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Abstract: Three-dimensional printing technologies are becoming increasingly attractive for their
versatility; the geometrical customizability and manageability of the final product properties are
the key points. This work aims to assess the feasibility of producing radiopaque filaments for fused
deposition modeling (FDM), a 3D printing technology, starting with zinc oxide (ZnO) and polylactic
acid (PLA) as the raw materials. Indeed, ZnO and PLA are promising materials due to their non-toxic
and biocompatible nature. Pellets of PLA and ZnO in the form of nanoparticles were mixed together
using ethanol; this homogenous mixture was processed by a commercial extruder, optimizing the
process parameters for obtaining mechanically stable samples. Scanning electron microscopy analyses
were used to assess, in the extruded samples, the homogenous distribution of the ZnO in the PLA
matrix. Moreover, X-ray microtomography revealed a certain homogenous radiopacity; this imaging
technique also confirmed the correct distribution of the ZnO in the PLA matrix. Thus, our tests
showed that mechanically stable radiopaque filaments, ready for FDM systems, were obtained by
homogenously loading the PLA with a maximum ZnO content of 6.5% wt. (nominal). This study
produced multiple outcomes. We demonstrated the feasibility of producing radiopaque filaments for
additive manufacturing using safe materials. Moreover, each phase of the process is cost-effective
and green-oriented; in fact, the homogenous mixture of PLA and ZnO requires only a small amount
of ethanol, which evaporates in minutes without any temperature adjustment. Finally, both the
extruding and the FDM technologies are the most accessible systems for the additive manufacturing
commercial apparatuses.

Keywords: zinc oxide; radiopacity; polylactic acid; composite; nanocomposite; nanoparticles; additive

manufacturing; extrusion

1. Introduction

Further efforts are needed to develop, adapt, and rethink materials and production
technologies in the direction of sustainability, eco compatibility, and waste reduction [1,2].
With reference to polymer-based products, additive manufacturing (AM) methods have
clear advantages in terms of efficiency in material consumption and geometry customiza-
tion at every level, from prototyping to industrial production, and in different fields from

Materials 2024, 17, 2892. https:/ /doi.org/10.3390/mal7122892

https:/ /www.mdpi.com/journal /materials


https://doi.org/10.3390/ma17122892
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0002-4798-5236
https://orcid.org/0009-0008-7065-0240
https://orcid.org/0000-0002-8146-7715
https://orcid.org/0000-0002-9261-2682
https://orcid.org/0000-0003-4177-7441
https://orcid.org/0000-0002-7368-6264
https://orcid.org/0000-0002-7155-8744
https://orcid.org/0000-0003-1676-9044
https://orcid.org/0000-0002-0193-912X
https://doi.org/10.3390/ma17122892
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma17122892?type=check_update&version=1

Materials 2024, 17, 2892

20f12

mechanics and electronics to medicine [3,4]. An appropriate choice of material can lead to
a high level of recyclability at the end of the product’s life [5,6]. Numerous materials are
available on the market today for different purposes from pure polymeric substances to
composite structures for specific applications [7,8]. Among the various combinations, metal
particles are added to an organic/polymer matrix to improve the mechanical properties
and/or to achieve characteristics specific to polymers such as electrical and electronic
characteristics, optical properties, and/or a desired radiation response. A class of materials
intended for radioprotection and shielding dedicated to treating different wavelengths and
types of radiation, from deep ultraviolet to X-rays and gamma rays, is emerging [9,10].
Recent progress has been made using a barium-based filler in an organic matrix in different
forms such as barium sulfate or barium oxide mixed with PLA/ethylene vinyl acetate
(EVA) copolymer [11,12], showing a good formability together with strong mechanical
properties and good radio absorption. Attempts are underway with tungsten dispersed in
PLA to achieve gamma radiation attenuation performance [13]. Lead is also used together
with PEG and PLA to produce a radiation shielding material [10,14]. Promising results
have come from these combinations of organic and metallic materials [15,16].

However, the eco-compatibility of compounds is not always ensured for both the
metallic and polymeric parts. Care must be taken in the design of the entire manufacturing
process from compound synthesis to mechanical processing to final geometry, along with
an accurate life cycle assessment, to reduce the environmental impact and potential toxicity
of composite materials [17,18].

In this work, a safer solution is proposed; it includes materials and processes which
merge accessibility, reduced impact, and cost. As fused deposition modeling is one of the
most accessible and sustainable production processes, the feasibility of using composite
filaments for 3D printers was first approached by Chong et al. [19], taking into account
that non-toxic zinc oxide (ZnO) has a great ability to be synthetized via eco-friendly
processes [20].

Polylactic acid (PLA) is a polyester with several promising properties: it has good
mechanical [12] and chemical properties; it is biodegradable, biocompatible, and ther-
moplastic [21-23]. Thanks to these characteristics, it is used for various applications in
the biomedical and technological fields [21-23]. As they are biopolymers produced from
natural resources, at the end of their lives, PLA products mostly end up in landfills or
compost [23]. Previous studies have analyzed the existing life cycle assessments (LCAs) for
PLA and have highlighted that it is possible to make materials with reduced environmental
impact by optimizing the PLA conversion process, which is the most energy-intensive stage
in the life cycle of PLA [23]. This aspect makes PLA a particularly advantageous material
from an environmental point of view. At present, PLA is the most readily available filament
used for 3D printing with the fused deposition modelling (FDM) method, being the simplest
and the most common method related to additive manufacturing technologies [22,24].

The nanoparticles in composites can be homogeneously distributed in a polymer ma-
trix, which provides greater interfacial interactions [25]. The addition of specific nanofillers
into the PLA matrix can lead to major improvements in PLA characteristics (mechanical,
thermal, barrier, etc.) [26]. Among the various nanoparticles, zinc oxide (ZnO) is partic-
ularly interesting because of its properties and production processes. It is an inorganic
compound and an important semiconductor material. From an environmental point of
view, it is also low in toxicity, biocompatible, and biodegradable. It is largely accessible in
different crystalline phases and structural forms; it shows good mechanical and thermal
properties such as hardness and a high plastic penetration level. Due to its density and
atomic number, zinc oxide has great absorption of short-wavelength radiation, while in
monocrystal form, it has good transparency in the optical range; in fact, this semiconductor
material has the potential to be used as a radiation-shielding material [27,28], and, when
properly doped, zinc oxide is used as scintillator too. In addition to these functional and
physical properties, ZnO has interesting characteristics in terms of biocompatibility and tox-
icity [28,29]. Largely used in cosmetics for skin recovery and protection, ZnO finds a place
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in a number of applications related to the biomedical field, from tissue integration to drug
delivery and biosensors [30]. Together with its biocompatibility, the antibacterial and an-
timicrobial activities of ZnO have been studied and exploited for medical purposes [31-33],
placing this material amongst the safest ones.

The incorporation of ZnO into a PLA matrix was found to potentially accelerate the
degradation of PLA but also reinforce the mechanical properties [34-37]. From the point of
view of optical properties, most polymers are considered transparent to X-rays, while zinc
oxide (ZnO) has the ability to be radiopaque [38].

This property is interesting because ZnO-reinforced polymer composites could be
used to fabricate radiopaque materials as an alternative to Pb and Ba for absorbing or
blocking radiation. In particular, Noor Azman et al. [28] investigated the X-ray-attenuation
capability of different types of nanofiber mats at low X-ray energies with scanning electron
microscopy (SEM), finding that the nanofiber mat with the highest percentage of n-ZnO
among those analyzed had the best X-ray attenuation capabilities.

For these reasons, PLA-ZnO nanocomposites are gaining attention for many appli-
cations [26,38]; in particular, zinc oxide can be “green synthesized” and showed a good
biodegradability in tissue and in combination with PLA [37]. In order to design the extru-
sion of PLA-ZnO composite films, Murariu et al. [39] studied the dissolution of PLA with a
certain percentage of rod-like ZnO nanoparticles previously surface treated with a specific
silane, revealing that this particular addition of treated filler leads to a very significant
enhancement in the PLA-ZnO properties. In addition, the study of Murariu et al. [26]
clarified the positive effects of mixing preliminarily ZnO in PLA and its use as a solid
additive in an alternative manufacturing technique. Recently, attention was also dedicated
to improving the production of PLA-ZnO composites in the additive manufacturing of
PLA-ZnO composite material, with particular attention on the FDM method [37].

The present study, for the first time to the best of our knowledge, demonstrates the
feasibility of obtaining a printable filament—by appropriately mixing ZnO nanoparticles
to the PLA matrix—with the aim of obtaining manageable optical properties aimed at the
absorption of X-ray radiation. This was achieved through a tailor-made process where each
step was carefully chosen and adapted to achieve the goal of keeping the entire procedure—
from material choice to manufacturing process—completely safe within a cost-effective
environment, also allowing the possibility of recycling the final product.

2. Materials and Methods

The PLA and the ZnO particles used in this work were both commercial. The PLA
pellets had the following characteristics, as declared by the producer (FELFIL, Torino, Italy):
extrusion temperature: 160-175 °C; printing temperature: 185-195 °C [40]. The commercial
ZnO was provided by ELEMENTAL SRL (Oradea, Romania) and was used as a nanofiller.

Ethanol and a FELFIL EVO commercial desk extruder (FELFIL, Torino, Italy) were used
for preparing and processing the mixture, while for the characterization of the materials,
Bruker AXS D8 Advance X-ray Diffractometer (XRD, Karlsruhe, Germany), Zeiss Supra
40 scanning electron microscopy (SEM, Oberkochen, Germany), and Bruker Skyscan 1174
microtomography (Micro-CT, Kontich, Belgium) systems were used.

The experimental process was carried out in four steps: 1. characterization of the in-
coming ZnO powder (Supplementary Materials); 2. preparation of the mixture; 3. extrusion
of the mixture for producing the printable filaments; 4. characterization of the PLA-ZnO
filaments, obtaining information on ZnO distribution and radiopacity characteristics.

2.1. Preparation of Mixture

Four samples were prepared. For each sample, 50 g of PLA pellets and 4 g of ZnO
were mixed. Both PLA and ZnO were weighed with a scientific balance with an accuracy
of +£0.0001 g; the measured data are shown in Table 1. The PLA-ZnO mixture was mixed
in beakers using ethanol at room temperature to slightly moisten the surface of the PLA,
allowing the ZnO particles to be absorbed by the polymer surface. The use of ethanol is
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one of the key points in this study, because it is a compound that is not only economical
but also has a low environmental impact. With this method, the PLA was loaded with a
ZnO content equal to a maximum of 6.5% by weight (nominal); this upper limit depended
on the surface area of the pellets, i.e. when the entire surface of the PLA pellet is covered
by the ZnO powder, the upper limit is reached. Before processing, the mixture was dried at
room temperature to completely evaporate the ethanol. The dried mixture was weighed
to evaluate the amount of ZnO adsorbed and the percentage obtained. The weights and
percentages of PLA and ZnO are reported for the different phases in Table 1.

Table 1. PLA and ZnO weights and percentages at different steps before extrusion processing.

Sample PLA ZnO Dried PLA+ ZnO i_n Incoming  ZnO .in Inco(r)ning
(g) (g) ZnO (g) Mixture (g) Mixture (%)
Test 1 50.1619 4.0537 52.6027 2.4408 4.6401%
Test 2 50.1297 4.0452 52.2916 2.1619 4.1343%
Test 3 50.0379 4.0060 53.1898 3.1519 5.9258%
Test 4 50.0050 4.0307 53.4799 3.4749 6.4976%

2.2. Processing the Mixture to the Filament Shape

A commercial FELFIL EVO desk extruder (FELFIL, Torino, Italy) was used to produce
the filaments. In addition to the ZnO/PLA percentage optimization in the incoming
mixture (Table 1), the extrusion parameters were optimized in order to obtain a stable
filament. The prepared mixture was entirely placed into the tank of the extrusion device to
allow the system to feed the cochlea coherently with its geometry and rotation speed. Four
samples, with an average diameter of 1.1 mm, were produced with stabilized geometric
and mechanical features, ready for successive characterization. The scheme and the layout
of the filament production route are shown in Figure 1.

PLA+ZnO a
Temperature
controlled
Coclea
i
e B SIS BB IBBIBU MY ///II
| elleeletete el
Pellet PLA+ ZnO SPOOLER Coil wheel
Filament
PLA+ZNO { \ \

Pulling wheels

extruder Cooling system

Figure 1. (a) Extruder scheme; (b) filament extrusion layout.
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2.3. SEM Observations and EDS Analysis

The incoming ZnO nanoparticles were analyzed by SEM equipped with energy-
dispersion spectroscopy (EDS) for morphology and dimension assessment and chemical
analysis. A Zeiss Supra 40 (ZEISS, Oberkochen, Germany) was used for the purpose; for
the morphology evaluation, the scanning electron microscope had a magnification from
5.00 KX to 100.00 KX, with the electron gun set to 5 kV; secondary electrons were acquired.
The EDS was carried out at20 kV in the EDS Microanalysis Bruker Quantax 200-Z10 (Bruker
Nano GmbH, Berlin, Germany) of the Zeiss microscope.

The extruded composite filaments were then analyzed via SEM TESCAN Vega3 (TES-
CAN, Brno, Czech Republic) for evaluating the proper dispersion of the ZnO particles over
the PLA matrix; in this case, the following working parameters were set: WD = 15 <+ 20 mm,
HV =20 kV, magnification of 1.00 KX, and high scanning speed to avoid excessive degrada-
tion of the PLA during image acquisition.

2.4. XRD for ZnO Characterization

ZnO structural assessment was performed using a BRUKER AXS D8 Advance X-
ray Diffractometer (XRD) (BRUKER, Karlsruhe, Germany) for crystallinity and phase
recognition. The Bragg-Brentano configuration was used, with an angular range of 26
between 30 and 80 degrees; the resolution was set to 0.02 degrees per step, with a time
duration of 2 s per step.

2.5. Micro-CT Characterization of the Final Filaments

The three-dimensional (3D) analysis of the final filaments was performed via X-ray
Micro-CT. This method allowed for assessing the overall distribution of the ZnO particles
inside the PLA matrix and the X-ray absorption properties of the final product.

Two commercial lab-based Micro-CT systems were used in this study.

The first one was a Bruker-Skyscan 1174 (BRUKER, Antwerp, Belgium), which was set
with a voltage of 50 kV, and a beam current of 800 pA. For each test, the same parameters
were used: pixel size = 6.5 um; 0.25 mm Al filter; exposure time = 2 s per projection. Samples
were scanned over 180°, using a 0.3° scan step. After the tomographic scan, the reconstruc-
tion phase was executed with the Bruker 3D SUITE software package, setting Smoothing
algorithm: 3.0; Ring Artifact Reduction: 3.0; and Beam Hardening correction: 15%.

The second lab-based Micro-CT system was a Metro-Tom 1500 ZEISS (Carl Zeiss,
Germany) using a 120 kV and 104 pA X-ray source with an Al filter of 0.5 mm. In this case,
a pixel size of 11.7 um was used, imaging all samples together in the same field of view. The
image reconstruction was automatically performed by Metro-Tom software. Afterwards,
all images were elaborated with Dragonfly software (Vers. 2022.2; Object Research Systems,
Montréal, QC, Canada) [41].

3. Results

The present study established a procedure that simulates a possible production route,
including the inspection and quality control of the incoming raw materials. Therefore, an
accurate analysis of the starting materials was mandatory and was achieved using SEM,
EDS and XRD analyses. The characterization of the incoming raw materials is provided in
the Supplementary Materials.

3.1. SEM Observation of PLA+ZnO Extruded Filaments

The distribution of zinc oxide (white particles) inside a filament (grey base) is shown
in Figure 2. The figure shows the homogeneous ZnO particle distribution throughout
the sample.



Materials 2024, 17, 2892

6 of 12

WD: 16.09 mm .SEM HV: 20.0 kV | | VEGA3 TESCAN
SEM MAG: 1.00 kx HivVac 50 pm
Det: BSE SM: RESOLUTION

Figure 2. SEM image of the filament surface. The bright spots over the grey background represent
the ZnO particles that were homogeneously distributed over the PLA matrix (the grey background).
Some agglomerates, not larger than the ones present in the raw powder, were also detected.

3.2. Bruker Skyscan 1174 Micro-CT Analysis of the Filament

For the micro-CT tests using the Bruker Skyscan 1174, three portions of each sample,
cut from the initial, the central, and the final portions of the extruded filaments, were
acquired. The length of each portion was 15 mm. The aim of this test was to assess in
3D the density and the distribution of the ZnO in each PLA filament. As a representative
example, the results obtained in each portion of Test 4 are reported in Figure 3.

In the reconstructed images, the grey tones were linked to the absorption properties
of the analyzed samples. Increasing the segmentation threshold meant making the grey
value vanish below a certain level; in this way, it was possible to hide the PLA and
display only ZnO particles and aggregates. Therefore, only the ZnO particles are shown in
Figure 3c. They exhibit a greater density, as shown by the white tones, thus showing that
they possessed enhanced absorbency. These entities (ZnO nanoparticles and aggregates)
were found to be dispersed throughout the entirety of the thread in all three segments.

To evaluate whether the radiopacity was homogeneous in all samples, their absorption
properties were measured via grey-level histograms. From each of them, six histograms
were extracted: two for each of the three portions of the sample (upper, central, and lower).

Figure 4 shows that the peaks of the histograms for the selected portions approximately
overlap for each sample: this indicates that the distribution of grey levels was uniform
along all filaments. Therefore, it was found that ZnO was homogeneously distributed in
the PLA matrix. The images were reconstructed in 8 bits (0-255 grey levels). The density
of the material is represented by these levels, mainly concentrated in the range 0-150, in
Figure 4. The average grey level for each peak indicates the most relevant shade of grey for
each portion of the filament. As we moved towards higher values, where the pixels were
brighter, we saw how the introduction of ZnO into the filament increased its radiopacity
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and therefore the density of the filament itself (average grey level: 76-88) compared to pure
PLA filament (Figure 4—top graph: PLA), which showed an average grey level of 34.

o

500 pm

500_;1 m

<

Soo_um

Figure 3. Test 4: 3D reconstructions, with opacity set

100-255 (b), 130-255 (c).

at different window levels: 30-255 (a),

80
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E+3

PLA

o
x
‘a 40
z
30
20
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o
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Grey Levels
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Figure 4. The grey-level histograms representing the overall density of the control (PLA) filament
(central top graph) and test filaments. The lines marked inside the peaks represent the amplitude
(vertical lines) and the full width at half maximum (FWHM—horizontal lines). Each color line
represents the histogram from a single portion of each Test sample.
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Box plots (Figure 5) graphically depict the extracted mean grey level through each
quartile as a function of the selected group of samples: Test 1, Test 2, Test 3, and Test 4. The
physical density, expressed as a grey level, agrees with the percentages of ZnO entering the
extrusion process (ZnO in incoming mixture (%)), as shown in the last column in Table 1.

XPeaks distribution

90.0 -

87.5 1

85.0 -+

82.5 1

Density

80.0 -+

77.5 1

75.0 A

Tl T2 T3 T4
N Test

Figure 5. Box plots depict the extracted mean grey level through each quartile as a function of the
selected groups of samples: Test 1, Test 2, Test 3, and Test 4. The horizontal red lines represent the
median density values in terms of grey level (full scale: 0-255).

3.3. Metro-Tom ZEISS Micro-CT for Filament Evaluation

Metro-Tom micro-CT was used for acquiring the complete sample population in a single
shot. Mismatches in sample radiopacities were clearly visible in the same 3D acquisition,
avoiding the risk of noise from possible uncontrolled variations in the acquisition parameters.

Dragonfly software was used for image processing and data analysis (Vers. 2022.2;
Object Research Systems, Montreal, QC, Canada).

The 3D images observed in Figure 6 were rendered at 16 bits (corresponding to
65,536 grey levels). The ZnO aggregates can be clearly observed in the form of white
spots distributed along the entire body of each filament. Furthermore, Figure 6 shows no
inhomogeneity in X-ray radiopacity or thus in the distribution of ZnO nanoparticles along
the filaments, indicating that the production of the composite occurred in a fully stabilized
manner, in accordance with the Bruker Skyscan Micro-CT results (Figure 3).
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Figure 6. Metro-Tom computed microtomographic acquisition of the entire test filaments.

4. Discussion

The experimental results demonstrate the reliability of this new production route to
obtain filaments, characterized by homogenous radiopacity and based on safe, economic,
and accessible raw materials and technologies. This was achieved by mixing ZnO nanopar-
ticles and PLA pellets using ethanol, followed by the extrusion of composite materials with
homogeneous characteristics. Indeed, the SEM analysis of the extruded samples showed
that the zinc oxide nanoparticles were uniformly distributed over the PLA matrix without
creating agglomerates larger than the ones present in the raw powder (Figure 2). These
data were confirmed by micro-CT measurements; indeed, the grey level measured along
each filament (Figure 4) revealed that the x position (i.e. radiopacity) and the full width
at half maximum between the different zones of the same test were similar, indicating a
uniform distribution of the ZnO nanoparticles, which raised the radiopacity uniformly
across each filament. However, as shown in Figure 3, the x value of the peak was not
directly determined by the ZnO clusters but by the homogeneous distribution of ZnO
nanoparticles along each filament. In fact, since the ZnO was in the form of nanoparticles,
the radiopacity induced by the introduction of ZnO into the composite material was more
an expression of the homogeneous distribution of the nanoparticles rather than of the rare
presence of ZnO clusters. This was further confirmed by the reduced dimension of the box
plots, showing low density variability between the 25th and the 75th percentile (Figure 5)
and on a larger scale, by the uniform grey level exhibited in 3D in each filament (Figure 6).

These data demonstrate that the procedure led to a proper ZnO distribution. Fur-
thermore, microtomography provided evidence that the composite filaments acquired
radioabsorption properties and that the radiopacity was coherent with the ZnO content.
Thus, it was demonstrated that the proposed processing route achieves the purpose of
producing radiopaque filaments suitable for FDM solutions.

This study opens the way for designing and building customized products with
desired optical/radiation properties and specific geometries for various applications at the
laboratory sample level, avoiding the complexity and costs of large industrial series.

This research is the first step in a broader feasibility study for the production of
innovative filaments for FDM printing technologies. This research is ongoing, and the
optimization of the procedure for producing radiopaque objects from these composite
filaments will be the subject of follow-up studies. In fact, the next step in the overall study
will be to test the smoothness of printing these filaments to meet FDM requirements.

In conclusion, the production of filaments with customized properties in terms of ra-
dioabsorption for fusion deposition modeling was achieved in a reliable and affordable way,
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completely in line with an eco-friendly environment, from raw components to processes
and technologies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ma17122892/s1, Figure S1: SEM images of ZnO powder; Figure S2:
EDS microanalysis of the ZnO powder; Figure S3: XRD spectrum of the ZnO powder; Table S1: EDS
microanalysis data of ZnO powder.
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