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Abstract

3D-printing polymers using fused filament fabrication (FFF) technology has shown to fabricate complex functional parts for
electronic, automotive, and biomedical applications. However, there is limited knowledge and understanding of 3D printing
with pure metal feedstock using FFF technology. The use of 3D printing of metals and its alloys using FFF technology can
provide low-cost alternatives and solutions to the laser-powder bed fusion process. In current work, low-melting eutectic
alloy of bismuth (58% Bi, 42% Sn), non-eutectic alloy of bismuth (40% Bi, 60% Sn), and a non-eutectic alloy of antimony
(7.5% Sb, 89% Sn) have been used as a starting material and evaluated for FFF 3D printing using two approaches. In the first
approach, a low-melting alloy in the form of wire was used as the feedstock for FFF extrusion. In this approach, the influence
of FFF process parameters such as infill ratio, extrusion velocity, feed rate, nozzle temperature and bed temperature on the
part fabrication were evaluated for successful fabrication of 2D and 3D geometries and characterized for density, precision,
mechanical properties, and microstructure. In the second approach, low-melting alloys were cast onto 3D-printed molds to
create metal structures. With this approach, the fabricated specimens were evaluated for its part formability, density, precision,
mechanical properties, and microstructure. In addition, both approaches were used to fabricate a prototype specimen such as
a souvenir and a prototype wrench. It is expected that such a technology will pave the way for the affordable fabrication of
metal prototypes and alternatively on-demand custom metal spare parts for in-space applications and future space missions.
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1 Introduction are expensive and requires regular maintenance compared
to FFF 3D-printing technology [3]. Successful fabrication

3D printing can be used to manufacture custom products and  of metals products using FFF can reduce the price point of

has gained a lot of attention due to its flexibility to design
complex geometries with metals, polymers, and ceramics
[1]. According to the research and advisory board of Gartner
Inc., 97.5% of all the 3D printers sold worldwide are Fused
filament fabrication (FFF) 3D printers [2]. However, FFF
3D printers are typically limited to 3D print various poly-
mers, whereas metals 3D-printed parts are typically made
from 3D-printing technologies such as laser-powder bed
fusion (L-PBF), direct metal laser sintering (DMLS), elec-
tron beam melting (EBM), and binder jetting. These metal
3D-printing technologies can often take up a lot of space,
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metal printers from approximately $500,000 to just $500,
paving the way for an affordable desktop metal 3D printer
[4]. FFF is an additive manufacturing process in which typi-
cally thermoplastic polymers in the form of filaments are fed
through an extruder into a heated nozzle, where it is melted
and extruded layer-by-layer onto a heated bed platform to
fabricate a 3D geometry. Once a layer is fabricated, the noz-
zle moves up in the z-direction (or, the base is lowered) to
accommodate the subsequent layers. This process continues
until the desired 3D structure is fabricated [1]. The capabil-
ity to fabricate metals using FFF technology calls for appli-
cations in various fields such as the production of prototypes
in industries, disposable single-use surgical instruments in
healthcare and manufacturing metal spare parts in the inter-
national space station (ISS) and for future space missions
such as Mars One.

Recent studies of using FFF technology to print metal
use metal infused powder polymer filaments that can be
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fabricated using an FFF 3D printer to form 3D structures.
After 3D printing, the polymer content of the fabricated part
is removed and the part is sintered, leaving a pure metal
object. However, such a process still requires subsequent
steps after printing to remove the polymer and get the final
metal part [5, 6].

Another approach to use FFF in metal printing is to
directly printing with pure metal instead of powder—polymer
filament. A study conducted by Hsieh et al. extruded pure
metal filaments of low-melting Sn99.3Cu0.7 and Sn60Pb40
alloys in a continuous linear shape with excellent formability
[7]. Ten-layer stacking of Sn99.3Cu0.7 and five-layer stack-
ing of Sn60Pb40 was achieved at nozzle temperatures of
220-240 °C. However, attempts to print in 2D was not suc-
cessful at print separations of less than 0.75 mm. In another
study performed by Mireles et al. a redefined extrusion head
was used to fabricate 2D spiral maze and a 3D wall with
six stacked layers [8]. However, there is not a lot of work
in literature that demonstrates successful FFF 3D printing
using pure metal as a feedstock to print 3D structures and
the mechanical properties that can be achieved with such a
process.

In this study, low-melting alloys have been used as feed-
stock in an FFF 3D printer and evaluated for metal 3D print-
ing. The convenient processing temperatures of low-melting
alloys used in this study offer two methods for fabricating
metals using a FFF 3D printer. In the first approach, FFF 3D
casting, tensile molds were designed and FFF 3D printed in
PLA, and low-melt alloys of tin—bismuth and antimony—tin
were cast onto the molds to create tensile bar specimens
and unique prototype castings. In the second approach, FFF
3D printing, a tin—bismuth alloy in the form of a filament
was used as a feedstock for the FFF 3D printer to fabricate
tensile specimens. In addition, the FFF 3D cast and FFF
3D-printed samples were characterized for its physical prop-
erties, mechanical properties and microstructure. In addi-
tion, this work demonstrates the use of FFF technology to
fabricate low-melt alloys for applications such as affordable
souvenirs and rapid production of metal spare parts for in-
space applications.

2 Materials and methods

As a part of studying the feasibility of 3D-printing metals
using an FFF 3D printer, a material search was conducted on
low-melting alloys through metal reference books, research
papers, and commercial websites [9-26]. Due to the tem-
perature limitations of a FFF 3D printer, only low-melting
alloy systems with onset melting temperatures ranging from
of 100-300 °C were considered. In addition, the lead con-
tent was limited to a maximum composition of 10%. The
materials screened included 21 eutectic alloys systems of
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bismuth, indium, and tin, and 55 non-eutectic alloy systems
of bismuth, indium, tin, antimony, cadmium, silver and lead
[9-26].

2.1 Materials for FFF casting and printing

Using the above pre-screening, a low-melting eutectic alloy
of bismuth (58% Bi, 42% Sn), non-eutectic alloy of bismuth
(40% Bi, 60% Sn), and a non-eutectic alloy of antimony
(7.5% Sb, 89% Sn) were selected for the study on the basis
of their physical and mechanical properties. Sn42Bi58, also
known by its trade name ‘Cerrotru’, and Sn60Bi40 are shiny
in appearance and exhibits low viscosity values, making
them good candidates for casting application [10]. The typi-
cal applications of the bismuth—tin alloy include lead-free
soldering, metal spraying, proof casting, prototyping, and
radiation shielding [11]. Sn89Sb7.5, commonly known as
‘Babbitt’ is white and shiny in appearance, soft, readily con-
formable and hence easily cast. The material also exhibits
excellent corrosion resistance properties and resilience under
a wide range of conditions. It is widely used as a bearing
material [12]. Table 1 shows the physical and mechanical
properties of Sn42Bi58, Sn60Bi40 and Sn89Sb7.5. All three
materials in Table 1 were used to fabricate and test 3D ten-
sile bars with the method-I called FFF 3D casting, whereas
Sn60Bi40 alloy was used to FFF fabricate and test 3D tensile
bars with method II called FFF 3D printing.

2.2 Method-I: FFF 3D casting

For FFF 3D casting the mold of the specimens to be cast
was designed in SolidWorks, and 3D printed using an FFF
3D printer. The top and isometric views of the tensile molds
designed for fabrication is shown in Fig. 1.

The model was saved in ‘.STL’ format and imported into
the 3D-printing software, Repetier. The mold was 3D printed
using an FFF 3D Printer, Printrbot simple 1403, in polylactic
acid (PLA) material. Printing process parameters included
nozzle temperature of 215 °C, bed temperature of 65 °C and
infill percentage of 40%. Infill percentage was lowered to aid
the easy removal of the part from the mold with minimum
damage.

Table 1 Physical and mechanical properties of the low-melting alloys
selected for the evaluation of metal fabrication using FFF [26-29]

Specimen MP (°C) Density (g/cc) UTS (MPa) Elon-
gation
(%)
Sn42Bi58 138 8.58 55.41 46
Sn60Bi40 138-170  8.21 62.5 35
Sn89Sb7.5  241-354  7.38 90 10
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The low-melt alloys were heated to its approximate
pouring temperatures of 280 °C (Sn60Bi40, Sn42Bi58)
and 450 °C (Sn89Sb7.5) using a hotplate. The molten alloy
was then cast into the 3D-printed tensile molds and cooled
to room temperatures. In addition, to investigate the effect
of mold cooling times on the mechanical properties and
microstructure of the fabricated part, additional specimens
of Sn60Bi40 were cast at different cooling rates. The cast
was cooled in two different states viz. slow cooled, at room
temperature (cooling time =15 s) and fast cooled under the
presence of an external fan (cooling time =35 s). This meth-
odology was used to create four ASTM ES standard tensile
specimens. The specimens were subsequently characterized
for its dimensions, and physical properties such as mass,
volume, and density, mechanical properties such as ultimate
tensile strength, yield strength, and percent elongation as
well as the microstructure.

2.3 Method II: FFF 3D printing

For FFF 3D printing, an important aspect of getting qual-
ity prints is its ability to continuously deposit material and
adhere it onto the print bed to form a 2D or 3D geometry. A
2D geometry, square maze toolpath, was designed to investi-
gate the linear deposition characteristics of Sn60Bi40. Mul-
tiple trials were performed to achieve continuous deposition.
This was followed by attempts to fabricate a 3D geometry,
dog bone specimen. Printrbot Simple 1403 with a build vol-
ume of 6” X 6” X 6" was used for the fabrications. Figure 2
shows the SolidWorks models of the 2D tool path, and the

(b)
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Fig.3 SolidWorks design of the ASTM E8 standard tensile specimen
for FFF 3D printing with Sn60Bi40 alloy

dog bone specimen used for the development of process
parameters.

Once the FFF-printing process parameters for fabricating
low-melt Sn60Bi40 was successfully developed. ASTM E8
standard tensile coupons were fabricated using the param-
eters as per the dimensions, as shown in Fig. 3. The speci-
mens were subsequently tested for its physical properties
such as mass, volume, and density, mechanical properties
such as ultimate tensile strength, yield strength, and percent
elongation as well as the microstructure.

3 Characterization

Samples fabricated using both methods I and II were further
post-processed. ALO papers with grits P120, and P240, were
used as the abrasive surface and the specimen was polished
on a water lubricated abrasive wheel. The dimensions and
mass of the samples were noted. The volume and density
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were calculated based on Archimedes’ principle, with the
liquid of submersion being water. Tensile testing was per-
formed using a uniaxial MTI 10,000 1bs benchtop tension-
testing machine. From tensile testing, stress—strain curves
were plotted to compute materials properties such as ulti-
mate tensile strength, percent elongation, and yield strength.

The fabricated specimens were then carefully sectioned
using a metal pressed diamond-wafering blade to a conveni-
ent size along its z-axis. After sectioning, the sample was
mounted in an epoxy compression mounting resin material
to facilitate handling during the subsequent grinding and
polishing steps. The sample was then ground and polished
using P240, P400 and P1200 grit ALO papers [30]. Fur-
ther fine polishing was performed on the abrasive surface of
0.25 um with a speed of 100 rpm to prepare a smooth surface
for etching out the microstructure. Polishing was performed
for a duration of 1800s at a rate of 100 rpm and a force
of approximately 10 pounds [31]. Lastly, after polishing
the Sn60Bi40 and Sn42Bi58 alloys were etched using 95%
methanol, 3% HCI and 2% HNO; to reveal the true micro-
structure. The Sn89Sb7.5 alloy was subjected to chemical
etching with a 5% solution of HCl in ethanol.

4 Results and discussion
4.1 FFF 3D casting

The process for FFF 3D casting and the ASTM ES tensile
specimens fabricated using this technique are shown in
Fig. 4.

4.1.1 FFF 3D casting of Sn60Bi40, Sn42Bi58 and Sn89Sb7.5
alloys

The dimensions of the post-processed specimens were
evaluated to understand the geometric tolerances of the
fabricated part.

Table 2 shows the dimensions and tolerances of the
post-processed FFF 3D cast parts of Sn60Bi40, Sn42Bi58
and Sn89Sb7.5 alloys.

Table2 Dimensions of the post-processed FFF 3D cast parts of
Sn60Bi40, Sn42Bi58 and Sn89Sb7.5 alloys

Specimen Length (mm) Width (mm) Thickness (mm)
Sn60Bi40 69.36+20 7.97+0.23 4.73+0.31
Sn42Bi58 69.10+0.44 8.14+0.12 4.64+0.49
Sn89Sb7.5 68.81+0.39 8.32+0.2 5.55+0.37

15mm

Fig.4 a Process summary of the FFF cast methodology, b tensile molds 3D printed using PLA, ¢ molten material cast onto the 3D-printed

mold, d as-cast tensile specimens, e post-processed tensile specimens
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Table 2 shows that the average length of the fabricated
samples is a bit smaller than the true length of 70 mm, with
an average dimension of 69.9 +0.34 mm. The width of the
samples was found to vary in ranges of 7.97-8.32 mm, with
an average value of 8.15+0.21 mm. The thickness of the
samples was found to lie between values of 4.64-5.55 mm
with an average value of 4.98 +0.39 mm. The greatest vari-
ation in dimensions was found to occur in the width of the
specimen, with a percentage error of 1.80%. The least varia-
tion in dimension occurred in the thickness of the specimen,
with a percentage difference value of 0.48%. The length
measurements had a percentage error value of 1.31%.

Table 3 shows the physical properties of the post-pro-
cessed FFF 3D cast parts of Sn60Bi40, Sn42Bi58 and
Sn89Sb7.5 alloys. Table 3 shows that the average volume
of the fabricated specimens in comparison to the expected
volume derived from SolidWorks (3.762 g/cc), is 19.22%.
The greatest percent error in volume was for the parts fabri-
cated in Sn42Bi58, with a percentage error of 24.53%. Parts
fabricated in Sn89Sb7.5 and Sn60Bi40 exhibited percent-
age differences of 17.2 and 15.93%, respectively. Conse-
quently, the mass of the fabricated specimens was found
to greatly vary for the parts fabricated in Sn42Bi58, with a
percentage error of 24.36%. Parts fabricated in Sn89Sb7.5
and Sn60Bi40 exhibited percentage differences of 17.74 and
14.74%, respectively.

The densities of the fabricated specimens are in close
correlation with the true density values of the materials and
accounted to relative densities of 98.15% for the Sn60Bi40,
100% for the Sn42Bi58 and 97.15% for Sn89Sb7.5. Figure 5
shows the relative density of the post-processed FFF 3D
cast parts of Sn60Bi40, Sn42Bi58 and Sn89Sb7.5 alloys.
Figure 5 shows that the densities of the post-processed FFF
3D cast parts of Sn60Bi40, Sn42Bi58 and Sn89Sb7.5 alloys
are in close correlation with the true density values of the
alloys, as shown in Table 1.

Figure 6 shows the ultimate tensile strength of the post-
processed FFF 3D cast parts for Sn60Bi40, Sn42Bi58 and
Sn89Sb7.5 alloys. The ultimate tensile strength (UTS) of the
post-processed FFF 3D cast parts of Sn60Bi40, Sn42Bi58
and Sn89Sb7.5 alloys are 60.29+2.79, 55.08 +0.58 and
94.81 + 16 MPa, respectively. This is a percentage increase
of 3.53 and 0.60% for Sn60Bi40 and Sn42Bi58, respectively,
with respect to the estimated values of the UTS, as given

Table 3 Physical properties of the post-processed FFF 3D cast parts
of Sn60Bi40, Sn42Bi58 and Sn89Sb7.5 alloys

Specimen Mass (g) Volume (cc) Density (g/cc)
Sn60Bi40 25.57+1.385 3.207+0.180 7.97+0.206
Sn42Bi58 25.27+2.538 2.94+0.289 8.58+0.027
Sn89Sb7.5 32.18+2.54 4.47+0.251 7.17+0.243

in Table 1. UTS value of Sn89Sb7.5 shows a percentage
decrease of 5.34% as with respect to the expected values,
which could be due to the high geometric tolerances and
lower relative densities of the fabricated part, as depicted in
Table 2 and Fig. 5, respectively.

The percentage elongation of the post-processed FFF 3D
cast parts of Sn60Bi40, Sn42Bi58 and Sn89Sb7.5 alloys are
30.18£0.99, 34.22 +3.43 and 15.38 +4.10%, respectively.
It can be noted that Sn42Bi58 has higher percentage elonga-
tion compared to that of Sn60Bi40. This can be attributed
to higher percentage composition of bismuth in the alloy.
At higher concentrations of bismuth, a greater number of
bismuth particles are non-soluble and thus precipitated and
accumulated at the grain boundaries, leading to a decrease
in the overall stiffness of the material [32]. Sn89Sb7.5 has
low values of percentage elongations and is hence compara-
tively brittle.

Figure 7 shows percent elongation of the post-processed
FFF 3D cast parts of Sn60Bi40, Sn42Bi58 and Sn89Sb7.5
alloys.

Figure 8 shows yield strengths of the post-processed FFF
3D cast parts of Sn60Bi40, Sn42Bi58 and Sn89Sb7.5 alloys.
The yield stress of the samples was calculated using the 0.2%
offset method [33]. The yield stress of the post-processed

100.00

99.00

98.00

97.00

96.00 -

Relative density (%)

95.00

Sn60Bi40 Sn42Bi58 Sn89Sb7.5Sb

Fig.5 Relative densities of the post-processed FFF 3D cast parts of
Sn60Bi40, Sn42Bi58 and Sn89Sb7.5 alloys
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Fig.6 Ultimate tensile strength of the post-processed FFF 3D cast
parts of Sn60Bi40, Sn42Bi58 and Sn89Sb7.5 alloys
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Fig.7 Percent elongation of the post-processed FFF 3D cast parts of
Sn60Bi40, Sn42Bi58 and Sn89Sb7.5 alloys
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Fig.8 Yield strengths of the post-processed FFF 3D cast parts of
Sn60Bi40, Sn42Bi58 and Sn89Sb7.5 alloys

FFF 3D cast parts of Sn60Bi40, Sn42Bi58 and Sn89Sb7.5
alloys are 50.90+4.32, 51.19 +1.12 and 64.54 +7.35 MPa,
respectively.

The optical microscopy images of the post-processed FFF
3D cast parts of Sn42Bi58, and Sn60Bi40 alloy is shown
in Fig. 9. Figure 9a, ¢ shows that microstructure of a bis-
muth—tin alloy consists of bismuth-rich phases, tin-rich
phases and fine granules of bismuth precipitates in the tin-
rich phase [34].

The dark grey pattern in the bright field images represent
the bismuth-rich phase, the light grey background represents
the tin-rich phase, and the fine dark particles on the tin-rich
matrix represent the bismuth precipitates. The precipitation
of bismuth occurs due to the lower solubility of bismuth in
the tin at low temperatures, leading to the segregation of
bismuth from the tin [35]. As the concentration of bismuth
content in the alloy increases from 40% in Sn60Bi40 to 58%
in Sn42Bi58, bismuth particles segregate significantly and
accumulate on the tin-rich phase [36].

Figure 9b, d shows the corresponding dark field images,
clearly distinguishes the lamellar structure of the eutectic
and non-eutectic bismuth—tin alloys. It can be observed that
in the eutectic alloy (Sn42Bi58), the bismuth phase, as well
as the tin phase, forms a continuous network in the form of
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a dendrite, also referred to as the fishbone eutectics. The
microstructure of the non-eutectic alloy (Sn60Bi40) con-
sists of a continuous network of bismuth surrounded by the
tin-rich matrix [32]. Figure 10 shows the optical micros-
copy images of the post-processed FFF 3D cast parts of the
Sn89Sb7.5 alloy.

Figure 10 shows that the microstructure of the Sn89Sb7.5
alloy consists of Sn—Sb phase surrounded by Sn-rich phase
and Cu-Sn phase. Sn—Sb phases are square in shape, and
the Cu—Sn phases are the long and irregular shaped phases
in the background of the Sn-rich phase (Fig. 10) [37, 38].

4.1.2 Effect of cooling rate on the FFF 3D casting
of Sn60Bi40 alloy

The dimensions of the post-processed specimens were evalu-
ated to understand the geometric tolerances of the fabricated
part. Table 4 shows the dimensions and tolerances of the
post-processed FFF 3D cast parts of Sn60Bi40 at slow and
fast rates of cooling.

Table 4 shows that the length of the fabricated samples
is smaller than the true length of 70 mm, with an aver-
age dimension of 68.88 +0.47 mm and a percentage error
of 1.61%. The fabricated samples had an average width
of 7.78 £0.29 mm and a percentage error of 2.77%. The
greatest variation in dimensions was found to occur in the
thickness of the specimen, with an average thickness of
5.11 +£0.44 mm and percentage error value of 2.08%. Table 5
shows the physical properties of the post-processed FFF 3D
cast parts of Sn60Bi40 at slow and fast rates of cooling.

Table 5 shows that the volume of the fabricated speci-
mens is smaller than the expected volume derived from the
SolidWorks, 3.762 g/cc, by a percentage of 11.31%. The
parts fabricated in slowly cooled condition under ambient
temperature exhibited percentage differences of 9.23% and
the percent volume error percent for the fast-cooled speci-
men was 13.39%. Consequently, the mass of the specimens
fabricated in the slow and fast-cooling conditions exhibited
percentage error values of 9.27 and 8.99%, respectively.

The densities of the fabricated specimens are found to
be in close correlation with the true density value of the
Sn60Bi40 alloys, as shown in Table 1. Figure 11 shows the
relative density of the post-processed FFF 3D cast parts of
Sn60Bi40 at slow and fast rates of cooling, which account
for percentage differences of 99.63% for the slowly cooled
specimens and 99.77% for the fast-cooled specimens.

Figure 11 shows that the densities of the post-processed
FFF 3D cast parts of Sn60Bi40 at slow and rapid rates of
cooling is in close correlation with the true density value of
the Sn60Bi40 alloy, as shown in Table 1. Figure 12 shows
ultimate tensile strengths of the post-processed FFF 3D cast
parts of Sn60Bi40 at slow and fast rates of cooling.
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Fig. 9 Optical microscopy images of the post-processed FFF 3D cast
Sn42Bi58 (eutectic) and Sn60Bi40 (non-eutectic) alloys. a Bright
field image of Sn42Bi58 showing bismuth and tin phases in the
microstructure. b Dark field image of Sn42Bi58 showing the eutectic

Fig. 10 Optical microscopy image of the post-processed FFF 3D cast
part of the Sn89Sb7.5 alloy

structure. ¢ Bright field image of Sn60Bi40 showing bismuth and tin
phases in the microstructure. d Dark field image of Sn60Bi40 which
shows the primary Sn-rich phase surrounded by eutectic structure

Table 4 Dimensions and tolerances of the post-processed FFF 3D
cast parts of Sn60Bi40 at slow and fast rates of cooling

Rate of cooling  Length (mm)  Width (mm)  Thickness (mm)
Slow cooled 68.79+0.22 7.56+0.22 5.23+0.63
Fast cooled 68.98+0.72 8.01+0.37 4.98+0.25

Table 5 Physical properties of the post-processed FFF 3D cast parts
of Sn60Bi40 at slow and fast rates of cooling

Rate of cooling Mass (g) Volume (cc) Density (g/cc)
Slow cooled 27.84+2.52 3.43+0.161 8.09+0.009
Fast cooled 27.92+2.34 3.29+1.56 8.10+0.057

Figure 12 represents the average ultimate tensile strength
of the post-processed FFF 3D cast parts of Sn60Bi40 at
slow and fast rates of cooling which are 73.35+3.69 and
92.10+0.58 MPa, respectively. This is a percentage increase
of 15.97% for the slow-cooled specimen and 47.36% for the
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Fig. 11 Relative densities of the post-processed FFF 3D cast parts of
Sn60Bi40 at slow and fast rates of cooling
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Fig. 12 Ultimate tensile strengths of the post-processed FFF 3D cast
parts of Sn60Bi40 at slow and fast rates of cooling
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Fig. 13 Percentage elongation of the post-processed FFF 3D cast
parts of Sn60Bi40 at slow and fast rates of cooling

fast-cooled specimen with respect to the estimated values of
the UTS for the Sn60Bi40 alloy, as shown in Table 1. Fast-
cooled specimens exhibit higher ultimate tensile strengths.

Figure 13 shows percentage elongation values of the post-
processed FFF 3D cast parts of Sn60Bi40 at slow and fast
rates of cooling.

Percentage elongation of the post-processed FFF 3D
cast parts of Sn60Bi40 at slow and fast rates of cooling are
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Fig. 14 Yield strengths of the post-processed FFF 3D cast parts of
Sn60Bi40 at slow and fast rates of cooling

29.62+4.11 and 41.17 + 1.64%, respectively. Fast-cooled
specimens clearly exhibit higher percentage elongation, with
an increase of 17.61% as compared to the estimated value
(see Table 1), and hence higher ductility.

Figure 14 shows yield strength of the post-processed FFF
3D cast parts of Sn60Bi40 at slow and fast rates of cooling.

The yield stress of the FFF 3D cast samples was calcu-
lated using the 0.2% offset method [35]. The yield stresses
of the slow-cooled and fast-cooled specimens of Sn60Bi40
are 70.37 £6.70 and 87.68 +-20.46 MPa, respectively. Fast-
cooled samples exhibit higher yield strength.

The optical microscopy images of post-processed FFF
3D cast parts of Sn60Bi40 at slow and fast rates of cooling
is shown in Fig. 15.

Figure 15 shows that the microstructure of the slowly
cooled specimen consists of a continuous network of bis-
muth and tin phase in the form of a lamellar structure sur-
rounded by tin-rich phase containing Bi precipitates. As the
rate of cooling is increased, the microstructure forms closed
colonies with finer grain structures and closer grain bounda-
ries, as shown in Fig. 15b. This leads to ductility enhance-
ment and explains the higher values of percentage elonga-
tion of the fast-cooled specimens, as shown in Fig. 13 [37].

4.2 FFF 3D printing of Sn60Bi40 alloy

The printing parameters such as the velocity of extrusion,
the rate of feeding, the temperature of the nozzle, the print-
bed temperature and the layer height play a significant role
in the continuous deposition of the material, adherence to
the bed (and subsequent layers) and build quality of the
fabricated part. The parameters were iterated experimen-
tally to successfully 3D print Sn60Bi40 alloy using the FFF
technology.

DSC/TGA analysis was conducted on the Sn60Bi40 alloy
to study the melting characteristics, and the nozzle tempera-
ture was iterated at increments of 5 °C to identify 220 °C
as the ideal temperature for extrusion. The bed temperature
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Fig. 15 a Optical microscopy image of the slow-cooled non-eutectic Sn60Bi40 material, b optical microscopy image of the fast-cooled non-

eutectic Sn60Bi40 material showing closer colonies

was set to 40 °C for better adherence to the print-bed and
faster cooling of the metal alloy. The infill percentage was
set at 80% and the layer height was set to 0.3 mm for optimal
deposition of the printed layers.

Multiple trials were conducted to achieve a continuous
deposition of the Sn60Bi40 alloy in 2Dimensions. Initial
trials of fabricating the 2D geometry at extrusion velocities
of 14 mm/s and feed rate of 150 mm/s deposited discon-
tinuous tracks with a gap of approximately 7 mm between
extrusions, as shown in Fig. 16a. Reducing the extrusion
velocities to 7 mm/s provided additional time for depositing
the material on to the print bed. Consequently, increasing
the feed rate to a higher value of 200 mm/s assisted in the
faster extrusion of the material. Thus, the coupled effect of

reducing the extrusion velocity by 50% and increasing the
feed rate by 25% resulted in successful fabrication of the
Sn60Bi40 alloy in 2D, as shown in Fig. 16b. The perimeter
of the 2D square tool path spans a total length of 320 mm.
Attempts to fabricate the 3D geometry using the param-
eters developed for 2D created irregular intervals of separa-
tions, as shown in Fig. 17a probably due to the lack of molten
material available for immediate extrusion. Increasing the
feed rate by a percentage of 20% along with a decrease in
28.57% in the extrusion velocity addressed this issue reduc-
ing the discontinuities over the entire area of the geometry,
as shown in Fig. 17b. Reducing the extrusion velocity fur-
ther to an allowed minimum of 1 mm/s further reduced the
voids and discontinuities between the layers and paved the

Fig. 16 a Trial 1—2D square maze toolpath with discontinuity between depositions, b Trial 2—successful fabrication of 2D square maze tool-

path

@ Springer



60

Progress in Additive Manufacturing (2018) 3:51-63

W, e

i w
- - %
(Wwv\'*," ‘,‘;\'.!% 3

Fig. 17 FFF 3D printing of 3D geometry using Sn60Bi40 alloy, a
Trial 1, b Trial 2, ¢ Trial 3

Table 6 Printing process parameters developed for fabricating low-
melting Sn60Bi40 alloy using FFF 3D-printing technology

Printing parameters 2D 3D

Trial 1 Trial 2 Trial 1 Trial 2 Trial 3

Nozzle temperature (°C) 220 220 220 220 220

Bed temperature (°C) 40 40 40 40 40
Extrusion velocity (mm/s) 14 7 7 5 1
Feed rate (mm/s) 150 200 200 250 250
Layer height (mm) 0.3 0.3 0.3 0.3 0.3
Infill (%) NA NA 80 80 80

Fig. 18 FFF 3D-printed ASTM E8 standard tensile specimen of
Sn60Bi40 alloy

way for the successful fabrication of Sn60Bi40 using FFF
technology, as shown in Fig. 17c. The structure exhibits
nearly complete fill with sufficient interlayer bonding.

Table 6 shows the process parameters that were developed
for the fabrication of 2D and 3D geometries of the Sn60Bi40
alloy using the FFF 3D-printing technology.

Finally, ASTM ES standard tensile specimens were fab-
ricated as per the print parameters developed, as given in
table (3D, Trial 3) and shown in Fig. 18.

Table 7 shows the dimensions and physical properties of
the post-processed FFF 3D-printed part of the Sn60Bi40
alloy.

Table 7 shows that the length of the fabricated samples
is smaller than the true length of 70 mm, with an average
dimension of 69.19 +0.69 mm and a percentage error of
1.16%. The fabricated samples had an average width of
7.99 +£0.35 mm and percentage error value of 0.13%. The
greatest variation in dimensions was found to occur in
the thickness of the specimen, with an average thickness
of 4.88 +0.15 mm and percentage error values of 2.43%.
The volume of the fabricated specimens is lesser than the
expected volume derived from the SolidWorks, 3.762 g/cc,
by a percentage of 31.08%. Consequently, the mass of fab-
ricated specimens had a percentage error of 35.63%. The
average densities of the fabricated specimens are 93.91%
and lower than the true density of the material. The ultimate
tensile strength, yield strength and percent elongation of the
FFF 3D-printed ASTM ES tensile specimen of Sn60Bi40 is
shown in Fig. 19.

The ultimate tensile strength of the FFF 3D-printed ten-
sile specimen is 41.55+2.30 MPa. This is a percentage
decrease of 33.52% with respect to the estimated values of
the UTS of the Sn60Bi40 alloy (see Table 1). Similarly, the
percent elongation of the FFF 3D-printed tensile specimen is
16.38 £ 1.59 MPa. This is a percentage decrease of 53.21%
with respect to the estimated values of the percent elongation
of the Sn60Bi40 alloy (see Table 1). This could be due to the
lower volume percentages and lower relative densities of the
fabricated part, as depicted in Table 7. The yield stress of the
samples was calculated using the 0.2% offset method and is
34.06 +3.43 MPa [37]. The optical microscopy images of
post-processed FFF 3D-printed part of Sn60Bi40 alloy is
shown in Fig. 20.

Figure 20a shows that microstructure of the FFF
3D-printed Sn60Bi40 alloy consists of bismuth-rich phases,
tin-rich phases and fine granules of bismuth precipitates in
the tin-rich phase [39]. The light grey pattern in Fig. 20a rep-
resent the bismuth-rich phase; the dark grey background rep-
resents the tin-rich phase and the fine light-colored particles
on the tin-rich matrix represent the bismuth precipitates. The

Table 7 Dimensions and physical properties of the post-processed FFF 3D-printed part of the Sn60Bi40 alloy

Length (mm) Width (mm) Thickness (mm)

Mass (g) Volume (cc) Density (g/cc)

69.19+0.69 7.99+0.35 4.88+0.15

21.31£2.05 2.75+£0.25 7.71£0.11
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Fig. 19 Ultimate tensile strength, yield strength and percent elonga-
tion of the FFF 3D-printed ASTM ES tensile specimen of Sn60Bi40

precipitation of bismuth occurs due to the lower solubility of
bismuth in the tin at low temperatures, leading to the segre-
gation of bismuth from the tin. At a magnification of 20X,
layering of fine and coarse microstructure was observed, as
shown in Fig. 20b. The coarsening of the lamellar could be
attributed to the reheating of the previous build layer by the
subsequent layer [8].

The FFF 3D-printed parts exhibited low relative densi-
ties of 93.91% and low mechanical properties of ultimate
tensile strength, yield strength and percent elongation, as
shown in Fig. 19. This is reflected in the microstructure
of the alloy (Fig. 20) and can be attributed to the reheat-
ing of the previous build layer by the subsequent layer.
The FFF 3D Cast specimens exhibited comparable dimen-
sional accuracy, densities and mechanical properties.
Relative densities are in close correlation with the true
density values of the materials and are equal to 98.15%
for the Sn60Bi40 alloy, 100% for the Sn42Bi58 alloy and
97.15% for Sn89Sb7.5 alloy. The fast-cooled specimen

of Sn60Bi40 exhibited an enhanced relative density of
99.77%, an ultimate tensile strength of 147.36% and per-
centage elongation of 117%.

5 Applications

The capability of fabricating metals using an FFF 3D
printing highlights the potential of fabricating unique
prototypes and low-volume parts with minimal cost and
lead times, in the fields of automobile, aerospace, tool-
ing, healthcare and consumer industries. The Interna-
tional Space Station houses a 3D printer; however, it is
limited to fabricating parts only in thermoplastic mate-
rial, and not in metals [40]. Using the FFF 3D-printing
methodology, the prototype of a mechanical spanner
was 3D printed in Sn60Bi40 alloy. Figure 21a shows the
prototype of mechanical spanner 3D printed using FFF
3D-printing technology. Using the FFF 3D casting meth-
odology, a customized souvenir of UofL (University of
Louisville) logo was fabricated. Figure 21b shows the
customized UofL souvenir fabricated using the FFF 3D
casting methodology.

FFF casting exhibits higher dimensional accuracy, 100%
relative density and 99.4% UTS for the eutectic Sn—Bi
material and can thus be used to cast a similar wrench
design or any other tooling equipment in space application
for on-demand and custom 3D printing. Other possibili-
ties include the fabrication of customizable single-use dis-
posable surgical instruments in healthcare, which can be
customized according to the patient’s physique, and rapid
production of customized jewelry.

Fig.20 a Bright field (BF) image of FFF 3D-printed Sn60Bi40 alloy showing the primary tin-rich phase surrounded by eutectic structure (x50).
b Dark field (DF) image of FFF 3D-printed Sn60Bi40 alloy which shows the layering of fine and coarse microstructure
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Fig. 21 Metal prototypes fabricated using an FFF 3D printer. a, ¢ Mechanical wrench fabricated using FFF 3D-printing methodology. b, d Cus-
tomized UofL (University of Louisville) souvenir logo fabricated using FFF 3D casting methodology (c)

6 Conclusion

The research conducted showcases the feasibility of
fabricating low-melting metals using the FFF 3D print-
ing technology using either the FFF casting or printing
with pure metal filaments as feedstock. The FFF print-
ing provides lower relative densities of 93.91% that result
in relative lower mechanical properties compared to FFF
casting that gave near full density parts. This indicates
that further optimization of the FFF 3D printing process
parameters requires coupling the effects of feed rate and
extrusion velocity and formulating a correlation between
the frequency of extrusion, speed of extrusion and the
print velocity. This could improve the geometric tolerances
of the FFF 3D-printed parts and improve the mechanical
properties of the product. For the FFF 3D cast technology,
material properties such as the pouring temperature and
the cooling rate determine the dimensional tolerances and
the quality of the part 3D printed. Fast-cooled specimens
exhibit enhanced densities and mechanical properties
in comparison to the slow-cooled specimens. This work
paves the potentiality of FFF in the rapid production of
affordable metal prototypes and fully functional parts in
industries, and on-demand 3D printing of metals in space.
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