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Development of a Fused
Deposition Modeling System
for Low Melting Temperature
Metal Alloys
This research focused on extending the applications of fused deposition modeling (FDM)
by extrusion and deposition of low melting temperature metal alloys to create three-
dimensional metal structures and single-layer contacts which may prove useful for elec-
tronic interconnects. Six commercially available low melting temperature solder alloys
(Bi36Pb32Sn31Ag1, Bi58Sn42, Sn63Pb37, Sn50Pb50, Sn60Bi40, Sn96.5Ag3.5) were
tested for the creation of a fused deposition modeling for metals (FDMm) system with
special attention given to Sn–Bi solders. An existing FDM 3000 was used and two alloys
were successfully extruded through the system’s extrusion head. Deposition was achieved
through specific modifications to system toolpath commands and a comparison of solders
with eutectic and non-eutectic compositions is discussed. The modifications demonstrate
the ability to extrude simple single-layer solder lines with varying thicknesses, including
sharp 90 deg angles and smooth curved lines and showing the possibility of using this sys-
tem for printed circuit board applications in which various connections need to be proc-
essed. Deposition parameters altered for extrusion and the deposition results of low
melting temperature metal alloys are introduced. [DOI: 10.1115/1.4007160]

Introduction

Additive manufacturing (AM) refers to the fabrication of
complex, customized parts derived from digital data or computer-
aided designs and distinguishes itself from traditional manufactur-
ing methods in that the process (from concept to part) is relatively
fast and there is no need for expensive tooling, molds, or dies.
FDM, developed and initially commercialized by Stratasys, Inc.
in 1990, is an AM technology that utilizes a heated extrusion pro-
cess to produce accurate polymer prototypes and end-use parts
[1,2]. Part fabrication is carried out by an extrusion head traveling
in the X and Y directions while depositing a semimolten thermo-
plastic through a small nozzle (as small as 0.254 mm diameter).
Layers are deposited on a build stage that moves a prescribed dis-
tance down after the completion of each layer. Temperatures are
monitored and controlled for both the materials being deposited
and the build chamber. Thermoplastic materials are available and
continuously updated by Stratasys for commercial use. Due to the
ability to manually adjust build parameters (e.g., extrusion tem-
peratures, material flow rates, extrusion head travel speeds) using
earlier FDM systems, research has been conducted on the process-
ing of noncommercial materials, such as polymethylmethacrylate
[3], polypropylene [4], and polycaprolactone [5].

Most work involving metals in the field of AM utilize high tem-
perature metals processed with technologies, such as electron-beam
melting [6], direct metal laser sintering [7], and laser engineering
net shaping (LENS) [8]. Metal-polymer material systems have also
been investigated for use with FDM and exhibit similar properties
(e.g., stiffness) to FDM polymers while demonstrating other useful
properties, such as conductivity [9,10]. This work, however, uti-
lized a polymer binder that required additional postprocessing to
achieve dense metal parts, which is not required when utilizing a
direct metal alloy approach as is presented in this manuscript. Low
melting temperature alloys exhibit advantageous properties, such as
wetting, solderability, and low creep rates [11] that are useful in
conductive media applications, such as soldering interconnections
for circuit boards and for three-dimensional deposition using AM
technologies like FDM in which high temperature metal alloys
would be inapplicable. Although ideal for use with FDM, low melt-
ing temperature alloys may have limited application since they ex-
hibit failure during thermal cycling between the temperatures of
40 �C and 100 �C due to microstructural coarsening that leads to
cracking [11]. However, processing low melting temperature metal
alloys with AM technologies may help to reduce soldering times
for building circuit board prototypes that ultimately reduces time-
to-market, cost, and improves quality control.

Through the modifications of extrusion parameters (e.g., extru-
sion head travel speed and envelope temperature), the fused depo-
sition modeling of solder filaments was accomplished in this
work. Commercial solder filaments, including Bi36Pb32Sn31Ag1,
Bi58Sn42, Sn63Pb37, Sn50Pb50, Sn60Bi40, and Sn96.5Ag3.5
were utilized in this study to achieve FDMm. Alloys with eutectic
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and non-eutectic compositions were processed and compared to
evaluate the hypothesis that non-eutectic solders are more suited
for fused deposition due to their liquid–solid mixture present
below their liquidus temperature. Moreover, this solid–liquid mix-
ture may allow for better deposition control as a result of higher
viscosities when compared to eutectic alloys. The challenges of
adapting a commercial FDM system to process low melting tem-
perature metal alloys are described and solutions for these chal-
lenges are presented, including achieving a consistent material
flow rate, eliminating material clogging in the extrusion head,
specifying deposition speeds, obtaining layer-by-layer deposition,
and ensuring continuous deposition results.

Materials and Methods

Material. Six commercial solders were used in this study,
including Bi36Pb32Sn31Ag1, Bi58Sn42, Sn63Pb37, Sn50Pb50,
Sn60Bi40, and Sn96.5Ag3.5 (AIM, Cranston, RI) of which all had
a filament diameter of 1.575 mm (0.062 in.) matching the diameter
of commercial FDM materials. Particularly, three eutectic solders
(Bi58Sn42, Sn63Pb37, and Sn96.5Ag3.5) and three non-eutectic
solders (Bi36Pb32Sn31Ag1, Sn50Pb50, and Sn60Bi40) were used
to investigate the melting and deposition behavior of each.

FDMm System. Although newer systems are available, the
FDM 3000 (Stratasys, Inc., Eden Prairie, MN) provides the ability
to modify the operating temperatures, machine’s programming
code, and feed rates that pertain to different materials. The extru-
sion head is the key component in the overall function of the FDM
3000 and entails two liquefiers heated by resistance coils and step-
per motors that drive a filament into the liquefier for extrusion
through various sized tips. Stock material is fed through a 90 deg
bend in the liquefier as portrayed in Fig. 1. The extrusion head
moves in accordance to automove control language (ACL) pre-
pared by Insight software (Stratasys Inc., Eden Prairie, MN). All
software modifications performed in this study were used to alter
the machine ACL code that controls the deposition and traversing
speed command of the extrusion head. Figure 2 shows the com-
mands that an FDM 3000 system executes when depositing a ma-
terial. Steps within this sequence of commands, such as specifying
flow rates, predelays, and rollback speed of the stepper motors, are
important to modify so that continuous lines can be obtained with
solder materials. These modifications are necessary to accommo-
date the relatively low viscosities of the molten metals when com-
pared to traditional FDM thermoplastic materials. Additionally,
the work performed in this study utilized a microdispensing tech-
nique to deposit the molten metal and as such is different from tra-
ditional FDM, which deposits a semimolten thermoplastic.

Experiment I. Qualitative evaluations for each of the six sol-
ders were performed to gauge the consistency of flow within the
liquefier. The extrusion nozzle was modified from a diameter of

0.406 mm (0.016 in.) to a larger diameter of 1.588 mm (0.0625
in.) to reduce clogging of the extrusion nozzle and eliminate buck-
ling at the liquefier entrance. For these experiments, the extrusion
head was held static, the flow rate (rotation speed of motors) was
varied from 100% (normal flow) to 600% (maximum flow) using
50% increments, and the liquefier temperature was varied from
the corresponding solder melting temperature to 290 �C (maxi-
mum system temperature for the liquefier) using 5 �C increments.
The FDMm extrusion temperatures for each solder were deter-
mined by consulting each solder’s phase diagram and selecting a
temperature within the solder’s molten range. A consistent flow of
the solder filament through the liquefier was experimentally deter-
mined to mitigate buckling or clogging that can occur when a fila-
ment exhibits low stiffness or high viscosity at the liquefier inlet.
Also, excess material flow can occur at the outlet if viscosity is
too low [12] causing uncontrolled deposition.

Experiment II. Based on the results from experiment I, candi-
date materials were selected for which extensive deposition
experiments were performed. The results were then compared to
traditional FDM 3000 thermoplastic materials. The focus of this
set of experiments was to determine the deposition parameters
that result in continuous roads.

Insight software produces a modifiable machine ACL code that
is sent to the FDMm system. A toolpath file containing ACL com-
mands for the FDMm machine controls specific components of
the FDMm system throughout extrusion as discussed previously
and shown in Fig. 2. The software modifications performed
involve changing commands within the ACL code. The premove
command uses a wait command to allow the FDM polymer to
commence depositing slightly before the tooling head traverses.
This wait period (0.08 s for FDM polymer materials) ensures that
deposited roads are continuous throughout. Using solders with
FDMm results in more rapid flow of material through the nozzle.
To mitigate excess material accumulation at the start of a road,
this wait time was reduced to 0.01 s based on experimentation of
the start and stop results of various samples. A step rate command
that defines the extrusion head velocity, typically 1000 micro-
steps/second (1 in./s) for polymer materials, was reduced to 100
microsteps/second (0.10 in./s) to account for the discontinuous
lines that were produced by microdispensing and relatively lower
viscosities of the solders when compared to the conventional
FDM polymer materials. There is a proportional dependence
between the stepper motor speeds and the extrusion head velocity.
The material flow rate can be adjusted by modifying (1) the step
rate command within the ACL code, (2) a midmove command
within the ACL code, and (3) the front panel controls. To retain
the same material flow rate while reducing the extrusion head ve-
locity (the system automatically reduces material flow rate with
the corresponding reduction in head velocity), the material feed
motor speed was increased up to a maximum of 50% via a mid-
move command within the ACL code and the flow was increasedFig. 1 Schematic of liquefier used for FDM

Fig. 2 Execution of main ACL commands
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to 450% above the standard machine flow using the front panel
controls of the system. These changes essentially increase the dep-
osition rate to produce continuous lines.

Results and Discussions

Experiment I Results. The eutectic composition for multi-
component material systems typically represents the lowest solidi-
fication temperature for these material systems, and the
solidification temperature is an important parameter when using
FDM technology because it dictates the lower limit of the extru-
sion temperature. Material composition is a major factor since
presence of certain metal components can create coarsening or
agglomeration within the liquefier that can cause clogging of the
nozzle [13]. All solder materials that were tested required a higher
extrusion temperature when compared to the corresponding melt-
ing temperature (Table 1). These relatively high extrusion temper-
atures were employed to circumvent friction caused by the 90 deg
bend in the liquefier as well as ensuring high enough temperatures
to overcome the temperature differential in the liquefier, which is
caused by conductive heat loss [12]. Temperature measurements
acquired with type K thermocouples indicated an approximate
65 �C temperature difference between the liquefier temperature
and the extrusion nozzle exit when processing acrylonitrile-buta-
diene-styrene (ABS) with the default processing parameters. This
temperature difference or thermal energy loss illustrates the need
for processing the FDM material at temperatures above the melt-
ing temperature. The relatively high liquefier temperatures are
required to (1) compensate for the energy lost during the flow of
material, and (2) supply energy at a high enough rate, so that the
material is melted within the liquefier’s length. Table 1 presents
the results of utilizing elevated temperature and provides qualita-
tive results demonstrating the candidate materials Bi58Sn42 and
Sn60Bi40. Note that the Bi58Sn42 was processed 82 �C above its
melting point and Sn60Bi40 was processed 92 �C above the lower
limit of its melting temperature range. The Sn60Bi40 required
processing at a relatively higher temperature possibly because of
the increased tin content (18% more tin than the eutectic composi-
tion). Attempting at extruding below these temperatures resulted
in clogging of the nozzle. The same approach of using relatively
high extrusion temperatures is also employed for commercial
FDM polymer materials as evident with ABS in which the FDM
extrusion temperature is 270 �C, yet the typical melting tempera-
ture when using screw extrusion is 200 �C [14].

Central to the FDM process is the ability to extrude a wide
range of thermoplastics from which amorphous materials are
favorable because of a viscous paste formation that retains its
extruded shape as opposed to crystalline polymers which exhibit
lower viscosities when melted [15]. Similar to amorphous versus
crystalline materials is the behavior observed between eutectic
and non-eutectic metal alloys. Since non-eutectic metal alloys ex-
hibit higher viscosities due to a solid–liquid mixture state[16], it is
hypothesized that non-eutectic metal alloys are more suited for
extrusion in FDM and have a better opportunity to maintain the
shape of the filament during extrusion as is the case with amor-
phous polymers in traditional FDM.

The results for the Sn-Pb solders rendered inconsistent deposi-
tion (i.e., flow of solder stopped throughout deposition) when

varying the flow rate as well as the extrusion temperature from
185 �C to 290 �C, and therefore limited experimentation was con-
ducted for these solders. Similar problems have been observed in
other work [17,18], including the coarsening of the Sn-Pb solder
when maintained at elevated temperatures for prolonged periods
which can cause nozzle clogging [19]. During deposition, both
eutectic and non-eutectic Sn-Ag solders clogged the liquefier
which may have been due to successive heating and cooling of the
machine when turned on and off causing the effect of solid phase
separation that creates Ag3Sn agglomerates exhibiting a higher
melting temperature than the original alloy [20]. Such effects
causing higher temperature agglomerates may not be as prevalent
in other alloys since metals, such as Ag (961 �C (1762 �F)), or
metals with melting points outside the system’s temperature capa-
bilities, are not present. Assuming agglomeration was the origin,
resolving this clogging as well as inconsistent deposition would
require using a higher temperature (above system maximum tem-
perature) to further melt the agglomerates that result from the sol-
der cooling within the liquefier. Moreover, using a system with
higher temperature capabilities to process solders whose liquidus
range is relatively high (>200 �C) would potentially help mitigate
additional mechanisms that caused clogging, such as (1) friction
created within the liquefier, (2) temperature differential from one
point of the liquefier to another, and (3) conductive heat loss from
the resistance heater to the filament within the liquefier. Finally,
non-eutectic Sn60Bi40 and eutectic Bi58Sn42 solders were tested,
and these material systems demonstrated the most consistent dep-
osition results for all of the material systems tested. Both
Sn60Bi40 and Bi58Sn42 did not pose any clogging issues
throughout deposition. From observations, the difference between
non-eutectic Sn60Bi40 and eutectic Bi58Sn42 was in the behavior
during deposition—the non-eutectic solder retained its as-
deposited shape more consistently than its eutectic counterpart.

Experiment II Results. Defining solder flow was challenging
due to the complex behavior occurring throughout the liquefier
which may be attributed to slip between the liquefier walls and the
melt flow, slip between feed-rollers and filament, uneven distribu-
tion of heat flux due to arbitrary distribution of heating coils,
phase changes, and stiction effects as the material is driven into
the liquefier [21,22]. Based on the results from experiment I,
Bi58Sn42 and Sn60Bi40 were further investigated to determine
their deposition behavior as layered structures were fabricated. It
was observed that these solder materials did not start flowing im-
mediately after driving the materials into the liquefier. In addition,
when the solid solder was no longer being fed into the liquefier,
solder material within the liquefier continued to flow. This deposi-
tion behavior warranted the software modification previously dis-
cussed. Simple measurements were taken to compare line
dimensions of the deposited Sn–Bi solders and an ABS polymer.
Table 2 presents the properties gathered from manufacturer data
for each material and the results for the dimensions of ten lines
fabricated with FDMm. When compared to eutectic Bi58Sn42,
non-eutectic Sn60Bi40 produced better deposition results as deter-
mined by smaller mean line widths and smaller standard deviation
of the line widths due to the relatively higher viscosity that is

Table 1 Material’s melting temperatures and experiment I results

Composition Solder type Melting temperatures Qualitative results

Eutectic Bi58Sn42 138 �C (280 �F) Deposited consistently
Sn63Pb37 182 �C (360 �F) Inconsistent deposition, inlet buckling

Sn96.5Ag3.5 221 �C (430 �F) Clogged deposition head

Non-eutetic Sn60Bi40 138 �C–170 �C (280–338 �F) Deposited consistently
Sn50Pb50 183–212 �C (361–414 �F) Inconsistent deposition, inlet buckling

Bi36Pb32Sn31Ag1 95–136 �C (203–277 �F) Clogged deposition head
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attributed to a solid phase present within the liquid at temperatures
above the solidus and below the liquidus [19].

Deposition Results and Capabilities. After initial deposition
trials, toolpaths were generated to produce lines with cornered fea-
tures. Figure 3 presents the production of lines made of Sn–Bi sol-
der, which includes different length lines and sharp 90 deg turns.
As shown, the lines produced in Figs. 3(a) and 3(c) are continuous
and reproducible as observed through repeated experimentation.
Figure 3(c) shows a circuit pattern produced by FDMm using non-
eutectic Sn–Bi solder (see the prescribed circuit pattern shown in
Fig. 3(b)). Figures 3(d) and 3(e) compare the build patterns using
eutectic and non-eutectic materials, respectively. Note that by using
the non-eutectic material, more continuous lines with more consist-
ent thicknesses were produced (Figs. 3(c) and 3(e)) and did not
leave excess trails of material at the completion of a path as was
observed with the eutectic Sn–Bi solder (Fig. 3(d)).

Central to the advantages of AM technologies is the rapid pro-
duction of three-dimensional components. Therefore, one goal of
this project was to achieve multilayer deposition, wherein one line
of solder was deposited, the build platform was moved downward
a distance in the z-direction, and another line was deposited over
the previous line. Figure 4 depicts a close-up view at the stacking
of a multilayer Sn–Bi component. Figure 4(b) shows the mixed
phases of Bi58Sn42 (dark regions are Sn-rich phase and light
regions are Bi-rich phase) and depicts the interface from one layer
to another (magnified at 360�) taken by a Leica MEF4M optical
digital imaging system. The stacked layers were mounted in an

epoxy, polished and etched with a 2% Nital solution for 15 s. The
results in Fig. 4 show there appears to be a consistent bond
between layers, and the microstructure depicts a continuous inter-
face between layers. The successful layer-by-layer stacking capa-
bilities demonstrated potential for producing three-dimensional
components with complex geometries using the FDMm system.

Conclusions

FDM systems have been used for over two decades to create
prototypes and end-use models made of thermoplastics, such as
ABS. This research explored the extended use of FDM to include
metal alloys with low melting temperatures. The results suggest
the driving factors in successfully depositing metal alloys using
FDM are melting temperature and phase transition characteristics
according to alloy composition. Low temperature alloys in the
range of 100 �C–150 �C with a composition of Sn–Bi deposited
continuous metal lines, and non-eutectic Sn–Bi demonstrated
improved control of deposition as measured with line widths
when compared to eutectic Sn–Bi. Solder composition appears to
determine the ability for a metal alloy to be successfully extruded
using FDM as both eutectic and non-eutectic Sn-Pb and Sn-Ag
solders could not be successfully used. Possible issues for extru-
sion include coarsening effects for the Sn-Pb solder and agglomer-
ation effects for the Sn-Ag solder. A non-eutectic alloy
(Bi36Pb32Sn31Ag1) with a melting temperature range of
95 �C–136 �C (203 �F–277 �F) was expected to deposit well; how-
ever, it is believed that segregation from the liquid/solid phase in

Table 2 Comparison of 10 layers each of Sn–Bi or ABS

Bi58Sn42 Sn60Bi40 ABS

Z thickness, l 6 r
(mm (in.))

1.85 6 0.396
(0.073 6 0.016)a

1.69 6 0.145
(0.067 6 0.006)a

0.254
(0.010)b

Road width, l 6 r
(mm (in.))

1.67 6 0.442
(0.066 6 0.017)a

1.56 6 0.172
(0.061 6 0.007)a

0.76
(0.030)b

System temperature (�C) 220 �C(428 �F)a 230 �C(446 �F)a 270 �C(518 �F)b

Tensile strength (MPa) 51.7c 52.5c 22c

Elongation at break (%) 35c 35c 6c

aAccording to deposition results.
bAccording to system specifications, standard deviation not available.
cAccording to manufacturer information.

Fig. 3 Two-dimensional deposition (a) fused deposition of non-eutectic Sn–Bi solder lines, (b)
design of circuit pattern, (c) fused deposition of non-eutectic Sn–Bi circuit pattern, (d) pattern
built using eutectic Sn–Bi, and (e) pattern built using non-eutectic Sn–Bi

Fig. 4 Multilayer deposition of Sn–Bi (a) multilayer line and (b) 3603 optical image
of stacked layers that were polished and etched (interface is highlighted with
arrows)
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Sn-Ag solders due to prolonged cooling from switching the sys-
tem on and off caused agglomeration which clogged the head and
did not allow for proper deposition. The Sn-Pb solders also did
not perform well during deposition due to clogging of the lique-
fier. Sn–Bi alloys were used extensively throughout this research
and performed the best when compared to the other solders due to
their composition and relatively low melting temperatures (with
the non-eutectic Sn–Bi composition performing the best overall).
This project demonstrated the ability of FDM to deposit metal
alloys both in two-dimension and three-dimension. Applications
may include fabrication of tooling, structural components, as well
as traces made of conductive media.

Future Work

Further work with FDMm and conductive media is suggested to
create electronic interconnections and filling vias in traditional
and three-dimensional electronic components. As shown in Fig. 5,
the FDMm can effectively extrude Sn–Bi conductive solder into
varying spaces to be used as a bridge between two electronic com-
ponents in a circuit board. Work needs to be done in this area to
further test the reliability and reproducibility of working solder
contacts. Successful work performed in this area can aid in the de-
velopment of efficiently packaged electronics through the use of
AM technologies.

Results described in this paper show that there is still much to
be done in optimizing an FDMm system. As observed in this
research, there was great difference in deposition capabilities
from one material to another (SnBi alloys produced the most con-
sistent deposition results). There is a vast variety of solder materi-
als to choose from which may be candidates for FDMm, such as
Sn52In48, Bi58Pb42, Bi67In33, In97Ag3, and many others with
melting temperatures below 142 �C (290 �F), or melting tempera-
tures well under the maximum temperature capabilities for an
FDM 3000 system. Future work may include an expansion of ma-
terial to not only solder alloys but also high-strength metal alloys
that could prove to be useful for rapid manufacturing applications
that require high-strength characteristics. Based on the deposition
experiments, there were major differences in start and stop deposi-
tion characteristics from one solder to another. For future work,
an extrusion method, such as the one used by modern FDM sys-
tems (e.g., Fortus 900mc and Fortus 400mc), may be employed in
which a single straight short nozzle and a liquefier with a focused
high temperature heating point are utilized, which would reduce
friction effects and provide more control over flow behavior dur-
ing deposition.
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