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Abstract: Polylactic acid (PLA) is one of the most extensively used biodegradable aliphatic polyester
produced from renewable resources, such as corn starch. Due to its qualities, PLA is a leading
biomaterial for numerous applications in medicine as well as in industry, replacing conventional
petrochemical–based polymers. The purpose of this paper is to highlight the fracture behavior of pure
PLA specimens in comparison with PLA particle insertions, (copper, aluminum and Graphene), after
evaluation the mechanical properties, as well as the influence of filament angle deposition on these
properties. In order to check if the filling density of the specimen influences the ultimate tensile stress
(UTS), three different filling percentages (60%, 80%, and 100%) have been chosen in the experimental
tests. A hierarchy concerning elongation / fiber heights after tensile testing was done. So, the highest
elongation values were for simple PLA (about 4.1%), followed by PLA + Al insertion (3.2%–4%),
PLA + graphene insertion (2.6%–4%) and the lowest values being for PLA with copper insertion
(1.8%–2.7%). Regarding the fiber heights after fracture, the hierarchy was: the highest values was for
PLA, then PLA + Al, PLA + grapheme and PLA + Cu. Finally, a correlation between fracture surfaces
appearance and mechanical properties were established, being formulated the mechanism of fracture
in according with filament angle deposition. Also, it was proposed a new method of evaluation of
the fractured surface by measuring the dimensions of the filaments after printing Fused Deposition
Modeling (FDM) and tensile testing.

Keywords: fractography; PLA; particles; stereomicroscopy; FDM technology

1. Introduction

Polylactic acids (PLA) are materials generally synthesized from agricultural resources,
such as corn or sugar cane. PLA is a polyester obtained from lactic acid structure blocks [1].
PLA is named “thermoplastic” polyester. A significant helpful property about thermoplas-
tics is that these materials can be warmed to their softening point, cooled, and warmed
again without rapid degradation [2]. The world is becoming aware of the dangers of
natural degradation, but current models are based on the use of reinforced biodegradable
materials to increase their mechanical properties [3]. Currently, the use of polylactic acid
has seen an increase in the consumer market because it is an alternative, necessary, and
beneficial method to reduce the problems due to solid waste left behind by oil-based plas-
tics [2]. PLA has great mechanical properties and biocompatibility, and has an easy-to-use
manufacturing process. PLA presents a high elasticity and is not a hard material. PLA
resistance can be increased by the copolymerization process [4]. A major disadvantage of
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PLA is its rapid degradation. There is a new trend for green polymers due to the fact that
they offer a beneficial alternative to financially sustainable development and contributes
to the preservation of used materials, thus reducing pollution and the amount of environ-
mentally harmful waste [5]. Lactic acid is the most well-known natural carboxylic acid [3].
Initially, lactic acid was a petrochemically obtained material [3]. PLA has rough properties
comparable with those of traditional thermoplastic materials [4]. The most used classes of
PLA are copolymers of poly L-lactic acid (PLLA) and poly D, L-lactic acid (PDLLA) [6].
In the manufacturing condition of 3D printing items, polylactic acid (PLA) is a material
used more significantly than ABS, nylon, and different mixes of polycarbonate. It is a
material utilized for 3D printing with FDM (Fused Deposition Modeling) innovation [2].
PLA-based materials have a glass transition temperature between (60–70 ◦C), and are ideal
for use in FDM. The operating principle of FDM follows the next steps: the extrusion
material is melted and brought to a high viscosity and forced through a nozzle to form
a wire with a diameter smaller than the diameter of the input wire, which will solidify
quickly after extrusion [2]. The incoming filament will be liquefied at a temperature where
the filament changes state. The diameter of the filament obtained from the extrusion will
remain constant if the movement of the printer on the surface is set at a constant speed.
The properties of polylactic acid depend on isomerism, melting temperature, and cooling
time [7,8]. In addition, an important property of polymers is crystallinity [9]. The properties
of polylactic acid (PLA) such as hardness, elasticity, tensile strength, stiffness, and melting
points are influenced by crystallinity and are of interest for its use in various applications.

Three-dimensional printing filament is created using a process of heating, extruding,
and cooling plastic to transform nurdles into the finished product. Unlike a 3D printer,
the filament is pulled rather than pushed through the nozzle during its formation, and the
diameter of the filament is defined by the process that takes place after the plastic has been
heated rather than the diameter of the extruder nozzle. A different force and velocity is
applied to the filament as it is pulled out of the extruder in order to define its width, and it
is most commonly 1.75 or 2.85 mm in diameter [10,11].

In the last decade, some researches are concerning with the possibilities of improving
the performance of biomaterials, either by proteins adsorption [12], or by particles inser-
tion. Engineers and scientists have capitalized some applications with the advantages of
PLA [13]: environmentally friendly, ease to produce, recyclable, compostable, biocompati-
ble, and some of them being non-carcinogenic [14]. PLA may be derived from renewable
resources such as carbon dioxide, wheat, corn, and rice. PLA’s degradation products are
also non-toxic to humans and the environment. The production of PLA uses 25%–55%
less energy than that of petrol-based polymers [14]. The ease of PLA production is due to
inexpensive and widely available source materials. PLA has been approved by the FDA
for direct contact with biological fluids. A lot of studies [15–19] take into consideration the
mechanical behavior of different printing PLA materials. Ezeh [20] quantitatively reviewed
our understanding of the fatigue behavior of additively manufactured (AM) polylactide
(PLA), revealing the fact that AM PLA is characterized by a fatigue performance similar to
the one of manufactured PLA using conventional and well-established technologies.

DeStefano summarized all the applications of PLA as biomaterial [21]. PLA has
demonstrated instrumental importance as a three-dimensionally (3D) printable biopolymer,
which has further been bolstered by its role during the Coronavirus Disease of 2019
(COVID-19) global pandemic. As an abundant filament, PLA has created desperately
needed personal protective equipment (PPE) and ventilator modifications. As polymer
chemistry researches continue to improve, the applications and continued efficacy of PLA-
based modalities will also improve. Concerning the possible applications of PLA with
different particle insertions, the most studied researches are considering aluminum, i.e.,
PLA/Al2O3 for nanoscaffolds, biological bone, or dental resins [22–26]. Several studies
consider PLA with particle copper insertions [27–29] for intrauterine coil, used for birth
control and emergency contraception. In the last decade [30–34], the effect of carbon-
based polypropylene nanocomposites was studied for different applications, with medical
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applications being one among them. Graphene-based nanomaterials are fast emerging as
“two-dimensional wonder materials” due to their unique structure, excellent mechanical,
optical, and electrical properties, and have been exploited in electronics and other fields.
Emerging trends show that their exceptional properties can be exploited for biomedical
applications, especially in drug delivery and tissue engineering.

The present research has a high degree of novelty and comes as a continuation of
the researches in the field of fracture behavior of PLA versus PLA with different particle
insertion. One may remark that there are no data concerning the mechanism of fracture,
or data concerning the dimensions of fibers post fracture used for 3D Fused Deposition
technology, and mechanical properties of PLA. So, the purpose of this paper is to highlight
the fracture behavior of pure PLA specimens in comparison with particles insertion PLA
(with copper, aluminum, and/or graphene powder), after evaluation of the mechanical
properties, as well as the influence of filament angle deposition or filling percentage on
these properties. In order to check if the filling density of the specimen influences the
ultimate tensile stress (UTS), three different filling percentages (60%, 80%, and 100%) have
been chosen in the experimental tests.

2. Materials and Methods

In this study, different types of filaments were used for manufacturing: PLA (polylactic
acid), PLA with copper particles insertion, PLA with aluminum particles insertion, and
PLA with graphene particles insertion. PLA thermoplastic polyester filament used for 3D
printing using the Fused Deposition Modeling (FDM) method is provided by Poland’s
(Mikołow) Devil Design, for simple PLA, from SainSmart (Canton, China), form PLA with
insertion of particles of copper and aluminum, and from FILOALFA for PLA with insertion
of particles graphene. These filaments were used to print bone-shaped specimens. The
specimens were printed taking into account the ASTM D638 standard [10] and using a
CREALITY 3D printer (Shenzhen, China). Concerning the printing methods, three different
filling densities of the specimen were used: 60%, 80%, and 100%. In order to evaluate the
mechanical characteristics of the specimen as a function of stacking sequence of the layer’s
deposition, two cross different layer orientations (±45◦and ±60◦) have been taken into
account. All specimens, regardless the material type, were printed at a same extrusion
temperature in the range 180–210 ◦C, and the heating platform heated to a temperature in
the range 20–60 ◦C. The manner of printing the sample is shown in Figure 1.
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Figure 1. Layer deposition [35].

Specimens were tested in tension on a universal testing machine—INSTRON 8800
(Norwood, Massachusetts, MA, USA). The test speed was 1 mm/min. This machine
has a capacity of up to 100 kN and is equipped with hydraulic grips (from ambient
temperature up to 1000 ◦C). This machine is also equipped with advanced devices: Digital
Numeric Controller, Software (TrendTracker v1.11) Console, and Dynacell Single Load
INSTRON Cells [36]. For each experiment, 5 samples were used in the same conditions.
The geometrical characteristics of the sample are shown in Figure 2.
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The aspects of the fractured samples were appreciated by structural analysis made
both on stereomicroscope type Olympus SZX7 (Bucharest, Romania), equipped with Quick
Photo Micro 2.2 soft image used for capturing, processing, and performing measurements
on images up to 300× [37] and SEM analysis on PHILIPS microscope type XL-30-ESEM
TMP (Eindhoven, Netherlands).

Structural analysis was made both in transversal and longitudinal cross section, in
order to formulate correlations between printing characteristics and the manner of fracture,
also depending on the type of insertions.

3. Results and Discussion

After performing the mechanical tests, the results are summarized in Figure 3.
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As presented in Figure 3a, the lowest values of the ultimate strength are the specimens
without inserts, in the order of PLA, followed by PLA with particle aluminum inserts,
PLA with particle copper inserts, and PLA with particle graphene inserts. Another item
regardless the chemical composition of the specimens-the same type of evolution of the
values of mechanical strengths-can be noticed: they increase slightly with the increase of
the thread deposition angle (from 45◦ or 60◦) and decrease with the increase of the interior
fill percentage (from 60% to 80% and 100%).

As observed in Figure 3b, the largest elongations are recorded in the specimens
without insertions, i.e., in the PLA. Regardless the filling angle (45◦ or 60◦), or the filling
percentage (60%, 80%, or 100%), a hierarchy in descending order starting with simple PLA,
followed by PLA with aluminum inserts, followed by PLA with particle graphene, and
finally PLA specimens with copper inserts displaying the lowest values was observed.

In all specimens, regardless the chemical composition, the same type of evolution is
observed, i.e., the increase of the interior fill percentage (from 60%, to 80% or to 100%) or
the increase of the thread deposition angle (from 45◦ or 60◦) as the elongation decreases.

The evolution of the fiber heights of all the samples (Figure 3c) irrespective of their
chemical composition may approximately have the same trend: increasing the angle degree
or filling percentage lead to a decrease of the fiber height. It means that the ductility
potential of the fiber can increase due to these printing parameters. The values of fiber
height with different insertions are higher than the simple PLA, in all conditions. A
hierarchy may be made: the highest values of the fiber heights are for PLA + Al, then PLA
+ graphene, and PLA + Cu.

The qualitative and quantitative fractographic analysis performed in both longitudinal
and transversal cross section of the test specimens after stereomicroscopic analysis allowed
the realization of correlations among the fiber size, the fiber inclination angle, and the type
of reinforcing element (Cu, Al, graphene), as given in Figures 4–9.

The stereomacrostructural analysis in longitudinal section of the fiber fracture is
shown in the images in Figures 4–7.

The simple PLA in Figure 4a,c,e shows the propagation in zig-zag, at an angle of
45◦, with the crack taking place in the calibrated zone. At an angle of 60% of deposition,
the propagation of the front is zig-zag, on the direction perpendicular to the direction of
task application.

In the case of PLA with Cu insertion, similar aspects of the crack propagation are
noticed: at 45◦ deposit angle, the fracture is at 45◦ in zigzag (Figure 5a,c,e), and at 60◦

angle of deposition, the crack is zig-zag perpendicular to the direction of load propagation
(Figure 5b,d,f).

In PLA with Al insert, generally the crack takes place when passing from the calibrated
part to the uncalibrated part (Figure 6). Moreover, at 45◦ filling angle, the front propagates
at 45◦ (Figure 6a,c,e), while at an angle of 60◦, the fracture is zig-zag (Figure 6b,d,e) on
directives perpendicular to the direction of the load.

In the case of PLA + graphene, the breaking edge also appears at the transition
between the calibrated and the uncalibrated part (Figure 7). In the case of 45◦ filling angle
(Figure 7a,c,e) at all filling degrees, the fracture is in zig-zag, while at 60◦ filling angle
(Figure 7b,d,f), the rupture is perpendicular to the breaking direction.

As can be seen, in the longitudinal section, the propagation front of the crack is
dependent on the filling angle. At an angle of 45◦, the crack is at 45◦, while at an angle of
60◦, the fracture is zig-zag perpendicular to the direction of load propagation.

The stereomicrostructural analysis in cross section allows both the evaluation of the
rupture character and the highlighting of the correlation of the deformed fibers size and
the degree of filling.

At 60◦ of filling, in the smallest angle of deposition that has been noticed, namely 45◦,
the fibers are undeformed, have sharp ends, and are partially folded. The presence of Cu,
Al, and graphene inserts determines a rounded appearance of the fiber ends with the same
spacing (Figure 8b,c,d).



Coatings 2021, 11, 633 6 of 15
Coatings 2021, 11, x FOR PEER REVIEW 7 of 16 
 

 

 
Figure 4. Macrostructural aspect at stereomicroscope of polylactic acid material, in longitudinal 
cross section, with different 3D printing parameters: (a) 60% interior fill percentage and 45° thread 
deposition;(b) 60% interior fill percentage and 60° thread deposition;(c) 80% interior fill percentage 
and 45° thread deposition;(d) 80% interior fill percentage and 60° thread deposition; (e) 100% inte-
rior fill percentage and 45° thread deposition; (f) 100% interior fill percentage and 60° thread dep-
osition. 

Figure 4. Macrostructural aspect at stereomicroscope of polylactic acid material, in longitudinal
cross section, with different 3D printing parameters: (a) 60% interior fill percentage and 45◦ thread
deposition; (b) 60% interior fill percentage and 60◦ thread deposition; (c) 80% interior fill percentage
and 45◦ thread deposition; (d) 80% interior fill percentage and 60◦ thread deposition; (e) 100% interior
fill percentage and 45◦ thread deposition; (f) 100% interior fill percentage and 60◦ thread deposition.
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Figure 5. Macrostructural aspects at stereomicroscope of polylactic acid material with copper particles
in longitudinal cross section, with different 3D printing parameters: (a) 60% interior fill percentage
and 45◦ thread deposition; (b) 60% interior fill percentage and 60◦ thread deposition; (c) 80% interior
fill percentage and 45◦ thread deposition; (d) 80% interior fill percentage and 60◦ thread deposition;
(e) 100% interior fill percentage and 45◦thread deposition; (f) 100% interior fill percentage and 60◦

thread deposition.
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Figure 6. Macrostructural aspects at stereomicroscope of polylactic acid material with aluminum
particles in longitudinal cross section, with different 3D printing parameters: (a) 60% interior fill
percentage and 45◦ thread deposition; (b) 60% interior fill percentage and 60◦ thread deposition;
(c) 80% interior fill percentage and 45◦ thread deposition; (d) 80% interior fill percentage and 60◦

thread deposition; (e) 100% interior fill percentage and 45◦ thread deposition; (f) 100% interior fill
percentage and 60◦thread deposition.

At an intermediate degree of filling of 80%, there is also a partial character of folding
and partially deformed fibers, regardless of the chemical composition of the fibers.

If the folding is 100% (Figure 9), there is a strongly deformed aspect of the fibers:
the presence of Al and graphene can even lead to the welding of the fibers (Figure 9c,d)
without any gap.

All the fibers are intertwined. In addition, the increase of the filling angle determines
the decrease of the fiber height.
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Figure 7. Macrostructural aspects at stereomicroscope of polylactic acid material with graphene
particles in longitudinal cross section, with different 3D printing parameters: (a) 60% interior fill
percentage and 45◦ thread deposition; (b) 60% interior fill percentage and 60◦ thread deposition;
(c) 80% interior fill percentage and 45◦ thread deposition; (d) 80% interior fill percentage and 60◦

thread deposition; (e) 100% interior fill percentage and 45◦ thread deposition; (f) 100% interior fill
percentage and 60◦ thread deposition.

We may conclude that the analysis in longitudinal section of the specimens, i.e., in
the parallel direction of application of the load, showed that the very low ductility of the
specimens, with elongations located in the range 2%–5%, determined a propagation front
of fracture in a general zig-zag shape, specific to brittle fracture. At the same time, in all
specimens, regardless of their chemical composition, it was observed that the angle of
inclination of the deposited fibers influences the propagation mode: thus at a deposition
angle of 45◦, the fracture is arranged at an angle of 90◦, with a transverse sectioning of the
fibers, without elongation, in zig-zag (a, c, and e); at an angle of 60◦, the propagation front
is in zig-zag, approximately in a direction perpendicular to the direction of application of
the breaking load (b, d, and f). Another interesting observation was that the fibers generally
break, with small exceptions, in the area of variation of the specimen size, which indicates
that the elongation is minimal and the rupture does not occur in the calibrated area of the
specimen, meaning that the fracture is predominantly brittle.
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The transversal cross-sectional analysis of the fractured specimens highlighted
(Figures 4–8) the fragile/cleavage character of the fracture—all the fibers having a fracture
front that crosses the surface almost linearly. Thus, in the simple specimens made from
PLA, it can be observed that the fibers have certain spacing at the filling degree of 60%
and 80%, regardless of the deposition angle, while at a degree of 100% filling, the spacing
disappears, with the ends of the fibers being intertwined.

A simple observation between the images from Figures 8 and 9 show the manner of
deformation of the fibers. So, if the fiber has low deformation (around ∆L = 4 mm) aspect in
60% interior fill percentage and 45◦ thread deposition (for all types of PLA with or without
particle insertion), increasing the printing parameters at 100% interior fill percentage and
60◦ thread deposition goes to increasing the deformation of the fibers, by decreasing at
around ∆L = 2 mm.

So, by measuring the heights of the fibers and presenting the data in transversal cross
section, we propose a new method in the quantitative fracture analysis correlating the fiber
height and the filling parameters (deposition angle and filling percentage).

Results regarding fourier transform infrared (FTIR) analysis are given in Figure 10.
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Figure 10 shows FTIR spectra of experimental samples PLA, PLA + Cu, PLA + Al, and
PLA + graphene composites, respectively. PLA shows characteristic stretching frequencies
for C=O, –CH3 asymmetric, –CH3 symmetric, and C–O, at 1746, 2995, 2946, and 1080 cm−1,
respectively. Bending frequencies for –CH3 asymmetric and –CH3 symmetric have been
identified at 1452 and 1361 cm−1, respectively. One may remark the following observations:

• All the samples show almost same absorption peaks as simple PLA, no matter the
type of insertion (Cu, Al or graphene),

• PLA + Al and PL + Cu have the same amplitude at 1080 cm−1, meanwhile PLA and
PLA + graphene have a lower amplitude at the same frequency (1080 cm−1).

Results regarding SEM analysis are given in Figure 11.
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Figure 11. SEM images of the experimental samples, in transversal cross section, with 100% interior
fill percentage and 60◦ thread deposition 3D printing parameters: (a) polylactic acid material (PLA);
(b) polylactic acid material with copper particles (PLA + Cu); (c) polylactic acid material with
aluminum particles (PLA + Al); (d) polylactic acid material with graphene particles (PLA + graphene).

Figure 11 show the SEM images of the experimental samples, in transversal cross
section, with 100% interior fill percentage and 60◦ thread deposition 3D printing parameters.
In all samples, the fracture has the same structural feature, e.g., cleavage aspect, with wave
propagation. In addition, one may remark the size of the particles: in PLA + Cu, there are
particles around 15–20 µm; in PLA + Al, there are particles around 18–21 µm; in PLA +
graphene, there are particles around 2–7 µm.

4. Discussion

The data obtained in this paper are innovative in the sense of obtaining information
on the structural behavior highlighted by stereomicroscopy. We cannot compare the
stereomicroscopic images because there are no other reported data. Our data give useful
information about fiber dimensions versus printing parameters (interior angle depositions
and filling percentage). Some information can be compared with the SEM analysis, as
presented in the paper [38] and also with color PLA samples having the same brittle fracture
in [39].

On the other hand, some observations could be made by comparing our work with
other research by mechanical properties of other thermosetting fiber using additive man-
ufacturing technology. So, Ning [40] studied additive manufacturing of carbon-fiber-
reinforced thermoplastic. Their research involved comparison with 3D printed thermosets
pieces with or without carbon (in different proportion), making observations concerning
tensile properties (including tensile strength, Young’s modulus, toughness, yield strength,
and ductility) and flexural properties (including flexural stress, flexural modulus, flexural
toughness, and flexural yield strength) of specimens. Our research is conducted firstly on
other types of materials (PLA with or without particle insertion) and secondly on making
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quantitative measures on fiber heights after 3D printing pieces (with different printing
parameters). Goh [41] studied the mechanical behavior of carbon-fiber-reinforced thermo-
plastic in comparison with other continuous fibers. Their study was made on reinforced
fibers comparing the fiber breakage with matrix fiber, whereas our study involved fibers
with different particle insertion, making the correlation between fiber heights and printing
parameters. We can make any comparisons with other researches of Naranjo-Lozada [42] in
which was studied 3D printed components with continuous-fiber-reinforced and chopped
carbon fiber. They used other methods of printing architectures, with same volume fracture
(naming them rectangular / triangular 10% and rectangular / triangular 70%). Our work
used other printing parameters, naming them: filling percentages (60%, 80%, and 100%)
and interior angular deposition (45% and 60%). So, one may remark the diversity of dis-
cussion for the fracture behavior of continuous-fiber-reinforced and chopped carbon fiber
or PLA with or without particle insertion. That is why our observations may be different
from other researches.

5. Conclusions

Three-dimensional printing in different conditions, namely 60%, 80%, and 100% filling
percentage and 45◦ and 60◦ angle degrees of the polylactic acids (PLA) materials with
and without different particle insertions (respectively copper, aluminum, or graphene)
lead to different mechanical and fracture behavior. The paper presents for the first time a
measurement of fiber: height in transversal cross section as a new method for quantitative
fracture analysis; and secondly, a correlation between fiber dimensions and the printing
parameters (deposition angle and filling parameters). The following conclusion is taken
into considerations:

• Regarding the FTIR analysis, all the samples show almost same absorption peaks as
simple PLA, no matter the type of insertion (Cu, Al or graphene), PLA + Al and PL
+ Cu have the same amplitude at 1080 cm−1, meanwhile PLA and PLA + graphene
have a lower amplitude at the same frequency (1080 cm−1).

• Regardless the chemical composition of the specimens, the same type of evolution
of the values of mechanical strengths can be noticed: they increase slightly with the
increase of the filling angle (from 45◦ to 60◦) and decrease with the increase of the
filling degree (from 60% to 80% and 100%).

• A hierarchy, in descending order of the elongation values can be observed: simple
PLA (4.2%–4.6%) followed by PLA with aluminum particle inserts (3.2–4.1), followed
by PLA with particle graphene inserts (2.6%–4%), the lowest values being recorded
for PLA specimens with particle copper inserts, 1.8%–2.7%.

• Regarding the fiber heights measured after fracture of the 3D printing materials, the
evolution of the fiber heights of all the samples, irrespective of the chemical compo-
sition of the samples, is the same: increasing the angle degree or filling percentage
lead to a decrease of the fiber height. It means that the ductility potential of the fiber
can increase due to these printing parameters; the values of fiber height with different
insertions are higher than the simple PLA, in all conditions. A hierarchy may be made:
the highest values of the fiber heights are for PLA + particle aluminum, followed by
PLA + particle graphene and PLA + particle copper.

• Generally, the samples may be broken in the transition zone with zig-zag fracture, hav-
ing a brittle/cleavage aspect, irrespective of the chemical composition of the sample.

• The fibers generally break, with small exceptions, in the area of variation of the spec-
imen size, which indicates that the elongation is minimal and the rupture does not
occur in the calibrated area of the specimen, meaning that the fracture is predomi-
nantly brittle.

• Regarding the SEM analysis, all samples the fracture has the same structural feature,
i.e., cleavage aspect, with wave propagation. In addition, one may remark the size of
the particles: in PLA + Cu, there are particles around 15–20 µm; in PLA + Al, there are
particles around 18–21 µm; in PLA + graphene, there are particles around 2–7 µm.
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