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Abstract: The article describes the research in which a filament highly filled with Co-Cr-Mo
alloy powder was developed, the 3D printing process, and the degradation and sintering of the
produced samples. The research shows the influence of debinding on the final structure of the material.
The research presented in this article allows us to assess the relationship between the particle size of
the metal powder and the surface and internal structure of the finished sinters. Material analysis allows
for the possibilities of manufacturing and printing high-filled filaments in MFDM technology.
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Introduction

The selective laser melting technology, consisting of melting metal powder particles and their alloys
with a laser beam, is the most suitable for the production of metal elements. The biggest problem with this
technology is the size of the chamber and the price of SLM printing devices[1-2]. For example, the Renishaw
125 SLM printer costs around $125,000. An alternative method is MFDM (Metal Fused Deposition
Modelling) printing. The BCN3D SIGMA D25 printer, which is dedicated to MFDM technology, costs about
PLN 20,000. This printing method refers to the popular FDM technology, that is,the application of the
material layer by layer to create an element from a previously designed 3D model[3]. The MFDM method
uses filaments highly filled with metal or ceramic powders and performs additional post-treatment,
consisting of removing the binder and sintering. Unfortunately, this method of printing, in addition to
additional heat treatment, causes the prints to not be completely compact, which can be a problem with
mechanically loaded elements [4]. However, it is possible to fill open pores in MFDM prints after
degradation and sintering by additional pressure infiltration with liquid metal [5].

An inseparable element of the MFDM method is the sintering process. Sintering plays a huge role in
the production of new materials in the field of metallic products. This process can produce porous metal
components used as filters, catalyst substrates, plain bearings, and dental materials. It is a spontaneous
process in which a dispersed grain system (metal powder) is transformed into a porous, durable shape. As a
result of chemical and physical processes, the mechanical and physical properties as well as the size of the
final sinter are modified. During this process, the contact of the oxidized surfaces is replaced by the contact
of the metallic surfaces, and the porosity of the sinter changes. In the initial stage of the process, the
dimensions of the sintered element increase as a result of the thermal expansion of the system. The most
important moment in the sintering process occurs when the growth of the sintered element is stopped,
followed by the initiation of the contraction of the system. This moment is calledthe start temperature. Then
the system is heated at a certain rate to a constant maximum temperature, this thermodynamic value is called
the sintering temperature. After reaching the highest temperature value of the system, the annealing of the
sinter is carried out. After the physical and chemical transformations are complete, the system is cooled[6].
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Co-Cr-Mo spherical powder was used for the tests. This alloy has been used in biomedical materials
used in dentistry, prosthetics, and orthopaedics. Cobalt-containing alloys are used forthe clasp and skeletal
dentures, as modern dental implants and permanent prosthetic restorations [7]. The ideal material for dental
implants should be characterized by biocompatibility, a fixed chemical composition, corrosion resistance,
and high surface porosity. The Co-Cr-Mo alloy is a material that largely meets the requirements for
biocompatibility, chemical composition, and corrosion resistance [8]. It seems that the porosity of the
elements produced by the MFDM method may be desirable in the production of implants. These pores can
be filled with antibiotics that release antibiotics. In addition, bone tissue grows into the open pores formed
on the surface of the dental material, the so-called process of bone formation takes place. osseointegration,
which ensures permanent fixation of the implant and its stabilization [9-10].

Materials and methodology

Polymers such as acrylonitrile-butadiene-styrene terpolymer (ABS) (Versalis), poly(ethylene-vinyl
acetate)) (EVA) (Versalis) and high-density polyethylene (HDPE) (Bralen) were used in the research.
Additionally, acetone (C3HsO) (Chempur, pure) was used asABS solvent. Co-Cr-Mo alloy powder was used
as a filler. Table No. (1) contains the volumetric composition of individual components.

Table 1.
Percentages of slurry components
Component Quantity (V%)
Co-Cr-Mo 45
ABS 20
EVA 20
HDPE 15

One of the most important elements of this research was the appropriate selection of the components
of the polymer-powder slurry. The individual components of the material have been selected in such a way
as to enable the extrusion and printing of samples from the composite material, which will be subjected to
degradation and sintering. Throughout the process, the sample should maintain its shape given in the Solid
Works environment. In the first stage, the percentages of all components of the polymer-powder slurry were
selected, then the weighed amount of ABS terpolymer was dissolved in the appropriate amount of
acetone[11-12]. A magnetic stirrer was used to accelerate the polymer dissolution process. The mixing
process lasted 6 h at room temperature (25°C) [13]. In the next stage, the appropriate amount of Co-Cr-Mo
powder was poured into the mixture of polymer and solvent. After the powder and the dissolved polymer
solution were thoroughly mixed, the single-phase mixture was poured into a rubber tray. The polymer-metal
slurry had to be subjected to evaporation of the solvent for 24 hours. Then, weighed EVA copolymer and
HDPE polymer were added to the heated kneader (170°C). After the polymer mass was mixed in the crusher,
the previously prepared polymer-metallic slurry was added. After thoroughly mixing all ingredients for 30
minutes, the prepared material was transferred to the extruder, where a filament with a diameter of
approximately 2.85 mm was extruded.

To investigate the relationship between the particle size of the Co-Cr-Mo alloy powder and the surface
structure and internal structure of thesinters, we prepared two composite materials. The prepared materials
were differentiated by the size of Co-Cr-Mo powder particles. The powder in the first material contains the
entire particle size fraction ranging from 0.093 um to 97.63 pum, while the powder used to make the second
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material has a particle size fraction from 0.093 pm to 44.09 pm. Figure no. (1) shows the particle size
distribution. The powder density of 8.33 g/cm3 was determined using an AccuPyc Il 1340 helium
pycnometer from Micromeritics. The chemical composition of the powder is shown in Table No.(2).

Table 2.
Chemical composition of the tested Co-Cr-Mo alloy powder
Ingredients | Co C Cr Mo Ni Mn Si Fe
Min., % 60 27 5
Max., % 55 0,04 30 7 0,5 1 1 0,75
Material No. 1 ——
Material No. 2
10,0
9,0
8,0
= 7,0
\;’ 6,0
% 5.0
A~
3,0
2,0
1,0
0,0 — ———
0,0 20,0 40,0 60,0 80.0 100,0 120,0

Particle size, pm

Fig. 1. Particle size distribution of the original powder and after sieving

In the tests, samples were created with dimensions of 40mmx10mmx4mm. The elements were printed
using the BCN3D SIGMA D25 printer. The printer was equipped with nozzles with a diameter of 0.8 mm.
The printing process was carried out at a nozzle temperature of 230 °C and a bed temperature of 60 °C.

The printed samples were subjected to two-stage degradation (chemical and thermal debinding) and
sintering. Chemical degradation was carried out in an acetone environment for 72 hours, while thermal
degradation was carried out at a maximum temperature 450°C in a nitrogen atmosphere [14]. The degradation
in acetone is intended to remove part of the polymeric material from which the samples are made. Reducing
the polymer part of the material should allow for a more effective thermal debinding process and the
formation of open pores in the entire volume of the material. Sintering was carried out at a temperature of
1380 °C in a tube furnace in an atmosphere of protective gas Ar-5%H,. As a result of high-temperature
sintering, the surface of the particles is reduced by the formation of the so-called between the particles,
smoothing the surface and reducing the number of pores[15]. Detailed information on thermal degradation
and sintering processes is provided in Table no. (3).

Table3.

Stages of the Thermal Debinding and Sintering Process
Thermal debinding
Temperature [°C] Time [h] Temperature [°C] Time [h] Temperature [°C] Time [h]
0-100 0,5 250 - 300 1 350 - 400 1
100 - 200 1 300 2 400 2
200 - 250 1 300 - 350 1 400 - 450 1
250 2 350 2 450 2
Sintering
Temperature [°C] 0-520 520 520 - 1400 | 1400 1400 - 40
Czas [h] 2 2 2 0,5 2
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Results and discussion

In the course of experimental research, two sinters of the Cobalt-Chromium-Molybdenum alloy were
produced. The green colour of sample no. 1 results from the formation of a surface layer of chromium (l11)
oxide. Chromium oxide could have been formed by a leak in the heating system and air entering the chamber
where the sintering process was performed.

The metal powder used to produce sinter no. 1 has a larger particle size range, while the metal powder
used in sinter no. 2 contains a powder with a particle size below 45 um. Sifting the powder through a sieve
in material no. 2 eliminated large particles of varying size from 45 to 100 pm. The particle size distribution
is shown in Figureno. (1). The selected powders were then premixed on a kneader with the remaining binder
components. The mixture was further homogenized in a twin-screw extruder and extruded in the form of a
filament with a diameter of 2.85 mm through a special nozzle designed and manufactured for this purpose
in the SLM technology. The high flexibility of the filament allows it to be printed without major
technological problems. The maximum thermal degradation temperature of 450 °C was selected so that high-
density polyethylene could act as a framework material and the sample was not destroyed during transfer to
the high-temperature furnace. After sintering, both samples were subjected to microscopic analysis of the
surface using a digital stereoscopic microscope and the internal structure using a light microscope. As a
result of the observation of sinters in a stereoscopic microscope, it was found that there are bubbles on the
surface of sample no. 2, while the surface of sample no. 1 is characterized by the absence of such
deformations. This is probably due to the larger particle size of the powder in material no. 1. Larger particles
and larger pores between them facilitate the release of gases during the pyrolysis of the polymeric material
contained in the sample. Figure no. (3) shows the side surface of the tested samples. Both samples have a
clear pattern of the path created during 3D printing. There are local pores between the tracks between the
individual layers. Figure no. (4) shows the view of the upper surface of the samples. Sample No. 1 has pores
between the individual printing paths, whereas sample no. 2 is characterized by the absence of such
formations. After surface analysis, the test samples were cut and embedded in a thermoplastic resin to
perform structural tests of the material. In figure no. (5) There is a view of the internal structure of the tested
sinters. The photos were taken with a Zeiss light microscope. On the basis of the analysis of the structure, it
can be seen that sample no. 1 is characterized by less distortion than sample no. 2. Sample no. 2 shown in
figure no. (2) has numerous pores and delamination. This is most likely due to the evaporation of acetone
trapped in the pores during thermal degradation. The reason for this is the numerous pores and delamination
with sizes from 5 to 900 um both at the surface and in the core of the sample. To prevent this phenomenon,
the drying process of the sample after chemical degradation should be extended. Moreover, sample no. 1
contains fewer internal pores than sample no. 2. Better properties after sintering than material containing
smaller metal particles. However, the material that contains larger particles causes great difficulties during
the formation of the filament and its prlntlng

Fig. 2. View of the tested samples after the sintering process. 1 — sample containing powder with particle size up to
approximately 100 um, 2 - sample containing powder with particle size up to approximately 45 um.
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Fig. 3. View of the side surface of the tested samples, 1 — sample containing powder with a particle size up to
approximately 100 um, 2 - sample containing powder with a particle size up to approximately45 um.

Fig. 4. View of the side surface of the tested samples, 1 — sample containing powder with a particle size up to
approximately 100 um, 2 - sample containing powder with a particle size up to approximately45 pm.

Fig. 5. Structure of the tested samples, 1 — sample containing powder with a particle size up to approximately 100
um, 2 - sample containing powder with a particle size up to approximately 45 pum.

Conclusions

As a result of the printing process, it turned out that filament number 2 containing smaller powder
particles printed better than filament number 1 containing larger particles. Thus, we can conclude that size
greatly impacts the quality and performance of MFDM printing. However, the large particles in material
number 1 allowed the pores to open and release gases during thermal degradation; in material number two
containing small powder particles this did not happen, and bubbles of gas formed on their surface. A sample
containing a powder with a larger particle size is characterized by a more favorable internal structure and
smaller sinter deformations than a sample containing a powder with a smaller size fraction. However, a
filament containing Co-Cr-Mo alloy powder with a larger particle size causes great problems during the
printing process. For this reason, powder with a fraction below 45 um should be used and the temperature
and thermal degradation of individual polymers should be selected appropriately. In addition, the time of the
sintering process should be extended and the soluble degradation process refined.The research will be
continued with the use of more advanced research techniques, such as SEM microscope examination and
EDS analysis, which would verify the qualitative composition of the sample surface.
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PO3POBJIEHHA IIJIbHOHAIIOBHEHOI HUTKH, IO
BUKOPUCTOBYETHCA B TEXHOJIOI'II MFDM
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AHoTanis: Y cTarTi onrcaHo AOCHiIKEHHS, Y X0/ SIKOro O0yJio po3po0IeHO HUTKY 3 BUCOKUM
HanmoBHEHHAM TiopoikoM crutaBy Co-Cr-Mo, nporiec 3D-ApyKy, a TakoxX JErpajallito Ta CIiKaHHS
BUT'OTOBJICHUX 3pa3kiB. BOHM MOKa3ylOTh BIUIMB 3’€JJHAHHSA HA KIHIEBY CTPYKTYpYy Marepiany.
JocmimxeHns, TpeacTaBieHi B Il CTaTTi, TO3BOJIAIOTH HAM OIIIHUTH B3a€EMO3B 30K MiXK PO3MipOM
YaCTHHOK METAJICBOTO MOPOIIKY Ta MOBEPXHEIO T4 BHYTPIIIHLOI CTPYKTYPOIO TOTOBOTO arjoMepary.

AHaii3 MaTepianiB Aa€ 3MOry BHPOOISITH Ta JPYKYBaTH BHCOKOHAIIOBHEHI HUTKHU 3a TEXHOJIOTIEIO
MFDM.

Kutouosi cioBa: 3D npyk, Co-Cr-Mo crnas, cikaHHS, TOPOLIKOBA METATYPIis

107



