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Abstract

Fused filament fabrication (FFF) is one of the most used 3D printing techniques; however, the lack of printable materials is
its main limitation. Polypropylene (PP) is a promising thermoplastic polymer that offers cost and chemical stability advan-
tages over PLA, but its dimensional instability often leads to poor mechanical performance of printed parts. In this study,
a PP filament for FFF was developed, incorporating copper ion-saturated clay (Cu®**) and copper oxide nanoparticles (CuO
NPs), and the effect of various clay percentages on the tensile properties of the polymer matrix was investigated. The goal
was to evaluate the potential use of polypropylene/clay composites as raw materials for FFF. The PP with clay did not form
intercalation or exfoliation systems due to the poor matrix-filler interaction, behaving as a microcomposite. Chemical and
bactericidal properties were not significantly affected compared to pure PP after the incorporation of clay. However, the
thermal stability improved, and the  phase was induced in the crystallization process, enhancing layer adhesion, and reduc-
ing deformation during the PP printing process. All injected composites exhibited improved tensile properties, while the
opposite effect was observed for printed composites. The best formulation was found for the composite with a 3.0% weight
loading of MMT-type II, which showed a 14% increase in tensile modulus for the injected piece and a 17.6% decrease for
the printed piece. Despite the reduced mechanical performance in printed pieces compared to injected ones, the material
demonstrated processability and printability due to the reduced deformation, which the polymer matrix alone under industrial
conditions does not permit.
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1 Introduction

3D printing has emerged as a widely adopted manufactur-
ing method across various industrial sectors due to its abil-
ity to produce materials with complex three-dimensional
shapes quickly and cost-effectively [1]. This approach
involves the progressive construction of objects by stack-
ing and fusing layers of material using computer programs
[2]. Compared to subtractive techniques, 3D printing
offers customization, cost savings, time efficiency, and
waste minimization, thus becoming a valuable technol-
ogy, especially in the biomedical field [3, 4].

Despite the significant advantages offered by 3D print-
ing, some techniques like fused filament fabrication (FFF),
widely used in rapid prototyping due to its low cost, speed,
and simplicity compared to other 3D printing methods
[5], present limitations that have hindered its widespread
implementation in the industry. The main limitation of
FFF lies in its thermo-driven nature, which restricts its
application to a limited number of polymers with specific
thermal and mechanical properties to ensure dimensional
stability and prevent polymer degradation during the print-
ing process [6]. Therefore, the current focus is on develop-
ing composite materials with necessary mechanical and
thermal properties to meet different printing and process-
ing requirements, without compromising the simplicity
and low cost that characterize FFF [7].

Among thermoplastic polymers, polypropylene (PP) has
gained interest due to its low cost, recyclability, ease of
processing, and chemical stability, surpassing more con-
ventional materials like polylactic acid (PLA) and acry-
lonitrile butadiene styrene (ABS) in these areas [8, 9].
However, its use in FFF has been limited by excessive
shrinkage during the printing process, affecting dimen-
sional stability and surface adhesion, thereby impacting
the mechanical properties of printed parts or preventing
complete piece printing. To overcome these challenges,
numerous studies have been conducted to improve PP's
dimensional stability during 3D printing and the mechani-
cal properties of printed parts.

For instance, Aumnate et al. [9] reinforced PP with
polylactic acid-graphene microcapsules, demonstrating
that 3D printed structures with 30% filling (weight/weight)
exhibited better mechanical performance compared to pure
PP. On the other hand, Stoof and Pickering [10] achieved
an 84% reduction in pure polypropylene shrinkage by add-
ing 30% harakeke filling. Additionally, studies on FFF 3D
printing of PP have reported that shrinkage can be con-
trolled by adding fillers and manipulating the tempera-
ture in the build chamber [11, 12]. These findings high-
light the feasibility of reinforcing PP with fillers for FFF
3D printing, improving both the mechanical properties

@ Springer

and dimensional stability of 3D printed PP parts. In this
regard, montmorillonite clay (MMT), a low-cost mineral
filler with a structure allowing it to act as an ion carrier
[13], has generated particular interest in reinforcing PP
due to significantly enhancing mechanical properties com-
pared to the pure polymer. Furthermore, the nucleating
effect of MMT layers in the polymeric matrix enhances
PP crystallization, thereby reducing excessive shrinkage
during printing.

For example, Chikkangoudar et al. [4] conducted 3D
printing of polypropylene and nanometric clay using
laser scanning, demonstrating that inclusion of nano-clay
improved the dimensional flexibility of polypropylene,
significantly reducing deformation in 3D printed models.
However, they observed increased fragility of filaments and
3D models with higher percentages of nano-clay. In another
research, Aumnate and team [14] investigated the effects
of organoclay and the compatibilizer dioctadecyl dimeth-
ylammonium chloride (D18) on thermal, rheological, and
morphological properties to assess the viability of polypro-
pylene/organo-clay nanocomposites as raw materials for FFF
3D printing. Their findings indicated that MMT inclusion
reduced volatility and dimensional shrinkage of PP, enabling
its 3D printing.

Despite significant advances that have made PP a promis-
ing material for FFF and recognizing the reinforcement of
its polymeric matrix with fillers as an effective solution for
these challenges, simultaneous improvement of its mechani-
cal properties and dimensional stability remains crucial. It
has been observed that a significant reduction in shrinkage
can lead to increased material fragility, and vice versa [10].
This duality has hindered its effective implementation in FFF
3D printing. Therefore, it becomes imperative to conduct
more detailed research to find an optimal balance between
these factors. This advancement would be fundamental in
creating a material truly suitable for industrial applications.

Furthermore, in the biomedical field, bacterial adhesion
on rough surfaces of 3D prints poses a health risk [15].
Hence, it is vital that structures are not only mechanically
functional but also possess antimicrobial properties. The
incorporation of metallic ions and nanoparticles has been
studied to prevent bacterial adhesion and proliferation on
printed piece surfaces. Copper is one of the most commonly
used antimicrobial metallic ions in the form of micro/nano-
particles due to its angiogenic activity [16]. Moreover, they
have been combined with metal oxide nanoparticles such as
copper oxide (CuO) to enhance and prolong their effect, as
nanoparticles have a higher surface-to-volume ratio, provid-
ing more contact surface with the environment and acting as
ion reservoirs [17].

This study focuses on the development of polypropylene
filaments with copper ion-loaded clay and copper oxide
nanoparticles for 3D printing using the FFF technique. The
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mechanical performance of the printed composite material
was evaluated through tensile tests, comparing it with the
injected material, aiming to explore the potential of PP/
MMT (Cu/CuO) composites as materials for FFF 3D print-
ing. This study aims to contribute to understanding the
enhancement of mechanical properties and dimensional
stability of 3D printed PP, as well as its potential applica-
tion in various industrial areas, including the biomedical
sector [1-17].

2 Materials and methods
2.1 Reagents

The natural montmorillonite clay, MMT, was obtained
from OREGON CHEM GROUP (Santiago, Chile) and
used as an additive. Its main physical and chemical prop-
erties are shown in Table S1. Sulfuric acid (H,SO,, 98%),
copper sulfate pentahydrate (CuSO, « 5SH,0, 99.8%), and
glycerin (C3HgO3, 85%, plasticizer) were obtained from
Merck (Santiago, Chile). Copper oxide (CuO) nanopar-
ticles were supplied by US Research Nanomaterials Inc.
(Houston, TX, USA). The isotactic homopolymer PP
(MFI=27 g 107! min~!) in granular form was supplied
by PETROQUIM S.A (Santiago, Chile).

2.2 Saturation of MMT with copper ions

The MMT saturation with copper ions (Cu?*) was
achieved through a chemical activation process of the
MMT to obtain the best cation exchange capacity (CEC)
for copper ions (see Supplementary Information S1).
Subsequently, the effect of MMT and A-MMT dosage,
as well as the initial metal concentration, was evaluated.
Batch experiments were conducted using CuSO, 5SH,0
(99.8%) solutions under constant agitation (200 rpm) for
24 h. Samples with MMT contents of 0.1, 0.25, 0.50,
0.75, 1.0, and 2.0 g were added to a Cu?* solution of
13.5 g L1, To assess the effect of the initial concentra-
tion of Cu?* ions, concentrations varied between 5, 10,
15, 20, 30, 40, and 50 g L~ with a constant amount
of clay. Each batch was centrifuged, and the remaining
Cu”* concentration was analyzed in triplicate using an
atomic absorption spectrophotometer, Model 800 (Per-
kin-Elmer Analyst, MA, USA). Finally, the samples were
dried at 60 °C for 24 h, followed by milling and sieving
(< 125 pm). The resulting product was named MMT-type
IT and was characterized by Fourier-transform infrared
spectroscopy (FT-IR) using a Nicolet model (Thermo
Fisher Scientific, MA, USA).

2.3 Obtaining MMT with supported CuO NPs

Commercial CuO NPs (798 g Cu®* kg™!) were supported
on the surface of MMT-type II (3.5 g Cu** kg™!) through
solid-state mechanical agitation, and the mixture was
homogenized using a mortar. It was added at a weight ratio
of 1:7 (CuO NPs: MMT-type II) to achieve a maximum cop-
per concentration of 100 g kg™!. The resulting mixture was
named MMT-type I. To determine the shape and size of the
supported nanoparticles, a transmission electron microscope
(TEM), Philips Tecnai 12 (Eindhoven, NL), was used, and
FT-IR characterization was performed.

2.4 Obtaining the Masterbatch of polymeric
composites and filament manufacturing

To produce the masterbatch (MB), PP was physically mixed
with 5 wt% of MMT-type I and MMT-type 11, separately,
along with 1.5 wt% of glycerin (see Table S2). The MB
was mixed in a molten state using a twin-screw extruder
(Baopin, Dongguan, China). The extruder temperatures were
set from 180 to 210 °C with an increase of 10 °C per zone,
keeping 210 °C for the fifth zone and reducing by 20 °C at
the nozzle zone, with a rotation speed of 50 rpm. Finally, the
MB was diluted to 3.0 and 1.0 wt% of MMT, and the com-
posites were obtained in granular form. The filaments were
manufactured using a continuous extrusion/winding system
integrated with a diameter sensor. The polymeric composites
in granular form, filaments, and injected and printed parts
were labeled as follows: PP/MMT-type I (1%); PP/MMT-
type I (3%); PPIMMT-type 1 (5%); PP/MMT-type 11 (1%);
PP/MMT-type 11 (3%) and PP/MMT-type Il (5%). These
labels indicate the different combinations of polypropylene
(PP) with either MMT-type I or MMT-type Il at 1, 3, and 5
wt% of the respective type of clay in the polymeric matrix.

2.5 Manufacture of composite materials
2.5.1 Injection molding

The manual injector (Model 150A PLASTIC INJECTION
MACHINE, LNS TECHNOLOGIES, USA) was used to
manufacture all the composites by injection, following these
steps and conditions: mold preheating (80 °C, 3 min) and
composite heating (200 °C, 1.5 min), injection, and cooling
(20 °C, 0.5 min). The mold used was V-type traction test
specimens (ASTM D638) [18].

2.5.2 3D printing process
The FFF 3D printer Artillery (Shenzhen Yuntuchuanghzhi

Technology Co., China) was used to print all the composites,
with the parameters shown in Table 1. The printed parts
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Table 1 3D printing parameters for FFF of the different PP/MMT
composite

Table 2 Comparison of the adsorption efficiency of copper ion on
activated and natural clay

Parameters* Values
Nozzle temperature, °C 220

Build plate temperature, °C 110

Printing speed, mm s~ 40

Fill percentage, % 100

Flow rate, % 120
Retraction Not enabled
Supports Not required
Direction 45° and 135°, alternating
Fill type Linear
Adhesion to the build plate Skirt, 15 mm

Print quality—layer height Standard quality—2 mm

* The printing parameters were selected based on previous research
[10, 12, 14], which were then adapted for our material through can-
tilever and stepping tests. However, determining the specific opti-
mal printing parameters for this material is beyond the scope of this
research.

were V-type traction test specimens (ASTM D 638) and
specimens for contraction testing (Figure S1). In Figure S2
and Table S3, the experimental matrix detailing the manu-
facturing process of the PP/MMT composites is presented.

2.6 Characterization of the composites

The dispersion of the clay in the polymer matrix was figured
out using X-ray diffraction (XRD) and scanning electron
microscopy (SEM) micrographs. Regarding the thermal prop-
erties, a thermogravimetric analysis (TGA) was performed
using a NETZSCH TG 209F3 Thermal Analyzer to study the
thermal stability of the composites. The TGA was conducted
with a heating rate of 10 °C min~! from 25 to 600 °C, under
an inert atmosphere (N,). Additionally, a differential scanning
calorimetry analysis (DSC) was conducted using a NETZSCH
DSC 204F1 Phonix instrument to determine the melting tem-
perature and crystallinity percentage. The DSC analysis was
performed under a nitrogen atmosphere in a range of 25 to
200 °C. The samples were heated to 220 °C for 5 min to erase
the thermal history, cooled to 40 °C, and then heated again to
220 °C. A scanning rate of 10 °C min~! was used for all steps.
To determine the variation in the resistance of the compos-
ites compared to pure PP when exposed to chemical agents, a
chemical resistance test based on ASTM D543 standard was
conducted, specifically in the immersion test: Procedure I—
Weight and Dimensional Changes. The reagents used were
hydrochloric acid (HCI, 10 wt%), sodium hydroxide (NaOH,
10 wt%), and ethanol (Et-OH, 95 wt%) [19]. Similarly, to
determine the variation in water absorption of the composites
compared to pure PP when immersed in water, a water absorp-
tion test based on ISO 62 standard was conducted, specifically
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Clay - MMT Adsorption percentage  Adsorption
(%) capacity (mg
gh
Cu2+ Cu2+
Natural MMT 36.70 98.03
Activated MMT 11.10 29.59

Method 1: Determination of the amount of water absorbed
after immersion in water at 23 °C [20].

2.7 Tensile test

The tensile test was conducted on a ProLine universal testing
machine (ZwickRoell, Germany) at a constant deformation
rate of 50 mm min~'. The tensile modulus, tensile strength,
and elongation at break were evaluated using V-type geom-
etry specimens according to ASTM D 638 standard, and the
arithmetic mean of five replicates was reported.

2.8 Antibacterial assay: kinetics of bacterial killing

This procedure is described in Supplementary Information
S2.

3 Results and discussion

To remove impurities, increase porosity, and enhance the
copper ion adsorption process, a thermo-acidic activation
was performed on the clay (the characterization of the clay
before and after the thermo-acidic activation is presented
and discussed in the supplementary information S3 and Fig-
ure S3). The efficiency of A-MMT in ion adsorption was
determined by contacting it with a copper ion solution. The
natural clay showed better adsorption performance than the
activated clay, due to a sharp decrease in pH in A-MMT
that is difficult to control after the activation process (see
Table 2). This could be due to the competition between the
excess of hydrogen ions and the metallic ions for the same
active sites, which can easily become protonated and sup-
press the adsorption of metallic ions. This pH effect on cop-
per ion adsorption was reported by Pawar et al. [21]. Based
on these results, it was concluded to use the natural clay
(MMT) as the filling agent.

3.1 Study of the maximum adsorption capacity
of copper ions and support of CuO NPs in MMT

The percentage of metal ion adsorption with respect to
the MMT dosage is shown in Fig. la. The adsorption
efficiency increases as the amount of clay increases. This
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phenomenon can be explained by the increase in the
MMT's surface area, which may be related to a higher
availability of active sites on the MMT. The initial con-
centration of metal ions in the solution played a significant
role as a driving force to overcome mass transfer resist-
ance between the aqueous and solid phases, hence it was
varied between 5.0 and 50.0 g L™! of copper ions using
2.0 g of MMT. The results are represented as the percent-
age of adsorption against the initial concentration of cop-
per ions and the adsorption capacity (see Fig. 1b). As the
concentration of ions in solution increases, the percent-
age of adsorption decreases. This is because the avail-
ability of active sites on the surface of MMT decreases as
the concentration of ions in solution increases. However,
the adsorption capacity gradually increased until reach-
ing the maximum ion exchange capacity of MMT. The
highest ion exchange capacity occurs at a concentration
of 20.5 g Cu®* L™, with an exchange of 25.5 mg of cop-
per per 1 g of MMT. These results indicate that at higher
concentrations of metal ions, the high ion collisions, and
diffusion speed lead to a lower percentage of adsorption
[21]. Similar findings were reported by Xiaoying et al.
[22] and Ding et al. [23], Similarly, they reported that the
Cu?* adsorption capacity in MMT is 22 and 26 mg g~ !,
respectively. Using this information, we obtained the first
additive, copper-saturated montmorillonite clay (MMT-
type II), with a copper concentration of 3.5 g kg™!, from a
Cu?* solution of 20.5 g L~!.

10 15 20 25 30 35 40 45 50 55
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Fig.2 FT-IR spectra of the MMT before and after adsorption of Cu>*
ions and Cu?" ions +CuO NPs

In Fig. 1c, the TEM image shows that CuO-NPs were
supported on the surface of MMT-type II. Meanwhile, the
solid-state physical mixing improved the particle size, with
an average particle size of 26.0 nm (see Fig. 1d). In this way,
the second additive, copper-saturated clay with supported
CuO NPs (MMT-type I), was prepared with a copper con-
centration of 100 g kg™'.
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Fig. 3 Filaments of the composites: a PP/MMT-type 1 (1%); b PP/MMT-type I (3%); ¢ PP/MMT-type 1 (5%); d PP/MMT-type 11 (1%); e PP/

MMT-type II (3%); and £ PP/MMT-type 11 (5%)

3.2 Characterization of additives

The additives, MMT-type Il and MMT-type I, were analyzed
by FT-IR (see Fig. 2). In general, an increase in intensity
around 1632 cm™! associated with the vibrations of -OH
groups were observed compared to MMT, indicating the
adsorption of copper and NPs through the hydration pro-
cess [24]. Similarly, at 1032 cm™, the band associated with
stretching (Si—O) showed modifications both in intensity and
amplitude. These variations are related to structural changes
in the MMT due to the ion exchange of ions and NPs with
different chemical properties. In the spectrum of MMT-type
I, it shows higher intensity compared to that of MMT-type II,
attributed to a greater disposition of the NPs on the surface
of MMT due to their nanoscale size, allowing them to inten-
sify Van der Waals interactions between the oxygen groups
of MMT and the NPs [25, 26].

3.3 Characterization of the composites PP/
MMT-type Il and PP/MMT-type |

In general, all the composites, PPPMMT-type I (1%); PP/
MMT-type I (3%); PP/MMT-type 1 (5%); PP/MMT-type
II (1%); PP/MMT-type II (3%) and PP/MMT-type 11 (5%),
had an average filament diameter of 1.5 mm. Although it is
below the commercially needed size, it showed consistency
in diameter throughout the process (see Fig. 3).

To determine the system formed between the poly-
mer matrix and the clay, diffractograms are presented in
Fig. 4. MMT-type I and MMT-type II show a main peak
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at 20=7.11 and 6.96°, corresponding to the interlayer
spacing d001=12.41 and 12.67 A, respectively. Mean-
while, PP shows its main peak at 20 = 14°, corresponding
to d110=6.3 A (see Fig. 4a). It is clear that the proposed
additives did not produce polymer chain intercalation or clay
layer exfoliation (see Fig. 4b—c). The immiscibility of poly-
propylene with a hydrophilic clay is expected; furthermore,
it is seen that in both classes of composites, as the percent-
age of clay decreases, the systems behave better in terms of
interlayer distances, since at lower percentages, the immis-
cibility between PP and clay is reduced [27]. Composites
are systems of separate phases that only lead to microcom-
posites [27, 28].

In Fig. 5, micrographs for morphological study are
shown. It can be seen that as the percentage of clay increases,
there is a tendency for clay particles to form agglomerates.
This is a result of the unmodified clay sheets having a high
surface energy and being bound together by electrostatic
interactions, forming aggregates due to the higher affinity
between clay particles compared to the polymer matrix [28].
For the 1 wt% clay content (Figs. Sc-f), no clay aggregates
were seen, suggesting good dispersion of the clay in the PP
matrix, which is consistent with the XRD results. For higher
clay contents (Figs. 5a-b, d-e), a rough surface with some
micrometer-sized aggregates is seen, showing a weak inter-
facial bond between MMT and the PP matrix, significantly
reducing the ability to accept large plastic deformations [29].

Furthermore, a lack of high shear during the melt mix-
ing process was considered. On the other hand, it was
observed that the clay saturated with copper showed a more
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Fig.4 X-ray diffractograms of a PP and clay types, b PP/MMT-type
II composite, and ¢ PP/MMT-type I composite

homogeneous dispersion in the polymer matrix than the one
saturated with both copper and copper oxide nanoparticles.
This could be because the addition of copper oxide nanopar-
ticles with high surface energy promotes the formation of
more aggregates. The presence of clay aggregates could be
responsible for the lower increase in the tensile modulus as
the clay content increases, and this will be further detailed
later.

3.4 Thermal properties

Understanding the thermal stability of materials to be pro-
cessed by FFF is crucial due to the successive heating cycles
the material undergoes during the printing process. There-
fore, the temperature of thermal degradation can limit the
processing conditions of the material. The effect of the clay
content (MMT) on the thermal degradation behavior of the
composites is shown in Fig. 6, and the derived data is pre-
sented in Table S4. The thermal stability of the materials
can be enhanced by the addition of rigid fillers, as evidenced

in the composites PP/MMT-type I (1%) and PP/MMT-type
IT (5%), which increased the maximum degradation tem-
perature by 6 °C and 5 °C, respectively, compared to pure
PP. This could be attributed to the presence of fillers with
a high aspect ratio (CuO-NPs) homogeneously dispersed,
which, along with the MMT particles, prevent the evolution
of volatile substances, acting as a barrier that inhibits the
heat propagation from the environment within the polymeric
matrix [30, 31]. However, the composites with 3 and 5 wt%
MMT-type I showed lower thermal stability compared to
PP. The poor interaction between MMT and PP led to clay
agglomerates with micrometric particles and a low aspect
ratio, resulting in short pathways that increased the diffusion
of volatile substances, thereby limiting the barrier property
[32]. The previous results confirmed that the stability of PP
could be improved by incorporating MMT when there is a
homogeneous dispersion of particles with a high aspect ratio
within the polymeric matrix. Therefore, material degrada-
tion during processing can be avoided.

In FFF, the thermoplastic polymer is extruded through a
nozzle with a temperature higher than the material's melting
temperature. This is done to form smooth strands and build
the designed piece. Additionally, it helps promote adhesion
between the deposited layers by delaying the crystallization
process. However, exposing the material to a temperature
significantly higher than its melting point can lead to mate-
rial degradation. On the other hand, a rapid crystallization
process may result in voids between the deposited layers,
affecting the mechanical behavior and causing deforma-
tion of the piece due to accumulated residual stresses [14,
32, 33]. To study the effect of MMT on the crystallization
process and the melting temperature, the DSC curves for
PP/MMT-type II and PP/MMT-type I are shown in Fig. 7,
and the derived properties from these curves are given in
Table S5. The PP showed a melting temperature of 169.4 °C,
characteristic of a-phase crystals, which varied slightly in
all composites, but not significantly [34] (see Fig. 7a). Due
to the lack of polymer diffusion between the clay layers,
the melting temperature strongly depended on the polymer
matrix. However, this variation indicates that the incor-
poration of MMT could modify the polymer's crystalline
structure [35]. All composites showed the presence of a new
peak at 130 °C, corresponding to the melting of § crystals
[36]. As evident in the diffractogram (see Fig. 7b), a peak
appears at 18.9° corresponding to the (301) reflection of the
f phase [37].

On the other hand, as the clay content in the polymer
matrix increased, there was a decrease in the crystalliza-
tion percentage (see Table S4), because the MMT hinders
the folding of macromolecular chains and limits the space
for nucleation/growth of crystals [38]. Therefore, the barrier
effect was dominant in the crystallization process. Mean-
while, for the enthalpy of fusion, the values decrease with
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Fig.6 Thermal stability was evaluated by TGA-dTG

the addition of clay compared to PP; this phenomenon can
be attributed to a decrease in the content of thermodynami-
cally stable o phase in favor of a mesomorphic structure
[31]. These results suggest that the appearance of the § phase
induced by MMT can improve the sensitivity of PP to the
thermal memory effect in 3D printing, and the melting point
of the composites close to polymers like PLA indicates that
these composites can be printed using conventional printers.
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3.5 Mechanical properties

To measure the mechanical properties, the elastic modulus (a),
the yield strength (b), and the fracture strain (c) are studied, see
Fig. 8. In Figure S4, the injected and 3D-printed specimens
are shown before and after the test, along with the stress—strain
curve (see Figure S5). In Fig. 8 a, it can be seen that the addi-
tion of clay increases the elastic modulus in all the injected
composites, resulting in an enhancement of material stiffness.
The significant increase was 14% for composite PP/MMT-
type II (3%) and 9.7% for composite PP/MMT-type 1 (5%)
compared to PP. For the same printed composites, there was
a decrease in the elastic modulus compared to the injected
PP of 17%. This is because three-dimensional printing does
not apply pressure during the formation of the piece, which
can create voids in the layer bonding, distorting the test. This
behavior was like what was studied by Carneiro et al. [39]
in PP composites with fiberglass, where samples produced
through 3D printing showed a decrease of around 30% com-
pared to those produced by compression molding. This sug-
gests that the degradation is not due to poor filament adhesion
but rather the presence of voids (poor compaction) in the sam-
ples. Furthermore, it was seen that the composites, regardless
of the type of MMT used, become more brittle with a content
higher than 3 wt% of MMT. This could be attributed to the
non-homogeneous dispersion of MMT (see Fig. 5). This effect
tends to slow down the increase in material stiffness as defects
at the interface intensify due to internal stresses, which can
lead to the formation of small cracks during the stress—strain
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Fig.7 a DSC heating curves
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Fig. 8 Mechanical properties according to ASTM D638 of injected and printed composites: a Tensile modulus, b tensile strength, and ¢ elonga-
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test. Part of the mechanical energy is then used in the forma-
tion of these cracks [30].

In Fig. 8b, it is seen that the maximum strength decreases
in all the injected and printed composites due to poor matrix-
filler interaction, resulting in the absorption of all applied
stress by the polymer matrix. Additionally, the filler hinders
the interaction between chains, leading to a decrease in inter-
molecular interactions and, so, the material's strength [40].
This suggests that the composites are brittle materials.

Regarding fracture strain, Fig. 8c shows a drastic decrease
in all the composites, with a general reduction of 85.0%, which
decreases as the clay percentage increases. This decrease is
attributed to the strong restriction imposed by the clay on
the movement of polymer chains when subjected to stresses,
preventing them from elongating and reducing elasticity [40,
41]. This effect intensifies when there is poor filler—polymer
interaction. Furthermore, the reduction in elastic material
(polymer) due to the presence of inelastic material (filler) is
consistent.

Hence, the composites containing 1 and 3 wt% of MMT
exhibit excellent tensile properties, which aligns consistently
with the findings reported in [14, 31]. Moreover, the type of
additive used does not exert a considerable influence on the
tensile tests. It is noteworthy that the 3D printed FFF compos-
ites developed in this study highlighted superior mechanical
performance compared to those reported by Aumnate et al.
[14]. Unlike their approach, which incorporated organically
modified clay and compatibilizer in the mixture, our method
stands out as a distinct and promising alternative. The con-
traction of printed parts is an important aspect of mechanical
performance in FFF printing, as it can disrupt the printing
process. Because the printed parts exhibited contraction, the
behavior of PP was analyzed based on the percentage of MMT,
by measuring the separated part of the print from the print-
ing bed. For this, measurements were taken using a Vernier
caliper micrometer, and the reported values are an average of
five measurements. In Fig. 9, the parts of the different compos-
ites can be observed showing contraction, with a decrease in
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contraction as the load increases (see Fig. 9a-b). This indicates
that upon solidification, the polymer chains experience restric-
tions that prevent abrupt changes in free volume, which aligns
with the parameter of fracture elongation (see Fig. 8c) in the
contraction test [41, 42].

Notably, the MMT-type II composites exhibit less con-
traction compared to MMT-type I, thanks to better disper-
sion (see Fig. 5). Therefore, in terms of tensile modulus and
contraction parameter, PP/MMT-type II composites out-
perform PP/MMT-type 1. Although complete elimination
of contraction was not achieved, it was significantly reduced
compared to pure PP, which is not printable using this tech-
nique under industrial conditions.

3.6 Chemical properties

Water absorption can influence the mechanical properties
of materials, while chemical resistance is essential in deter-
mining their application. Figure 10 shows the behavior of
PP and all the composites when submerged in water and
different reagents. All the composites exhibited a higher per-
centage of water and reagent absorption compared to PP, but
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the increase was not significant. This slight increase can be
attributed to the affinity between the dispersed phase (clay)
and water, as well as the polar reagents used, with the uncov-
ered O or OH adsorption sites in the composites. Therefore,
a higher clay content was reflected in a higher absorption
percentage [43, 44].

Another factor favoring water and reagent absorption is
the weak or non-existent interfacial bonding between the
clay particles and the PP matrix. The interfacial zone serves
as a privileged pathway for the migration of small mole-
cules. Thus, diffusivity is an increasing function with respect
to the clay loading content [28, 44]. Although the difference
between the MMT-type II and MMT-type I additives is not
significant.

3.7 Evaluation of antibacterial properties

The bactericidal, bacteriostatic, or inactivity of PP/MMT
modified composites over time against bacterial strains
Staphylococcus aureus UCO 99 (a) and Acinetobacter bau-
mannii UCO 538 (b) is shown in Figure S6. As observed
in Figure S6, none of the composites exhibited bactericidal
or bacteriostatic activity. This result could be attributed to
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the insufficient copper concentration in the clay, which did
not allow the composites to display an antimicrobial effect.
Additionally, the low percentages of clay in the composites
contributed to this outcome. MMT-type II was supported
with 3.5 g L™! of copper, and when incorporated into the
polymer matrix at the highest percentage (5%), only 0.175 g
L~! of copper remained. Literature has indicated that Staph-
ylococcus aureus is sensitive to 5 g L~! of Cu®* [45]. There-
fore, MMT-type I was increased to a concentration of 100 g
L~!, but it still did not show either of the expected effects.
This is attributed to material loss during processing, primar-
ily in extrusion, or inadequate release of CuO NPs.

4 Conclusions

The results prove that the 3D printing process of polypropyl-
ene (PP) can be improved by incorporating low percentages
of a mineral additive, derived from economical and sustain-
able processes. Among the proposed additives, the inclusion
of MMT-type II reduced the contraction of the printed com-
posites, which is a crucial factor during the printing process,
compared to the MMT-type I additive. These additives func-
tioned as beta-type nucleating agents, inducing the growth
of such crystals, which affected the nucleation process and
allowed for the printing of more dimensionally stable parts
compared to PP.

Although the tensile properties of the printed parts
decreased compared to the injected pieces and complete
elimination of contraction was not achieved, these results
suggest that PP can be 3D printed using FFF without signifi-
cant contraction effects. Key considerations include fusion
mixing, where shear plays a key role in clay dispersion,
affecting the mechanical performance of the final products,
without the need for added additives or processes such as
raw material functionalization.
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