam [20].

Water purification, especially of wastewater, is one of the most pressing issues of mod-
ern society, and sustainable materials are desired in these systems [21,22]. Antimicrobial
water filters made of 3D-printed PLA have been studied, including methods to improve the
ability of PLA to destroy pathogens [23]. Three-dimensional-printed, biobased water filters
are a significant topic of research, focusing on nature-based materials in different types of
composites that can provide ion adsorption, the removal of micro-organisms from water,
and microplastic separation while also considering the suitable mechanical properties of
these materials to provide adequate functional durability [24,25]. PLA-based composites
have also been studied for heavy metal removal from water [21].

Pure copper filters have been used as reusable filters in face masks to fight the
COVID-19 virus [26,27], for water purification [28,29], air filtration [30-32], and for oil—water
separation [33,34]. Pure copper filters have shown high efficiency in water purification, in
correlation with porosity and wetting properties [28]. The application of copper filters has
wide potential, from antibacterial effects [26], the purification of drinking water, wastewater
treatments [28], and oil manipulation underwater to the support of self-cleaning and bioad-
hesion control [34]. Porous copper filters have been produced from powders by hydraulic
pressing [30] and cold isostatic pressing [31], by using the electrodeposition of copper
dendrites to produce nanostructured porous filters [32] and through the laser treatment of
copper sheets [33-35].

A combination of copper and PLA in a porous Cu/PLA composite structure [20] could
be used for different water filters. The Cu/PLA composite has exhibited improved proper-
ties [15], especially important from the aspects of the functional durability of pure water
filters or wastewater filters. In copper-based composites, one of the significant challenges
is the agglomeration of Cu particles which makes it hard to produce composites with a
homogeneous distribution of the copper phase. Polymers have been used to form a coat-
ing around Cu particles to prevent agglomeration, like in polyethylene glycol (PEG)/Cu
composites [36]. However, recent EU legislation demands the replacement of traditionally
used polyolefin-based polymers (e.g., polyethylene, PE, polypropylene, PP, or polyethy-
lene terephthalate, PET) with sustainable and green polymers such as biodegradable and
biobased PLA [37]. The PLA price is decreasing, bringing it closer to the cost of PE- or
PP-based polymers that have been the major industrially produced polymer materials for a
wide range of applications.

PLA and copper particles can be mixed to form a composite Cu/PLA filament by
the extrusion process, under elevated temperatures (approx. 200 °C) [36]. The material
extrusion 3D printing of pure copper at this temperature range is impossible, considering
its sintering temperature range of 750-1000 °C. The addition of PLA acts as a binder for
copper particles in a Cu/PLA composite filament, thus enabling the use of this low-cost 3D
printing technology for the fabrication of complex porous filters made of both Cu-based
composites and pure copper since it is relatively easy to remove PLA from a 3D-printed
object through post-processing, especially considering PLA biodegradability. Another
advantage of selecting PLA for the Cu/PLA composite in our research is the possibility of
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the wider application of such filters beyond water treatments and further in biomedical
and food-packaging products, since PLA is an FDA (U.S. Food and Drug Administration)-
approved biomaterial in both areas. PLA-based filaments for material extrusion 3D printing
commonly do not use Bisphenol-A (BPA) in the manufacturing process, like other tradi-
tional polymers. Hence, they are BPA-free, which is a very significant property for food
products. Furthermore, it has been studied for use in personal protective equipment to
replace single-use filters [38]. The production of PLA requires approx. 65% less energy
than traditionally used polymers, with 68% lower emissions of greenhouse gases [37]. PLA
is not fully waterproof and exhibits swelling and water absorption over longer periods of
time; thus, further research is needed for the water filter application. PLA is UV-resistant
with heat resistance to approx. 60 °C Tg (glass transition temperature) [39]. PLA should
not generate toxic microplastics, as one of the major concerns today, since PLA microplas-
tics would represent biocompatible and environmentally friendly particles that should
naturally degrade with time, but there are no comprehensive research data related to those
aspects. Data from the use of 3D-printed consumer products indicate that PLA will not
rapidly degrade, except in the presence of organic solvents (e.g., benzene or chlorinated
solvents) [36].

In this paper, we used material extrusion 3D printing with Cu/PLA filaments, made
of 80% copper and 20% PLA, to fabricate micro-porous structures with open porosity.
We studied the influence of the printing parameters on porosity level and the ability to
predefine the shape and size of the pores. Also, water flow ability through these copper-
based porous structures was studied, aiming to create structures that can be used in
water filters.

2. Materials and Methods

A metal filament made by PrimaSelect (Malmo, Sweden), with 80% copper and 20%
PLA, was used for material extrusion 3D printing with a CR-10 S5 printer (Shenzhen,
China). UltiMaker Cura software, version 5.5.0, was used for CAD and STL file design. The
diameter of the filament was 1.75 mm, and specific gravity was 3.59 g/cm>. Rectangular
samples with dimensions of 10 mm x 10 mmx 3 mm were printed for further analysis.
Eight different test samples were made, with varying printing parameters: linear distance,
nozzle temperature, and build plate temperature, as shown in Table 1. Three-dimensional
printing parameters were varied until micro-porosity was obtained. The objective was to
print porous, copper-based samples with micro-porosity that would allow for water flow.
The Taguchi method was used for the design of the experiment, with an L8 array with
3 factors, and levels and factors were defined in the Minitab software, version 22.1.

Table 1. Material extrusion 3D printing parameters for eight different test samples.

Sample Linear Distance Nozzle Tgmperature Build PlateOTemperature
[mm] [°C] [°Cl
1 0.4 210 60
2 0.4 210 70
3 0.4 220 60
4 0.4 220 70
5 0.5 210 60
6 0.5 210 70
7 0.5 220 60
8 0.5 220 70

Samples were studied by using optical and SEM microscopy (SEM FEI Scios2 Dual
Beam System, Waltham, MA, USA). A custom setup was used for the testing of the fluid
flow, as shown in the next chapter. A universal mechanical tester (Brookfield CT3, Harlow,
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Essex, UK) was used to measure the load applied during fluid flow tests, with a water-filled
syringe with the sample fit inside. For each sample, the test was repeated three times. We
measured the applied load and time (duration of the compression). The speed of the tool
was 0.1 mm/s, and the compressing distance was 15 mm for the maximum traveling path
of the compressing tool.

An additional set of round samples was fabricated to test the water flow ability. The
fluid flow was tested on all samples (Table 1), printed as round samples (20 mm diameter
and 3 mm height) that were firmly fitted inside a syringe cylinder of 20 mL.

According to the ISO 5167-1:2022 standard, the volume flow rate (qy) is defined as
the volume of fluid (V) passing through the primary device per unit time (t) [40]:

qv=V/t 1)

For comparison, the water flow test was also performed with the 3D-printed sample
with the following printing parameters: infill line distance 0.3 mm, printing temperature
210 °C, and build plate temperature 60 °C, which resulted in a solid sample with no porosity
or a very low closed-porosity structure, thus preventing the water flow through it.

Sample porosity (%T.P.) was determined by using the Archimedes principle. Analytical
balance RAD WAG AS 220.R2 (Radom, Poland) was used to measure the mass of the test
sample (m); the mass of the calibrated measuring cup filled with distilled water (m;); and
the mass of the calibrated measuring cup filled with distilled water with the test sample
inside (my), both with the same volume setup. The density of distilled water is known
(00 ~ 1 g/cm?), and the density of the Cu/PLA filament was given by the manufacturer
(ocu/pLa = 3.6/ cm?). Hence, the density of the sample (), theoretical density (%T.D.),
and total porosity (%T.P.) can be calculated by using the following equations [41]:

0 =00 m/(m; — mp) 2)
%T.D. = (0/0cu/pLA) % 100 ®3)
%T.P. = 100 — %T.D. @)

3. Results and Discussion

We fabricated samples with different levels of porosity depending on the printing
parameters (Table 1), as shown in Table 2. Higher values of porosity can be observed in test
samples 5-8, as expected due to the higher linear distance between the filaments that were
set up during printing. Our results showed that we can expect a reasonable repeatability of
the porosity level depending on the 3D printing process parameters. The linear distance
parameter showed the most significant influence, as expected, but other process parameters
also influenced the resulting level of porosity and material structure.

Table 2. The porosity of 3D-printed samples depending on the printing parameters.

Sample Number Sample Mass, m [g] DenSit}[Ig?jnS;]m ple ¢ Per]c)e:;:;gt;’go;h])e'o[rozt]ical lI’)e(e)rrc()e;i\:;’g;o%fP".l"([):/:]l

1 0.906 1.759 48.874 51.126
2 0.895 1.665 46.253 53.747
3 0.988 1.845 51.253 48.747
4 0.894 1.785 49.592 50.408
5 0.679 1.188 32.988 67.012
6 0.682 1.370 38.058 61.942
7 0.689 1.335 37.094 62.906
8

0.685 1.556 43.222 56.778
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Samples were analyzed by optical microscopy that showed porosity with no significant
defects. A comparison between test samples 1 and 5 is shown in Figure 1. Larger pore sizes
can be observed in samples with higher values of linear distance during printing. This was
to be expected, since higher values of linear distance during printing resulted in higher
porosity, as shown in Table 2. Nozzle temperature, build plate temperature, and printing
speed did not show a significant influence on the pore size or level of porosity.

Figure 1. Comparison of sample 1 and sample 5 from aspect of pore sizes: (a) sample 1 and (b) sample 5.

SEM images of the selected samples are shown in Figure 2, where voids in the structure
can be clearly seen, thus showing that a micro-porous structure was fabricated by material
extrusion 3D printing. Similar structures were also observed in other samples. However,
since SEM microscopy shows only a surface view, porosity could be closed in some regions
throughout the sample volume, even though the higher porosity levels (Table 2) indicate
that this should not be the case. Therefore, additional water flow tests were performed with
samples that had the lower calculated porosity level (sample 1, Table 2), also in comparison
to the sample with no porosity, as explained in the previous Materials and Methods Section.
These two samples are shown in Figure 3. The custom test setup for the water flow test is
shown in Figure 4.

%
@ HFW WD

# HY ode | mag
7% 10.00kV 50pA ETD SE 100X 2.07mm 7.2mm

Figure 2. SEM images of the test samples: sample 1 (left image) and sample 5 (right image).
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Figure 3. Samples for water flow tests: (a) with open porosity (sample 1) and (b) sample fabricated
without porosity.

Figure 4. Custom setup for water flow tests: (a) water container, test samples, syringe, PTFE tape;
(b) suspended water flow with the sample with a non-porous structure (Figure 3b); (c) water flow
through a filter with a porous structure (Figure 3a).

Samples were fitted inside the syringe and filled with water, and water was com-
pressed through it afterwards. PTFE tape was used to seal the edges of the sample to
prevent water flow around the sample edges, even though a few drops of water were
noted to pass around the tape in the case of the non-porous sample test (Figure 3b). Strong
water flow was observed in the case of the porous sample (sample 1, Figure 3a), thus
indicating fully open porosity through the sample volume. Further research will use a
more sophisticated test setup to analyze the water flow in detail. Moreover, the pressure
needed to start the water flow was significantly lower in the case of the porous samples
compared to the high pressure applied for the non-porous sample that did not produce
water flow. Accordingly, we analyzed the compressive load by using the mechanical tester
and custom-made holder of the water-filled syringe, thus measuring precisely the value of
the required load.

Further tests were conducted with porous samples to determine the load. A custom-
made holder of the syringe was used to position it at the mechanical tester to measure the
compressive load during the compression of the syringe plunger, with a constant speed of
0.1 mm/s. In the case of the non-porous structure, the results are shown in Figure 5, with the
load continuously increasing up to the average maximum of 44 N over the whole distance.

Compressive tests with porous samples showed a slight difference in the maximum
load, as shown in Figure 6, for all samples, where each of the curves was obtained from the
average values of three measurements for each of the samples.

It was observed that after the start of the compression, the load reached the maximum
value, which is almost four times lower than in the case of the non-porous sample. The
water flow started almost immediately and continued until the end of the compressing
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distance (15 mm). After a rapid initial load increase and reaching the maximum value, the
load was almost constant until the end of the test, thus indicating stable water flow.

60

50 —
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Load [N]
\40)
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Figure 5. Load change during compressive water flow test with non-porous sample (Figure 3b).
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Figure 6. Load change during compressive water-flow test with porous samples 1-8 (Table 1).

The maximum loads were between 9.2 N (sample 4) and 11.6 N (sample 3). According
to these results, there are no significant differences in the shapes of the curves (Figure 6)
for all samples with very low differences in the maximum load required for water flow
through different porous samples. It can be concluded that the printing parameters for
the fabrication of samples 1-8 resulted in a porous structure, since the maximum load to
produce a water flow is significantly lower in comparison to the non-porous sample.

Volume flow rate was calculated using Equation (1). The volume of the water was
calculated from the following Equation (5):

V=r*mh (5)

where the radius (r) of the syringe cylinder is known (10 mm), and the height (h) of
the cylinder is determined by the maximum traveling distance of the compression tool
(15 mm). The universal mechanical tester provided the load values and duration of the
compression test (approximately 149 s for each sample), with a travel tool speed of 0.1 mm/s.
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Accordingly, the constant volume flow rate value was calculated to be 3.2 x 1078 m3/s for
all test samples. Different loads were required to reach this constant flow rate for each of
the samples.

Pure PLA is brittle, with approximately 60 MPa ultimate tensile strength value
(UTS) [42,43]. Pure copper has a UTS value of 175 MPa [44]. The glass transition temper-
ature of PLA is around 60 °C [39]. Composites with a PLA matrix and copper particle
reinforcements decrease UTS in comparison to the pure PLA [15,36,40-42], due to an in-
crease in voids within the structure around the particle reinforcements [45]. On the other
hand, the presence of copper particles improves the values of the Young’s modulus of the
composite in comparison to pure PLA [45-47]. Significant differences in the mechanical
properties of PLA and copper can result in rather different values for the Cu/PLA com-
posite’s properties, depending on the processing parameters [48]. The post-processing
of 3D-printed samples can provide improvements in mechanical properties [47,49]. Also,
printing parameters have a significant influence on the final mechanical properties of the
printed composites [50]. Smaller voids and pits can be seen in Figure 2, which is consistent
with the literature [51]. Some authors have pointed out that regions with small voids within
the composite structure contribute to good layer adhesion during material extrusion 3D
printing [52]. Considering the different mechanical properties of copper and PLA, we can
elaborate that the small pits that can be seen in Figure 2 originated and developed in the
PLA matrix, since the printing temperatures have no influence on the copper phase.

We fabricated a micro-porous Cu/PLA composite structure with a pore size of approxi-
mately 100 pum, as can be seen in Figure 2, which is in accordance with other research results
regarding micro-scale structures produced by additive manufacturing [53-56]. Pure copper
structures of 400 nm size were fabricated by 3D electrohydrodynamic redox printing [57].
Material extrusion 3D printing was used to fabricate polymer structures of approx 100 um
size [58]. A further post-processing of 3D-printed samples should enable finer adjustments
of pore size, in addition to the possibility to influence its mechanical properties.

We showed that material extrusion 3D printing, as a cost-effective, widely available
technology, can be used for the fabrication of custom-designed micro-porosity in copper-
based filters. However, further research is needed to gain insights into the dependencies
between the final material properties and the water filtration ability, as well as the fine-
tuning of 3D printing parameters to produce customized shapes of interconnected pores.
Additionally, possible material combinations in composites, through custom-made, copper-
based filaments, which can enable efficient water purification from different aspects, need
to be studied.

The objective of our research was to produce micro-porous Cu/PLA structures aimed
at water filters. Hence, future research will include the fine-tuning of the size, shape,
and distribution of pores and the correlation to the mechanical properties of the printed
porous samples and functional behavior under external influences in wet environments
such as water-based solutions and suspensions. Dependencies between the final material
properties and the water filtration ability, including more detailed water flow analysis, will
be conducted. Methods to improve the dimensional accuracy of material extrusion 3D
printing will be studied through the comparison of experimentally obtained porosity levels
and planned porosity from the input CAD files to 3D printing. The post-processing of the
fabricated samples will be studied to improve the mechanical properties of the Cu/PLA
composite, such as laser polishing to provide an improved storage and loss modulus,
glass transition temperature, and strength. Furthermore, mechanisms related to water
purification will be studied, from the aspects of existing water pollutants, such as micro-
organisms, or material behavior and the durability during water flow and higher water
pressures, including the mechanical properties of porous structures under such complex
loading conditions. Also, possibilities to produce pure copper micro-porous filters for
wider applications, by removing the polymer component from the composite through
post-processing, will be further investigated.
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4. Conclusions

We have fabricated different samples of porous structures made of a Cu/PLA compos-
ite with a predefined size of micro-porosity, by using cost-efficient material extrusion 3D
printing technology. Our results showed that a combination of printing parameters can
produce customized porosity aimed at copper-based filters. It is still challenging to produce
a predefined shape and size of micro-range porosity due to dimensional variations that
depend on the filament material, as well as process parameters and machine errors. Small
variations in the printing parameters can produce closed porosity that can completely stop
the water flow, as shown in our paper. The lack of widely available metal filament materials
represents yet another challenge that can be overcome by the fabrication of customized
filaments at the site, which will be the future direction of our research. However, different
properties of the copper powder to be used for metal filaments should also be further
studied, including the mechanical properties of such printed filters. In general, material
extrusion 3D printing (or commonly known as FDM 3D printing) is a promising technology
for the low-cost fabrication of water filtration solutions.
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