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ABSTRACT

With the collapse of the COVID-19 pandemic, it was necessary to explore new materials with resistance to
SARS-CoV-2 of lower cost and effective and easy production methods, such as 3D printing. The objective
was to produceand characterize filaments for 3D printing using PETG and copper nanoparticles (NCu)
aiming at obtaining a virucidal surface. Nanocomposites were made with the addition of 0.75% and 1% of
NCu and pure PETG. After printing, mechanical tests of nanoindentation, thermogravimetric analyses
(TGA), digital optical microscopies andFourier transform infrared spectroscopies (FTIR) were performed. The
results showed a 48% increase in the elastic modulus for the 0.75% and 1% nanocomposites compared to pure
PETG. In the TGA, the results were significantfor the nanocomposites with the addition of 1% of NCu
compared to pure PETG. In the chemical composition byFTIR spectrum, there were no significant changes.
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RESUMO

Com o colapso da pandemia do COVID-19, foi necessario explorar novos materiais com resisténcia ao
SARS- CoV-2 de menor custo e métodos de producéo eficazes e ficeis, como a impressdo 3D. O objetivo
fol produzir e caracterizar filamentos para impressdo 3D utilizando PETG e nanoparticulas de cobre (NCu)
visando a obtencdo de superficie virucida. Foram feitos nanocompdsitos com adicdo de 0,75% e 1% de
NCu e PETG puro. Apds a impressdo, foram realizados testes mecénicos de nanoindentagao, andlises
termograviméfricas (TGA), microscopias Opticas digitais e espectroscopias de infravermelho por
transformada de Fourier (FTIR). Os resultados mostraram um aumento de 48% no mddulo de elasticidade
para os nanocompdsitos de 0,75% e 1% emrelagdo ao PETG puro. Na TGA, os resultados mostraram-se
significativos para os nanocompadsitos com adicdo de 1% de NCu em comparac¢do com o PETG puro. Na
composicao quimica por espectro de FTIR, ndo houve mudancas significativas.

Palavras-chave: PETG; Impresséo 3D; Nano particula de Cobre.

INTRODUCION

The SARS-CoV-2is a virus of zoonotic origin, first detected in Wuhan, Hubei province,
China in early December 2019, according to the Pan American Health Organization (OPAS,
2019). In their work, (Jaimes et al., 2020, pp. 1-6) reported that the rapid spread of this virus is
due to a protein called furin, present on the surface of the virus and also present in various
human tissues, which can explain the rapid infection of cells. The same protein is chosen by
Ebola and HIV, for example. Therefore, the National Health Surveillance Agency (ANVISA,
2020) recommends cleaning and disinfecting potentially contaminated environments with
germicidal disinfectants.

To combat infections caused by microorganisms, the use of antimicrobial agents has
been an option for the development of environments that promote health and well-being. To
prevent the degradative processes generated hy microorganisms, the use of plastics with
antimicrobial properties is an excellent option, being the subject of several studies from
academic and industrial perspectives (De Paoli, M. A., 2017). This refers to nanocomposites
with a polymeric matrix of inorganic/organic nanometric interfaces (March 11, 2020).

The ability of copper to donate and accept electrons in a continuous process is a crucial
element for antibacterial activity and studies report that the mechanism of copper toxicity is
linked to the release of hydroperoxide radicals. Copper easily catalyzes reactions that result in
the production of hydroxyl radicals through Fenton Reactions (Reaction 1) and Haber-Weiss
(Reactions 2 and 3) (Palza, H et al, 2015). The polymeric material that has been gaining ground
among users of the 3D printing community is PETG, especially when there is a need to build
flexible and durable parts. It is characterized by being a modified version of PET, in which the
“G” means “glycol modified”, being added to the composition of the material during
polymerization (ANATOL LOCKER ALL 3DP, 2017).
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This work aims to use copper nanoparticles in a PETG polymer matrix for the
production of filaments for 3D printing that can be used in the production of PPE parts and
objects with high physical contact. The mechanical properties obtained in this work were made
from the tensile test in (Young’s modulus), thermogravimetric analyses (TGA), nano hardness
test and fractographic analysis by scanning electron microscopy (SEM) and chemical

composition (FTIR) were obtained in this work.

MATERIALS AND METHODS

Materials

The materials obtained were provided by the company Amcor da Amazonia with PETG
(in filaments) of natural color and the copper nanoparticle that had a diameter close to 100 nmand
purity above 99%, was provided by the Company Hongwu International Group, China, shown in
Figure 1 (a) and (b) and the pure PETG filament was previously crushed in a minigranulator
(Model AX, Plastics, Brazil). Figure 1 (c).

Figure 1 - Natural PETG polymers, (a) Copper alloy nanoparticles, respectively,
(b) Mini granulator (AXPlastics) (c).
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Source: Santos et al (2021).

Production of filaments and specimens in 3D printing

The shredded PETG polymer was dried in an oven for 2 h at 50 °C before heing mixed
with the nanoparticles. The concentrations of copper nanoparticles (NCu) were 0.75 and 1.00%by
weight. There was a pre-mixing of the materials, and they were processed in an extruder
(MR.16:26, AX, Plastics, Brazil) at 180°C and rotation of 50 rpm to obtain the filaments. Then,the
SolidWorck 3D academic software was used to design the desired parts with measurements
according to ASTM D638 (ASTM., 2010) Type 5 standard. As shown in Figure 2. (a) and (b),
respectively. And thus, the second software called Slic3r for slicing and 3D formatting and
construction of the parts was used, where the sweep angle adjustment was set to 0° and the model
was made with internal filling at 0° alternating with layers with filling at 90° and taken to 3D
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printing in the model (Anycubic Mega S, Brazil), with the parameters of table temperature50°C and
extruder nozzle 210°C. Figure 2 (c), (d), (e) and ().

Figure 2 - CP’s projection design, (a) specimen in SolidWorck 3D software, (b) Anycubic Mega
S 3D printer, ©3D printed specimens, pure PETG CP’s, (d) 0.75% NPCu nanocomposite CP’s,
(e) and 1% NPCu nanocomposite CPs by weight, respectively, (f).

(a)=czames 2 )

{11

Source: Santos et al (2021).
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Mechanical Characterization - Nano hardness

The nanoindentation measurement test was performed with equipment (HM 2000,
Fischerscope, Germany) (Vickers hardness test) according to ASTM E 384-17 and ASTM E
2546-15 standards. The load used was 1000 mN, which was applied for 5 seconds to measure the

elastic modulus of the materials.
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Thermogravimetric analysis - TGA

The equipment (model DTG-60, Shimadzu), provided by the Laboratory of
Electrochemistry and Energy - (LEEN) of the Federal University of Amazonas - UFAM, was
used to estimate the thermal behavior of the materials with the purpose of obtaining the
degradation temperatures of the mass percentage. The test was performed from 25 °C to 700 °C,
at a heating rate of 20 °C/min and used a nitrogen atmosphere with a flow rate of 50 mL/min.

Optical Microscopy Analysis

It was used the optical stereomicroscope (MZ 75, Leica) to evaluate the surface in relation
to the dispersion of NPCu and the print quality.

Analysis of chemical composition by Fourier Transform Infrared Spectroscopy (FTIR)

An infrared absorption spectroscopy equipment was used (Perkin Elmer, Spectrum One-
FTIR Spectrometer, USA). The spectra will be obtained in the form of a KBr pellet in the regionof
4000 to 450 cm 1.

RESULTS AND DISCUSSIONS

The results of the mechanical nanoindentation tests for the pure polymer and the
nanocomposites are presented in Table 1. Figures 3 (a-b) show the micrographs of the
nanoindentations made on the surfaces of the nanocomposites (0.75 and 1.0% by weight)
respectively. From the images it is possible to observe that for figure 3 (a) it presents itself witha
shallow depth being noticeable a light tone in the inner folds of the indentation in diamond shape
and for figure 3 (b) the indentation is observed with a darker tone presenting a greater depth.

Figure. 3 - Nanoindentation (PETG+NPCu - 0.75% by weight), (a). (PETG + NPCu -
1.00% by weight), (b).

Source: Santos et al (2021).

According to Table 1, it is possible to observe a Young’s modulus of 1.48 GPa for the

pure polymer (PETG). After the addition of the nanoparticles, the Young’s modulus values in the
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materials increased. There was an increase of ~9% for the nanocomposite with 0.75% by weight
and ~48% for the nanocomposite with 1.0% by weight of NCu. The higher Young’s modulus
values for the nanocomposites were due to the addition of NanoCu that caused an increase in the
degree of crystallinity, indicating that the micronized particles acted as nucleating agents for the
crystallization in the material.

Table 1. Mechanical results for pure PETG and NCu nanocomposites

Samples Young ‘s modulus
(GPa)
PETG Pure 1,48
0,75 % 2,60
1% 2,85

Source: Santos et al (2021).

In the characterization by thermogravimetry (TGA), it was possible to examine the
thermal stability of pure PETG (without nanoparticle) and composites reinforced with copper
nanoparticle (PETG/NPCu). In figure 4, it is observed that the (PETG without nanoparticle)
presents two stages of thermal decompositions, where the first stage occurs at an initial
temperature of approximately 383°C with a drop to a secondary temperature with approximately
472°C and the second stage occurred between the interval of 472°C and final temperature of
approximately 598°C, with a variation of mass loss of 15%, between 472°C and 598°C. Wherefor
temperatures higher than 598 °C shows the total decomposition of the polymer. Similar studies
by (V. S. GIITA SILVERAJAH et al, 2012, pp. 5878-5898), state that this event occursdue to the
degradation of longer chains of polymeric materials that were not degraded in the first peak.

For the nanocomposites, it can be observed that, after the addition of nanoparticles, the
mass loss of PETG occurred with an increase in initial temperatures higher than pure PETG
(without nanoparticle), with the initial temperature at 387°C and final temperature of 478°C forthe
nanocomposite with 0.75% NPCu and initial temperature of 402°C and final temperature 0f484°C
for the nanocomposite with 1% NPCu. Thus, this effect may be related to an element ofthe
chemical composition of the material, which in this case is exactly the copper nanoparticlethat
requires greater thermal energy to fully decompose the initial filament sample or degradation
residues according to (PASZKIEWICZ et al, 2017, pp. 41745-41754).

Figure 4 - Thermogravimetric analysis of pure PETG polymer samples, nanocomposite with
0.75% by weight of Ncu, and nanocomposite with 1.0% hy weight of NPCu, respectively.
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Source: Santos et al (2022).
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Fractographic Analysis of Scanning Electron Microscopy - SEM

In the following Figures, the micrographs of the fractures of the 3D printed samples of
PETG 0.0% (pure), with addition of 0.75% and 1.00% of copper nanoparticle are presented.
Figure 5 (a) (pure PETG) shows the voids or internal voids that occurred due to the choice of
slicing of the cross-linked or rotary type with 30% of printing filling defined as standard. These
voids did not change in size because they were properly without nanoparticles. Because they
resemble the voids called subperimetric, which according to (TAO Y et al, 2019) are formed
between rotating rasters along the perimeter of a layer that is commercially known in Additive
Manufacturing (AM) technologies as fused filament fabrication (FFF).

Figure 5 (b) (pure PETG 0.0%) shows a smooth and defect-free surface and side and very
well compacted filling. Figure 5 (c) shows the effect of the process parameters of the extruder
nozzle temperature, which is critical for the print quality, as it determines the printingability by
fusion, the raster bond, and the degradation of the raw material. (SPOERK et al, 2017)found that
increasing the nozzle temperature improved adhesion and resulted in smaller voids.In addition to
decreasing viscosity and increasing flow capacity, higher nozzle temperatures also affect size
accuracy and thermal degradation of the polymer.

Figure 5 - Scanning electron microscopy of pure PETG CP (0% Copper Nanoparticle) cross

section at 12x, (a)CP in longitudinal section at 16x, (b) CP in lateral section at 20x, respectively

(c).
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Source: Santos et al (2023).

In Figures 6 (a) and (c), for the samples with 0.75% copper nanoparticle content, it is
possible to verify printing defects causing partial voids of growth in the inner central part of the
sample. Where (GURRALA PK et al, 2014) state that they can form because of incomplete neck
growth between the adjacent interlayer and interlayer rasters (called filaments of the diagram). In
Figure 6 (b), it shows the surface with more roughness, with an average length ofthe diameters of
the extruded rasters with an increase of 47.45% and with voids due to the rasters that, according
to the studies of (RAHIM TNAT et al, 2019) is the perimeter of a layer that is defined by its
contour and (VAES D et al, 2021) states that the type of filling as the formof load addition can

interfere with the rheology of the material and the thermal and kinetic properties of crystallization.
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Figure 6 - Scanning electron microscopy of pure PLA CP + 0.75% Copper Nanoparticle cross
section at 12x, (a)CP in longitudinal section at 16x, (b) and lateral section at 20x, respectively

(c).

Source: Santos et al (2023).

As can be seen in Figure 7 (a), the intra-sphere voids of the material persist in the multi-
scale FFF structure after deposition, according to similar studies by (VAN DE WERKEN N etal,
2020), where the intra-sphere or intra-cord voids are reduced as the temperatures decrease after
deposition. However, some voids persist, as the faster cooling rate of the outer raster surface
prevents the internal voids from completing the shrinkage. Therefore, the effectivenessof reducing
intra-sphere voids in FFF parts of porous materials through the adjustment of the 3D printing
process itself is limited according to what (SOMMACAL S et al, 2021) states.

And in Figure 7 (b) it is presented, again, defects and voids rasters on the surface of the
piece as shown in the magnification of the figure, because according to studies hy
(POLYCHRONOPOULOS ND et al, 2020) and (BHALODI D et al, 2019), the rasters would
solidify before completing the coalescence and they are also impossible to eliminate entirely due
to certain inherent aspects, inevitable characteristics of the FFF process, such as incompletefilling
and inconsistent material flow. Already in figure 7 (c), it shows defects of a variation ofadhesion
between the layers of the rasters along the height of the piece. Because, according to (HUANG B
et al, 2014) it occurs due to the effects of the extruder nozzle temperature, the influence of the

table temperature and the printing speed as presented in their works.
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Figure 7 - Scanning electron microscopy (SEM) of CP PLA + 1.0% Copper nanoparticle cross-
section at 12x, (a) CP in longitudinal at 16x, (b) and lateral at 20x, respectively (c).

Source: Santos et al (2023).

To contribute to the interpretation of the data obtained in the characterization by Fourier
Transform Infrared Spectroscopy (FTIR). According to (A. GUZMAN D et al, 2015) region1, the
characteristic band of (2964 cm-!) is observed and is associated with the stretching of the -CH
bond; in region 2, the band in the range of (1712.6) cm-! corresponds to the C=O bond and
according to (CHIENG et al, 2014), those in the range between (1408 and 1369) cm-!correspond
to the C-H bending. In region 3, the range (1238) cm- is related to the tension of the =COC bond
as stated hy (A. GUZMAN D et al, 2015) and (1098) cm-1 corresponds to the -C-O stretching
(CHIENG et al, 2014). Finally, the characteristic bands between (968 and 791)cm-! are related to
the C-H stretching according to (BITENCOURT et al, 2011).
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