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Abstract

Purpose — This study aims to deepen the knowledge concerning the metal fused filament fabrication technology through an analysis of the printing
parameters of a commercial 316L stainless steel filament and their influence on the porosity and mechanical properties of the printed parts. It also
investigates the feasibility of manufacturing complex geometries, including strut-and-node and triply periodic minimal surface lattices.
Design/methodology/approach — A three-step experimental campaign was carried out. Firstly, the printing parameters were evaluated by
analysing the green parts: porosity and density measurements were used to define the best printing profile. Then, the microstructure and porosity of
the sintered parts were investigated using light optical and scanning electron microscopy, while their mechanical properties were obtained through
tensile tests. Finally, manufacturability limits were explored with reference samples and cellular structures having different topologies.

Findings — The choice of printing parameters drastically influences the porosity of green parts. A printing profile which enables reaching a relative
density above 99% has been identified. However, voids characterise the sintered components in parallel planes at the interfaces between layers,
which inevitably affect their mechanical properties. Lattice structures and complex geometries can be effectively printed, debinded, and sintered if
properly dimensioned to fulfil printing constraints.

Originality/value — This study provides an extensive analysis of the printing parameters for the 316L filament used and an in-depth investigation of
the potential of the metal fused filament fabrication technology in printing lightweight structures.

Keywords Metal fused filament fabrication, Design for additive manufacturing, 316L stainless steel, Lattice structures, Triply periodic minimal surface,
Printing parameters
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1. Introduction 2020; Suwanpreecha and Manonukul, 2022). Recently, we

o . have been assisting a growing interest in the 3D printing of
Fused filament fabrication (FFF) is the most common and

widely used additive manufacturing (AM) technology (Cuan-
Urquizo ez al., 2019). Nowadays, the presence on the market of
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metal components using the FFF technology [metal FFF

(MFFF)]. The raw material is a filament containing metal

powders (up to 90 wt.%) embedded into a polymeric matrix

(Figure SI.1 of the Supplementary Information). After the

printing process, the so-called “green part” undergoes first

debinding to partially remove the polymeric binder, obtaining
the “brown part” (BASF, 2022; Liu ez al., 2020; Wagner ez al.,

2022), and then sintering to remove the secondary polymer and

create a solid metal object (BASF, 2022; Jiang and Ning,

2022a; Wagner et al., 2022).

Many MFFF filaments are currently available or under
development, demonstrating the growing scientific and
industrial interest in this field. According to Suwanpreecha and
Manonukul(2022), 316L stainless steel is the most used and
studied material, followed by 17-PH stainless steel, Ti-6Al-4V
alloy and Cu. 316L stainless steel is characterised by a valuable
combination of properties, including high corrosion and
mechanical resistance, good ductility, and biocompatibility. It
is an ideal material for applications in several fields, such as
biomedical or aerospace (Caminero et al., 2021). Over one-
third of the studies use the commercial 316L feedstock from
BASF (Suwanpreecha and Manonukul, 2022), named
Ultrafuse 316L (UF316L) (BASF, 2021, 2022). However,
there are also works in literature focused on in-house 316L
filaments (Thompson et al., 2019; Wagner ez al., 2022); in
these works, in addition to printing parameters, aspects
concerning the filament fabrication, the selection of the size of
the metallic powder, its volumetric percentage, and the binder
and additives used to ensure extrudability are discussed. All
these aspects were reviewed in Bankapalli ez al. (2023).

Table 1 summarises the main results in the literature
concerning printing, debinding and sintering (“D&S”)
parameters of samples/components fabricated with the
UF316L filament. Specifically, the studies reported in Table 1
analyse the influence of printing parameters, build orientation,
and “D&S” protocols on mechanical properties, shrinkage,
porosity, and microstructure. Different methods, such as
microstructural analysis by optical and scanning electron
microscope (SEM), dimensional and hardness measurements,
and tensile testing, are used to investigate material properties.
From Table 1, the following considerations can be derived:

+  Microstructure and mechanical properties are affected by
printing parameters (Damon ez al., 2019; Gong et al.,
2018, 2019; Kasha ez al., 2022; Moritzer et al., 2021;
Quarto ez al., 2021) and build orientation (Ait-Mansour
et al., 2020; Caminero et al., 2021, 2022; Damon et al.,
2019; Pellegrini ez al., 2022).

+  During D&S, parts undergo an anisotropic shrinkage of
about 15%-20% in the printing plane (x—y) and 18%—
25% along the printing direction (2) (Ait-Mansour ez al.,
2020; Caminero er al., 2021, 2022; Gong et al., 2018,
2019; Liu er al., 2020; Obadimu and Kourousis, 2022a;
Quarto er al., 2021; Rosnitschek ez al., 2021; Tosto et al.,
2021); shrinkage is influenced by printing parameters,
such as layer height and raster angle (Obadimu and
Kourousis, 2022a), build orientation (Caminero et al.,
2021), and printing speed (Quarto ez al., 2021).

+ Build orientation and printing strategy strongly influence the
pore architecture (Damon er al, 2019); it is possible to
distinguish between a manufacturing-induced porosity and a
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D&S porosity, with the first dominating over the second
(Caminero ez al., 2022; Damon ez al., 2019; Liu ez al., 2020).

« Sintered parts are characterised by strain-free equiaxed
grains with twins; grain morphology is not dependent on the
build orientation (Caminero ez al, 2021, 2022; Damon
etal.,2019; Gong et al., 2018, 2019; Liu ez al., 2020).

« Tensile testing reveals that even when printing is
optimised to obtain a near fully dense part, mechanical
properties (ultimate tensile strength (UTS), elongation at
break and yield strength) are lower than those of 316L
steel produced by metal injection moulding (MIM) and
laser powder bed fusion (LPBF) (Caminero ez al., 2021,
2022; Gong et al., 2018, 2019; Moritzer et al., 2021;
Obadimu et al.,, 2022; Rosnitschek et al., 2021; Tosto
et al., 2021). Consistently, the hardness of the MFFF
316L is lower than that of the same material produced by
LPBF (Gongeral., 2018, 2019).

+  Surface roughness is affected by the printing parameters,
build orientation, and deposition angle, i.e., the angle between
the building direction and the normal to the surface to be
evaluated (Boschetto ez al., 2022; Caminero ez al., 2022).

This overview underlines how much printing parameters
influence samples’ microstructure and mechanical properties.
Besides, these properties are lower than those obtainable
through more consolidated manufacturing processes such as
MIM and LPBF. The MFFF technology also introduces
further variabilities compared to LPBF, related to the
debinding and sintering phases necessary after printing.
Therefore, further deepening this influence is essential to
strengthening the role of MFFF technology in metal AM. For
example, in those studies, density and porosity analyses are
performed on the sintered specimens, whereas investigations
on the green state are limited. That is an important underlining
limitation because the manufacturing-induced porosity of
MFFF 3D-printed components is also strictly related to the
printing path. Moreover, performing these analyses on not
sintered samples allows testing several variables and
configurations with limited costs, as green parts can potentially
be recycled, as recently demonstrated in Bocchi ez al. (2024).
Therefore, this investigation can also be anticipated at the green
state to collect further potentially relevant insights.

Together with printing parameters, it is also necessary to
provide design for additive manufacturing (DfAM) guidelines to
drive the dimensioning of the parts and fully exploit the MFFF
design potential. Numerous works focus on elaborating FFF
design guidelines with thermoplastic polymers (e.g., Guerra Silva
et al., 2021; Medellin-Castillo and Zaragoza-Siqueiros, 2019;
Steuben et al., 2015); little has been done regarding DfAM
guidelines for MFFF components, including how the D&S
process affects the outcomes of the fabrication process. Even if
printed successfully, as binders are removed, parts could lack
structural integrity and experience collapse or distortion under
their weight. A valuable contribution to this topic is provided in
Jiang and Ning (2022a), where the shrinkage and deflection ratio
of overhang pillars characterised by different overhang angles are
analysed. Through an integrated approach that combines
analytical modelling, finite element simulation, and experimental
validation, the authors found that overhang angles directly
influence the shrinkage of a single inclined strut. Although this



Rapid Prototyping Journal
Volume 30 - Number 11 - 2024 - 123—141

Metal fused filament fabrication

Ludovico Martignoni et al.

SYI0M PR} BY} WO} BIEP U}IM Sioyine ays Ag paealnd a|qe] :234nos

pasn st joquiAs 7, Y} 'Apnis patd Ay} Ul d|qe|ienrun ale s|ie}dp UYAN “sioyine s, Apnis ayp Aq jewndo paiapisuod asoyy ale siajaweled paulapun Sa10N

(1w (Inyu (%]
/ %001 10§) 9% / %001 10}) 'L L S 44 86 / L'L L'1-50 Gl 1’61 (pasayuis-se) Ayisosod
wnnoea
wye H aind wye uobly / wye H aind wye uobly wie H aind ‘wie 4 wnnaep ‘wie uobly ‘wie Haind Jo-wieHaind ‘wie H aing Buriayuig
[[TUEIN [eway} |eway} |ewsy} |eway} |eway} +
Jewayy + dnkjered + onhjere) / + onhjered |ewsay) + dnAjere) +onfjeley  onheied |eway ] +onhje1ey  onfjele) Jnhjeed Jnhje1e) Buipuigag
0 'S€ ‘0€ 0€ ¥€ 'S0z T4 05°0C 0€ / 13 / €€ 09 Gl [s/ww] paads jupg
06 06 ozl 0v1 ‘0zl ‘06 00l __ 00l 06 / / 0zl / 00l [D.] ‘dwsa} pag
474 GET 0€C 0]24 0vzZ 0Ll 1]24 [0]24 [0]24 (1] 34 (1]¥4 134 (1] 34 [D,] "dwa3 yund
saul saul saul |euobexay 113U3dU0D /s3] saur / / saul saul / adAy |y
Gzl '00l
00l 'GL'0G 'SC 00l 001 'L '0G ‘ST 00l 001 00l / 00l 00l / 00l [%] 1yl
[1919wWwelp
%G'ZS1 9|zzou 0} paje|al
7’0 7’0 '0z1'5°L8 S0 / / / / / 870 / 950 % 10 ww] yipim sur
S7°0'070'sL°0 0 0'szLo 0 7'0°L°0 0 710 wo 0 1'0 0 10 [ww] 3yb1ay sakeq
[ww]
7’0 70 ¥'0'S2°0 70 90 S0 7’0 7’0 / ¥'0 70 90 J9jawelp a|zzoN
[%]
(m) 06 (lon) 08 / (1m) 06 (1) 06 (1m) 88 / / (1m) 88 (im) 08< (m) 88< (m) 08 uonisodwod [e3|
EMNE! esnid 1H jewuny SOIN 005X deyday §S Joxewnin 9ze] 00ZIN jomiy 19und GSLd Jaweaiq € 1oewnn 9)inos/Iajaweled
cresnid uewJan 10qz|n7 Xelloz ‘lenq woixy g€ [erow wnidy abuioyysey4
0Q!70d
(eZZOT 'sisnoinoy| (ozoz "1e12 (1zoz'1e1@  (1zoz “jeie (1zoz "2 39 opend (ezzoz (1zoz (6102 (0zoz (6102 (610Z '810Z (LZ0Z "B 12
pue nwipeqQ Inosuep-y)  19ZIoA) NOYdSHUSOY)  ‘zz0z ‘el neujwied)  ‘Lzoz ‘BuiN “leja ‘ousje] “le 35 ni7) “les “|le13 buop)  osdulwe))
‘7202 ""[e 39 nwipeqQ) puebuelr)  ojsor) pue oquif) uoweq)

JUBWe|l} 19, £4N Y3 10} dInjeISY| AU} Ul d|ge|ieAe sialaweled ssadoid | djqe)

125



Metal fused filament fabrication

Rapid Prototyping Journal

Ludovico Martignoni et al.

study provides valuable guidance for designing metallic complex
morphologies with overhangs, further research is needed to
demonstrate the possibility of adopting MFFF to produce more
challenging morphologies. Additional findings are provided in
the study of Shaikh er al. (2021a), where the deflection of
unsupported horizontal beams was found to be dependent on
both their length and cross-sectional shape.

Hence, the contribution of this study is threefold. Firstly, it
further deepens the analysis of the influence of printing
parameters on the structural and mechanical properties of MFFF
316L parts, also considering the green state. Secondly, it derives
DfAM rules providing considerations related to the printing and
the D&S phases. Third, it demonstrates the possibility of
extending the range of complex morphologies printable using
MFFF. So far, few studies on lattice structures produced via
MFFF are available in the literature. Some examples are
discussed in Shaikh ez al. (2021a) and Jiang and Ning (2022b) for
Ti6Al4V and 17-4 PH grade stainless steel filaments,
respectively. Concerning the 316L stainless steel, i.e., the
material analysed in this study, examples of MFFF-fabricated
samples are presented in Wagner ez al. (2022) and Obadimu and
Kourousis (2022b). Wagner and co-workers developed a new
binder system and produced a filament with a metal load of about
50% (significantly lower than the one of the UF316L used in the
present work). That filament was used to print face-centred cubic
(FCCQC) plate-lattice arrays (Wagner et al., 2022). Obadimu and
Kourousis successfully manufactured honeycomb lattices using
the UF316L filament and analysed their compressive behaviour
(Obadimu and Kourousis, 2022b). Hence, considering the
growing interest in cellular structure design and the limited
studies focusing on MFFF as their manufacturing process, the
paper aims to address this further knowledge gap. To this aim,
strut-and-node and triply periodic minimal surface (TPMS)

Figure 1 Overview of the study workflow
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lattices with constant or graded relative density were printed,
debinded, and sintered.

2. Materials and methods

Samples were printed using the Ultimaker S5 (Ultimaker,
2022a) printer, the Red Printcore CC nozzles with 0.6 mm and
0.4 mm diameters and the UF316L filament from BASF that
contains 90 wt.% of metal powder (BASF, 2022). The Ultimaker
Cura 4.11 was used as slicer software. An oversizing factor of
120% in the bed plane directions and 126% in the print one was
applied to all prints. Concerning the D&S steps, the guidelines
and steps suggested for the UF316L filament were followed.
They include catalytic debinding at 120°C in an atmosphere with
HNO; > 98%, heating from room temperature up to 600°C with
a ramp of 5°C/min, soaking at 600°C for 1 h, heating from 600°C
up to 1,380°C with a ramp of 5°C/min; soaking for 3 h at 1,380°
C and furnace cooling. Sintering was performed in a full
hydrogen atmosphere (BASF, 2022).

An overview of the experimental procedure of the study is
shown in Figure 1. Three main phases can be identified (Figure 1
top row, from left to right):

« analysis of the printing parameters;
« characterisation of the sintered parts; and
« investigation of manufacturability limits.

2.1 Analysis of the printing parameters

Printing parameters can be divided into two groups: “process”
and “toolpath” (Turner and Gold, 2015). The firsts determine
the success of the print. Once process parameters are fixed, the
toolpath ones can be modified: they influence how the material
is distributed within the design space and, thus, the parts’
density and mechanical properties.

Investigation of the
manufacturability limits
(Scction 2.3)

Characterization of the sintered parts
(Section 2.2)

Tensile testing

investigation Printability assessment

> DIAM common
» 9 features and lattice
structures
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Notes: For each main phase of the study, the following details are summarised: the sample used, the parameters analysed,
the targets of the analysis and the type of analysis performed. A reference to the paper’s Sections is also provided. A
comparison with Metal Injection Moulded (MIM) samples has also been included

Source: Figure by authors
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2.1.1 Process parameters analysis

The first step focused on investigating the effect of process
parameters on the formation of visible defects. Being such
parameters responsible for the success of the printing process,
only visual inspection of the printed samples was performed at
this stage (Figure 1, “Analysis” row). Based on it, samples were
classified either as successfully printed or failed. A successfully
printed sample is obtained when there is no detachment from
the substrate, deformation, cracking, or delamination of the
part and nozzle clogging, or any other printer setup failures or
damages have occurred. Three printing profiles (A0, B0, and
C) and their variations were investigated (see Table 2).

Set A0 was designed after preliminary tests (see Section SI.2
of the Supplementary Information, Table SI.2 and Figure
SI.4). Set BO was derived from the study of Caminero ez al.
(2021) because they used the Ultimaker 3 printer (which is
similar to the system used in our study) and the Cura slicer
software (same for this study). Besides, their printing
parameters are close to the values suggested by BASF (2022),
reaching a porosity level of 1.90% (Table 1). For both Set A0
and BO, the infill density is 100%. The infill pattern is Lines for
Set A0 and Concentric for Set BO. Set C is the combination of
parameters indicated by Cura for the UF316L. It is worth
explaining that this set of parameters was made available in the
Cura software when the experimental study was already
started. The infill density is 105%, while the infill pattern is
Lines. Starting from the baseline profiles A0 and B0, some
changes were implemented by modifying one parameter at a
time, as shown in Table 2, to obtain additional printing profiles
(Al + A5, Bl + B5). No changes were implemented on Set C.
The raster angle of the Lines infill is =67°.

In the Al and BI1 sets, the print speed was raised and
lowered. A2 and B2 were used to study the adhesion of the
parts on the build plate by changing the adhesion type. Layer
height was modified in the A3 and B3 sets. The A4, A5, B4,
and B5 sets were used to explore the influence of printing and
bed temperatures. The line width and flow parameters were
kept constant.

The specimen geometry was a 10x10x 10 mm? cube (Figure
1, “Samples” row). Three replicas for each profile were printed.

Table 2 Printing parameters of the analysed profiles (A0 - A5, BO + B5, C)

Volume 30 - Number 11 - 2024 - 123-141

The set of parameters considered the best was selected for the
rest of the study.

2.1.2 Toolpath parameters analysis

After analysing the process parameters, the toolpath parameters
were assessed to understand their influence on the sample
porosity. The specimen geometry was a prism with a square face
of 10x 10 mm? and a height of 5 mm (Figure 1, “Samples” row).

The samples were printed without the top layers to investigate

their internal porosity. Three replicas for each configuration of

parameters were printed. This study phase was conceived to be
structured into three steps (Figure 1, “Parameters” row).
In the first step, the analysed parameters were:

«  Infill type: Lines, Zig-zag, and Concentric.

« Wall line count: 0, 1, and 3.

« Infill overlap (Ov), i.e., the overlap between the infill and the
first wall line: 0.19 (the default value in Cura 4.11) and 0.28
mm. The overlap distance is measured along the deposition
direction, considering the centre of the nozzle. The rounded
end of the deposited lines implies the “addition” of a distance
equal to almost half of the line width (W/2) (Figure 2).

Specimens were named according to their infill type, number of
wall lines, and amount of overlap. For example, the sample
labelled as “Lines (3W, 0.19)” has the following
characteristics: the infill type is Lines, three wall lines were

printed, and the overlap is 0.19 mm (Figure 2).

In the case of the concentric infill type, the infill never
overlaps the wall. Thus, we considered the following samples:

« Concentric (10): the wall line count is 3, and the sample
cross-section dimension is 10 mm.

«  Concentric (10; 45°): it is equal to Concentric (10) but
printed rotated at 45° (Figure SI.3, Supplementary
Information).

+  Concentric (12): it is a prism with a cross-section of
12x12 mm? and a height of 4 mm. The specimen
dimensions were modified to make them a multiple of the
line width (i.e., 0.6 mm).

In addition to the visual inspection of the samples, the porosity
value was estimated from sample pictures (Figure 1, “Analysis”

Sets A Sets B Set C
Parameter A0 | A1 | A2 | A3 | A4 | A5 | B0 | Bl | B2 | B3 | B4 | BS C
Layer height [mm] 02102]02]01(02]02]01]01]01]02]01] 0.1 0.2
Line width [mm] 0.6 0.56 0.6
Print temperature [°C] | 240 | 240 | 240 | 240 | 230 | 240 | 230 | 230 | 230 | 230 | 240 | 230 | 240
Bed temperature [°C] | 80 | 80 | 80 | 80 | 80 | 90 | 100 | 100 | 100 | 100 | 100 | 90 100
Flow [%] 104 100 100
Print speed [mm/s] 7 20 7 7 7 7 15 7 15 | 15 ] 15 15 25
Plate adhesion type brim | brim | raft | brim | brim | brim | brim | brim | raft | brim | brim | brim | brim
Infill type Lines Concentric Lines
Infill [%] 100 100 105

Note: In sets A and B, the variations from the reference profile (A0 and B0, respectively) are highlighted in bold

Source: Table by authors
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Figure 2 The investigated toolpath parameters: infill type (Lines, Zig-
zag, and Concentric), wall line count (0, 1, and 3), and infill overlap
(0.19.and 0.28 mm)

Lines Zig-zag Concentric
— — | M Outer wall
Infill type § §1 @ Inner wall
SS SSSS O Infill

- ! . 3 Label example
Wall line § § §1 Lines (3W, 0.19)
count ! —
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THw.
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Notes: Both outer and inner walls are considered in the wall line
count. At the bottom right is an example of how samples were
labelled. Ov = overlap; W = line width

Source: Figure by authors, inspired by Ultimaker, (2022b)

row) using the Image] software by converting the photos of the last
layer of the samples into a white/black format (see Figure SI.2,
Supplementary Information). Being the portions covered by the
material coloured in white in the resulting image, the porosity was
calculated as the percentage of black pixels inside the selected
region.

The second step concerns the infill density (Figure 1,
“Parameters” row). By increasing it to values above 100%, the
deposited lines start to overlap, theoretically reducing the possible
gaps between them. This causes an over-extrusion condition. In
addition to 105% infill, three other values were considered: 120%,
135%, and 150%. The selected printing profile was Lines (0 W).

In addition to the analyses performed in the previous step (visual
inspection and Image] analysis), the weight of each sample was
measured at this stage by using a precision digital weight scale
(Kern PCB 25002, 0.01 g resolution) (Figure 1, “Analysis” row)
to quantify the weight increase due to the over-extrusion condition.

The third step was focused on understanding how the
selection of the parameters influences the dimensional accuracy
of the green part printed at high infill density (Figure 1,
“Parameters” row). Four profiles were tested: 120%_Lines
(0W), 120%_Lines (1W, 0.19), 120%_Zig-zag (0W) and
120%_Zig-zag (1W, 0.19). The 120% infill density was
selected because, as discussed later, this value resulted in no
visible porosity and no sign of over-extrusion. In this step, the
following analyses were performed (Figure 1, “Analysis” row):
visual inspection, weighing (precision digital scale), and
dimensional measurements with a micrometre screw gauge.

2.2 Characterisation of the sintered parts

2.2.1 Meral specimens’ density and porosity investigation

Selected specimens were debinded and sintered. The density of
the metal parts was measured through Archimedes’ method
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and compared with the nominal density of the bulk material
(8.0 g/cm®) to calculate the apparent porosity. This value was
obtained as: (24—2wut) 4 100, where p,, is the nominal density
of the 316L stainless steel. Additionally, the microstructure of
the samples was analysed. One specimen for each type was cut,
embedded into epoxy resin and polished with abrasive papers
and diamond pastes. Light optical microscopy (LOM) was
used to inspect the internal pores and their distribution within
the parts (Figure 1, “Analysis” row).

2.2.2 Tensile testing of MFFF and MIM samples and
microstructural analysis

After defining the optimal printing set for the UF316L, tensile
tests were conducted to evaluate the mechanical properties of
printed parts (Figure 1, “Analysis” row). 316L. MIM
specimens were also tested for the sake of comparison. The
tested specimens are a modified version of the Rectangular
Subsize Specimen described by the ASTM E8/E8M standard
(ASTM, 2020). Dimensions were reduced to lower the
material required during printing [Figure 3(a)].

Two types of tensile test specimens were printed with
different structural parameters: one wall (1 W), 105% infill
density and two infill patterns (i.e., Lines and Zig-zag, see also
Figure 2). These specimens were named “Tensile Specimens
Lines” and “Tensile Specimens Zig-zag”. The tensile test
specimens were printed flat, as shown in Figure 3(c). In the
literature, typically, three orientations have been studied, i.e.,
flat, on-edge, and vertical. All the available studies and the
technical data sheet of the UF316L (BASF, 2021) report that
the vertical orientation exhibits the lowest tensile properties due
to layer delamination (Suwanpreecha and Manonukul, 2022).
On the other hand, the difference between the flat and on-edge
orientation is still inconsistent (Suwanpreecha and
Manonukul, 2022). The studies of Caminero ez al. (2021,
2022), Pellegrini ez al. (2022) and Damon ez al. (2019) reported
no significant difference between these two orientations.
Therefore, the flat orientation was chosen. Three replicas were
printed for each type. Three 316L specimens produced with
the MIM technology were also tested [Figure 3(b)] (ISO,
2009). Before testing, the specimens were subjected to solution
annealing. The lateral surfaces were machined to guarantee a
smooth surface. The electro-mechanical testing machines
MTS Alliance RT/100 and MTS Alliance RF 150 were used
for the tensile testing. Tensile tests were performed according
to the ASTM E8/E8M standard at room temperature, under a
constant crosshead speed of 0.5 mm/min.

Images of the fracture surfaces and the microstructure of the
specimens were taken and analysed by wusing multiple
microscopy techniques. In particular, microstructural analysis
was performed on the grip side of the specimens. Samples were
etched with water, hydrochloric acid, and nitric acid solution
mixed in equal proportions. Samples were immersed in this
solution for 30—40 s and then washed and dried. This operation
was done to reveal the grain structure of the steel. The Nikon
EclipseLV150NL optical microscope and the Zeiss Evo 50
SEM were used for the metallographic analysis.

2.3 Investigation of the manufacturability limits
To test the suitability of the printing parameters, four recurring
geometries were selected: bridges, horizontal holes, unsupported
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Figure 3 Dimensions and printing orientation of the tensile test specimens
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Source: Figure by authors

edges, and overhang angles. These are some of the most popular
geometries among those usually mentioned in the so-called
“design rules for additive manufacturing”, as they derive from the
physical limits of the used technology. These features, designed
based on the indications provided in HUBS(2022) and Hydra
Research 3D (2022), are shown in Figure 4(a)—(d).

Bridges are horizontal beams suspended in mid-air. Four
lengths were tested: 5, 10, 15, and 20 mm [Figure 4(a)], with
10 mm representing a reference value. We tested horizontal
holes with four different geometries [Figure 4(b)]: a circular
hole, a droplet hole, an elliptic hole, and a “complex” hole. We
tested three overhang angles: 45°, 40°, and 35° [Figure 4(c)].
Reference values of 45° or 40° (i.e., 50° if measured from the
vertical axis) can usually be found. Unsupported edges are
features printed mid-air without supports. The dimensions of
the features were set as a multiple of the extrusion width: 0.6,
1.2, 1.8, and 2.4 mm [Figure 4(d)]. The maximum reference
value for these features is two times the extrusion width. Then,
some lattice structures, shown in Figure 5, were also printed.
The Supplementary Information (Table SI.1) contains
additional details about these lattices. The software Funcrional
Lazttice Package (Flatt Pack) was used (Maskery et al., 2022) to
generate their geometry. These samples were then printed
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using the default parameters for the UF316L filament (“C”
profile, Table 2), with a line width equal to the diameter of the
selected nozzle. When specified, polyvinyl alcohol (PVA) was
used as support material. The Supplementary Information
(Figure SI.5) shows further examples of printed arrays and unit
cells created for running the preliminary analysis of the printing
parameters.

3. Results and discussion

3.1 Analysis of the printing parameters

3.1.1 Process parameters analysis

The results of the analysis of the process parameters are shown
in Figure 6. The obtained results are consistent in sample
replicas. The A0 and BO sets lead to successful prints. No
noticeable differences were detected in Al when the speed was
increased. In the case of B1, the edges of the parts started rising
from the surface, leading to distortions in the first layers. The
part started detaching during the printing of the last layers.
Specimen B1 detached from the plate quite early. The printing
times of Al and Bl were 14and 23 min, respectively,
comparable to those of A0 (13 mm) and BO (25 min). The print
speed does not significantly influence the printing time in small
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Figure 4 CAD models of the selected features to be 3D-printed
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Notes: (a) Bridges (5 mm, 10 mm, 15 mm, and 20 mm); (b) horizontal holes (circular, droplet, elliptic and complex hole geometry);
(c) overhang angle (35°, 40°, and 45°); (d) unsupported edges (0.6mm, 1.2mm, 1.8mm, 2.4 mm)

Source: Figure by authors

parts. Nevertheless, a low print speed could lead to problems of
adhesion and detachment.

For adhesion purposes, all the specimens were printed
with a brim structure and a thin coat of hairspray on the
glass substrate of the machine. A2 and B2 changed the
adhesion structure to raft with poor outcomes. The bottom
layers started shrinking and detaching on one side during
printing, lifting the parts and pushing them against the
nozzle. The raft structure had also been difficult to remove
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without creating any damage at the bottom of the
specimens.

The parts with a variation in layer height were A3 (i.e.,
0.1 mm) and B3 (i.e., 0.2 mm). A higher layer height leads to a
rougher surface, and the layers can be distinguished more
easily. In the case of B3, the prints failed because of the
detachment of the first layer from the bed. This could be
attributed to the steeper gradients formed in the B3 sample
leading to higher stresses.
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Figure 5 Examples of the 3D-printed lattices
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Figure 6 Results of the process parameters analysis. One specimen
from every set A, B and C is shown

Note: The sample used for this analysis is a 10 mm cube
Source: Figure by authors

A4, B4, A5, and B5 had variations in the printing and bed
temperatures (Table 2). The A-based profiles were always
successfully printed. The B-based profiles experienced
adhesion problems that can be attributed to the combination of
two effects. Firstly, a higher nozzle temperature (e.g., in B4)
and a lower bed temperature (e.g., in B5) lead to steeper
thermal gradients than sample B0. Secondly, the line width
smaller than the nozzle size used for every B set meant that less
material was extruded per unit volume, leading to higher
thermal stresses. A was the most reliable for printing when
comparing A and B profiles. Indeed, apart from changing the
adhesion structure from brim to raft, none of the other
variations compromised the success of the print. However,
both sets suffer from nozzle clogging. Finally, all the prints
performed with the C profile were successful, without any sign
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of clogging or adhesion problems. Therefore, C was the set
used for all the following jobs except where otherwise specified.

3.1.2 Toolpath parameters analysis

Once the process parameters were defined, specimens were
printed with different combinations of toolpath parameters
(Figure 2). The density results are reported in Table 3. Each

Table 3 Density (mean = standard deviation) and porosity of the samples
printed to analyse the influence of toolpath parameters (infill type, wall
line count, and infill overlap)

Specimen Density (u+o) [%] Porosity [%]
105%_Concentric (10) 93.11 +1.66 6.89
105%_Concentric (10; 45°) 91.65 + 0.76 8.35
105%_Concentric (12) 92.96 +5.35 7.04
105%_Lines (3W, 0.19) 95.63 = 2.87 4.37
105%_Lines (3W, 0.28) 99.17 = 0.86 0.83
105%_Lines (1W, 0.19) 99.07 = 1.14 0.93
105%_Lines (1W, 0.28) 99.80 + 0.26 0.20
105%_Lines (OW) 90.32 = 0.20 9.68
105%_Zig-zag (3W, 0.19) 93.64 = 1.42 6.36
105%_Zig-zag (3W, 0.28) 97.96 = 0.99 2.04
105%_Zig-zag (1W, 0.19) 93.64 = 1.35 6.36
105%_Zig-zag (1W, 0.28) 96.94 +1.14 3.06
105%_Zig-zag (OW) 95.72 + 2.85 4.28

Notes: For the sample labelling, see Figure 2. All samples were printed
with the C profile, thus with a 105% infill (Table 2)
Source: Table by authors
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Figure 7 Concentricinfill

Concentric (10)  Concentric (10, 45°) Concentric (2)

@ (b)

Concentric (10, 45°) .
)
(©

Note: (a) Picture of one specimen for each toolpath parameters
combination. The sign of the beginning of the printing lines is
highlighted in yellow; (b) optical microscope image of the most
recurrent defect, that is, the presence of gaps between the printing
lines; (c) all the printed specimens with a focus on their external
surfaces

Source: Figure by authors

Figure 8 Lines infill

Volume 30 - Number 11 - 2024 - 123—141

sample was also visually inspected to evaluate the lateral surface
quality.

The Concentric infill specimens [Figure 7(a)] resulted in prints
with relatively high porosity (i.e., 6.89%-8.35%, Table 3). Gaps
were found between the printing lines [Figure 7(b)]. These
defects are the most detrimental because they are repeated in
each layer, compromising the structural stability of the
component. Moreover, pores are evident at the beginning of the
printing lines [Figure 7(a)]. External surfaces generally show
good quality [Figure 7(c)].

Except for the Lines (0W), where the lack of the wall is
detrimental [Figure 8(a)], the porosity values of the Lines infill
samples are lower than those of the concentric ones (Table 3).
The absence of walls causes the infill lines to detach [Figure 8(b)]
and the specimen to sag, resulting in a bad printing quality inside
the sample and on its lateral surfaces [Figure 8(c)]. With the
same number of walls, the increase in the overlap reduces the
porosity, but the quality of the external surface worsens. This
effect is less pronounced when the number of walls is increased.
However, this situation leads to a slight worsening of the porosity
(i.e., from 0.20% to 0.83%, Table 3) because of gaps among the
walls. Finally, compared to the concentric samples, in this case,
the pores take the shapes of rectilinear channels [Figure 8(b)]
rather than big concentric voids [Figure 7(b)] because the
deposition orientation is inverted upon each layer completion.

The Zig-zag specimens [Figure 9(a)] have defects like those
of the Lines samples. In addition, they show small voids near the
walls [Figure 9(b)], which depend on the deposition path (see
Figure 2). The increase of the overlap is beneficial to reduce the

Lines (3W, 0.19) Lines (3W, 0.28)

(b)

Lines (1W, 0.19) Lines (1W, 0.28) Lines (OW)

(@)

Lines (OW)

Lines (3w, 0.19)

Lines (3w, 0.28)

Lines (1W, 0.19)

Lines (1W, 0.28)

Notes: (a) Picture of one specimen for each toolpath parameters combination;
(b) optical microscope image of the most recurrent defect: the presence of
interconnected void channels; (c) all the printed specimens with a focus on their

external surfaces
Source: Figure by authors
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Figure 9 Zig-zag infill
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Notes: (a) Picture of one specimen for each toolpath parameters combination; (b) a detail
of the most recurrent defects: interconnected void channels and small voids near the
walls; (c) all the printed specimens with a focus on their external surfaces

Source: Figure by authors

porosity, while there is a worsening for the print with no walls.
Still, the worsening is less pronounced than in the Lines samples
because the deposition lines are continuous in Zig-zag
specimens. Indeed, the trend is similar to the sample with one
wall and a reduced infill overlap [see (0 W) and (1 W,0.19) in
Figure 9(a)]: the connection at the end of the line acted as
constraint, leading to a shape of the sample more similar to the
theoretical one. As for Lines samples, the increase of the overlap
negatively affects the external surface quality, but this effect is
less pronounced than in the Lines samples due to the particular
deposition path that links the extruded lines [Figure 9(c)].

In summary, over-extrusion is usually beneficial to reduce
the internal porosity (i.e., the increase of the overlap), even if it
could worsen the quality of the external surface and thus could
demand further finishing processes after the sintering. Finally,
the Lines infill demonstrated to be the most promising.

The results of the infill density investigation (second step,
Figure 1) are reported in Table 4. The Lines (0 W) was chosen
for this investigation. This profile led to the lowest density value
in the previous analysis (90.32%, Table 3). The sample was
obtained with the C profile, i.e., with a 105% infill (Table 2).
Hence, we wanted to investigate whether an increase in the
infill density (120%, 135% and 150%) could influence the
porosity. An almost perfect coverage was achieved in all cases,
with density values higher than 99%. An increase in the infill
from 105% to 120% raised the density from 90.32% to 99.74%.
Opver-extrusion occurred. It started from an infill equal to 135%
and became more severe at 150% [Figure 10(a)], slightly
worsening the porosity value. Moreover, this caused a build-up of
material around the nozzle that hindered its movement and
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Table 4 Density (mean = standard deviation) and weight (mean =+
standard deviation) of the samples printed with 120%, 135%, and 150%
infill

Specimen Density (w=0) [%] Weight (1*0) [g]
105%_Lines (OW) 90.32 +0.20 2.58 = 0.02
120%_Lines (OW) 99.74 +0.23 2.91 +0.02
135%_Lines (OW) 99.57 +0.18 3.12+0.13
150%_Lines (OW) 99.35 = 0.11 3.27 = 0.00

Source: Table by authors

determined clogging. Therefore, the best infill density value is
120%. It granted total layer coverage during printing and no
noticeable over-extrusion.

The second drawback of increasing the infill density over
105% is the compromised dimensional accuracy. More material
is extruded compared to the theoretical value needed to fill the
nominal volume at 100% density, which generates heavier
samples. Indeed, increasing the infill density in Cura reduces the
infill line distance, which becomes smaller than the line width.
Samples are also wider on the xy plane [Figure 10(b)] and slightly
shorter than the nominal dimensions. Moreover, the external
lateral surfaces are irregular, especially if zero-wall samples are
printed, as in this analysis.

A further analysis (third step, Figure 1) was eventually
devoted to investigating if, by changing the infill type and
adding a wall structure, the dimensional accuracy could be
preserved and a low porosity achieved. Results are reported in
Table 5. The measurements of the dimensions indicate that all
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Figure 10 The influence of the infill density
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Notes: (a) Over-extrusion signs on the printed samples at different infill densities and
related material stuck on the nozzle (for the 120% and 135% infill); (b) combined
influence of the in fill density and wall count on the final dimensions of the printed parts

(the theoretical dimension is 10 mm)
Source: Figure by authors

Table 5 Average experimental values of the four types of specimens printed to investigate the dimensional accuracy of high-infill density green parts

Weight (u*0)
Specimen [a] Length (x= o) [mm] Width (w=0) [mm] Height (u=* o) [mm]
3D model (theoretical) 2.35(100%) 10 10 5
2.82 (120%)

120%_Lines (OW) 2.91 £0.02 11.09 £ 0.03 11.14 £ 0.04 4.93 = 0.01
120%_Lines, (1W, 0.19) 2.66 = 0.00 10.34 £ 0.01 10.35 = 0.03 4,96 = 0.01
120%_Zig-zag (OW) 2.74 +0.03 10.57 = 0.08 10.6 = 0.12 4,95 +0.02
120%_Zig-zag (1W, 0.19) 2,67 +0.02 10.42 = 0.02 10.47 = 0.03 4,97 +0.03

Notes: The theoretical weight was calculated considering a green density equal to 4.7 g/cm?, reported in the Debinding Simulation Guidelines provided by BASF (2022)

Source: Table by authors

the specimens suffered from sagging in different ways: the base
sizes were bigger, while the heights were smaller, compared to
the nominal values. This effect was more pronounced in the
cases of specimens without the wall. Comparing the two prints
without the wall, it is possible to see that the Zig-zag one had a
better shape accuracy, probably due to the rounds that connect
consecutive lines [Figure 10(b)].

In summary, all the samples present a central zone, which
could be assumed to be nearly dense, and an irregular external
shell. These results show that obtaining near-dense parts with a

134

proper choice of parameters is possible, even if the drawback is
an inaccurate replica of their theoretical shape. Figure 10(b)
also shows another interesting aspect, i.e., increasing the infill
density without using walls worsens the discrepancy between
the theoretical and the real dimensions of the printed part.

3.2 Characterisation of the sintered parts

3.2.1 Densiry and porosity investigation

The density of the sintered parts measured by Archimedes’
method and their apparent porosity are reported in Table 6.
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Table 6 Results of the metal specimens’ density and porosity investigation

Volume 30 - Number 11 - 2024 - 123—141

Specimen Density (u* o) [g/cm?] Average apparent porosity [%]
105%_Concentric (10) 7.05+0.23 11.89
105%_Concentric (10;45°) 7.01 =0.15 12.41
105%_Concentric (12) 7.00 +0.33 12.49
105%_Lines (3W, 0.19) 7.21+£0.21 9.83
105%_Lines (3W, 0.28) 7.22+0.28 9.79
105%_Lines (1W, 0.19) 724024 9.55
105%_Lines (1W, 0.28) 7.19+0.19 10.12
105%_Lines (OW) 7.05+0.30 11.82
105%_Zig-zag (3W, 0.19) 7.12+0.27 11.06
105%_Zig-zag (3W, 0.28) 7.28+0.29 8.99
105%_Zig-zag (1W, 0.19) 7.17+=0.21 10.38
105%_Zig-zag (1W, 0.28) 7.28+0.25 9.03
105%_Zig-zag (OW) 7.16+0.24 10.46
120%_Lines (OW) 737 £0.11 7.92
120%_Lines (1W, 0.19) 7.38+0.13 7.79
120%_Zig-zag (OW) 7.36+0.12 7.98
120%_Zig-zag (1W, 0.19) 7.37 +0.09 7.90

Notes: For each sample, the density (mean = standard deviation) measured with the hydrostatic balance and the average apparent porosity, obtained by

comparing the density value with the theoretical one, are reported
Source: Table by authors

The results of the samples printed with an infill density equal to
105% agree with those already discussed. The concentric infill
determines the bigger apparent porosity among the three
different types due to the poor coverage of the material in each
layer. The Concentric and Zig-zag infill results reach similar
values, with a maximum density of 7.28 g/cm? for the two Zig-
zag specimens with the highest overlap. As expected, the
specimens with an infill density of 120% showed a higher
density than the 105% infill density specimens. The differences
between the porosity evaluated in the green and in the metal
specimen, as well as the low measured density values, are due to
limitations of the used method. Due to the printing process, air
is present in close pores, and it cannot escape during the density
measurement, contributing to the buoyancy of the sample.

The porosity was also qualitatively evaluated by image analysis
of LOM micrographs. Representative sections of samples parallel
to the building direction are provided in Figure 11. The picture
comparison shows a separation layer made by pores located in
planes between deposited layers in the 105% specimen. In
contrast, a homogeneous structure is obtained in the 120% infill
specimen. Only small pores are visible in the latter, without any
preferential position.

3.2.2 Tensile testing

The stress—strain curves of 3D-printed and MIM specimens are
reported in Figure 12(a). One of the Lines specimens failed
earlier than expected during testing. No noticeable differences
in the curves were found between Lines and Zig-zag specimens.
Yield strength (R,0.2), UTS, and elongation at fracture (A) of
the MFFF and MIM samples are reported in Table 7.

The R, , of the 3D-printed samples were higher than those
found by other studies on the same material; moreover, they are
also higher than those obtained by testing MIM samples,
indicating the potential of MFFF to compete with established
manufacturing technologies. However, for both infill types, the
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Figure 11 Examples of LOM pictures of the section of the metal
specimens used for the porosity evaluations

105%_Concentric (10)

105%_Lines (1W, 0.28)

120%_Lines (1W, 0.19)

Note: The arrow indicates the print direction
Source: Figure by authors

values were lower than those reported in the BASF
specification. The A (i.e., elongation at fracture in Table 7) of
MFFF samples was significantly lower than that of MIM
samples and reported by BASF. Due to the low elongation at
break, the UTS was also low. The SEM analysis of the fracture
surfaces explained the lower mechanical properties of the
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Figure 12 Tensile properties and microstructural analysis
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Notes: (a) Stress-strain curves of the 6 dogbonespecimens printed using Zig-Zag and Lines infill types and of the
3 MIM specimens; (b) SEMimages of the fracture surface, with evidence of layering and dimples indicating a
ductile fracture;(c) SEM images of the fracture surface of the “Lines 2" specimen (early failure), with signs of
delamination and crack formation; (d) microstructure of the 3D-printed sample; (¢) microstructure

of the MIM sample
Source: Figure by authors

printed samples: the layered structure is visible [Figure 12(b)],
with pores that inevitably affect the mechanical performance.
Table 7 also reports the results recently obtained by Caminero
etal. (2022), Obadimu et al. (2022), and Pellegrini ez al. (2022).
These studies confirm the similar mechanical properties of flat
and on-edge samples. Comparing our results with those
reported by the authors for their flat specimens, it is possible to
observe that higher yield strengths are achieved in this study,
probably due to the slightly higher infill density (105 vs 100%)
positively affecting material density. The UTS of the Lines
specimens is similar to that obtained by Caminero ez al. (2022)
and higher than that achieved by Pellegrini et al. (2022) and
Obadimu ez al. (2022).

Moreover, closer inspections allow for distinguishing
porosities created during the sintering from cavities created
during the deposition process. The surfaces showed
characteristics typical of ductile fractures, with the presence of
dimples [Figure 12(b)]. As expected, no dimples were visible
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on the cavities between layers. Therefore, those regions have
negatively influenced the mechanical properties of the material.
From the analysis of the fracture surface of the Lines 2 sample
[Figure 12(c)], which failed earlier than expected, a crack near
the surface due to delamination during printing was found. The
oxide was identified on the side of the crack, likely created
during sintering and annealing.

The microstructure of the 3D-printed and MIM parts was
inspected by LOM [Figure 12(d)-(e)]. In both cases, the
annealed material was characterised by equiaxed austenitic
grains with annealing twins. The morphology of the grains was
independent of the printing direction. Round micropores with
a diameter lower than 10 um were found inside the material.
Such pores are typical of sintered materials and cannot be
avoided. Additionally, bigger pores were in the 3D-printed
specimens, arranged on parallel planes between adjacent
deposition layers. No coarse inclusions, carbides or oxides were
found. Even if not analysed in the present study, a possible
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solution to achieve pore closure and enhanced mechanical
properties is by performing hot isostatic pressing (HIP) during
the sintering phase. In Wang er al. (2021), this technique was
applied to 316L parts obtained by MFFF. By comparing
micro-CT analysis of the green and the corresponding HIP-
sintered samples, the authors demonstrated that the treatment
allows the closing of elongated porosities due to the printing
process. Moreover, HIP-sintered samples have higher and
more isotropic mechanical properties than those only sintered.

3.3 Investigation of manufacturability limits: DfAM

rules and cellular structures

The first printed prototypes are shown in Figure 13. The bridge

structures [Figure 13(a)] were printed on a thin base, which

warped during printing. In all bridges, the first layers were not
correctly printed, and sagging of the structure was evident. All
the bridges collapsed during the debinding phase, apart from
the 5mm one, which could be considered the limit value.

However, in the 5 mm bridge, we can also notice a crack on the

top surface that became evident after the debinding. The four

horizontal holes were successfully printed, debinded, and
sintered [Figure 13(b)]. The overhang angles were also printed
and sintered without defects [Figure 13(c)]. As regards the
unsupported edges, sagging was observed in all edges equal or
wider to two times the extrusion width [i.e., starting from
1.2mm, Figure 13(d)]. Moreover, during sintering, a crack
occurred on the upper face of the sample. However, this crack
is not related to unsupported surfaces but to internal stresses.

The results of the analysed features can be summarised as
follows:

+ The maximum overhang for the bridge feature is 5 mm,
though a small crack formed on the top after sintering.

» Horizontal holes up to 6 mm in diameter can be printed
and subjected to D&S.

+  Unsupported edges are printable up to 2.4 mm, but with
protrusion bigger than 1.2 mm, the first few layers suffer
sagging. This risk could be reduced by adding a fillet
between the bottom surface of the overhang and the
vertical wall.

« Sloped surfaces at 35°
successfully.

can be printed and D&S

Figure 14 shows the lattices that were printed, and some of
them were also debinded and sintered. The body-centred cubic
(BCC) unit cell [Figure 14(a)] broke during the detachment
from the printing bed, probably due to the too-low thickness of
its beams (1 mm). The same structure was 3D-printed using a
PVA brim. The cell was successfully detached from the print
bed. Figures 14(b) and 14(c) show two successfully printed
simple cubic (SC) lattice examples: one 2x2x3 and one
3x3x4 array. However, the 3x3x4 array broke during the
D&S step due to the small dimensions. Figure 14(d) shows a
2x3x5 matrix-based Schwarz-Primitive (wall thickness of
0.7 mm), with signs of delamination between layers. The bottom
part broke during the D&S heat treatment. Figure 14(e) shows a
3x3x5 network-based IWP. It was successfully printed,
debinded and sintered, but signs of delamination were visible. In
Figure 14(f), a broken matrix-based Gyroid cell is shown. It was
printed using the PVA supports; unfortunately, some filaments of
PVA were printed between UF316L layers, drastically reducing
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the cohesion between them and leading to failure during part
removal. Hence, a lateral wall was added to print Gyroid
structures and to create a network-based Gyroid, obtaining good
results both at high (50%) and low (20%) volume fractions
[Figure 14 (g)-(i)] and for different cell sizes. To test the
versatility of the process, a 2x2x 2 network-based Gyroid and a
1x1x2 network-based Gyroid array with lateral walls and linear
volume fraction gradient were successfully printed, debinded and
sintered [Figure 14 (j)—(k)]. However, as shown in Figure 14(),
the surface is no longer continuous when the structure thickness
decreases substantially.

These examples demonstrate that thanks to the proper
tailoring of the printing parameters, it is possible to print even
complex metal structures using the MFFF technology.
However, there are limitations given not only by the standard
FFF rules, but also because the component undergoes a D&S
process. Clarifying the influence of each step would be relevant,
and it can be considered a possible future work together with
the mechanical characterisation of the manufactured lattice
samples. Their mechanical properties could be compared with
those printed via LPBF. Finally, those lattices subjected to
D&S have shown the expected shrinkage.

4. Conclusions

This study analyses the properties of green and sintered parts

obtained by MFFF and a commercial 316L filament. It proves

the possibility of using FFF to produce metal parts. The
following insights have been derived.

« When printing the UF316L filament, a nozzle
temperature of 240°C and bed temperature of 100° are
required to produce successful prints; hairspray is
essential to avoid detachment from the printing bed.

« The choice of the appropriate toolpath parameters
drastically changes the relative density of the green parts,
with the type of the infill playing the most relevant role;
Lines and Zig-zag infills allow better material distribution
compared to Concentric infill.

+  Green parts with a relative density above 99% can be
printed by increasing the infill density. A value of 120% is
enough to close voids created during material deposition.

«  The density of the green parts printed with 120% infill
density is 7.37 g/cm®, lower than that declared by BASF
for the green. Limitations of the used method could have
affected this measurement.

« The relative density of the sintered parts conforms to the
values of the relative density of the green parts.

«  Voids accumulate in parallel planes at the interfaces
between layers.

«  The microstructure of the steel is homogenous, with equiaxed
austenite grains and the presence of annealing twins. No
coarse second phases are present in the sintered specimens.

« The mechanical properties of the 3D-printed annealed
material are R, = 233.0 MPa, UTS = 486.5 MPa and
A = 25.0%. Such values are comparable to those achieved
in previous studies.

« Design guidelines that consider the printing and the D&S
phases have been derived. The following geometric
features can be successfully printed, debinded and
sintered: maximum bridge overhang of 5 mm, horizontal



Metal fused filament fabrication Rapid Prototyping Journal
Ludovico Martignoni et al. Volume 30 - Number 11 - 2024 - 123-141

Table 7 Yield strength(R,0,,), ultimate tensile strength (UTS), and elongation at fracture (A) from the 3D-printed specimens, MIM specimens, BASF data
sheet, studies from Caminero et al. (2022), Obadimu et al. (2022), and Pellegrini et al. (2022)

Specimen Infill density [%] Infill type Printing orientation Rpo,2 [MPa] UTS [MPa] A [%]
BASF 105 Lines Flat x—y 251 561 53
Upright z 234 521 36
This study 105 Zig-zag Flat x 2333+ 7.1 4743 172 235+1.7
Lines 233.0 = 0.1 486.5+10.6 25.0+25
Caminero et al. (2022) 100 Concentric Flat x 184.6 4.9 495.1 =53 354=+1.2
On-edge x 188.1 £5.2 4973 +4.3 37.6 +0.8
Obadimu et al. (2022) 100 Lines Flat x 146.4 421.8 35.4
Pellegrini et al. (2022) 100 Lines Flat x 125.7 405.2 45
On-edge x 132.7 4393 43
Upright z 122.7 3996 35
MIM 210.7 =35 583.0+1.0 73609

Note: Only the maximum average value obtained for each printing orientation is reported for the study from Pellegrini et al., (2022)
Source: Table by authors

Figure 13 3D-printed (as built), debinded and sintered prototypes of the four types of features analysed (Figure 4): (a) bridges; (b) horizontal holes; (c)
overhang angles and (d) unsupported edges

Front view Back view Top view

AS BUILT

Top view - Front

AS DEBINDED

AS BUILT
AS DEBINDED
AS D&S

AS BUILT
AS D&S

AS DEBINDED

= g 8
| <
(d)
Source: Figure by authors

holes up to 6 mm in diameter, unsupported edges up to literature on this topic, are strengthening the high potential of
two times the extrusion width and sloped surfaces at an FFF technology in metal AM. Compared to the existing
inclination up to 35°. studies, this work extensively investigates multiple process and
+ Strut-and-node and TPMS cellular structures can be design aspects. It also demonstrates the feasibility of fabricating
successfully manufactured if printing and D&S both metallic bulk components and cellular structures. Printing
constraints are considered. strut-and-node and TPMS-based structures is a significant step
forward compared to already manufactured lattices using the
To conclude, the continuous efforts to improve the printability 316 material, which were “wall-based” (plate-based and
of metal-based filaments, combined with the growing scientific honeycomb structures). Therefore, it projects MFFF as a
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Figure 14 Examples of 3D-printed cellular structures

| .
' K -

BCC (as built)
(@

MG 1x1x1 (as printed) *

®

+ MG 1x1x1 (as built)

G 1x1x1 (as built)

@

G 1x1x1 20% (as built)

U]

G 2x2x2 (as built)

@

P 2x3x5 (as built) *

——————BCC (as built, with a PVA brim)

G 2x2x2 (as D&S)
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——* P 2x3x5 (as D&S) IWP 3x3x5 (as built) *- © WP 3x3x5 (as D&S)

(©

G 1x1x1 50% (as built) * ——*G 1x1x1 50% (as D&S)

(h)

G 1x1x2 (20-50%) (as built) *—— G 1x1x2 (20-50%) (as D&S)

(k)

Notes: Some have also been debinded and sintered (the corresponding 3D model of each structure is provided in Figure 5). (a) Broken

BCC cell and the same printed using a PVA support; (b-¢) SC lattice structures (2x2x3 and 3x3x4) as built and as D&S; (d) Matrix-based
Schwarz -Primitive array (2x3x5) as built and as D&S; (e) Network-based IWP 3x3x5 structure, as built and as D&S; (f) Matrix-based
Gyroid as printed with PVA and as-built after the removal from the print bed; (g) Network-based Gyroid single cell with lateral walls and
PVA brim (as built); (h) Network-based Gyroid with 50% volume fraction and lateral walls as built and as D&S; (i) Network-based
Gyroid with 20% volume fraction and lateral walls as built; (j) Network-based Gyroid 2x2x2 structure with lateral walls as built and as

D&S; (k) Network-based Gyroid 1x1x2 structure with lateral walls and volume fraction gradient as built and D&S

Source: Figure by authors

potentially cost-effective and valid alternative to more expensive
metal AM technologies for various applications requiring light-
weighting, mechanical performance, and design customisation.
Furthermore, the combined use of biocompatible materials, such
as 316L stainless steel or titanium alloys, also allows its adoption
for biomedical applications, such as the fabrication of metallic
implants, as already documented in the literature (Gloeckle ez al.,
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2020; Shaikh ez al., 2021b). However, further research focused
on deepening the relationship between process parameters
and mechanical properties, combined with studies about
optimised post-processing treatments, is fundamental to
unlocking the full potential of MFFF and making it compete
with more established metal AM technologies to produce
end-use products.
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