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Featured Application: The development of hybrid metal/polymer filaments opens the possibility
to expand metal 3D printing with investment costs accessible to small and medium enterprises.
This will allow 3D printing of metal parts with the same approach used for desktop 3D print-
ing, thus further democratizing the use of additive manufacturing in applications that cannot be
fulfilled by polymeric 3D printing.

Abstract: The exploitation of mechanical properties and customization possibilities of 3D printed
metal parts usually come at the cost of complex and expensive equipment. To address this issue,
hybrid metal/polymer composite filaments have been studied allowing the printing of metal parts by
using the standard Fused Filament Fabrication (FFF) approach. The resulting hybrid metal/polymer
part, the so called “green”, can then be transformed into a dense metal part using debinding and
sintering cycles. In this work, we investigated the manufacturing and characterization of green and
sintered parts obtained by FFF of two commercial hybrid metal/polymer filaments, i.e., the Ultrafuse
316L by BASF and the 17-4 PH by Markforged. The Scanning Electron Microscopy (SEM) and Energy
Dispersive X-ray Spectrometry (EDS) analyses of the mesostructure highlighted incomplete raster
bonding and voids like those observed in conventional FFF-printed polymeric structures despite the
sintering cycle. A significant role in the tensile properties was played by the building orientation,
with samples printed flatwise featuring the highest mechanical properties, though lower than those
achievable with standard metal additive manufacturing techniques.

Keywords: additive manufacturing; fused filament fabrication; stainless steel; 3D printing

1. Introduction

Additive manufacturing (AM) has gained an increasing importance not only as a
technology for prototyping but, due to its latest developments, it is now used for production
of functional parts. Metal AM is widely accepted to produce aerospace parts [1], medical
prosthetics [2], automotive parts [3] etc. Several technologies for metal AM are available
such as direct metal laser sintering (DMLS), selective laser melting (SLM), laser-engineered
net shaping (LENS), electron beam melting (EBM), binder jetting (B]), etc. Most of these
technologies use metal powders as feedstocks and sources of high energy to melt or sinter
the metal powder to 3D print objects [4]. These techniques require high investments
for machine purchase and complex facilities to work safely with metal powders. The
investment costs for traditional approaches limited the use of metal AM to specific fields
where the return on investment justified its use.

Recently, several companies developed lower cost approaches in the attempt to democ-
ratize metal additive manufacturing by using hybrid metal/polymer feedstocks processed
using standard polymeric AM techniques. In these cases, debinding and sintering cycles
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were applied on green printed parts to remove the polymeric binder and to obtain fully
dense metal objects. The AM manufacturing techniques used so far are fused filament
fabrication or vat photopolymerization. In the first case, metal/polymer filaments or rods
are printed with FFF-like printers to obtain the green part. Desktop Metal Inc, Markforged
Inc and Nanoe systems rely on this approach. Other companies, like Pollen AM and
AIM3D GmbH, patented machines processing pellets directly like those used for Metal
Injection Molding (MIM). Admatec, Incus and Photocentric Ltd. are developing metal AM
using photopolymerizable resins highly filled with metal particles.

The seminal works that introduced the use of FFF with metal filled filaments date to
the 1990s when Fused Deposition of Metals (FDMet) was first presented [5-7]. However,
only recently this process has received increasing interest with some papers addressing the
use of different metals. Among all of them, two types of stainless steels were investigated:
316L and 17-4 PH.

Kurose et al. [8] studied the effects of different building orientations for 316L printed
parts using their own filament. All the parts were printed with a rectilinear infill pattern
and at 100% infill density varying the layer thickness. The highest density for the green
printed part was 92.9% with a layer thickness of 0.1 mm. The sintered parts showed
anisotropic behavior with shrinkage degree varying between 15 and 17% and with the
highest shrinkage along the layer direction. Higher shrinkage values were reported in other
studies with values between 15 and 23% [9]. The specimens printed up-right displayed the
lowest values for the Ultimate Tensile Strength (i.e., 100 MPa), while the highest values (i.e.,
453 MPa) were shown by samples printed flatwise and on the edge. The large difference
was explained as the result of the voids laying perpendicular to the tensile direction for
the upright specimens. No data on the tensile modulus were reported. Gong et al. [9]
printed their specimens using the filament Ultrafuse 316L, measuring a residual porosity
around 1.5%, which contrasted to the fully dense structure obtained by SLM. The sintered
specimens showed equiaxed grains and austenitic microstructure such as those shown
during annealing. The yield strength measured was 167 MPa while UTS (Ultimate Tensile
Strength) was 465 MPa and the tensile modulus 152 GPa. All these values were lower
than those measured for samples manufactured by SLM and for those reported with AISI
316 L. The low mechanical properties were explained as the results of the porosity which
also caused a lower ductility (i.e., 31%) compared to standard annealed AISI 316 L (i.e.,
60%). Thompson et al. [10] focused on the characterization of the flexural behavior for 316L
filaments produced on their own. They used over-extrusion to produce high green body
density samples. After sintering the porosity varied from 1.9% to 1.4%, depending on the
sintering temperature used. In this paper EDX (Energy Dispersive X-Ray Spectroscopy)
analysis revealed that the grain boundary phase is Cry3Cg, which is thought not to impact
on corrosion but, due to carbide presence, to result in the embrittlement of the sintered
part. The mechanical properties showed a reduction of about 20% compared to a rolled
sheet made of 316L. These findings were explained as caused by the presence of porosity
and the high grain size after sintering.

The studies on FDM printing of 17-4 PH filled filaments are limited. In 2018 Gonzales-
Gutierrez et al. [11] studied the 3D printing conditions for filaments produced internally.
The sintered parts produced therefrom were also characterized in following papers. The
average Young’'s modulus was determined to be 196 GPa, the average maximum stress
was 696 MPa and the strain at break 4% [12]. The printed specimens showed an average
porosity of 4.3% after sintering but the different batches showed also great variation in
terms of strain at break. In a recent paper, the mechanical properties of the green parts
were optimized by varying the 3D printing parameters [13]. Galati and Minetola [14]
recently reported a detailed study on the density, roughness and dimensional accuracy of
sintered parts printed using 17-4 PH filaments with the ADAM (Atomic Diffusion Additive
Manufacturing) process patented by Markforged.

In this paper two hybrid metal/polymer systems were evaluated: the Ultrafuse 316L
by BASF and the 17-4 PH system by Markforged. The sintered parts were characterized in



Appl. Sci. 2021, 11, 1444

3o0f14

terms of their tensile properties analyzing the mesostructure of the green and sintered parts
by Scanning Electron Microscopy coupled with Energy-dispersive X-ray spectroscopy. The
results were compared with analogous metals printed using standard 3D printing metal
technologies. The need for this study arose from the increasing use of such materials on
commonly used printers. Therefore, we intended to expand the study by using a low-cost
printer for the Ultrafuse 316L that has not been reported before as the standard parameters
given by BASF have been obtained on Ultimaker series machines. In addition to that, a
detailed analysis of the mesostructure and of the influence of real load bearing area is
reported in this paper.

2. Materials and Methods

The materials used were sourced from commercial producers. For the 17-4 PH system
the technology developed by Markforged was used, while for the filaments filled with 316L
the Ultrafuse 316L produced by BASF was chosen.

The Ultrafuse 316L filament is a metal-polymer composite with a nonslip surface,
allowing application in any Bowden or direct-drive extruder. In this paper, we used a
desktop-size 3D printer model M200 by Zortrax (Zortrax S.A., Olsztyn, Poland) equipped
with a 0.4 mm bronze nozzle. The printing conditions used for the Ultrafuse 316L were
adapted from those specified by BASF in their technical data sheet testing on a calibration
cube (see video S1) [15]. The printing settings are reported in Table 1. The 3D-printed sam-
ples were outsourced to a debinding and sintering service for postprocessing as recommend
by BASF.

Table 1. Printing settings for the Ultrafuse 316L.

Printing Parameter Unit Value
Nozzle size mm 0.4
Retraction distance mm 2
Retraction speed mm/s 40
Layer height mm 0.14
Infill % 100
Nozzle temperature °C 240
Bed temperature °C 90
Oversizing factor (xy) % 19.98
Oversizing factor (z) Y% 26.03

The 17-4 PH samples were printed and sintered in outsourcing using a Metal X printer
following the printing settings specified by Markforged. The part size and the whole
ADAM process parameters, including the support structure, are designed automatically
by proprietary software named Eiger. Eiger is a CAM (Computer Aided Manufacturing)
software that manages the whole process from the design to the sintering phase. The
software is closed to the user. Therefore, the process parameters are not known, and cannot
be varied by the user, except for the layer thickness and the building orientation. Flatwise
and upright building orientation were tested. The deposition strategy used by Markforged
includes one outer contour and three inner ones as reported by Galati and Minetola [14]
(Figure S1). Like in standard FFF systems, the bottom and the top layers are printed with
full density, while the strategy used for the other layers depends on the layer thickness. For
the layer thickness of 0.050 mm a full-density strategy is used, while a closed triangular
cell path is followed to infill the section for the higher layer thickness of 0.125 mm.

The Ultrafuse 316L filament and all the printed green parts were analyzed by Scanning
Electron Microscopy (SEM) using a SEM EVO by Zeiss. The sintered parts were analyzed
using a MIRA3 by Tescan. All the samples containing polymers were gold sputtered before
SEM analysis. The software Image ] was used to analyze the SEM pictures to evaluate the
mesostructure of the sintered parts.
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The green parts were overdesigned with respect to ASTM D638 and E8 to account
for the shrinkage upon sintering (Tables 2 and 3). All tensile tests were carried out at
1 mm/min on a Instron 5982 by Instron (Instron, Milan, Italy) with a load cell of 100 kN
(Figure S2).

Table 2. Standard (ASTM D638) and Green part dimensions for Ultrafuse 316L samples.

2 3 Symbols Standard Dimensions (mm) Green Part Dimensions (mm)
I r L1 115.00 137.98
\ L2 33.00 39.59
- 1 T L3 19.44 23.32
W1 6.00 7.20
e W2 19.00 22.80
~ T 3.00 3.78

Table 3. Standard (ASTM E8) dimensions for 17-4 PH samples. These samples were outsourced and
delivered already fully sintered.

13 12 Symbols Standard Dimensions (mm)

Fg* T L1 100.00

f ------ T (D4 L2 32.00
L 7 W2

— /('——---—::::.L | L3 30.00

: wi T ~—____ | Wi 6.00

T A w2 10.00

— - T 6.00

3. Results and Discussion

First, an in-depth analysis of the filament and of the green printed parts is presented.
The sintered parts are then analyzed focusing on the mesostructure obtained after sintering
and relating the mechanical properties with the structure obtained.

3.1. Filament and Green Parts
3.1.1. Characterization of the Ultrafuse 316L Filament

The Ultrafuse 316L filament was fractured and analyzed under the microscope. The
filament showed a layered structure with an external polymeric coating layer (Figure 1a)
that allowed the preparation of a flexible filament that can be bent with no breakage. The
internal structure is composed of metal particles with dimensions varying from 10 um to 1
um fully embedded in polymeric strands (Figure 1b). The metal particles appeared coated
with a thick coating.

(a) (b)

Figure 1. Cross section SEM analysis of the Ultrafuse 316L filament: (a) magnification 50 x; (b) magnification 2500 x.
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3.1.2. Characterization of the Green Parts

The 316L green parts were printed using a 100% infill density. However, some voids
existed between the deposited rasters due to incomplete fusion (Figure 2a). The polymeric
strands clearly visible in the neat filament (Figure 1b) were not observed in the printed
specimens (Figure 2b) as a result of the polymer matrix melting and diffusion during the
printing step. However, the coated layer was still present as it can be observed when
looking at the contour side of the green samples (Figure 2c,d). The mesostructure obtained
is like those observed in standard FFF samples and the part’s consistency relied on the
bonding between each raster resulting from the melting of the external coating and of the
internal polymeric strands. For comparison purposes, the same analyses were performed
on the 17-4 PH green printed sample using the ADAM process by Markforged. In this
case the rasters appeared more compacted and with a higher interdiffusion (Figure 3a).
However, rasters appeared dry and with no clear evidence of polymeric matrix between
the particles, which displayed smaller dimensions (5-0.5 um) compared to those observed
in the Ultrafuse 316L system (Figure 3b). As a result of this mesostructure, the 17-4 PH
green samples were too brittle to carry out any reliable mechanical characterization and
even for handling. On the contrary, the Ultrafuse 316L green parts were easy to handle.

(c) (d)

Figure 2. SEM images of the mesostructure for the green printed parts using Ultrafuse 316L: (a) cross section (magnification
300x); (b) cross section (magnification 2000 ); (c) contour (magnification 500x); (d) contour (magnification 500 x).
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@ (b)

Figure 3. SEM Images of the mesostructure for the green printed parts using the 17-4 PH system by Markforged: (a) contour
(magnification 500 x); (b) contour (magnification 6000 x).

3.2. Sintered Parts
3.2.1. Dimensional Analysis of the Sintered Parts

The use of hybrid polymer/metal for 3D printing metal relies on the removal of
the polymeric binder upon the debinding/sintering cycles for the MIM technology. The
polymer removal and the particles’ sintering resulted in the part’s shrinkage. Exemplary
sintered parts are shown in Figure 4.

Figure 4. Optical image of the sintered 316L samples.

The 3D printed parts need to be overdesigned considering the dimensional variations
through the entire process. For these reasons, comparing the part’s dimensions before
and after sintering is important to understand the correct part design. Table 4 reports
the measured values for the green and sintered parts for the build orientations used. The
flatwise specimens showed a linear shrinkage of approximately 20% in the XY plane while
higher values (i.e., 25.20%) where measured in the Z direction perpendicularly to the layer
direction. The samples printed upright showed higher anisotropic behavior with values
ranging from 8.57% to 20.70%. The anisotropic behavior is controlled by the effect of gravity
on the metal part during the sintering process. Kurose et al. [8] reported linear shrinkage
values which varied with the building orientation between 14% and 23%. Gong et al. [9]
reported similar shrinkage values but they also noted that features at a lower height shrank
less than the same feature at a higher height. The values measured in this paper are
different compared to the shrinkage parameters declared by BASF in their guidelines [15].
An explanation for this difference could be the mesostructure of the green parts that, as
shown in Figure 2, was not fully dense. Similar tests could not be performed on the
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17-4 PH samples as those samples were printed with proprietary settings and delivered
already sintered.

Table 4. Dimensional analysis of green part versus sintered part for 316L.

. . . Printing Axis Measure Green Part Sintering Axis Sintered Part Shrinkage
Build Orientation (mm) (mm) (%)
Y L 22.80 Y 19.04 19.73
Flatwise Z Y 3.78 Z 3.02 25.20
X T 137.98 X 115.25 19.72
X L 22.80 Y 19.35 17.81
Upright Y Y 3.78 Z 3.48 8.57
Z T 137.98 X 114.31 20.70

3.2.2. Tensile Test of the Sintered Parts

The sintered parts were tested in tensile mode. Exemplary curves for the samples
printed with the Ultrafuse 316L and the Markforged 17-4 PH are shown in Figure 5. The
data refer to the stress calculated as load divided by the nominal area Width*Thickness
(Tables 2 and 3). The 316 L samples showed higher strain at break values (i.e., ~43%)
compared to the 17-4 PH samples (below 1%). The tensile properties measured for sintered
316L and 17-4 PH are summarized in Table 5. The properties declared by the filaments’
manufacturers are also reported for comparison purposes.

500

450 f
400 |
350 |
300
250 F
200 f
150
100

Stress (MPa)

50

0 s - - s
0 10 20 30 40 50 60

Strain (%)
(a)
500
450 F
400 F
350 |
300 |
250 F
200 F
150 |
100 [
50 F
O rEE L - PR
0 0.2 0.4 0.6 0.8 1 1.2
Strain (%)

(b)

Figure 5. Tensile stress—strain curves for the sintered parts: (a) Ultrafuse 316L and (b) Markforged
17-4 PH. (Flat: red; upright: blue).

Stress (MPa)
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Table 5. Tensile properties for the sintered parts produced in this paper. The properties reported in the technical data sheet

of the producer are reported for comparison.

Material Building Yield Strength Tensile Strength Tensile Modulus Strain at Break
ateria Orientation MPa MPa GPa %
Flatwise 148.01 + 4.50 443.90 + 5.87 157.24 + 450 4333 + 2.53
316L Upright 113.75 + 13.42 206.27 + 80.11 11731 + 1.94 13.35 + 6.59
Flatwise 443.00 £ 6.90 497.40 + 9.90 108.00 + 6.90 0.79 + 0.05
17-4PH Upright 412.00 £ 31.60 494.70 £ 29.70 102.8 4 1.20 0.95 £ 0.14
Flatwise 251 561 - 53
316L* Upright 234 521 - 36
17-4PH * Flatwise 1100 1250 170 6
17-4 PH ** - 660 1042 195 8.5

* The data were extracted from the technical data sheet (TDS) released by the producer (BASF for the 316L and Markforged for the 17-4 PH).
** The data were extracted from the technical data sheet released by Desktop Metal with their Studio System™.

It is clear from Table 5 that the measured properties for the 17-4 PH samples are
lower compared to those reported by Markforged. However, these specimens presented
a closed triangular cell infill [14] which resulted in a lower load bearing area (Figure 6).
The cross-section area was estimated using Image J to be equal to 20.89 mm? rather than
36 mm? which was calculated considering the external sides of the cross section. If the real
load bearing area (20.89 mm?) is considered, the tensile properties were higher and close
to those reported by Markforged (Table 6). Desktop Metal has also released some values
for their 17-4 PH system (Table 5) that lie in between the values found in this paper and
those declared by Markforged. In the open literature, Gonzales-Gutierrez et al. [12] for
their lab-made filament filled with 55 v% of 17-4 PH metal particles and printed with a
100% infill density reported a tensile modulus between 174 GPa and 208 GPa, while the
maximum stress ranged from 660 MPa to 729 MPa. The wide range of the mechanical
properties observed was explained as the result of the presence of defects in the structure
of the specimens.

QY e il
[ [ A 307 87556507
V4 v o7 - P

Figure 6. Morphology of the fracture surface of the fractured specimens manufactured using 17-4 PH: (a) flatwise;

(b) upright.

The fractured surface of the 17-4 PH samples characterized in this paper showed the
presence of two types of defects: pores between the raster (Figure 7a) and the presence of
inclusions (Figure 7b). The inclusions were observed on the raster’s surface too (Figure 8).
The EDX analysis (Figure 9) showed the presence of a higher carbon concentration on the
raster’s surface leading to the conclusion that the surface might be rich in carbon-based
residues of the polymeric binder. The presence of these defects and the higher carbon
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concentrations can cause the reduced mechanical properties observed in our samples. It
is also interesting to observe that the upright samples showed higher variability in the
test data as demonstrated by the high standard deviation. Similar trends were observed
for standard FFF when comparing flat versus upright printed samples [16] and it was
explained as the result of the influence of the interlayer bonding strength. The 17-4 PH
upright-printed samples clearly showed the presence of an interlayer fracture confirming
that this building orientation is the worst in terms of mechanical resistance.

Table 6. Tensile properties for the 17-4 PH upright sample corrected to account for the real load
bearing area.

Property Units Calculated Value
Yield Strength (MPa) 839.47
Tensile Strength (MPa) 942.56
Tensile Modulus (GPa) 204.66

(b)

Figure 7. Defects observed in the cross section of a flatwise sample of 17-4 PH: (a) porosity between the raster; (b) details of

particle inclusions.

Figure 8. Inclusions observed on the raster’s surface of an upright sample printed with 17-4 PH.
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EDS Spot 1 - Det 1 Element Weight %
cK 223
+ cuL 0.56
T SiK 0.12
CrK 18.32
FeK 75.38
1 NiK 339

N eETa

EDS Spot 2 - Det 1 Element Weight %
e cK 0.00
SiK 097

CrK 17.97
7482

Figure 9. EDX spectra for the raster’s surface and an inclusion observed for the 17-4 PH samples.

The 316L samples presented tensile properties closer to those declared by BASF but
lower. The cross section of these samples was characterized. The mesostructure of the
flatwise sample showed the presence of micro porosity between the rasters which is clearly
visible despite the full sintering cycle (Figure 10a). This porosity seems the result of the
incomplete fusion between the raster observed in the green part (Figure 2). The upright
sample showed even bigger pores and, as for the 17-4 PH, the presence of an interlayer
fracture (Figure 10b). Using Image J, the porosity of the flatwise sample was estimated
to be equal to 9.76%, leading to an estimated real load bearing area of 17.07 mm? rather
than the measured 18.91 mm?. The tensile properties estimated with the real load bearing
area were 174.15 GPa, 163.93 MPa and 491.65 MPa for the tensile modulus, yield strength
and tensile strength, respectively. Despite the area correction, the measured values were
still lower than those reported by BASEF. This is the consequence of the porosity that could
act as a stress intensifier leading to premature failure. Similar mechanical performance
drops were observed when comparing FFF to injection molded counterparts [17-19]. The
upright samples, due to the higher porosity and to the building orientation that led to
high loading of the interlayer region, showed lower mechanical resistance compared to the
flatwise samples. As for the 17-4 PH samples, higher standard deviations were observed
for the upright building orientation.

3.2.3. Comparison with Standard Metal AM Technologies

The use of FFF for printing metal samples has been developed to have an easy, safe,
and low-cost alternative to standard AM metal techniques. However, the mechanical
performances are also important. Table 7 summarizes the mechanical properties for 316 L
and 17-4 PH processed by standard metal AM and with no thermal post-processing ap-
plied. For comparison purposes the mechanical properties achieved using MIM were also
reported. The specimens produced by FFF (Table 5) showed overall lower mechanical
properties compared to analogous parts obtained by standard metal AM. For the 316L, the
FFF manufactured specimens showed properties in the same range of MIM. Something
similar was obtained for 17-4 PH if the real cross section areas (Table 6) were considered
instead of the nominal areas. Therefore, the FFF parts manufactured by using hybrid
metal/polymer filaments are better compared to MIM parts. However, to exploit the best
performances, inherent defects due to processing, like voids and poor interlayer bonding
(Figure 10), must be prevented. This can be achieved optimizing the printing settings [13].
Therefore, to fully exploit the potential of FFF applied to hybrid metal/polymer, more
research into printing optimization is advisable. In addition to the simple tensile testing
in a future work it will be important to characterize the effect of pre-crack on the printed
specimens as this might have a relevant effect on applications [20].
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1mm

~

(b)

Figure 10. Morphology of the fracture surface of the fractured specimen manufactured using Ultra-
fuse 316L: (a) flatwise; (b) upright.

Apart from mechanical performances, economic considerations must also be evaluated
when comparing FFF of hybrid metal/polymer to standard metal AM. The manufacturing
of a mold for injection molding (Figure 11) was considered as a reference part to compare
the use of the Ultrafuse 316L with the production using a SLM EOS400m printing SSL316L.
The cost modelling used is based on the model proposed by Ruffo et al. [27]. The results of
cost simulations are reported in Table 8. The material cost was assumed to be 129 EUR/kg
and 30 EUR/kg for the Ultrafuse 316L and the SSL316L, respectively. The cost simulation
yielded a higher value for SLM (EUR 330.13) compared to FFF (EUR 100.62) because the
recycling fraction (95%) for SLM operating only to print this mold yields a high waste
of unused and not recyclable powder. The other cost that impacted significantly on the
final part price was the machine usage (18.3%) as a result of the high investment cost for
the EOS M400 (about 1.7 M€). The final predicted cost for printing the mold using FFF
with the Ultrafuse 316L was EUR 246.13 versus the EUR 1147.88 predicted for SLM. In the
case of the FFF this was the cost for the green part. To this cost must be added the cost for
sintering that is currently priced around 60 EUR/kg by Elnik as the preferred partner of
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BASE In addition, considering the price for sintering, the final cost is still much lower than

the estimated cost for SLM.

Table 7. Mechanical properties for 316L and 17-4 PH processed by different technologies.

. Techni Yield Strength Tensile Strength Tensile Modulus Strain at Break Ref
Material echnique (MPa) (MPa) (GPa) (%)
DMLS (flat) 535 650 - 35 1]
DMLS (upright) 490 590 - 45
SLM 319.8 574.3 179.65 49.6 [22]
316L SLM 517 687 169-212 25-32 [23]
MIM 175 517 190 50 [24]
EBM (flat) 545 655 182 44 [25]
EBM (upright) 480 595 150 50
DMLS (flat) 860 886 - 19.9 [21]
DMLS (upright) 861 924 20.1
SLM
174 PH EBM (flat) 850 1020 180 166 6]
EBM (upright) 835 975 178 15.2
MIM 896 730 190 6 [24]

DMLS: Direct Metal Laser Melting; SLM: Selective Laser Melting; MIM: Metal Injection Molding, EBM:

Electron Beam Melting.

Figure 11. Mold geometry used for cost comparison.

Table 8. Cost modelling comparison for the sample mold produced by 316L: Fused Filament Fabrica-

tion (FFF) vs. SLM.

Ultrafuse 316L SLM 316L
% EUR % EUR
Material 40.9 100.62 28.8 330.13
Build prep 28.4 70.00 18.3 210.00
Machine usage 0.5 1.25 37.3 428.47
Build consumables 0.2 0.58 5.1 59.02
Labor 23.8 58.68 6.6 75.26
Post-process 6.1 15.00 3.9 45.00
Total cost 246.13 1147.88

4. Conclusions

Two commercial hybrid metal/polymer filaments were investigated for manufac-
turing, with an FFF approach, metal parts without using the expensive and complex
equipment typically associated with standard additive manufacturing techniques for met-
als. The specimens were analyzed in their green and sintered state and the microstructural
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analysis by SEM allowed the unveiling of the presence of defects in the green state which
resulted in voids and poor interlayer bonding in the sintered state. These defects caused
a reduction in the tensile mechanical properties of the sintered parts compared to those
declared by the materials” manufacturers. Nevertheless, the final mechanical properties
obtained using FFF were in the same range of those achieved by MIM.

The results of the mechanical characterization revealed that considerable gaps still
exist compared to metals produced by standard metal AM techniques. However, it was
demonstrated by cost modelling referring to a single mold prototype, that the use of hybrid
metal/polymer filaments processed by FFF has a strong potential to allow printing of
metal parts at a lower cost. This cost modelling did not account for the environmental
impacts of the processes. However, as recently shown by some authors [28], the choice of
the AM process can impact on the environment differently. For example, Giudice et al. [29]
showed that SLM processing has a high energy consumption that might be overcome using
hybrid metal-polymer filaments presented in this study, which can be processed by simple
desktop FFF machines operated at much lower electric power.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-341
7/11/4/1444/s1, Video S1: FFF printing of the Ultrafuse 316L.
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