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ABSTRACT

Additive Manufacturing (AM) is the fabrication of real three-dimensional objects from plastics and metals by adding material,
layer by layer. One of the most common AM processes is the Material Extrusion (ME) based on different approaches: plunger,
filament and screw. Material Extrusion technologies of metal-polymer composites is expanding and it mainly uses the filament
or plunger-based approaches. The feedstock used is a mixture of metal powder (from 55 vol% to about 80 vol%) dispersed in
a thermoplastic matrix, as the Metal Injection Molding (MIM) materials. The process consists of three steps: shaping,
debinding and sintering. The first step provides the extrusion of filament to realize a primary piece called “green part”;
subsequent steps, debinding and sintering, allow to obtain a full metal part by dissolving the polymeric binder. The latter can
be carried out using solvents, heat and the combination of them. The interest toward this technology is driven by the possibility
to replace other Metal AM technologies, such as Selective Laser Melting or Direct Energy Deposition, in sectors like rapid-
tooling or mass production, with several benefits: simplicity, safety to use and saving material and energy. The aim of this
keynote is to provide a general overview of the main metal ME technologies considering the more technical aspects such as
process methodologies, 3D printing strategy, process parameters, materials and possible applications for the manufacturing

of samples on a 3D consumer printer.
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1.  INTRODUCTION

Several Additive Manufacturing processes are currently
existing; they only differ in the way layers are deposited to
create an object, in the operation modes and in the way the
material is fed into the system. Some methods melt or
soften materials (thermoplastics, composites,
photopolymers and metals) to produce the layers, e.g.,
Material Extrusion (ME) or Fused Filament Fabrication
(FFF), Selective Laser Sintering (SLS), Selective Laser
Melting (SLM) and Electron Beam Melting (EBM), Direct
Metal Laser Sintering (DMLS), while others cure liquid
materials, e.g., Stereolithography (SLA) [1]. However, it is
necessary for SLS, SLM and DMLS techniques to adopt
high-energy beams including laser or electron beam as
heating sources to fuse the metal powders during the whole
manufacturing processing to obtain metal parts, which is
very energy-consuming. In addition, these techniques
usually require large investments for metal powders,
machinery, and maintenance, limiting their applications
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mainly to the high value-added industries which are cost-
insensitive. Therefore, it is of practical significance to
explore other economical metal 3D printing techniques
with less energy consumption. Material Extrusion,
conversely, is a cheaper 3D printing technique mainly
developed for the additive manufacturing of polymer
materials. During the manufacturing process, a polymeric
filament is first melted in the printing nozzle at a
temperature slightly higher than the melting point of the
printing polymer, then deposited onto the printer hot bed
layer by layer under the control of a computer, and finally
fused with the bottom adjacent layers [2]. Whenever
necessary, support structures are included in the process to
enable the fabrication of complex geometrical features.
This basic principle enables the production of complex
parts without a shaping tool other than a die with a simple
geometry. Depending on the type of extruder used, one can
classify material extrusion into different types: filament
and plunger-based [3]. The first example of using FFF for
the production of metal parts was presented in 1996 with a
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17-4 PH stainless steel and tungsten carbide-cobalt [4,5]
and this process was later on referred as FDMet (Fused
Deposition of Metal) or Metal Fused Filament Fabrication
(Metal FFF) [6]. This new AM method is based on the
combination of FFF and Metal Injection Molding (MIM),
a more conventional process which allows to obtain a close
full density metal part with high complexity. The feedstock
used is a mixture of metal powders with a different amount
in percentage by volume (vol%) from 55 since to 88, as
reported in open library, and a polymeric binder. This is
constituted by three different component: a main binder
(i.e., Polyoxymethylene (POM), Wax paraffin,
Thermoplastic elastomer (TPE) or Polyethylene glycol
(PEG)), a backbone binder like Polypropylene (PP), Low-
Density Polyethylene (LDPE) or Grafted Polyolefin and in
some cases also additives like stearic acid, the most
common [3,7-9]. The printed part is defined as “Green
Part”, the debinded part as “Brown Part”, and the sintered
metal part as “White Part”, respectively, while the entire
process chain is called “Shaping, Debinding and Sintering-
SDS-Process”. In the first step, the green parts are printed
from metal/polymer composite filament, during which
polymer is melted as the binder but the metal particles
remain solid subsequently, brown parts were obtained by
subjecting the green parts to a debinding process to remove
most of the polymer binder. The remaining polymer binder
in the brown parts avoid the spreading of the metal particles
and thus preserve the shape of the parts. Finally, they are
sintered to melt the metal particles together to form a dense
material.

2,
2.1

TYPES OF METAL EXTRUSION
Tensile Strength

The first way to extrude the filament and realize the green
parts is the “filament-based” type (Fig.1).

Plunger-based

Filament-based

Fig.1 Type of Material Extrusion [3]

The American company Markforged Inc. has realised a
hybrid-process inspired by Metal FFF named Atomic
Diffusion Additive Manufacturing TM (ADAM). The
entire SDS process of Markforged system is controlled by
a proprietary software called “Eiger”. The printing of green
part takes place in the “Metal X” printer equipped with a
heated nozzle of 0.4 mm, which softens and deposits
material layer by layer with a height equal to 125 pm. As
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reported in Eiger slicer, this is the unique layer height
available. Only for copper, the layer height is 129 pm. The
feedstock used is a spool of different materials like:
stainless steel 17-4 PH or H13, A2 and D2 tool steel, but
also nickel superalloy (Inconel 625) and copper [10]. The
used binder is completely thermally debound in the
washing system with proprietary solvent (Opteon SF79,
Opteon SF80, or Tergo Metal Cleaning Fluid). The last
step useful for the realization of a dense metal part is the
sintering, which varies in terms of temperatures and the
time according of the selected material. Some examples of
parts printed via ADAM are reported in Fig.2.

Fig. 2 Examples of parts made via ADAM in 17-4 PH [11]

On the other hand, the German society BASF 3D Printing
Solutions GmbH, offer two metal-composite filaments
called Ultrafuse® 316L and Ultrafuse® 17-4 PH, opening
the possibility to produce green parts with existing and, in
some cases, very cost-effective, FFF printers, as shown in
Fig. 1.

MAX 260 C

Fig. 1 Example of printing of sample in Ultrafuse 316L with a
consumer 3D printer

Then, also in this case, the green parts are processed into
pure metal parts using a debinding and sintering process
[12].

The metal/polymer composites filament consists of a
polymer matrix and an 88 vol% dispersed stainless steel
particles with a different particle size. In Ultrafuse 316L
filament, variable particle size of metal powder are



ADVANCED TECHNOLOGIES AND MATERIALS VOL. 47, No. 1 (2022)

dispersed in the matrix; they are indicated with white
arrows in Fig. 2. Typical dimensions of metal powder
grains are comprised in the range 1-10 um, according to
Tosto et al. [13], while Liu et al. [2] observed higher
values, comprised between 30-50 pm. The polymer matrix
(red arrows in Fig. 2), is composed of POM and
Polyethylene (PE) with other additives such as
polypropylene, dioctyl phthalate (DOP), dibutyl phthalate
(DBP), and zinc oxide (ZnO) to increase the fluidity,
plasticity, and thermo-stability of the composite [2].

»

20 ym EHT= 500kV Signal A= SE2
— WD= 60mm Mag= 826X

Fig. 2 SEM image of cross section of Ultrafuse 316L filament

In research laboratories, in other cases, it is possible to
manufacture filaments with different percentage of metal
and polymer [6,14-22]. In particular, it is possible to use
stainless-steels, (316L and 17-4 PH the most common
ones), titanium alloys (Ti-6Al-4V) [14,20], hard-metals
like carbide tungsten (WC) and tungsten carbide-cobalt
(WC-Co) [18] and low-melting alloys (low-melting
eutectic alloy of bismuth, non-eutectic alloy of bismuth,
and a non-eutectic alloy of antimony) [21]. For the
manufacturing of filament, it is necessary that it keeps a
constant and uniform diameter during the entire process in
order to maintain a constant delivery rate for a good
printing result. The filament is usually manufactured using
a single or twin-screw extruder. In addition, the material to
be processed should have an even distribution of the
binder, which should be easy to remove from the metal
powder (by debinding or burning/evaporation). It is
required a good fineness of metal powder to manufacture
metal filaments. A uniform, as small as possible, size of the
metal particles is important in order to obtain a uniform
filament, to produce uniform prints and reproducible
sintering results. It is a good practice to use grain sizes in
the range between 2 and 44 pum. According to Thompson
et al. [6] the average size of metal powder for a 316L is
17.7 um.  The metal is preliminarily treated with an
agent able to reduce the interaction forces between the
particles and to lubricate the powder. Cyclohexane or
stearic acid are the most used for this treatment. The metal
powder is then gradually mixed with the polymer binder.
The amount of metal powder is relevant for achieving a
lower residual porosity after debinding and a better
densification due to higher number of particle contacts.
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Consequently, a high content of metal powder can
generate voids and inhomogeneity in the extruded profiles
due to higher feedstock viscosity and increasing particle
friction [23]. The uniformity of distribution of the material
components can be estimated through the viscosity of the
mixed material and, therefore, through the torque value of
the mixing device driving motor. Usually, due to the high
metal content of these materials, it is recommended a
nozzle in hard metal or ruby, with a diameter >0.4 mm [24].

2.2. Plunger based process

The second extrusion type is the “plunger-based” (Fig.1).
Another American company, Desktop Metal Inc. has
patented a technology similar to FFF and MIM process
called Bound Metal Deposition ™ (BMD) enabling the
printing of bound metal rods and the subsequent sintering
to form a dense metal part. In the BMD process, the desired
metal or alloy powder is compounded with an appropriate
multi-component organic binder system to form the
feedstock. The feedstock is shaped into a rod that has a
well-defined and controlled diameter. Multiple rods of a
fixed diameter and length are housed in a specially
designed and padded dispensing cartridge. The cartridge
feeds rod to an extruder which actuates and heats the rods
to produce a quasi-molten composite. This composite is
easily pushed by a plunger through a 0.4 mm nozzle, while
the extruder moves on the build plate following a
predetermined path to produce the green parts (Fig. 3).
This extrusion system enables precise printing and a
minimum layer height of 50 pm. In cases where the three-
dimensional complexity of a part requires support
structures to be printed, an interface layer is included in the
design to allow for later separation [18,25].

Fig. 3 Example of green parts printed via BMD in 17-4 PH stainless
steel

Desktop Metal’s materials available are similar to the ones
provided by Markforged: 17-4 PH stainless steel, H13 tool
steel and copper, but also 316L stainless steel and 4140 low
alloy steel [26]. The binder used by Desktop Metal system
is first debound by a solvent and then treated thermally.
Later, there a sintering process is necessary to obtain a
metal part. As Markforged, Desktop Metal provides a
proprietary system composed by the 3D printer, debinder
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and furnace for sintering governed by a proprietary
software called “Fabricate”.

3.
3.1

SDS PROCESS
Shaping

The first phase of process is the shaping. In this phase the
filament is extruded layer by layer until the entire green
part is obtained. A right combination of printing
parameters, such as infill density, flow rate, layer height
and printing speed influence the success of print. In fact,
when this does not happen, some troubles could be
detected, such as a not perfect adhesion of the roads, which
causes an incorrect filling of the green part, and subsequent
voids in the metal part. In Fig. 4 three objects printed are
shown; varying the flow rate, evident voids are created on
the surface of these objects.

Fig. 4 Example of green parts with non-perfect adhesion
between the rods

Keeping constant the infill at 100% and the printing speed
at 35 mm/s, instead increasing the flow rate from 110% (a)
to 115% (b) and 125% (c), it has been possible to avoid the
voids present in the first two parts. This behavior is
confirmed from microscope images (Fig. 7) of these
objects: in the a) and b) part holes in the vicinity of the wall
layers also appear.

Fig. 5 Image at optical microscope of the green parts (140x)

3.2. Debinding

Once the green part is printed, the polymeric binder must
be removed. This process is commonly referred to as
“debinding” and it is very well known for parts produced
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by MIM. Polymers have to be removed completely from
the green part since carbon residues can influence the
sintering process and negatively affect the quality of the
final product. Moreover, binder removal is one of the most
critical steps in the SDS process, since defects can be
produced by inadequate debinding. Some examples are
blistering, surface cracking, and large internal voids. There
are three main debinding techniques: thermal, solvent, and
catalytic methods [3]. For a solvent debinding, the
treatment time varies depending on the shape and size of
the printed parts. Gonzalez-Gutierrez et al. [27] suggest
that printed parts should be kept in the solvent for at least
12 h. The same procedure is suggested by Thompson et al.
[6] for parts having a wall thickness of 2 mm, while for a
wall thickness of 6 mm the removing processing time of
TPE should be 57 h. Removal of TPE of the printed green
bodies generates interconnected pore channels. During
solvent debinding, elimination of at least 99% of the
contained TPE mass is necessary in order to enable
successful realization of the following process steps. As
rule, the mass loss of printed parts should be monitored
during the debinding to determine the end of the treatment.
Thermal debinding is performed by heating the parts in a
vacuum furnace with a variation of pressures between 103
to 105 mbar, depending on variable levels of volatilized
binder within the furnace during the burnout process.
Debinding temperatures has to be evaluated in accordance
with thermogravimetric analysis (TGA) of the backbone
polymer. Heating rates have to be as high as possible, but
slow enough to avoid blistering or crack formation within
the samples [6]. Some studies proposed different
temperatures depending on the geometry of the part and the
material;  Thompson et al. [6] observed the complete
degradation of backbone binder at 500 °C on a 316L
stainless steel filament. Supriadi et al. [28] found the
optimum debinding temperature for a 17-4 PH stainless at
510 °C, with a binder removal percentage of 6.2% and
fewer oxides content. Choi et al. [29] studied the sintering
of 316L stainless steel, and found that the weight loss of
the molded part started at about 180 °C, and the weight
became constant around 400 °C, with a percentage of
5.70%. Thermal debinding can take place even after a
solvent debinding, in the same furnace of sintering; in fact
it is considered a preliminary sintering [30]. The last type
of debinding is the catalytic debinding. This process is
patented by BASF SE [31] for their metal-composite
filament, but also for MIM feedstock, such as Catamold®.
In fact, Catamold is totally unique in its ability for the
catalytic gas phase decomposition of the binder and this
ability is innate to the chemical structure of POM (Fig. 6).
The oxygen atoms in the polymer chain are susceptible to
acidic attack, causing the macro-molecule to split off
successively CH»O (formaldehyde) units when it is
exposed to a suitable acidic catalyst and nitrogen dioxide
(NOy). The catalyst used for the debinding process is
gaseous nitric acid (HNOsg), with a concentration higher
than 98,5% [32]. First the exhaust is burned in a reducing
atmosphere (no oxygen and rich in nitrogen) at a
temperature of 600 °C, transforming nitric dioxide into
nitrogen gas (N2). The second step consists is the burning
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in an oxidizing atmosphere at 800 °C to transform
formaldehyde into water and carbon dioxide. It is
important to mention that binders based on POM usually
have a backbone polymer which is not susceptible to
catalytic debinding. Such backbone polymer helps retain
strength and shape stability in the “brown part”. However,
sintering cannot begin until this backbone polymer is still
present, and thus a thermal treatment between 200 and 600
°C is applied to the part prior to the start of the sintering
process [8]. The guidelines of BASF for the catalytic
debinding of green parts realized by FFF and MIM
recommend a temperature between 110-120 °C, with a
debinding rate of 1-2 mm/h and a holding time variable
depending on the material weight in the furnace. The
debinding process terminate when a minimal debinding
loss of 10.5% is reached.

Polyoxymethylene
(solid)

—o+4 + HNO:

I—0O—I

Nitric acid
(gas)

n

Formaldehyde Nitrogen dioxide

(gas) (gas)
O
g + H:0 + NO:+ O2
H™ T H
Water Oxygen
(gas) (gas)

Fig. 6 Mechanism of decomposition of POM [8]

3.3. Sintering

The sintering is the last step necessary to obtain a full dense
metal part realised via FFF or MIM. In general, this process
is performed at temperatures below the melting
temperature of the major constituent in the metal, typically
ranging from 1200 to 1600 °C. Also, the holding time is
related to material and size of part. For small parts such as
bushings, the average time varies from 1 to 1.5 h; for
average-size ferrous parts, the sintering time can be 3 h.
However, tungsten parts can have a sintering time of up to
8 h [8]. An important aspect to consider during sintering is
the atmosphere inside the furnace. For low carbon
iron/nickel steels and stainless steels, pure hydrogen is
used. To obtain low-alloy steels containing carbon, this
latter is introduced via the metal powder. During sintering
under nitrogen, the carbon diffuses in the metal. It is not
feasible to introduce or partially remove carbon via the
sintering atmosphere, since this encounters considerable
difficulties in practice. Stainless steels can also be sintered
under reduced pressure. With appropriate process control,
even the extremely low carbon content of stainless steels
can be attained. BASF AG reports different examples of
sintering atmosphere used for MIM process. For example,
hydrogen is recommended for a 316L for a 430 stainless
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steels, but it is also possible use vacuum atmosphere. On
the other hand, for a 17-4 PH stainless only hydrogen in
atmosphere is recommended.

Sintering is essentially to remove pores; this is
accompanied by growth and strong adhesion among the
adjacent particles (Fig. 7), causing the shrinkage of the
product whose dimensions usually reduce between 14 and
20%.

Before
sinter

Formation

of necks

Evolution of necks

Isolation of
pores

and elimination of
pores

Fig. 7 Creation of pores after sintering process

The different choice of sintering parameters (holding time,
temperature and atmosphere) caused different responses in
mechanical aspects, as reported in Fig. 8. The graph
reported shows the values recorded of mechanical
properties like the Ultimate Tensile Strength (UTS), Yield
Strength (YS) and the Elongation at break (¢,%) for a same
material (17-4 PH stainless steel) provided by different
companies.
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0 4T
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= 500 6.0% g
=y _—
5 400 e
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W 300
20
00 4.0%
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0 3.0%

BASF Ultrafuse Desktop Metal Markforged 17-4
17-4 PH 17-4 PH PH

Fig. 8 Comparison of main mechanical properties for three different 17-
4 PH stainless steel
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3.3.1. Shrinkage Phenomenon

The green parts before printing, are oversized to
compensate for the sintering shrinkage. [8] It is important
to remark that the shrinkage does not occur in the same
amount in all dimensions, as observed by Thompson et al.
[6] and Kurose et al. [22] in samples printed with filament
filled with respectively 55 vol% and 60 vol% of 316L
stainless steel. Gong et al. [33,34] and Quarto et al. [35]
have reported a similar shrinkage on X-Y axes, while a
different one on Z axis, on a BASF Ultrafuse 316L, as
found in parts printed by BMD in 17-4 PH and W-Cr
[18,36]. On the contrary, Liu et al. [2] observed an equal
shrinkage of 17% on all axes in 316L parts. With regard to
the above, BASF 3D Printing Solutions GmbH in its
guidelines, gave a nominal shrinkage for parts made in
Ultrafuse® 316L and 17-4 PH: 16% on X-Y directions and
20% on Z direction [31]. The anisotropic shrinkage it was
also found in parts manufactured by MIM [37]. Causes of
this different shrinkage for a MIM process are to be pointed
at polymer orientation which can be influenced by injection
molding parameters. Besides polymer orientation, in
filament highly filled, shrinkage and density can be
influenced by the presence of gaps among deposited
strands. The more gaps, the larger the shrinkage and the
lower the density of the sintered parts, since larger gaps
cannot be closed during sintering. The shrinkage can also
be affected by the orientation of the filler particles [3].
Once sintering process is finished, the samples are
subjected to cooling in the same furnace. Cooling is done
in a protective atmosphere, in order to prevent oxidation of
sintered parts.

3.4. Mechanical properties

The mechanical aspect is one of the most important, when
a metal part is realized in AM. Parts printed in Metal FFF

Table 1 Summary table of mechanical properties

typically report worst mechanical properties if compared to
the other Metal AM technology. The main cause is the not
complete fullness of the parts, caused by some problems
during the SDS process and the limitation of the ME
technology. In Tablel is reported a summary of some
previous activities using stainless steel with compare to the
data sheet and SLM technology.

3.5. Possible applications

The production of components in Metal ME is currently
concentrated on few sectors: the most popular application
for these technologies are Rapid tooling and prototyping.
Thanks to the post-treatment capacity of sintered parts
through machine tools, it could be possible to extent in the
future the applications to other sectors, such as consumer
goods or repair. Actually, limitations still exist for this
technology related to the mechanical properties of these
parts. Expansion of this technology also in others sectors
required an increment of the precision and speed of
printing, and an additional reduction of manufacturing
cost.

4,  CONCLUSIONS

Metal Extrusion is a new area of the most common AM
process, Fused Filament Fabrication. For a full dense metal
part, accurate dosing of metal powder and polymeric
binder is necessary to avoid problems like porosity, low
density or voids. In order to obtain a full metal part, the
SDS process must be performed. Shaping requires an
adequate choice of printing parameters.

Debinding can be execute with different methods to
eliminate part of polymeric matrix, then during sintering
the rest of polymer is burned and the grains of metal
powder binded together. From a dimensional point of view,

. ] Tensile strength Yield strength Tensile modulus Elongation at break .
Material | Technology (MPa) (MPa) (GPa) (%) References
BMD 776 604 176 6.7 [36]
BMD 1042 660 195 8.5 [37]
ADAM 1050 800 140 5 [38]
FFF 880 680 5.8 [39]
17-4PH
FFF 497.40+9.90 443+6.90 108+6.90 0.79=0.05 [12]
SLM 944 570 50 [40]
FFF 465 167 152 31 [32]
SLM 648 541 320 30 [32]
FFF 436 167 152 [33]
316L
FFF 443.90+5.87 148.01=4.50 157.24=4.50 43.33+£2.53 [12]

30
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it is fundamental to take into account the phenomenon of
shrinkage occurring during D&S, so the design of the part
needs an oversizing factor for each of the three axes.
Mechanical characteristics are lower if compared to parts
made by SLM, however could satisfy the required strength
requirements. Possibility to print metal on a traditional FFF
printer or purchase an entire ME system, has allowed to
expanding the material portfolio of this technology and it
has changed manufacturing scenarios in different sectors.
Metal Extrusion could be an economical alternative to
Powder Bed technologies for the type of material used, the
safety in handling it. In fact, there are not specific
recommendations when printing metal filaments, lower
energy cost are needed compared to laser-beam or electron-
beam technologies, and the ease of use of the machine can
expand the application scenario of ME.
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