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ABSTRACT

The FDM method, which employs a metal powder filament with a polymer binder, results in the production of sin-
tered H13 steel. The technique is characterised by a multi-step process, low cost, and no waste, rendering it suitable
for both small and medium-scale production. Nevertheless, the successful production of H13 steel parts using this
method hinges on the meticulous design of the process to eliminate the polymeric binder that serves as an elastic
matrix for the metal powder in the filaments. A study was conducted to identify the optimal conditions for binder
debinding and powder sintering, and to evaluate their efficacy in relation to the type of filaments comprising a sig-
nificant proportion of H13 steel powder. Furthermore, the chemical structure of the polymers was analysed by FTIR
spectroscopy, with consideration given to the impact of varying debinding parameters. Furthermore, the morphology
and structure of the material following the printing and sintering processes were investigated using scanning electron
microscopy. Thermal analysis plays a pivotal role in the design of novel material fabrication techniques utilising
Metal FDM technology. It allows for the comprehension of the thermal properties of materials, thereby facilitating
the optimisation of process conditions. The findings of the study present an alternative approach to the manufacturing

of metal components through sintering, and emphasise the significance of optimisation processes.

Keywords: thermal analysis, 3D printing, MFDM technology, H13 steel.

INTRODUCTION

The high costs of machinery and produc-
tion have contributed to the limited adoption of
single-step additive metalworking processes in
small companies and laboratories [1]. In light of
economic considerations, multi-step processes
that produce composite parts by layering, where-
by the requisite properties of the finished parts
are achieved through binder removal and sinter-
ing processes, are gaining popularity. The most
prevalent manufacturing techniques, collectively
termed ‘multistage’, encompass MFDM (metal
fused deposition modelling) and PIM/MIM (pow-
der/metal injection molding) [2, 3]. These meth-
ods offer several advantages, including the ab-
sence of an expensive heat source during print-
ing (such as a laser, electron beam, or electric
arc) and the absence of a controlled atmosphere

during printing. The FDM printing of H13 steel
is based on the extrusion of a plastic material
through the extruder head, which is then applied
layer by layer using an additive method to the
printer’s work table. Subsequently, additional
processing is required for the part produced in
this way. This consists of binder removal, which
encompasses chemical and thermal debinding,
as well as a sintering process.

Advanced research on 3D printing focuses on
many variables that have a direct impact on the
quality and strength of printed elements. Among
the key studies conducted by scientists is the in-
vestigation of the effect of layer height and wall
thickness on the mechanical strength of the print.
The thinner the layers and the thicker the walls,
the more uniform the structure, which increases
resistance to mechanical loads [4]. Another im-
portant aspect is post-print surface treatment,
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which improves surface smoothness and elimi-
nates defects, crucial in applications requiring
high precision. This issue is addressed in studies
carried out at the Technical University of Bagh-
dad [5], and the problem of roughness after the
metallization process of samples produced by 3D
printing was addressed in these studies [6]. Ad-
ditionally, the influence of infill density on the
strength of the model is well known [7].

In more advanced printing technologies, such
as metallic FDM (fused deposition modeling),
post-processing issues become even more com-
plex and require precise optimization at the ma-
terial level. It is crucial to select the appropriate
thermal degradation temperature of the polymer
binder used in the filament, as well as the sinter-
ing parameters of the metal powder [8, 9]. Im-
proper settings of these parameters can lead to
incorrect microstructure, which in turn affects the
final mechanical properties and strength of the
produced metal components.

The article describes the process of selecting
binder removal and sintering conditions for fila-
ments filled with H13 steel powder. The chemi-
cal structure of the binder polymers, as well as
the morphology and structure of the material af-
ter printing and sintering were also investigated.
The results described provide insights into key
processes for optimising the production of met-
al parts by MFDM. The thermal decomposition
analysis of the polymers contained in the filament
binder also plays an important role in this article.
For this reason, the authors introduce readers to
the physicochemistry of polymers.

In the thermal removal of polymeric material,
the dissociation energy of the weakest bonds of
the polymer molecule plays a key role [10]. The
physical and chemical properties of polymers, in-
cluding their stability under thermal conditions,
are closely related to the dissociation energy, af-
fecting the durability and behaviour of these ma-
terials in different environments [11].

Fundamental to this is the role of dissocia-
tion energy in relation to a polymer’s resistance to
binder removal processes. Polymer structures con-
sist of long chains of molecules linked by different
types of bonds, such as covalent bonds, hydrogen
bonds or Van der Waals forces. Among these, there
are weaker bonds, which are more susceptible to
breaking under certain conditions, such as expo-
sure to solvents or elevated temperatures.

Thermal bond removal involves the gradual
decomposition of the polymer structure when
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exposed to temperature. The heat energy sup-
plied raises the kinetic energy of the polymer
molecules, which can lead to the fracture of the
least durable bonds. If the dissociation energy of
these bonds is low, the polymer becomes more
susceptible to thermal degradation. Conversely,
in polymers with higher dissociation energies, the
bond removal process may occur more slowly or
require higher temperatures [12].

A theory proposed by Dutch chemist van der
Krevelen refers to the relationship between the
dissociation energy of the most sensitive bond
in a molecule and the half-life temperature (T, ),
which represents the temperature at which half
of the substance decomposes. According to this
theory, there is a direct correlation between the
dissociation energy, the energy required to break
a given bond, and the half-life temperature of a
substance [13, 14].

Sintering is a fundamental metallurgical
process that transforms loose metallic powder
particles into a cohesive and solid material.
The process operates at temperatures below
the melting point of the metal or alloy, typi-
cally between 60-80% of the melting point,
allowing for atomic diffusion without actual
melting [15-17]. As sintering progresses, the
metal powder particles form necks, form necks
at points of contact, which leads to displace-
ment and compaction. This displacement in-
creases the packing of the particles, increasing
the overall density of the sinter. Sintering is
a complex process that involves atomic dif-
fusion, where atoms migrate to minimize sur-
face energy, spheroidization of pores, and their
subsequent elimination. Precise control over
temperature and sintering time is essential to
achieve the desired level of densification. In
addition, a reducing atmosphere is used to pre-
vent oxidation of the sample surface layer [15].

The aim of the research was to determine
the optimal conditions for polymer binder re-
moval and the sintering process in 3D printing
technology using the FDM method with a fila-
ment containing H13 steel powder. This process
is crucial for achieving high-quality final metal
components, as effective polymer binder re-
moval is essential to ensure the proper structure
and mechanical properties of the sintered parts.
The study focused on analysing the debinding
parameters, which have a significant impact on
the sintering process and the final properties of
the H13 steel components.
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MATERIALS

The subject of this work is two filaments
based on H13 steel powder with high fill den-
sity. The first material is a commercially avail-
able Zetamix H13 filament, while the second is
an experimental filament produced at the Silesian
University of Technology. Both filaments are de-
signed for use in Metal Fused Deposition Model-
ling (Metal FDM) technology [18].

The Zetamix HI13 filament is made from
high-grade H13 steel powder; the finished sinters
made from this material provide excellent dura-
bility and resistance to high temperatures. H13
steel is particularly suitable for industrial applica-
tions such as hot work tools and injection moulds.
The filament exhibits exceptional mechanical
properties, enabling the precise printing of parts
with complex shapes [16, 19]. Unfortunately, the
manufacturer does not specify the binder compo-
sition of the filament. In commercially available
steel powder filaments, particle sizes range from
3 to 40 um [20]. According to the manufactur-
er’s specifications, the volume ratio of powder to
binder in the commercial filament is 52% [21].

The binder in the experimental filament was
made from a blend of high-density polyethylene
(HDPE), acrylonitrile-butadiene-styrene terpoly-
mer (ABS) and ethylene-vinyl acetate copolymer
(EVA). The volume ratio of the blend consisted of
45% steel powder, 20% EVA, 20% ABS, and 15%
HDPE. This combination of polymers results in a
relatively low binder viscosity and allows the use
of a solvent (in the form of acetone) in one of the
binder removal steps. The H13 steel powder used

to make the author’s filament had particle sizes
ranging from 1 to 38 pm.

To produce the metal-filled filament, the steel
powder was mixed with a multi-component poly-
mer binder using a Zamak Mercator kneader at
a screw speed of 40 rpm at 170 °C. From this
prepared mixture, the filament was extruded to a
diameter of 2.85 mm using a ZAMAK MERCA-
TOR laboratory conical twin-screw extruder with
a screw speed of 60 rpm.

The extrusion temperature of the material in
the individual zones ranged from 160 to 175 °C.
At the beginning of the screw, where the material
enters the extruder, the temperature was the lowest
at 160 °C, and then it gradually increased to reach
175 °C in the last zone. The process was carried
out in an extruder equipped with a twin-screw sys-
tem, with each screw having a length of 16.5 cm
(L). Due to the conical design of the screws, their
diameter ranges from 20 mm to 5 mm (D).

The particle size distribution of the H13 steel
powder used for the experimental filament is
shown in Figure 1. In addition, thermal debinding
of the commercial filament was performed, and
the remaining steel powder was crushed in a ce-
ramic mortar to break up any agglomerates and is
also shown in Figure 1 for comparison.

METHODS

The experimental filament and the Zetamix
filament undergo different binder removal and
sintering processes, differ due to the presence of
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Figure 1. Particle size distribution of the powder
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various polymer binder components in the two
materials. The experimental filament contains
an acetone-soluble polymer, while the Zetamix
product does not contain this type of polymer and
is only subjected to a thermal binder removal pro-
cess at a maximum temperature of 480 °C [22].
At this temperature, the macromolecular struc-
ture of the binder fragments and disintegrates,
leaving a pure powder [20]. Acetone is used as
a solubilising agent in the Metal FDM process,
effectively dissolving the ABS polymer in the
newly developed filament. The dissolved ABS
component in acetone can be recovered and re-
used as recyclate [23], which can be employed to
produce new components, helping to reduce the
waste generated in the Metal FDM process. The
acetone recycling process starts with the separa-
tion of acetone from the dissolved ABS polymer.
The acetone is then subjected to a distillation pro-
cess, where it can be purified and recovered for
further use. The purified acetone can be reused to
degrade the printed parts, creating a closed-loop
recycling system. This process reduces waste and
minimises the consumption of raw materials by
reusing the ABS polymer. Recycling acetone is
a significant step towards a more sustainable ap-
proach to the production and use of materials in
Metal FDM technology. This process reduces
the environmental impact by reducing the waste
generated during 3D printing [24]. The selected
polymeric components in the experimental fila-
ment ensure that a relatively low viscosity binder
1s obtained and that the solvent, acetone, can be
used in one of the binder debinding steps. The
use of acetone as a solvent for one of the binder
components allows pores to form throughout the
material, which then facilitates the thermal debind-
ing of the other binder components. The choice of
acetone as a solvent was based on the solubility
parameters of ABS and acetone, calculated using
Van Krevelen’s theory [13]. The other compounds
used to make the experimental filament were EVA
copolymer and HDPE. The EVA copolymer adds
flexibility to the resulting filament, while high-
density polyethylene serves as a backbone poly-
mer to maintain the shape of the sample during the
final stages of thermal binder removal. During the
thermal removal of the binder without oxygen, the
material pyrolyses to form gaseous products. The
selection of polymer components for the blend was
the result of extensive physico-chemical analyses
based on the literature [ 13, 14]. The final result was
a material with suitable properties.
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During thermal debinding, the polymer bind-
er breaks down. This process varies depending
on the use of the specific polymers present in the
binder. In the initial heating phase, the sample
may release gases such as CO, CO, water vapor,
and hydrocarbon compounds. In the second stage,
selected functional groups may dissociate and
form organic compounds, while in the final stage,
the polymer chains are broken down by weakening
the carbon-carbon bonds [10]. The thermal debind-
ing process for both tested materials was conduct-
ed over a period of 42 hours. For the commercial
material, two isothermal holds, each lasting 1 hour,
were applied — the first at 355 °C and the second at
470 °C. In the case of the experimental material,
the isothermal holds also lasted 1 hour but were
set at higher temperatures: the first at 420 °C and
the second, similarly to the commercial material,
at 470 °C. The selection of isothermal holds was
based on thermogravimetric analysis (TGA) re-
sults, which precisely identified the temperature
ranges where the key stages of binder removal
occurred. The process was carried out in a tubular
furnace manufactured by Czylok.

After binder debinding, both filaments are
sintered in a N,-10%H, atmosphere at 1350 °C.
The heating rate of the system during the sinter-
ing process was 200 °C/h, and the isothermal
stop at 1350 °C lasted 30 minutes. During sinter-
ing, the pores between the powder particles are
spheroidised and then annihilated, leading to an
increase in sinter density and material shrinkage.
In summary, the process of chemical and thermal
removal of the binder from the laboratory fila-
ment is more complex due to the presence of the
acetone-soluble polymer. The Zetamix filament
undergoes only the thermal binder removal and
sintering processes. Both sintering processes take
place in an atmosphere of N_-10%H, which is
crucial to achieve the desired quality and proper-
ties of the metal product.

The research was conducted using a high-res-
olution scanning electron microscope (Zeiss Supra
35) at an accelerating voltage of 20-10 kV and
magnifications of 500-5.000%. A secondary elec-
tron detector (SE) was used for the analysis.

Thermogravimetric analysis (TG) and deriva-
tive thermogravimetric analysis (DTG) are ther-
mal analysis techniques that use the variation of a
sample’s mass as a function of temperature. A TG
plot shows the mass of a sample as a function of
temperature, while a DTG plot is the derivative
of a TG thermogram and presents the rate of mass
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change as a function of temperature. The peaks
in the DTG plot are related to different stages of
decomposition or other thermal processes in the
material [25, 26]. The thermogravimetric analy-
sis was performed using a Netzsch STA 409 PC/
PG thermowell. The conditions for thermogravi-
metric (TG) analysis were as follows: the sample
mass was 45 mg, and the heating rate was set at
10 °C/min. Measurements were conducted in an
argon atmosphere to prevent sample oxidation,
within a temperature range of 43 °C to 600 °C.

FTIR (Fourier transform infrared) analysis of
polymeric materials is commonly used to study
their chemical structure. FTIR studies were car-
ried out using a Termo Scientific Nicolet 6700
spectrometer. Microscopic analysis was con-
ducted using a high-resolution scanning electron
microscope (HRSEM), the SUPRA 35 model,
manufactured by Zeiss. The samples for FTIR
analysis, after being removed from the furnace,
were immediately placed in a desiccator where
a constant temperature of 20 °C and normal hu-
midity levels were maintained. This was done to
minimize the impact of environmental factors,
such as changes in humidity and temperature, on
the samples before analysis. Prior to the FTIR ex-
amination, the samples were further ground in a
ceramic mortar to achieve the appropriate particle
size required for accurate FTIR analysis.

The FTIR measurement of the samples was per-
formed using the ATR method (attenuated total re-
flectance). The measurement resolution was 4 cm™*,
and the spectral range covered from 2.5 pm to 25
pm, corresponding to the range of 4000 to 400 cm ™.

RESULTS

Thermogravimetric analysis

Heating of the samples was carried out at 10
°C/min in an argon atmosphere. An atmosphere
of inert gas acts as a protective layer, prevent-
ing oxidation on the surface of the powder par-
ticles. Consequently, the results of the thermo-
gravimetric analysis allow for the measurement
of the sample’s weight loss as the temperature
increases. This loss is related to the removal of
the binder and reaches a minimum at 490 °C, fol-
lowed by a gentle increase in mass. This increase
is likely due to slight oxidation of the powder
particle surfaces. The reason for this could be a
lack of tightness in the measurement system or an
oxygen-contaminated protective gas. Therefore,
binder debinding of samples intended for further
sintering should be performed in a reducing gas
atmosphere rather than an inert gas.

The plot of the thermogravimetric curve
(TGA) of the filament shown in Figure 2 provides
important information on its thermal stability and
debinding behaviour. The TG (thermogravimetric)
curve shows that the polymer maintains a relatively
stable mass from 43 °C to around 250 °C, indicat-
ing that there is no significant thermal debinding
or loss of volatile compounds in this temperature
range. Thereafter, A slight decrease in mass be-
gins at approximately 250 °C, followed by a more
pronounced decrease starting at around 315 °C
and continuing until about 405 °C. This portion of
the curve corresponds to the debinding of the first
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Figure 2. Results of thermogravimetric analysis of the Zetamix H13 filament. TG and DTG test
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component of the filament. Above 405 °C, the rate
of mass loss slows down and the curve stabilises
to around 430 °C. Above this value, the mass of
the sample starts to decrease again, a process that
continues until 490 °C. In this range, debinding
of the second polymer component has occurred.
Beyond 490 °C, there is a slight increase in the
mass of the test sample. From the TG, we can de-
termine the value of the sample weight loss (Am),
which amounted to 9% for the whole process. An
important element in the analysis is the consid-
eration of the weight loss during the individual
stages of material decomposition. In the first and
second stages, the weight loss was approximately
4.5%. The remaining mass of the sample after
thermogravimetric testing was 91%.

The DTG (thermogravimetric derivative)
curve reveals two distinct peaks. The first peak
occurs around 355 °C, at which the debinding
of the first polymer is most intense — 0.63%/
min. The second peak occurs around 470 °C and
shows that the second polymer at this temperature
shows the highest debinding rate - approximately
1.1 %/min. On this basis, and on the basis of other
results such as FTIR, it can be concluded that the
first polymer component was polyvinyl acetate
and the second polyethylene (Figure 3).

The TG (thermogravimetric) curve shows
that the polymer maintains a relatively stable
mass from 43 °C to about 270 °C, indicating no
significant thermal debinding or loss of volatile
compounds in this temperature range. Howev-
er, a more pronounced decrease in mass begins
once 300 °C is reached and continues until about

400 °C. After 400 °C, the mass of the sample de-
creases rapidly, with the TG curve only stabilising
around 495 °C. The value of the total weight loss
of the sample was 13.5 per cent. In the first stage
of the process from 43 °C to 400 °C, the mass loss
value was 1.2 per cent, while in the second stage
in the temperature range 400 °C to 500 °C, the
sample lost 12.3 per cent of its mass. The remain-
ing mass of the sample after thermogravimetric
testing was 86.5%. This mass corresponds to a
powder polymer of 13.5% (w/w).

Thermogravimetric derivative (DTG) analy-
sis reveals two significant peaks in the maximum
mass loss rate at different stages of the process.
The first occurs at 420 °C and indicates the fast-
est mass loss of the first polymer component, at
1.03% per minute. The second peak occurred at
472 °C and the fastest weight loss rate of the sec-
ond polymer was 2.15% per minute.

SEM analysis

SEM analysis allows a number of observa-
tions to be made about the structure of the fila-
ments. In the case of the experimental filament,
post-extrusion surface images (Fig. 4) confirm
the presence of a powder fraction with a more di-
verse range of particle sizes compared to the Zet-
amix filament (Fig. 1). It should also be noted the
higher polymer binder content on the surface of
the experimental filament than in the commercial
material. This difference is due to the higher met-
al powder content in the Zetamix filament. Dur-
ing the chemical debinding of the experimental
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Figure 3. Results of thermogravimetric analysis of the experimental filament. TG and DTG tests
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filament, a reduction in the amount of binder on
the surface was observed, accompanied by the ap-
pearance of pores between 20 and 30 pum in size
(Fig. 5). The surface of the experimental filament
(Fig. 5a) shows the presence of an acetone-insol-
uble polymer (HDPE and EVA) on the surface
layer of the filament.

After the thermal debinding process, the pres-
ence of powder particles on the surface of the fila-
ment intensifies. (Fig. 6). Analysis of Figures 6b and
6d suggests that both the experimental and commer-
cial material used powders containing spherical par-
ticles; in addition, agglomerates of powder particles
are present in the experimental filament.

According to the measurement of the frac-
tion size with the particle size analyser (Fig. 1),
the SEM images (Fig. 6) confirm the fact that the
commercial felt has a larger number of particles in
the 7-20 pm range. Furthermore, the experimental
felt has a wider particle size distribution than the
commercial material. Comparing the two scanning
electron microscopy (SEM) images showing the
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surface of the filaments after the sintering process,
significant differences between the commercial and
experimental filaments are clearly visible (Figs. 7a
and 7b). There is a noticeably lower number of
pores on the surface of the commercial filament
compared to the experimental filament. It should
also be noted the deformation of the surface layer
of the experimental filament, which is not present
in the commercial filament. This phenomenon may
be due to the higher polymer binder content in the
experimental material. The higher polymer content
results in greater material shrinkage.

Debinding mechanism of experimental
filament

The FTIR analysis of the material containing
EVA, HDPE and ABS, shown in the accompany-
ing graph (Fig. 8), provides valuable information
about the structural changes occurring during ther-
mal processing. The reference spectrum (sample at
25 °C) is characterised by clear absorption bands
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EHT = 10.00 kv
‘WD =204 mm

Signal A= SE2
Mag= 200KX

Figure 4. Surface morphology of the as-received Zetamix filament (a,b) and the experimental filament
after extrusion (c,d)
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Figure 5. Surface morphology of the experimental filament (a, b) after the chemical debinding
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Figure 6. Surface morphology of the Zetamix filament (a,b) and the experimental filament (c, d)
after the thermal debinding
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Figure 7. Surface morphology of the Zetamix filament (a) and the experimental filament (b) after the sintering

in the range 2900-2800 cm™, corresponding to
C-H stretching associated with the methyl groups.
Also visible are bands in the 1500-1400 cm™ range
associated with C-H deformations and a number
of bands below 1000 cm™, which can be attributed
to vibrations of the polymer backbone [26]. Af-
ter thermal treatment at 350 °C (dashed curve),
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a significant reduction in the intensity of the ab-
sorption bands is observed, indicating thermal
debinding of the polymer components. In particu-
lar, the reduction of bands in the 2900-2800 cm™
and 1500-1400 cm™ ranges suggests the break-
down of C-H groups, which is typical of EVA and
HDPE debinding [27].
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Figure 8. FTIR spectra of binder experimental filament

In the case of thermal treatment at 480 °C
(dotted curve), a further reduction in the inten-
sity of the absorption bands is apparent, with
many of the characteristic bands virtually disap-
pearing. This indicates a further, more advanced
debinding of the polymers, leading to an almost
complete breakdown of the material’s parent
structure. The disappearance of bands in the
range below 1000 cm™ suggests the breakdown
of the polymer backbone, which is consistent
with the high-temperature debinding of HDPE
[28]. In summary, FTIR analysis shows that the
material containing EVA, HDPE and ABS un-
dergoes significant thermal debinding as early as
350 °C, and at 480 °C the polymer structure is
almost completely decomposed.

Analysis of the qualitative composition of
Zetamix filament

Examination of the FTIR spectrum for the Zeta-
mix H13 filament revealed characteristic absorp-
tion bands that indicate the presence of polyethyl-
ene (PE) and polyvinyl acetate (PVAc). The FTIR
spectrum is placed in Figure 9. The FTIR spectrum
revealed distinct peaks in the 2800-3000 cm™' range,
which are typical of the C-H stretching vibrations in
the methyl and methylene groups present in PE. In
particular, strong peaks in the region of 2916 cm'!
and 2848 cm™ are consistent with absorptions char-
acteristic of aliphatic hydrocarbons. The presence of
these bands confirms that polyethylene is an impor-
tant component of the sample [26].
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Figure 9. FTIR spectra of Zetamix H13 filament
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In addition, the FTIR spectrum revealed a band
at 1735 cm’, characteristic of carbonyl groups (C
= O) associated with acetate bonds in polyvinyl
acetate (PVAc). This band is a key indicator of
the presence of PVA, as the carbonyl groups are
highly specific for this polymer. Furthermore, the
absorption bands in the 1400-1500 cm™ range cor-
respond to C-H deformation vibrations, which are
common to both PE and PVAc.

In the 1000-1300 cm™ range, the FTIR spectrum
shows numerous peaks associated with C-O and C-C
vibrations in the PVAc polymer chain. The presence
of these bands further confirms that poly(vinyl ac-
etate) is a component of the Zetamix H13 filament.
Specific peaks around 1239 cm™! and 1093 cm™! can
be attributed to C-O stretching vibrations, which is
consistent with the structure of PVAc [26].

Debinding mechanism of Zetamix filament

The development of FTIR spectra obtained for
Zetmix H13 samples at 25 °C (reference sample),
after thermal debinding at 350 °C and after ther-
mal debinding at 480 °C, allows the analysis of the
thermal debinding process of this felt. The spec-
trum is in Figure no. 10. Assuming that the main
components of this material are polyethylene and
polyvinyl acetate, significant changes in the chem-
ical structure after heating can be observed.

The FTIR spectrum of the reference sample
(black line) shows characteristic bands for poly-
ethylene and polyvinyl acetate. Peaks in the re-
gion of 2916 cm™ and 2848 cm™' correspond to
symmetric and asymmetric stretching of the CH,
bonds in polyethylene. In addition, the presence
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of bands around 1735 cm™ suggests the presence
of ester groups from polyvinyl acetate [26].

After thermal debinding at 350 °C (dashed
line), we observe the disappearance of polyeth-
ylene-specific bands and ester groups. This sug-
gests that both polymers are degraded at this tem-
perature, leading to the loss of functional groups
and the breakdown of the polymer chains.

Upon further heating to 480 °C (dotted line),
the band intensities for both polymers are further
reduced. The FTIR spectrum indicates almost
complete debinding of polyethylene and polyvi-
nyl acetate, which is consistent with the advanced
thermal decomposition of these polymers. At this
temperature, mainly volatile debinding products
are formed, resulting in minimal residual absorp-
tion over the entire measured range.

CONCLUSIONS

The conducted thermal analysis of the ther-
mal degradation process enabled the precise
determination of the optimal conditions for re-
moving the polymer binder. Based on this analy-
sis, two thermal degradation processes were de-
signed — one for the experimental material and
another for the commercial material. The results
of the thermogravimetric analysis (TG) and
derivative thermogravimetric (DTG) allowed
researchers to identify key moments where the
most intense degradation of the polymers pres-
ent in both materials occurs. The maximum deg-
radation rates for the experimental material were
observed at 420 °C and 472 °C, while for the
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commercial material, they were at 355 °C and
470 °C. This knowledge is significant not only
for improving the efficiency of the binder re-
moval process but also for minimizing the risk
of material defects, which directly impacts the
quality of the final products.

In the second step of the research, the authors
demonstrated that the implementation of the sol-
vent degradation stage allowed for a reduction in
the irreversible consumption of the binder and
enabled the recycling of both the solvent and the
ABS polymer. They successfully designed a ma-
terial and a processing method that does not de-
viate in quality from commercial materials. Fur-
thermore, the application of solvent degradation
allows for the recovery of part of the material for
reprocessing, thus fulfilling the principles of sus-
tainable development.

Additionally, the research detailed the qualita-
tive composition of the commercial material, which
is crucial for understanding its properties and po-
tential applications. The FTIR analysis revealed
that the main components of the Zetamix filament
binder are polyethylene and polyvinyl acetate.

The rationale for using experimental fila-
ments in studies of the debinding and sintering
processes stems from several key aspects that
make them competitive compared to commercial
filaments such as Zetamix H13. The commercial
filament, developed by NaNo, is characterized by
high quality and optimized technological param-
eters, including a carefully tailored composition
and precise processing conditions. Despite this,
the experimental filament used in our research
does not significantly differ from the commercial
product, justifying its use in the context of scien-
tific and industrial analyses.

The advantages of experimental filaments
over Zetamix H13 include the ability to adjust
the composition parameters, which can offer ben-
efits in specific applications, such as the infiltra-
tion of open pore structures in H13 steel sinters.
Although the experimental filament has a slightly
lower metallic powder loading compared to the
commercial filament, key parameters such as par-
ticle size distribution remain comparable to those
of the commercial counterpart. A significant ad-
vantage of the experimental filament is the abil-
ity to precisely control the chemical degradation
processes, which effectively mitigates differences
in polymer content and potential technologi-
cal issues, such as the formation of surface ir-
regularities on the filament. The disadvantages of

experimental filaments may include greater vari-
ability in properties and a lack of full optimiza-
tion in the manufacturing process, which could
affect the quality of final products compared to
the refined commercial product, such as Zetamix
H13. The higher powder loading in the commer-
cial filament provides it with an advantage in
terms of lower polymer content, contributing to
better mechanical and surface properties during
the sintering process.

In conclusion, despite certain differences, the
experimental filament offers promising prospects
in studies of sintering and infiltration technolo-
gies for H13 steel, especially where the ability
to modify composition and process parameters
gives it an advantage over commercial filaments.
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