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Abstract

This research investigates the effects of printing strategies and thermal debinding atmosphere on the microstructure and mechanical
properties of M2 tool steel samples obtained by Fused Filament Fabrication. A comparative analysis was conducted between concentric
and linear printing patterns. Printed samples were subjected to different thermal debinding heating rates in nitrogen and vacuum
atmospheres to evaluate their effects on mechanical properties, such as microhardness and Transverse Rupture Strength (TRS). The
assessment of the results showed a consistent correlation between microstructure and mechanical properties, confirmed by metallography
and ANOV A statistical test studies. The study concluded that a nitrogen atmosphere enhances densification and strength by retaining higher
carbon content, whereas a vacuum atmosphere leads to increased porosity and reduced strength. Finally, these findings offer valuable
insights for optimizing sintering processes to improve material properties.
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Impacto de las estrategias de impresion y de la atmosfera de
despolimerizacion térmica en la microestructura y las propiedades
mecanicas del acero de herramientas M2 producido mediante
fabricacion por fusion de filamentos

Resumen

Esta investigacion indaga el efecto de la estrategia de impresion y de la atmdsfera de despolimerizado térmico en la microestructura y las
propiedades mecanicas de muestras de acero M2 obtenido mediante fabricacion con filamento fundido. Se realiz6 un analisis comparativo
entre patrones de impresion concéntricos y lineales. Las muestras impresas se sometieron a diferentes velocidades de despolimerizado
térmico en atmoésferas de nitrogeno y vacio para evaluar sus efectos sobre las propiedades mecanicas, como la microdureza y la resistencia
a la ruptura transversal (TRS). La evaluacion de los resultados mostro una correlacion continua entre la microestructura y las propiedades
mecanicas, confirmada mediante metalografia y pruebas estadisticas ANOVA. El estudio concluyé que una atmosfera de nitrogeno mejora
la densificacion y la resistencia mecanica al retener un mayor contenido de carbono; mientras que una atmosfera de vacio aumenta la
porosidad y reduce la resistencia. Estos hallazgos ofrecen informacion valiosa para optimizar los procesos de sinterizacion para mejorar
las propiedades de los materiales.
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1  Introduction

Nowadays, additive manufacturing has become a widely
studied process with significant advancements over the last
decade [1]. Additive manufacturing in metals has had a great
impact on the industry, leading to the development of various
techniques such as Directed Energy Deposition (DED) [2],
Wire Arc Additive Manufacturing (WAAM) [3], Laser Metal
Deposition (LMD) [4], Electron Beam Additive
Manufacturing (EBAM) [5] and Laser-Powder-based DED
(LP-DED) [6]. These techniques offer significant
advantages, including high-speed deposition rates. However,
the layer-by-layer approach creates a molten pool, which can
lead to anisotropic behavior in the final product. Despite this,
heat treatment can homogenize the microstructure and
mitigate these effects [7-9].

Now being applied to metals, Fused Filament Fabrication
(FFF) technology is a variant of the Shaping-Debind-
Sintering (SDS) processes, which has been used in Powder
Injection Molding (PIM) for over five decades [10]. This
approach is significantly more cost-effective than Directed
Energy Deposition (DED) techniques. As a result, many
research efforts focus on FFF for shaping due to its lower
costs and practical applications.

PIM feedstocks are available in the form of pellets with a
powder material content of about 55 Vol% to 65 Vol%,
whereas FFF feedstocks are in the form of filaments with a
powder material content of about 45 Vol% to 55 Vol% [11],
[12]. The main difference lies in the fact that pellets require
a vehicle solely for transportation, which is provided by
polyolefins, waxes, and surfactants. In the case of filaments,
the powder content is lower because the polymers acting as
the vehicle tend to exhibit brittle behavior in filament
form. To mitigate this issue, part of the powder is replaced
with a thermoplastic elastomer to enhance elasticity [12].

Like PIM, FFF can process a wide range of materials
including oxides [13] [14], metals [15], [16], and composites
[17], among others. FFF offers an advantage in producing
parts with minimal or reduced anisotropic behavior compared
to the DED process. However, it is important to note that FFF
exhibits relatively slow deposition rates. The quality of the
printed parts can be compared to techniques such as Powder
Bed Fusion (PBF) and Binder Jetting (BJ) [1].

In FFF, the filament is fed through a mechanism that
transports the material into a heated zone where it melts. The
molten material is then applied layer by layer to complete the
desired geometry. The geometry is first modeled and then
sliced to calculate the machine’s movements (strategies). The
mechanical strength of parts produced by FFF is influenced
by these strategies, as the bonding between layers is crucial
to the overall strength of the part [18].

M2 tool steel, also known as high-speed steel, derives its
name from its ability to machine materials at high speeds. It
is an alloy of steel that includes elements, which promote the
alpha phase of iron, such as tungsten, molybdenum, and
vanadium. M2 is characterized by high hardness and
excellent abrasion resistance [19]. These properties make it
commonly used in the manufacture of cutting tools and
punching tools. Its microstructure provides high resistance to

deformation and fatigue, making it particularly suitable for
maintaining sharp edges in precise geometries. Therefore,
ensures high tool durability.

One of the main advantages of using M2 tool steel in the
fabrication of parts via the FFF process is its ability to
reproduce complex geometries and designs for specific
applications [20]. This includes specialized tools or
components that require high hardness and excellent abrasion
resistance properties that may be difficult to obtain through
conventional manufacturing processes due to the complexity
of their form and function.

The aim of this study is to provide insights into the
behavior of printed parts produced via FFF, focusing on
strategies to produce dense parts suitable for wear
applications. It analyzes how different thermal debinding
rates influence densification and mechanical properties. The
findings of this research serve as a valuable resource for the
tool manufacturing industry, including applications such as
punching and other specialized tooling.

2 Materials and Methods

2.1 Raw materials

The M2 tool steel powders used in this study (Fig. 1) are
nitrogen-atomized powders supplied by Chengdu Huarui
Industrial CO., LTD. These powders possess a particle size
ranging from 17 pum to 50 um, with a chemical composition
listed in Table 1. The powders were mixed with two
polymers: a polyolefin-based backbone comprising
polypropylene random-copolymer (PP) (Essentia, Cartagena,
Colombia) and polypropylene grafted with maleic anhydride
(PPMA), as well as a thermoplastic elastomer (TPE)
(Sungallon, Shenzhen, China). The combination of these
materials serves as feedstock to create a composite filament
for the FFF process [16-17,21-27].

The feedstock was mixed using a shear-based machine to
achieve the composition of 50 vol.% powders and 50 vol.%
binder. This specific ratio was selected after testing several
powder-to-binder mixtures, including 60/40 and 55/45. It was
noticed that higher powder contents (e.g., 60vol.% and
55 vol.%) increased the fragility of the filament, leading to
breakage during handling and the FFF process. The 50/50
composition provided an optimal balance between powder

1 y 10 ym <
Figure 1. (a) SEM image of M2 tool steel powders
M2 tool steel.
Source: Authors.

, (b) detail of particles in
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Table 1.
Chemical composition of M2 tool steel.
Element Weight %
C 0.819
Si 0.43
Cr 3.99
w 5.68
Mo 4.56
\% 1.76
Mn 0.27
S 0.007
P 0.013

Source: CHENGDU HUARUI INDUSTRIAL CO., LTD.

Figure 2. Concentric and linear printed samples, (a) Front view of green TRS
samples(b) Top view of green TRS samples.
Source: Authors.

Table 2.
Printing parameters.

Parameter Concentric pattern Linear pattern
Printing flow 102 % 102 %
Infill overlap 50 % 50 %

Retraction None None

Nozzle temperature 225°C 225°C

Cooling fan Off Off

Printing speed 7.5 mm/s 7.5 mm/s

Source: Authors.

loading and filament flexibility, ensuring successful filament
fabrication and printing. Finally, the selected binder
composition for this study consisted of 60 wt.% of TPE and
40 wt.% of backbone (PP and PPMA).

After mixing, the material was cut into squares smaller than
5 mm. The filaments were produced using a single-screw extruder
at temperatures ranging from 150°C to 180°C and spooled to
obtain a diameter of 1.75=+0.08 mm. The final filament was found
to have a real density of 4.73 g/cm® and a linear density of
11.38 g/m. These properties are crucial for maintaining a steady
and reliable material feed throughout the Fused Filament
Fabrication (FFF) process.
2.2 Printing
Two different patterns were studied in this work: a linear
pattern and a concentric pattern, the printing parameters are
shown in Table 2. Sixteen TRS (Transverse Rupture
Strength) samples were printed using an Ender 3 V2 FFF
printer for each pattern, following the geometry specified in
ASTM standard B528. Fig. 2 illustrates the obtained samples.

2.3 Debinding and sintering

The printed samples were subjected to solvent debinding

11

using cyclohexane for 72 hours at 60 °C and 250 rpm. This
step is crucial to dissolve the TPE, thereby promoting a
porous network that helps in the removal of gases produced
during thermal debinding.

Thermal debinding was examined by varying the heating
rate: 0.5 °C/min, 1 °C/min, and 2 °C/min. In each case, the
material was heated up to 200 °C with a plateau of 60
minutes, then heated up to 350 °C with a plateau of 120
minutes, and finally to 600 °C with a plateau of 60 minutes.
These temperatures were selected based on TGA results,
which showed plateaus corresponding to polymer pyrolysis.
For each heating rate, two debinding atmospheres were
selected vacuum at 10 Pa and nitrogen (N2) atmospheric
pressure.

After thermal debinding, sintering was conducted by
switching the atmosphere to an active gas mixture,
specifically HaoNa2  (75vol% H2—25vol% N2), at a
temperature of 1350 °C. At this temperature, Super Solidus
Liquid Phase Sintering occurs, where the sintering
temperature is above the alloy's solidus but below its liquidus
point. This results in a small fraction of the material melting
and forming a liquid phase while the majority remains solid.
The presence of this liquid phase promotes better
densification by enhancing particle rearrangement and
atomic diffusion [28-30].

2.4 Characterization

The thermal degradation temperatures of the polymers
were studied using thermogravimetric analysis (TGA) with a
Mettler Toledo TGA 1 STARe System. The analysis was
conducted in a nitrogen (N2) atmosphere with a heating rate
of 10 °C/min, ranging from 25 °C to 1000 °C. This procedure
was performed in accordance with ASTM E1131-08, which
outlines the standard test method for compositional analysis
by thermogravimetry.

The density of the printed and sintered samples was
determined using the Archimedes method, following ASTM
B962-17, the standard test method for the density of
compacted or sintered powder metallurgy (PM) products
using Archimedes’ principle. A Sartorius analytical balance
equipped with a density determination kit was employed to
measure the mass of the samples in air and submerged in
distilled water at room temperature. The densities were
calculated considering the buoyancy effect of water and
correcting for air bubbles adhering to the sample surfaces.

For the metallographic analysis, samples were prepared
following ASTM E3-11, 'Standard Guide for Preparation of
Metallographic Specimens.! The sintered samples were
sectioned using a metallographic cutter to obtain cross-
sectional specimens without inducing significant mechanical
deformation and then mounted in thermosetting epoxy resin
for ease of handling during grinding and polishing. The
mounted samples were sequentially ground with silicon
carbide (SiC) abrasive papers of grit sizes 240, 400, 600, 800,
and 1200 under water lubrication to prevent heat generation
and microstructural alteration. Following grinding, the
samples were polished using diamond suspensions of 6 um,
3 um, and 1 pm particle sizes on a polishing cloth to achieve
a mirror-like surface finish. All polishing steps were
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performed using a rotating polishing wheel at controlled
speeds and pressures, adhering to ASTM E3-11 guidelines.

To reveal the microstructure, the polished samples were
chemically etched with a 2 % Nital solution (2 ml nitric acid
in 98 ml ethanol) for 10—15 seconds. This etchant selectively
attacks the grain boundaries and carbide phases in M2 tool
steel, enhancing the contrast between different
microstructural features under microscopic examination.

Microstructural observations were performed using
optical microscopy (Zeiss Axio Observer Z1.m) to assess the
general microstructure, grain size, phase distribution, and
porosity. High-resolution imaging was conducted using
scanning electron microscopy (SEM) (Phenom XL), coupled
with Energy-Dispersive X-ray Spectroscopy (EDS) for
elemental analysis and phase identification.

Mechanical properties were evaluated through
microhardness testing and transverse rupture strength (TRS)
testing. Microhardness measurements were conducted using
a Vickers microhardness tester according to ASTM E384-17,
'Standard Test Method for Microindentation Hardness of
Materials.' A load of 500 gf was applied with a dwell time of
10 seconds, and several indentations were performed at both
the edge and center of the sintered samples to assess hardness
homogeneity. TRS tests were made on sintered specimens
using a Shimadzu UH-50A universal testing machine at a
crosshead speed of 1 mm/min, following ASTM B528,
'Standard Test Method for Transverse Rupture Strength of
Powder Metallurgy (PM) Specimens.' Tests were performed
at room temperature to determine the transverse rupture
strength and deformation behavior of the material.

3 Results Analysis and Discussion

3.1  Green density

Initially, the study analyzed the influence of fill patterns
on the green density of M2 tool steel specimens produced via
Fused Filament Fabrication (FFF). As shown in the boxplot
(Fig. 3), the green density of the samples varied depending
on whether concentric or linear fill patterns were used.
Notably, the linear fill pattern showed a higher median green
density compared to the concentric fill pattern.

A closer examination of the nature of the fill patterns
reveals that the linear pattern likely provides more consistent
layer overlap, which may result in fewer gaps and a more
uniform density throughout the sample.

In contrast, the concentric pattern, which follows the
part's contour in concentric circles or ellipses, creates
variable overlaps between layers. These variations can
introduce inconsistencies in packing density, potentially
causing differential shrinkage during the debinding and
sintering processes.

To evaluate the differences observed in Fig. 3 a statistical
analysis was made outlined in Table 3. According to the
ANOVA results, the fill pattern has a statistically significant
impact on the green density (p-value = 0.000068).

The statistical variability is attributed to the
accumulation of defects produced by the printing
strategy. The concentric pattern shows a higher presence
of defects compared to the linear pattern, some observed
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Figure 3. Green density of printed samples.
Source: Authors.
Table 3.
Results of the one-way ANOVA of green density.
Source Sum_sq Df F P-value
Pattern 0.033800 1.0 21.332498  0.000068
Residual 0.47533 30

Source: Authors

concentric samples have a presence of porosity in area
of 2.7 % compared to the linear pattern with a porosity
of 1.9 %. Fig. 4 illustrates the transverse rupture of the
samples in the green state, showing voids resulting from
a lack of material between fill lines. This lack of
material could be a consequence of insufficient printing
flow; however, if the flow exceeds the amount, could
lead to other defects such as “mountain-type” [17].
Nevertheless, the observed defects could be associated
with variability in the filament diameter which is
assumed to be randomly distributed all over the extruded
filament. The resultant green density also reflects the
capacity of each infill strategy to avoid this random
effect.

Figure 4. Transverse fracture of green samples, (a) Concentric pattern, (b)
linear pattern.
Source: Authors.

1000 pm. 1000 pm
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Figure 5. Sintered density of printed samples.
Source: Authors.

3.2 Thermal debinding and Sintering

Once the green samples were solvent debinded and
considering the behavior of the composite material at TGA,
ten TRS samples were thermally debinded for each heating
rate (0.5 °C/min, 1 °C/min, and 2 °C/min) and finally sintered
by the mechanism of SLPS (Super solidus Liquid Phase
Sintering) [16,28,31].

After sintering, the density of the samples was measured.
Density is a critical indicator of the final product's
mechanical  properties and overall quality. The
accompanying box-and-whisker plot (Fig. 5) depicts the
sintered density across different heating rates during the
debinding process, under two distinct atmospheres: nitrogen
(N2) and vacuum.

With the aim to identify how the parameters of the
process interact in the final density a multilevel ANOVA was
made, considering the parameters: HR: Heating rate, ATM:
Thermal debinding atmosphere, PAT: Infill Pattern.

The three-way ANOVA analysis shown in Fig. 6,
indicates that the heating rate holds a statistically significant
influence on the sintered density with a p-value of 0.03276,
which highlights its role as a critical parameter in the
sintering process. The plot reveals that samples processed at
a 0.5 °C/min heating rate generally exhibit a higher density,
regardless of the atmosphere. The data suggest that slower
heating rates facilitate a more effective release of the polymer
decomposition gases, which may result in fewer defects
during the sintering process. This is because, at higher
heating rates, the rapid expansion of gases from the polymers
could create flaws in the final pieces. Such control over the
heating rate is crucial, as it can significantly enhance the
integrity of the sintered parts by reducing porosity and cracks
that compromise the material's mechanical properties.

Conversely, the sintered density does not appear to be
significantly affected by either the nitrogen atmosphere or the
vacuum environment, as their results overlap substantially at
each heating rate.

13

Source

Figure 6. Three-way ANOVA of sintered density.
Source: Authors.

Whereas the fill pattern was a significant factor in the
green density of the parts, it does not seem to exert a
considerable influence on the sintered density. This
observation may occur since any initial differences in
green density are mitigated or overshadowed by the
dominant effects of the heating rate during sintering. This
emphasizes the importance of optimizing the heating rate
in the debinding process to achieve the desired material
properties in the final sintered product.

To complement the analysis of sintered density,
porosity measurements were conducted using image
analysis on the cross-sectional area of the specimens,
quantifying the pore area relative to the total area of the
sample. The attached results illustrate these findings.
According to ANOVA analysis with a p-value of 0.0057,
the heating rate during debinding significantly affects
porosity, with slower heating rates yielding lower
porosity.

This correlation is depicted in the boxplot (Fig. 7),
where it is evident that specimens subjected to slower
heating rates exhibit significantly reduced porosity. This
observation aligns with the previous discussion: slower
heating rates allow the gases from the polymer
decomposition to escape more gradually, diminishing the
likelihood of pore formation which can occur due to rapid
gas expansion at higher heating rates. This reinforces the
conclusion that careful control of the heating rate is crucial
for minimizing defects and ensuring the structural
integrity of the sintered parts. Samples with lower porosity
are better for withstanding internal pressures during
thermal debinding, which is influenced by heating rates.
This explains the results shown in Fig. 5 and the
interaction between HR*PAT in Fig. 6.
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3.2 Microstructure

A cross-sectional analysis of the sintered samples was
conducted to identify the final microstructure. The samples
did not exhibit differences between them, despite variations
in parameters such as the printed pattern, heating rate, and
debinding atmosphere. All the samples analyzed revealed a
martensitic matrix surrounded by carbides, positioned
intergranularly and at the grain boundaries, forming an

Martensite

Carbides
%

Martensite Martensite

LS

Carbides

14

Carbides

Figure 8. Metallography sections of printed and sintered samples.
(a,c,e,g,1,k) Concetric patterns sintered at N2-0.5°C/min (a), N2-1°C/min
(c), N2-2°C/min (e), Vacuum-0.5°C/min (g), Vacuum-1°C/min (i), Vacuum-
2°C/min (k). (b,d,f;h,j,]) Linear pattern sintered at N2-0.5°C/min (b), N2-
1°C/min (d), N2-2°C/min (f), Vacuum-0.5°C/min (h), Vacuum-1°C/min (j),
Vacuum-2°C/min (1).

Source: Authors.

intergranular network, as shown in Fig. 8. The formation
of martensite occurred despite the cooling taking place in
the furnace, rather than through rapid quenching. This is
due to the high alloy content of M2 steel, which
significantly increases its hardenability, allowing the
transformation of austenite to martensite at the slower
cooling rates typical of furnace cooling. Regarding the
carbides, they are predominantly secondary carbides that
precipitated during the cooling stage, influenced by the
steel's chemical composition. The microstructure of the
material remains unaffected by the process parameters
because the SLPS mechanism is governed primarily by the
temperature and the chemical composition of the steel [31].

3.3 Mechanical properties

To evaluate the mechanical properties of the sintered
materials, microhardness measurements were conducted at
two positions on the samples: the edge and the center. These
positions were chosen to assess the homogeneity achieved
during the sintering process using the SLPS mechanism. The
results, shown in Fig. 9, indicate a mean value of 727 HV for
the linear strategy and 703 HV for the concentric strategy at
the edge, while at the center, the values were 628 HV and 634
HV, respectively. However, some measurements deviated
significantly from the mean, likely due to samples with
higher porosity.
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Figure 9. Microhardness of the sintered samples.
(a) Edge zone. (b) Center zone.
Source: Authors.

A three-way ANOVA confirmed these hardness
observations, showing that the obtained values are not
significantly influenced by parameters such as the printed
pattern, heating rate, debinding atmosphere, or their
interactions, as evidenced by the p-values in Fig. 10.

The TRS test results are presented in Figure 11. Samples
subjected to thermal debinding in a nitrogen atmosphere
exhibited the highest strength compared to those debinded in
a vacuum atmosphere. This behavior correlates with the
previously observed density (Fig. 1) and porosity (Fig. 7).
Samples debinded in nitrogen retain more carbonaceous
residues (from polymers), leading to a higher carbon content
in the material. This increased carbon content enhances the
formation of a liquid phase at high temperatures, promoting
better densification, reduced porosity, and improved
mechanical strength.

In contrast, samples debinded in a vacuum atmosphere may
be exposed to oxygen, which can lead to oxide formation during
thermal debinding. In such cases, the carbon residues from
backbone degradation act as reducing agents for oxides in the
initial stages of sintering, reducing the overall carbon content in
the vacuum-debound samples [32], as shown in the carbon
content measurements in Fig. 12. This reduction in carbon
content significantly affects densification. Furthermore, the
porosity introduced by high heating rates exacerbates this effect,
resulting in lower mechanical strength.

0.8932

—e— EDGE
0.835:—> CENTER

Source

Figure 10. Three-way ANOVA of microhardness.
Source: Authors.
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Figure 11. TRS results.
(a) Mechanical strength. (b)Three-way ANOVA of TRS.
Source: Authors.
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Optical Emission Spectrometry confirms the final
percentage of carbon: 1.33% in the nitrogen atmosphere and
1.27% in the vacuum atmosphere (Fig. 12). Based on the
ANOVA results (Fig. 11b), it is demonstrated that the
thermal debinding atmosphere significantly impacts the
mechanical strength of the samples. This effect is
compounded by the previously discussed printing strategy,
which produces a greater presence of pores.

It is important to mention that the final material has a
higher carbon content percentage than the initial material.
Therefore, using active agents like hydrogen in thermal
debinding could enhance the reduction of the residual
carbonaceous products.

1.40

1.38

1.261

1.24

Vacuum N2

Debinding Atmosphere
Figure 12. Final carbon weight percentage of the sintered samples.
Source: Authors.

Optical observations of the TRS samples reveal the
presence of defects that persist after the debinding process
(indicated by yellow arrows), demonstrating that the partial
formation of liquid is insufficient to address these defects
(Fig. 13).

0.5°C/min

1°C/min

2°C/min

—
1000 um

Figure 13. Optical micrographs of the transversal fracture of TRS samples.
Source: Authors.
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Carbides

Figure 14. SEM micrographs of the transversal fracture of TRS samples.
(a,c,e,g,i,k) Concetric patterns sintered at N2-0.5°C/min (a), N2-1°C/min
(c), N2-2°C/min (e), Vacuum-0.5°C/min (g), Vacuum-1°C/min (i), Vacuum-
2°C/min (k). (b,d,f,h,j,1) Linear pattern sintered at N2-0.5°C/min (b), N2-
1°C/min (d), N2-2°C/min (f), Vacuum-0.5°C/min (h), Vacuum-1°C/min (j),
Vacuum-2°C/min (1).

Source: Authors.

SEM micrographs (Fig. 14) of the fracture surfaces of TRS
samples reveal the failure mode and mechanism, indicating
predominantly brittle behavior in all cases. The brittle fracture is
characterized by intergranular boundaries, where carbides
precipitate during the sintering process, as shown in Fig. 8. These
carbides are present both at the grain boundaries (GB) and
intergranular, with some exhibiting cleavage. In the martensitic
matrix, fractures exhibit a mixed mode of dimples and cleavage.
However, the fracture surfaces observed by SEM are insufficient
to explain the mechanical behavior of TRS, except when
considering the influence of porosity.

4  Conclusions

Two different printing strategies were studied using a
composite material for the FFF process, providing a
foundation for future research to determine the optimal
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parameters for producing functional parts. The main findings
of this study are as follows:

Concentric strategies tended to result in more defects,
which persisted through the SLPS process.

Higher heating rates during thermal debinding promoted
defects due to internal pressure caused by the decomposition
of polymeric products.

The findings indicate that the thermal debinding
atmosphere has a significant impact on the final carbon
content and, consequently, on the mechanical properties of
the material. It is suggested to investigate the use of active
atmospheres rich in hydrogen (H:) during debinding and
sintering. These atmospheres could facilitate the removal of
carbonaceous residues and allow for more precise control of
the carbon content, improving densification and reducing
porosity in the sintered parts.

Based on the results obtained, it is possible to produce
tools such as hot punching tools through the Fused Filament
Fabrication (FFF) technique. This advancement allows us to
perform real tests to evaluate the performance of these tools
under high-temperature and wear conditions.
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