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Abstract

Typical additive manufacturing (AM) processes for producing metal and ceramic parts are highly energy-consuming and
expensive to install and maintain. On the other hand, material extrusion AM (MEAM) technologies are conventionally used
to produce polymeric parts but only marginally to process metallic materials. A feasible alternative is to process polymeric
filaments loaded with metal particles. Debinding and sintering processes are then required to join the metal particles and
obtain the final parts. In recent years, highly filled metal filaments consisting of a polymer loaded with a high concentration
of metal powder have been commercialized for this purpose. In this study, the printability of a commercial CuSn12 filament
was investigated by evaluating the influence of the process parameters on the density, shrinkage, porosity, and mechanical
properties of the additively manufactured samples using a low-cost desktop 3D printer. Parameters such as the flow rate and
ironing had the greatest influence on the density of the green samples. The correct selection of these parameters may reduce
shrinkage after sintering. Furthermore, the obtained bronze had a notable ultimate tensile strength (mean value of 107 MPa),
high stiffness (£ values range from 38 to 50 GPa), and a greater elongation at break (mean value of 13%) than that of cast
bronze of the same CuSn12 type. In this case, the extrusion pattern and ironing had the most significant influence on the final
mechanical performance. The study provides insights into the use of highly filled bronze filaments combined with MEAM
to produce functional parts for engineering applications.

Keywords Metal material extrusion - Printing parameters - Highly filled bronze filament - Mechanical properties -
Shrinkage

1 Introduction

Additive manufacturing (AM) is an increasingly widespread
production technology that directly creates a product from a
computer-aided design (CAD) model through layer-by-layer
material addition. Currently, the most commonly used AM
materials include polymers, metals, ceramics, and compos-
ites. The application range of AM products is highly con-
nected to the materials adopted, and even if polymers are
the most widely used AM materials, industrial and academic
efforts are increasingly oriented towards the investigation
of metal AM technologies due to the superior mechanical
properties of the manufactured products [1, 2]. The most
common AM processes for metals are powder bed fusion
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(PBF) and direct energy deposition (DED) [3-5]. However,
these technologies are generally high-energy consuming,
expensive to install and maintain, and require a cooling sys-
tem and an inert gas environment to prevent oxidation. In
addition, they cause a significant amount of powder waste
during manufacturing, which is a handling hazard.

On the other hand, material extrusion additive manufac-
turing (MEAM) technologies, which are conventionally used
to produce polymeric parts [6, 7], are less commonly used
to process metallic materials. However, among these AM
techniques, MEAM promises to be the most cost-effective
option because of its smaller initial and overall investment
costs, faster building rates, and greater production flexibility
[8]. Moreover, MEAM minimizes material waste because all
of the powder contained within the filament is used during
the printing process. Three different approaches character-
ize MEAM: filament-based, plunger-based, and screw-based
approaches [9, 10]. Among these, filament-based techniques,
also known as fused filament fabrication (FFF), are the most
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widely adopted. In FFF, a filament is heated and melted in
an extruder and deposited in layers through a nozzle. To
date, FFF has not been used to directly fabricate metallic
parts characterized by high melting temperatures. The idea
of using filaments consisting of a polymer loaded with metal
particles dates back to the late 1990s [11, 12]. This 3D print-
ing process is carried out by extruding the filament at a tem-
perature higher than the melting point of the binder polymer.
The 3D-printed part is the so-called green part from which
the polymer binder is removed by a debinding process. The
remaining metal powders are then fused together through a
conventional sintering step to define the brown part, which
has superior mechanical properties. The maximum metal
content of the filament is limited by its rheological behavior
because the filament must maintain extrudability as well as
a suitable stiffness-to-flexibility ratio [13—15]. On the other
hand, higher metal contents reduce the porosity of the part
and consequently the shrinkage after the sintering process
[8]. However, studies have only recently focused extensively
on the use of highly filled (HF) metal filaments to fabricate
parts with significant mechanical properties. HF metal fila-
ments contain a high volume percentage of metal particles,
typically between 50 and 65 vol% [16]. Two strategies can
be followed: self-making the filament by mixing metal par-
ticles and binders, or using commercial filaments to stream-
line the process and encourage the use of low-level desktop
printers. MEAM-HF has shown great potential as a feasible
cost-effective alternative for the fabrication of metallic parts
using different metals, such as bronze [17-21], copper [20,
22-26], iron [20, 27, 28], steel [11, 28-45], and titanium
[46-48].

In recent years, innovative formulations of filaments
consisting of a polymer loaded with a high concentration
of metal powder have been made commercially available.
Among commercial HF metal filaments, the Ultrafuse®
(BASF 3D Printing Solutions GmbH) [49] and the “Fil-
amet™” (the virtual foundry) [50] are the most commonly
adopted. In particular, The Virtual Foundry has developed
arange of sinterable metal filaments, which is probably the
widest available on the market. There is a growing need
to investigate the characteristics of MEAM metal parts
for real-world applications in terms of dimensional accu-
racy and mechanical properties because commercial metal
filaments and processes are relatively new. The shrinkage
of sintered parts produced by MEAM is indeed a critical
issue, which stems from the significant porosity of the
green parts, resulting from the debinding process. Shrink-
age is a more significant issue in MEAM than laser melt-
ing processes using metal powders since MEAM requires
binding agents that constitute a finite volume of the depos-
ited material that is removed upon sintering. During the
debinding stage, the removal of binder materials may leave
voids within the green parts, and when these parts undergo
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sintering, the residual porosity leads to shrinkage, caus-
ing dimensional variations between the design model and
the final part. This represents one of the most significant
challenges in enhancing the acceptance of 3D-printed
parts for potential functional applications. This challenge
surely requires a careful optimization of both debinding
and sintering, but also printing parameters play a crucial
role [31, 51].

In the present study, a preliminary investigation on the
printability of bronze filaments (Bronze Filamet™) manu-
factured by The Virtual Foundry is carried out. The work
provides novel experimental insights regarding the print-
ability of the CuSn12 filament and the effects of the printing
parameters on the mechanical properties of the additively
manufactured parts. To the best of the author’s knowledge,
there is scarce scientific evidence about the characteriza-
tion of the mechanical properties of highly-filled CuSn12
filaments produced by MEAM and sintered in an air envi-
ronment. Bronze parts have many important engineering
applications and are often used in liquid environments
owing to their corrosion resistance, particularly for marine
and railway components, such as ship propellers, valves,
and pumps [52, 53]. Furthermore, the production of bronze
parts with complex shapes allows the design of bespoke and
patient-specific appliances for biomedical applications. For
example, 3D-printed bronze shields can effectively reduce
radiation doses to adjacent healthy tissues in surface radia-
tion treatments [17].

The aim of the present study is to investigate the influ-
ence of the most significant printing parameters on the
porosity of additively manufactured metal parts using a
low-cost desktop FFF machine. According to the avail-
able literature, very few studies have investigated the
influence of process parameters on the mechanical prop-
erties of samples obtained using bronze Filamet™ [18, 19,
21]. Zhang et al. proposed a machine learning approach
to predict dimensional variations in MEAM bronze parts
after 3D printing and sintering processes, with the aim of
optimizing the printing and sintering process parameters
[18]. Their study focused on the following parameters:
layer thickness, nozzle temperature, and printing speed.
Wei et al. studied the influence of printing and sintering
directions on shrinkage, tensile properties, and porosity
of sintered parts [21]. In-depth microstructure and phase
analysis of 3D-printed bronze filaments have previously
been carried out, and some mechanical properties (i.e.,
flexural strength and elastic modulus) have been evaluated
[19]. However, these studies focused on investigating and
analyzing some specific characteristics of manufactured
parts. In the present study, a systematic and multiscale
approach was developed by considering the influence of
different printing parameters (i.e., nozzle temperature,
flow rate, infill pattern, and ironing) on the porosity,
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density, shrinkage, and mechanical properties (i.e., elas-
tic modulus, ultimate tensile strength, and stress-strain
curves) of the final metal samples.

2 Materials and methods
2.1 Materials

A bronze-PLA filament (Bronze Filamet™) supplied by The
Virtual Foundry (Stoughton, WI, USA) [50] was used to
print the green parts. The filaments were analyzed by scan-
ning electron microscopy (SEM) using an FEI Quanta 450
ESEM-FEG (FEI Europe BV, Eindhoven, The Netherlands).

The internal structure of the filament was composed of
spherical metal particles with dimensions varying from 10
to 50 pm dispersed within the polymeric binder (Fig. 1). The
filament contained 87 to 90% metal powder by weight and
had a density of 4.29 to 4.5 g/cm>. The bronze powder, as
confirmed by the energy-dispersive spectroscopy (EDS), is
composed of 88-91% and 9—12% of copper and tin, respec-
tively, by weight.

Two specimen types were identified to study the tensile
properties and shrinkage of the 3D-printed material after

Fig.1 Analysis of the cross-
section of the Bronze Filamet™
filament by scanning electron
microscopy (SEM) and analysis
of its chemical composition
(EDS)
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Fig.2 Dog-bone tensile speci-
men’s geometry with associated
dimensions
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thermal postprocessing. The geometries of both specimen
types were modelled using SolidWorks® and sliced using
Ultimaker Cura® 4.9.1.

The geometry of the tensile specimen (Fig. 2) was
designed to allow placement in the crucible for thermal
post-processing. A simple prismatic specimen (nominal
dimensions 21 X 8.4 X 4.2 mm? in the x, v, and z directions,
respectively, where z is the direction normal to the building
platform) was instead used to ensure volume, density, and
shrinkage measurements with a high degree of accuracy.

2.2 3D printing

3D printing was carried out using the low-cost desktop FFF
machine MINGDA D2, which is characterized by a printing
volume of 230 x 230 x 260 mm?, maximum nozzle tempera-
ture of 260 °C, and maximum bed temperature of 100 °C.
The 3D printing machine equipped with a direct drive
extruder mounted on the printhead was modified by replac-
ing the common brass nozzle with a 0.6 mm stainless steel
nozzle. This modification was required to minimize noz-
zle wear caused by metal particles in the filament. The
direct drive extruder was used in this study because of the
mechanical properties of the selected filament, which has a
diameter of 1.75 mm, and is characterized by a significant

Energy-Dispersive Spectroscopy (EDS)

Element Mass [%] Atom [%)
Cu 88.21 93.33
Sn 11.79 6.67
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Fig.3 Schematic view of the cross-section of the adopted FFF direct
drive extruder

Table 1 Main printing parameters suggested by the filament manu-
facturer (The Virtual Foundry)

Parameters Value
Printing temperature (°C) 205-215
Building platform temperature (°C) 50

Flow rate (mm?/s) 2.16

Nozzle diameter (mm) > 0.6 (stainless steel)

brittleness due to the high metal particle content (> 85%).
A Bowden extruder would greatly impair the printing pro-
cess because the filament feeder is not directly mounted
on the printhead. However, because the filament feeder is
placed on the printer frame, the filament travels through a
polytetrafluoroethylene (PTFE) tube to reach the hot end.

A schematic representation of the adopted 3D printing
equipment is reported in Fig. 3.

2.2.1 3D printing settings

The Virtual Foundry has suggested some printing parameters
for this material, which are summarized in Table 1. Nine sets
consisting of 5 dog-bone specimens have been 3D-printed
using different combinations of parameters. Each experimen-
tal set was assigned a letter (from A to I). The parameters
investigated were selected for their recognized influence on
the density and on the reduction of unwanted voids for parts
printed by FFF technology [54, 55]. Starting from the sug-
gested options, the first parameter examined was the flow
rate. The starting point for the definition of the parameter sets
was provided by the filament supplier, which suggested spe-
cific settings for the nozzle temperature, printing bed temper-
ature, and flow rate. Set A was exactly defined in accordance
with the supplier’s guidelines and thus represents the base
set, which is useful for comparison. However, the flow rate of
2.16 mm?*/s resulted in specimens with excessive voids. For
this reason, after preliminary tests, it was decided to increase
the flow rate till 2.92 mm?®/s (135% of the initial value). This
value allowed us to get a better infill of the specimen, with no
visible macroscopic inter-raster and inter-layer voids. All the
sets (B-I) share this flow rate value. The studied parameters
were nozzle temperature, the pattern of intermediate layers,
and ironing and varied on two levels. Table 2 summarizes the
sets with the different combinations of printing parameters.
The flow rate is the volume of filament per second
(mm?/s) that passes through the nozzle. The nozzle tem-
perature is the temperature of the nozzle during material
extrusion. Generally, a higher nozzle temperature reduces
the polymer viscosity; thus, the presence of unwanted voids
improves polymer melt flowability and interlayer bond-
ing. However, excessively elevated temperatures can cause
dimensional and geometric deviations in the printed parts.
In the present study, layers 1 to 4 and 11 to 14 were the top
and bottom layers, respectively, while the remaining layers
were defined as intermediate layers. A 100% infill density
was adopted for the bottom, top, and intermediate layers. An
extrusion concentric pattern was selected for the bottom and
top layers, whereas lines or concentric patterns were selected

Table 2 The experimental printing parameter sets, ranging from set A to set I. Set A represents the reference from the filament supplier. The two
concentric circles and the two parallel lines are respectively representative of concentric and lines pattern of extrusion

Set A B C D E F G H 1
Flow rate (mm?/s) 2.16 2.92 2.92 2.92 2.92 2.92 2.92 2.92 2.92
Nozzle temperature (°C) 210 210 210 210 220 220 210 220 220
Pattern of intermediate
Pater_of olo|/v|o|l /v o|v]o| s
Ironing - - - yes - - yes yes yes
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for the intermediate layers. The ironing process can be con-
sidered a post-processing technique aimed at improving the
surface finishing of parts produced by the FFF. The ironing
process consists of an additional pass over the top surface
of the printed layer with the extruder nozzle (Fig. 4a). When
the nozzle passes over the top surface again, the material
melts (in our case, the PLA binder), creating a smoother
surface (Fig 4b). Furthermore, the pressure of the filament
in the nozzle is kept high by the feeder so that the creases
on the surface are filled with material, and the treated layer
is flattened by removing peaks caused by tool paths during
the layer deposition.

Ironing reduces unwanted voids caused by the printing pro-
cess, average surface roughness, and warping of FFF-ABS
parts [56]. Generally, this process is applied to the last layer
to improve the finishing of the upper surface of the part, thus
increasing aesthetic results. In this study, however, ironing
was used on multiple layers (after layers 3, 6, 8, 11, and 14) to
increase the density of the printed parts (and eventually contrast
the excessive shrinking during sintering). Clearly, the drawbacks
of this approach are a significant increase in printing time and
possible over-extrusion with a loss of dimensional accuracy.

Table 3 reports the parameters common to all experimen-
tal sets. In particular, filament retraction, which is usually
adopted to retract the filament at the end of an active move-
ment to keep the printed surface clean, has been disabled
owing to the brittle behavior of the metal filament. For the
same reason, the printing speed was lowered with respect
to the maximum value suggested by The Virtual Foundry.
Finally, the building platform temperature and the printing
cooling options were set according to the recommendations
of the filament manufacturer.

2.3 Debinding and sintering

The sintering process was carried out using a Metal 3D
printing Starter kiln made by Sapphire 3D (Chicago,
IL, USA) [57]. The kiln has a sintering chamber with
dimensions of 152 x 152 x 159 mm® and a maximum

Fig.4 Schematic of the ironing
procedure and the path followed
by the nozzle during this pro-
cess (a). Zoom of an example
specimen 3D-printed without
and with the ironing process (b)

(a)

Table 3 Printing parameters common to all the experimental sets

Parameters Value
Wall thickness (mm) 1.8
Layer thickness (mm) 0.3
Line width (mm) 0.6
Building platform temperature (°C) 50
Printing speed (mm/s) 12
Retraction None
Printing cooling None
Bottom/top layers (1-4; 11-14) pattern ©

temperature of 1370 °C. A three-button controller allows
for the handling of thermal cycles in terms of temperature
ramps and holding times. Two different post-processing
thermal treatments (debinding and sintering) are sequen-
tially carried out inside the kiln. The purpose of the first
heating phase is to debind the PLA, which is turned into a
gas and vented out from the kiln. Next, a second cycle is
adopted with a greater maximum temperature to sinter the
metal particles, thus creating the brown part.

The green parts are placed in the kiln using a crucible.
Aluminum oxide powder is used to completely cover the
green parts during the thermal process, thus providing uni-
form heating and supporting the part when it softens dur-
ing sintering. The kiln is not equipped with a vacuum or a
controlled atmosphere chamber. For this reason, powdered
carbon is placed on top of the aluminum oxide powder
to burn off oxygen in the chamber during sintering and
prevent oxidation of the metal parts. As opposed to the
aluminum oxide powder that can be reused, the powdered
carbon layer must be replaced in each cycle.

Figure 5 lists the temperature profiles suggested by the
filament supplier adopted to carry out the debinding and
sintering processes. It is worth noting that the sintering
temperature exceeds the maximum sintering temperature
suggested in the study by Lu et al. [19] (832 °C) to pre-
vent the formation of oxidation reactions. However, the

Without
ironing

With
ironing
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Fig.5 Temperature profiles 1000

of the heat treatments adopted 900 816
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use of powdered carbon allows for increased sintering
temperatures.

2.4 Material characterization

The Shapiro-Wilk (SW) normality test, algorithm AS R94
[58], was used to verify whether the collected data fol-
lowed a normal distribution. Where applicable, the one-
way ANOVA method was used in combination with Tukey’s
Honestly Significant Difference test, to evaluate the signifi-
cance of the data differences.

Full factorial regression was used to assess significant
differences among sets and evaluate the influence of nozzle
temperature, the pattern of intermediate layers, and ironing
on the ultimate tensile strength.

The following subsections describe the procedures and
methods used to characterize density, shrinkage, porosity,
and tensile properties.

2.4.1 Evaluation of density, shrinkage, and porosity

The densities of the green and sintered parts were estimated on
three prismatic specimens for each set by weighing the samples
with an analytic PLC 200BC bench scale (G&G GmbH, Kaarst,
Germany), which has a capacity of 200 g and an accuracy of
0.001 g. The density was calculated as the ratio of the weight
to the volume of the specimens. Three distinct measurements
for each specimen were collected with a twentieth caliper for
each direction corresponding to different points for the green
and brown geometries, and the average values were evaluated.

The porosities were instead evaluated on three sintered
dog-bone specimens for each set. The specimens were cut
with a diamond disk cutting blade, cold incorporated in
a polymeric resin, and mechanically ground and sequen-
tially polished using silicon carbide (SiC) grinding papers
of decreasing grit size (120, 320, 500, 800, and 1200).
Three different sections corresponding to the central part
of the specimen were analyzed using the inverted opti-
cal microscope Leica DMI3000 M with a 10x objective.

@ Springer
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Regions indicating porosities were identified using a
thresholding algorithm using MATLAB software.

2.4.2 Evaluation of tensile properties

The mechanical characterization of the samples was carried
out on five dog-bone specimens for each set by tensile tests
using a Schenck universal testing machine with a 25 kN load-
ing cell, a velocity of 0.5 mm/min, and a sampling frequency
of 25 Hz. Two clamps were used to hold the samples, and a
10-mm extensometer was used to measure the elongation along
the length of the specimen. Before the tensile tests, the cross-
section was determined by averaging multiple measurements
carried out using a twentieth caliper in the two directions. The
data were analyzed using MATLAB software. In particular,
the stress-strain curves for each parameter set were plotted,
and the elastic modulus and tensile strength were determined.

3 Experimental results and discussion
3.1 Preliminary analysis

Among all the sets listed in Table 2, the printability issues
have been preliminary assessed. Set H and I have been
removed from the statistical analysis because corresponding
green samples presented significant printability issues, e.g.,
over-extrusion and flashes (Fig. 6b, c). Set A, instead, was
characterized by excessive inter-raster voids (Fig. 6a). How-
ever, this latter set has not been removed from the analysis
since adopted as a reference set.

The SW normality test has been carried out on the
ultimate tensile strength values of sets A:G to determine
whether data is normally distributed. The test did not
evidence non-normality (SW=0.9437, p-value > 0.05).
ANOVA was used to identify possible significant differ-
ences with a confidence interval of 95%. The results high-
lighted a significant difference (F-value (6) = 7.55, p-value
< 0.001) that has been further examined with a Tukey’s
pairwise comparison. Figure 7 reports the boxplot chart of
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Fig.6 Specimens presenting printability issues corresponding to set
A (a), set H (b), and set I (¢)

the ultimate tensile strength and a summary table reporting
mean values and the Tukey’s grouping information. Mean
values that do not share the same symbol are significantly
different (95% confidence interval).

130
120
110 :
(5]
;'ﬂ-; 100
= % L
& B
70
60
A B C

A full factorial regression has been computed for the
sets from B to G with three factors (nozzle temperature,
pattern of intermediate layers, and ironing), each with 2
levels. Set A has not been included in the regression since
it introduces a parameter (flow rate) that has been kept
constant due to printability issues.

Figure 8 reports, in a descending order, the Pareto chart of
the absolute values related to the standardized effects of the
parameters on the ultimate tensile strength. The bars greater
than the red reference line highlight a significant effect on
the ultimate tensile strength with a confidence level of 95%.
The significant effects include the interaction pattern-ironing
(BC) and the main effects of ironing (C) and pattern (B).

Figure 9 reports the main effects and the 2-way interac-
tion effect of the main parameters on the ultimate tensile
strength, obtained from the fitted linear model on the col-
lected data (R* = 85.29%, R2_adj = 78.86%). For the interme-
diate layers pattern, 0 means concentric and 1 means linear,
while, for the ironing, 0 means that no ironing is used and 1
means that ironing is applied.

The results highlight that the ultimate tensile strength
increases by using a linear pattern at the intermediate lay-
ers, and not activating the ironing.

In light of this preliminary analysis, further investigations
about porosity, density, shrinkage, and mechanical behavior
have been conducted on sets A-E. Sets F and G have not
been further considered since not significantly different from
sets B and D, but with a slightly lower mean ultimate tensile
strength. The choice of limiting the number of sets to five
was influenced by the necessity of optimizing the amount of
material and handling time for the whole experimental effort.

D E F G
Set

Fig.7 Boxplot representation of the ultimate tensile strength for all the sets (from A to G) and grouping information table using the Tukey’s

method and 95% confidence
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Term has the greatest porosity (dark areas in the specimen section)

Facter'  Natne for the green part, but the least after sintering, if compared
BC A Temperature R o
& pattern to set B. Although the pores produced during 3D printing
roning

reduce the density and overall quality of the specimen, they
are beneficial in the gas evacuation because the green part
provides pathways for the gases to escape more easily during
the debinding process, reducing the likelihood of gas-related

defects in the sintered parts (Fig. 11b).
Figure 12 lists the densities of the green and sintered sam-
; 7 ry B 1 z ples for each parameter set studied. The results, which follow
Standardized Effect a normal distribution, are shown through the use of boxplots.
The same figure also shows the shrinkage measurements on

Fig. 8 Pareto chart of the effects on the ultimate tensile stress with a the x, y, and z axes.

significance level a = 0.05 With regard to the density of the green samples, set A
showed a statistically significant difference (F-value(4) =

3.2 Density, shrinkage, and porosity 46.54, p-value < 0.001) compared to the other sets. The
density values of sets B to E were consistently higher than

Figure 10 reports an example of as-printed and sintered pris-  those of set A, the reference set.

matic (Fig. 10a) and dog-bone (Fig. 10b) specimens. Fig- However, this higher density does not always result in a

ure 10b also shows a sintered specimen after the tensile test. ~ higher density of the respective sintered specimens. In this

Figure 11 shows the section of the green part for the spec-  regard, the case of Set A is indicative. Although it had the
imens of sets A and B (Fig. 11a), the same specimens incor-  lowest density after 3D printing (i.e., when it was a green
porated in a polymeric resin (Fig. 11b) and processed with ~ sample), its density was the highest among all the considered
MATLAB to identify porosity (Fig. 11c). From the figures of ~ sets after the sintering process. Also, it is worth noting that
the as-printed and sintered specimens, it is evident that set A this set also underwent the most significant shrinkage, up

Fig.9 Main effect (a) and Main effects plot for g, Interaction plot for o,
interaction (b) plots of the Fitted means Fitted means
foni Pattern Ironing Pattern * Ironin X
significant parameters on the 92 110 9 Ironing
ultimate tensile strength. For the % — 105 SR (1)
. . — ©
intermediate layers pattern, 0 £ 2 100
means concentric and 1 means 288 T o
linear, while, for the ironing, O % 86 S 4
means that no ironing is used < a4 g
Lo ] 85
and 1 means that ironing is -2 =
applied 80
80 75
0 1
0 1 0 1 Pattern
(a) (b)

Fig. 10 Example of as-printed
and sintered prismatic (a) and
dog-bone (b) specimens; b also
shows a sintered specimen after
the tensile test
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Fig. 11 Example of porosity for sets A and B before (a) and after sintering (b). The sintered specimen is incorporated in the polymeric resin and

analyzed with MATLAB to identify porosities highlighted in red (c)

Fig. 12 Boxplot representation 6 [ green samples 30
of the densities of green and = sintered samples
sintered samples for all sets =t X-axis
(from A to E). The shrinkage 5.5 i ) y-axis 25
after sintering is also reported ‘~ z-axis
for each set along the x-, y- and — 5 . [ s .
Z-axes s %, S 20 e
245 o
= o)
2 158
24 £
3 105
3.5
3 5
25 0

A

to approximately 25%. This confirms that when the PLA
degrades, the lower density in set A in its green condition
enables a better evacuation of the gases released during
the debinding stage. However, the resulting high shrinkage
values could undermine the process feasibility because the
accuracy of the manufactured geometries may be unaccep-
table for most applications. Furthermore, with respect to

B C D E

shrinkage, it can also be observed that for all sets, it is less
pronounced on the z-axis and that, in general, as the density
of the green samples increases, the shrinkage after sintering
decreases. This is the case of set D, where the use of iron-
ing increases the density of the green specimens. However,
this higher density has a negative effect on the gas evacua-
tion during the debinding phase, that remains trapped in the

@ Springer
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specimen, resulting in lower density in the sintered sample.
Shrinkage is closely related to the printing porosity of the
green parts along the various directions. Along the z axis, for
example, the size of the pores that are ideally created by the
printing process can be associated with the layer thickness
(0.3 mm in the present work). In-plane (x and y directions)
porosities are instead mostly influenced by the line width
(0.6 mm in this work) and by the infill pattern. This may
explain why the material shrinks more along in-plane direc-
tions than along z during the thermal debinding and sintering
processes. A lower shrinkage along z was also observed in
[21], where the authors use the same bronze filament of the
present research.

Finally, from Fig. 12, it can be noted that, in general,
the results are not characterized by a large spread (for
densities in particular) and that considering both the den-
sity of the sintered parts and their shrinkage, sets B and
C could represent the best trade-off.

Statistical analysis revealed that there was a significant
difference among all the sets for the average values of
shrinkage along the x-axis (F-value(4) = 473.94, p-value
<0.001), y-axis (F-value(4) = 36.90, p-value <0.001),
and z-axis (F-value(4) = 22.59, p-value <0.01). In par-
ticular, the shrinkage results of set A were consistently
significantly higher than those of the other sets.

Figure 13 reports, in boxplot form, the porosity of sin-
tered samples. Set A had the lowest porosity and its value
is approximately 16%, meaning that 16% of the area of the
analyzed sections is composed of voids. Conversely, the
highest porosities were associated with set B and set E.
The porosity values for these sets were about double that
of set A. Sets C and D had intermediate porosities. How-
ever, the lowest porosity of set A must be considered by
taking into account the considerable shrinkage described
above for this set.

3.3 Mechanical characterization

Figure 14 reports the ultimate tensile strength (Fig. 14a)
and the elastic modulus (Fig. 14b) of the sintered samples
for each parameter set. For the selected five sets (A:E), the
SW normality test was conducted to determine whether data
were normally distributed. The test did not show evidence of
non-normality (SW=0.9575, p-value > 0.100).

The ultimate tensile strengths for all parameter sets were
significantly higher than the PLA tensile strength, which
is about 50 MPa, while the tested metal specimens had, in
the worst case, an average tensile strength of about 80 MPa.
Sets C and E had higher average failure strengths than set A.
Finally, sets C and E were characterized by average values

Fig. 13 Boxplot representation 32
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of tensile strength above 100 MPa. These two latter sets
also showed a statistically significant pairwise difference
compared to sets D and B (F-value(4)=6.14, p-value<0.01),
which had the worst results in terms of ultimate tensile
strength.

The results were even more remarkable with regard to the
elastic modulus. In the case of the set with the lowest mean
value (set B), the elastic modulus was at its lowest approxi-
mately 26 GPa. The highest and lowest mean values can be
ascribed to sets A (49.7 GPa) and B (38.5 GPa). However,
the spread between the different tests was high for both sets
A (35-60 GPa) and B (2652 GPa). All other sets showed
a more limited spread of values, and sets C and E had mean
values greater than 40 GPa. The differences in the elastic
modulus among the datasets, however, were not statistically
significant, as attested by the one-way ANOVA analysis. It is
worth noting that for all the analyzed sets, the values of the
elastic modulus were considerably higher than those of PLA
(2-3 GPa) and polymers in general. Although these values do
not reach those typical of the same type of CuSn12 bronze
obtained by casting (78-82 GPa), they are comparable with
those typical of other metals (e.g., magnesium and tin).

Table 4 reports the mechanical characterization results as
mean and standard deviation values of elastic modulus, ten-
sile strength, and elongation at break for all of the tested sets.
Sets C and E behave similarly and produce the best results

in terms of strength and strain. Set A has an intermediate
level of strength and strain. On the other hand, sets B and D
have the lowest values for elastic modulus, ultimate tensile
strength, and elongation at break. The statistical analysis
on elongation at break confirms that the most significant
difference emerges between sets B and C (F-value(4)=3.32,
p-value<0.05).

Figure 15 shows the average stress-strain curves for
each set, providing an overview of all the specimen types
tested and allowing a graphical comparison of mechanical
and deformation behavior. Sets C and E have the highest
ultimate tensile strength and strain at break. Sets A and D
exhibit intermediate and nearly superimposable mechani-
cal behaviors, while set B exhibits the worst. In all cases,
the material showed good stiffness and ductile behavior. It
is worth noting that most deformation has a plastic nature.
This last characteristic must be highlighted because gener-
ally sintered materials are characterized by limited elonga-
tions and brittle behavior. This could be ascribed to a good
coalescence between the bronze powder particles. For all the
sets, the bronze specimens reached significant elongations
at failure: from approximately 7% (set B) up to 13% (set C).
The obtained results are remarkable, also considering that
the same type of CuSn12 bronze, obtained by casting, has
elongation values between 3 and 7% (Ansys Granta Edu-
Pack 2021 R2, database: level 3). This factor is crucial for

Table 4 Mean and standard
deviation values of elastic

Elastic modulus E (GPa)

Ultimate tensile strength o, Elongation at break €,

MP %
modulus, tensile strength, and (MPa) %
elongation at break for all the Mean St. deviation Mean St. deviation Mean St. deviation
sets
Set A 49.73 10.32 94.59 15.68 8.82 2.22
Set B 38.53 10.51 77.40 9.81 7.29 1.83
Set C 46.02 7.58 107.23 8.17 13.11 2.27
Set D 40.23 5.84 82.69 8.24 8.12 4.64
SetE 48.70 392 106.92 16.78 11.47 3.14
Fig. 15 Average stress-strain
curves for the sets studied 120
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expanding the material’s potential applications and ensuring
higher levels of safety throughout use.

4 Conclusions

The MEAM technology is of increasing interest for metal
additive manufacturing. It represents a valid alternative
for low-cost metal production by retaining the advantages
of other additive manufacturing technologies and guaran-
teeing a certain flexibility in the use of different types of
metals. In the present study, the influence of three printing
parameters (nozzle temperature, pattern of intermediate
layers, and ironing) was tested and compared with a ref-
erence set obtained by adopting the printing parameters
suggested by the filament manufacturer.

The results showed that as the density of the green sam-
ples increased, the shrinkage after sintering, as well as
density, decreased. On the other hand, higher porosities
on green parts resulted in higher shrinkage and density
after sintering. Limited shrinkage is of utmost importance
for the industrial scalability of a manufacturing process.
It guarantees a more reliable process even for complex
geometries, lower warping, and the possibility of having
smaller and more controlled geometric and dimensional
tolerances.

The parameters that most influenced the density
increase of the green specimens were the flow rate, and
ironing. In particular, an increase in flow rate and the addi-
tion of ironing determined an increase in density.

With respect to the mechanical properties, it can be
observed that the extrusion line pattern of intermediate
layers has a more positive effect on the ultimate tensile
strength than the concentric pattern regardless of the tem-
perature used. However, the results of the elastic modulus
were not significantly influenced by the variation in the
parameters studied. Finally, analysis of the stress-strain
curves shows that the extrusion line pattern also has a posi-
tive influence on the elongations reached at the break, mak-
ing the material more ductile. In general, all sets exhibit
excellent mechanical performance and properties, and the
bronze obtained has a notable ultimate tensile strength,
high stiffness, and a greater elongation at break than that of
cast bronze of the same CuSn12 type, with average strain
values up to about 13% (i.e., approximately the double of
the cast CuSn12). This aspect is very important to widen
the possibilities of the application of the material, thereby
guaranteeing greater safety conditions for its use. Further-
more, the present research activity aims to broaden the
knowledge of low-cost 3D printing of highly filled metal
filaments to manufacture parts with significant mechani-
cal properties. This aspect will push forward the use of
MEAM technology for industrial applications, increasingly

@ Springer

representing a feasible alternative to currently more con-
solidated but expensive technologies such as PBF or DED.
Future research could be aimed at studying the influence
of bronze post-processing treatment parameters. Further-
more, the approach proposed for the development of print-
ing parameter sets and the multiscale characterization of
the obtained material could be extended to a wider range
of new and more advanced materials.
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