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Abstract

State-of-the-art metal alloy additive manufacturing (AM) techniques construct a three-dimensional structure through sintering or melting dry metal
powders in a layer-by-layer fashion, which typically results in several AM-specific issues in the final structure, such as staircase effect, residual stress
and highly-orientated microstructures. In this paper, we present a new extrusion-based metal AM process, named Immiscible-interface assisted Direct
Metal Drawing (II-DMD), which fabricates metal alloy structures, in particular lattice structures, in a layerless manner. In the II-DMD process, metal
lattice structures are fabricated by continuously extruding a metal colloidal suspension within a second immiscible matrix colloidal suspension. The
shape of the metal colloidal suspension is stabilized due to the presence of an immiscible interface between the two colloidal suspension systems.
Dense metal lattice structures can be achieved via post-consolidation of the self-stabilized metal-matrix systems, including liquid-phase drying and
metal-phase sintering. The II-DMD process is presented and the immiscible-interface-assisted self-stabilization mechanism is studied. The post-
consolidation processes are discussed. Several test cases were fabricated and characterized.
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microstructures negatively influence mechanical properties of

1. Introduction

Conventional additive manufacturing (AM) processes of
metal alloys[1] build a three-dimensional (3D) structure through
selectively sintering or melting dry metal powders in a layer-by-
layer manner using a high-energy beam. The layer-based
fabrication manner and the localized high-temperature heating
used in those processes result in several AM-specific issues in
final structures, such as staircase effect, residual stress and
highly-orientated columnar microstructures. The staircase effect
reduces surface finish of final components and introduce stress
concentration;  residual  stress and  highly-orientated

2351-9789 © 2019 The Authors. Published by Elsevier B.V.

final objects [2, 3].

In this paper, we report a new AM process for fabricating
metal alloy structures (in particular lattice structures) in a
layerless fashion, i.e., immiscible-interface assisted direct metal
drawing (II-DMD). This layerless metal AM process offers the
potential to mitigate the inherent defects associated with layer-
based fabrication approaches. In this new process, an alloy-
powder-based suspension is first deposited continuously in 3D
space within a secondary matrix suspension and then uniformly
densified through heat treatment. By tailoring the two colloidal
systems, a suitable immiscible interface can be established
between the metal-powder suspension and the secondary matrix
suspension, which consequently enables the self-stabilization of
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the deposited 3D geometry. Similar fabrication techniques [4-12]
have been used to create microvascular networks[12], soft
sensors[10], robots[11], and other 3D structures, which are
however still limited to polymer materials (e.g. hydrogel) and
have not yet been attempted to build metal structures.

The paper is organized as follows. Section 2 describes starting
materials used in the II-DMD process and introduces the
fabrication process; section 3 discusses the process modeling and
optimization; section 4 demonstrates several testcases and their
properties; conclusions and future work are discussed in section
5.

2. Methods
2.1 Starting materials

In this research, bronze is used as a model material to study
layerless AM of 3D metal alloy lattice components via the II-
DMD process. Aluminum oxide or alumina is used as a
secondary matrix material, which acts as a support medium to
maintain 3D geometry of the body material (e.g., bronze powders)
throughout heat treatment. Alumina is selected because of its high
sintering temperature (> 1300°C) in comparison to bronze
powders. This temperature difference allows the secondary
matrix material to remain loose after heat treatment and to be
ultimately removed from target alloy components.

In the proposed II-DMD process, both bronze and alumina
powders are prepared as a suspension. Silicon oil and water are
employed as the dispersion medium of bronze-powder
suspensions and alumina-matrix suspensions respectively to
introduce an immiscible interface [13, 14] between bronze and
alumina particles, which enables the self-stabilization of a
deposited bronze-powder suspension in an alumina-matrix
suspension. More details are discussed in section 2.3. Bronze-oil
suspensions are prepared by mixing as-received bronze powders
(BZ5890M, Chemical Store Inc. Clifton, NJ, USA) with silicone
oil at a specific concentration in a magnetic stirrer for ~15
minutes. The composition and properties of the bronze powders
are listed in Table 1. Alumina-water suspensions are prepared by
mixing alumina powders (D50: 9um, GE6, Baikowski, Charlotte,
USA) with deionized water at a specific concentration in a
magnetic stirrer for ~15 minutes.

Table 1. Composition and properties of used bronze powders

Chemical Composition
Copper 90%

Tin 10%
Phosphorous 0.07%
Apparent density Sg/ce
Particle size -325MESH

2.2 Fabrication process

A schematic illustration of the II-DMD process is shown in
Fig. 1. A pressurized dispensing syringe (Ultimus I, Nordson Co.,
Westlake, Ohio, USA) is mounted on a three-degree-of-freedom
(DoF) gantry system (E3, Nordson Co., Westlake, Ohio, USA).
The syringe is loaded with a bronze-oil suspension and is
controlled to continuously extrude the suspension along a given
3D tool path within an alumina-water suspension in a crucible, as
depicted in Fig. 1a. The tool path of the syringe is created with a
customized Matlab code. As the bronze-oil suspension is
deposited, an immiscible water-oil interface is instantaneously
established between the bronze and alumina particles, which
locks the bronze and alumina particles in position and maintain
the 3D shape of the deposited bronze-oil suspension, as shown in
Fig. 1b. Rheological properties of both bronze and alumina
suspensions are carefully tailored to avoid deformation of the
deposited 3D shape during fabrication (e.g., fragments, bead up,
diffusion, or sedimentation).

Dispensing
Syringe

Bronze-oil
Slurry

Alumina-water
Slurry

Printed

Bronze

SO
Alumina / e
‘Water

Fig. 1. Schematic illustration of the II-DMD process.

.

Crucible

After the bronze-oil suspension is deposited, the crucible is
heated in an oven to evaporate the liquid phases, including water
in the alumina-water suspension and silicone oil in the bronze-oil
suspension, leaving only dry bronze particles with a desired 3D
shape embedded in a dry alumina powder bed, as depicted in Fig.
lc. Following that, a high-temperature sintering process is
performed to densify the bronze particles with the surrounding
alumina particles remaining loose (refer to Fig. 1d). The
temperature schedules for both drying and sintering are presented
in section 2.4. After removing the loose alumina particles, a dense
bronze component can be obtained. Both the removed alumina
powder and the leftover bronze suspension in the syringe can be
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recycled and reused. Fig. 2 describes the flowchart for
fabricating metal alloy components via the layerless II-DMD
process.

Slurry = Layerless = Low
preparation AM temperature
drying
Ceramic
recycle Phases High
separation temperature
sintering

Fig. 2. A flowchart for the II-DMD fabrication process

Compared to conventional layer-based AM processes, the
new II-DMD process has several potential advantages in building
metal lattice structures, such as isotropic mechanical properties,
low residual stress, no need of support structures and faster speed.
As illustrated in Fig. 3, 3D metal alloy lattice components
fabricated by layer-based AM processes show a surface staircase
effect and usually exhibit anisotropic mechanical properties due
to columnar microstructures caused by directional heat flow [15].
For complex lattices with overhanging features, sacrificial
support structures are required to prevent distortion/curling
resulting from thermal stresses [16]. All these drawbacks can be
potentially overcome in the proposed II-DMD process through
continuously extruding materials in 3D space instead of in a

layer-by-layer manner.

‘Wasted support
material

Layered part

Reusable support

Continuous part §
material

Fig. 3. A comparison between layer-based metal AM and II-DMD
2.3 Self-stabilization mechanism

To ensure the self-stabilization of an extruded bronze-powder
suspension in an alumina-matrix suspension, different
combinations of powder suspensions have been tested. Among
all the tested suspensions, a metal-oil suspension dispensed in an
alumina-water suspension achieves the best outcome. Oil and
water forms an immiscible interface[13, 14] between the two
suspensions, which acts as a barrier to separate bronze and
alumina particles, as shown in Fig. 4.

The fundamental mechanism behind the immiscible-interface
enabled self-stabilization of bronze-oil suspensions in alumina-

water suspensions can be explained as follows. In the metal-oil
suspension, the oil is pre-infused within highly-loaded metal
particles, yielding a large surface tension )" between bronze
particles. This surface tension Y"and a buoyant force Fj from the
liquid oil produce a resistance force F.s on each bronze particle
that overcomes the gravitational force G and consequently locks
relative distances between bronze particles. Meanwhile, due to
the presence of this surface tension )" between bronze particles
and the immiscible oil-water interface, ceramic particles cannot
break through the boundary and diffuse into the bronze phase
without extra stirring. On the other hand, in the alumina-water
suspension, alumina particles are uniformly distributed under a
repulsive force Fi resulting from particle surface charges.
When the solid loading of alumina particles is sufficiently high,
the repulsive force F'.,; can reliably support an extruded structure
of bronze-oil suspensions without distortion and deformation.

Metal-oil Suspension
(Extruded Filament)

Immiscible Interface Oil Metal Particle

b'A - _

F,..

3°9°%§°

Ceramic Particle

Ceramic-water Suspension ‘Water

Fig. 4. Immiscible-interface assisted self-stabilization
2.4 Heat treatment

After a self-stabilized bronze-oil suspension with a desired 3D
geometry is achieved, post processes of heat-treatment are
conducted to obtain dense metal alloy components. The
temperature schedules for the heat treatment are provided in Fig.
5.

The extruded bronze-oil suspension along with the alumina-
water suspension are first heated in an oven to evaporate the
liquid phases. The drying temperature schedule is given in Fig.
S5a.  Through this step, a dry bronze-powder compact with a
desired 3D geometry is obtained, surrounded by a nearly dry
alumina powder bed (refer to Fig. 1¢). The alumina powder bed
still contains a small amount of silicon oil that diffused from the
bronze-oil suspension during drying.

After drying, both the bronze-powder compact and the
alumina powder bed are heated together in an argon furnace. The
heating temperature schedule is given in Fig. 5b. Since the used
temperature (i.e., 950 °C) is much lower than the sintering
temperature of alumina powder (e.g., 1400 °C), only bronze
particles are sintered, with the alumina matrix powder remaining
loose. During the high temperature sintering, the residual silicone
oil in the alumina powder bed is completely decomposed. Finally,
the alumina matrix powder is removed and recycled for future
use, leaving the sintered bronze body as the final product.
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Fig. 5. (a) Temperature schedule for drying; (b) Temperature schedule for
sintering.

3. Process Modeling
3.1 Material characterization

To enable a controllable extrusion through a pressurized
dispenser, a bronze-oil suspension must possess a shear elastic
modulus G’ and yield stress 7 that are approximately an order of
magnitude larger than those of the secondary matrix suspension
[6, 17] to ensure the bronze-oil suspension maintains its shape
after it exits the nozzle. Meanwhile, an alumina-water suspension
should exhibit a shear thinning behavior with a suitable yield
stress, such that the bronze-powder suspensions can be supported
after extrusion[18] and crevices generated by nozzle movement
can be immediately healed. To identify material properties that
enable a controllably stable extrusion, gravity settling and
rheology behaviors of bronze-oil and alumina-water suspensions
at different solid loadings (i.e., 90~95wt% bronze-oil suspensions
and 30 ~ 45wt% alumina-water suspensions) were characterized.
The characterization results are given in Fig. 6~8.

Gravity settling. Gravity settling behaviors of suspensions
were determined by sedimentation tests. That is, suspensions at
different solid loadings are thoroughly mixed and then allowed to
stand undisturbed for 30 minutes. As can be seen in Fig. 6 and
Fig. 7, bronze-oil suspensions with a solid loading less than
92wt% and alumina suspensions with a solid loading less than
30wt% tend to settle rapidly, while a solid loading higher than
95wt% for bronze suspensions and 45wt% for alumina
suspensions yields a solid-like behavior. To avoid particle
sedimentation and ensure the optimal stability and printability

during the II-DMD process, a 94wt% bronze-oil suspension and
a 40wt% alumina-water suspension are hence selected in this
study.

After mixing

30 min later

92 wt9%

94 wt.%

95 wt.% 95 wit%

Fig. 6. Sedimentation tests of bronze oil suspensions.

After mixing 30 min fater
30wty ] 30 wt.%

35 wt.% 35 wt.%
40 wt. % 443 wt.%
45 wt.% ' 45 wt.%

Fig. 7 Sedimentation tests of alumina-water suspensions.

Rheology properties. Rheology behaviors of a 40wt%
alumina-water suspension and a 94wt% bronze-oil suspension
were measured with a parallel-plate rheometer (MCR72, Anton
Paar, Ashland, VA, USA) on a logarithmic scale. The shear rate
was changed from 1 to 100 1/s. Fig. 8 suggests that the 40 wt.%
alumina-water suspension and the 94% bronze-oil suspension
exhibit a desired shear thinning behavior with a sufficiently high
viscosity and yield stress suitable for the [I-DMD process.

Suspensions with the selected solid loadings, i.e., 94wt% for
bronze-oil suspensions and 40wt% for alumina-water
suspensions, were used to study the process-structure
relationships of the II-DMD process, including the effects of
extrusion pressures p and printing nozzle speed v on extruded
filament size y, and the effects of nozzle movement and liquid-
phase drying on filament deformation.
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Fig. 8. Rheological properties of a 40 wt.% alumina-water suspension and a
94% bronze-oil suspension on a logarithmic scale: (a) viscosity-shear rate
curves; (b) shear stress-shear rate curves.

3.2 The effects of extrusion pressures p and printing nozzle speed
v on extruded filament size

The effects of extrusion pressure p and printing nozzle speed
v on extruded filament size were studied by extruding a 94wt%
bronze-oil suspension in a 40wt% alumina-water suspension at
different extrusion pressures p (2 ~ 8 Pa) and printing nozzle
speeds v (2 ~ 8 mm/s). A 20 Gauge nozzle (i.e., 0.61 mm inside
diameter and 0.91 mm outside diameter) was used. After drying,
the powder bed was cut in half to display the cross-sections of the
extruded filaments. The resulting filament diameters y were
measured. The experiment results are given in Fig. 9.

As can be seen in Fig. 9a, the achieved bronze filament size
after drying is proportional to the applied extrusion pressure. In
contrast, the achieved bronze filament size is inversely
proportional to the square root of the printing nozzle speed, as
shown in Fig. 9b. Based on the experimental results, bronze
filament size achieved through the 20 Gauge nozzle can be
expressed as the following equation:

y =~ 2502 % p x v 0° (1)

in which:

y is the filament size (unit: um);
p is the extrusion pressure (unit: psi);
and v is the printing nozzle speed (unit: mm/s).

2000
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2 500
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Fig. 9. Effects of (a) extrusion pressure and (b) printing speed on extruded
filament size.

3.3 The effects of printing nozzle speed v on filament deformation

Even though a bronze suspension can be self-stabilized within
the alumina matrix suspension after extrusion, extruded bronze
suspension filaments are still subjected to deformations caused
by nozzle movement during the fabrication process and capillary
force of liquid during drying. We thereby examined the effects of
nozzle moving speed v and liquid phase drying on extruded
bronze filaments. The experiment methods and results are shown
in Fig. 10.

The effects of nozzle moving speed v on extruded bronze
filaments were experimentally studied as follows: six filaments
of a 94wt% bronze-oil suspension were first extruded (extrusion
pressure p = 4 psi) in parallel along the y-axis in the horizontal
plane (the x-y plane) within a 40wt% alumina-water suspension,
as described in Fig. 10a. Then the nozzle was reinserted into the
alumina-water suspension at a height of 1~2 mm above the
extruded filaments and moved along the x-axis with different
speeds (1~10mm/s). The powder bed was then dried and cut
along the x-y plane to show the deformation of filaments of dry
bronze particles. The results given in Fig. 10c suggest that a
nozzle speed v greater than 4mm/s leads to a
macroscopically obvious distortion of a bronze-suspension
filament deposited underneath. In the following experiments, a
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nozzle speed of 2 mm/s was set to minimize its effect on
previously-deposited filaments.

“ R (Ormms Y 8mns ~6m/s

(e)

. @@ B
#1 #2 #3 #4 #5

¥

(d) (e)

Fig. 10. (a) and (b) Schematic illustrations of experiment setups; (c) effects of
nozzle moving on neighbor filaments; (d) and (e) effects of liquid phase drying
on relative positions between adjacent filaments.

3.4 The effects of liquid-phase drying on filament deformation

The effects of liquid-phase drying on filament deformation were
studied by examining the changes of distances between parallel
filaments before and after drying. Filaments were extruded
(extrusion pressure p = 4 psi) in parallel in both x-y and x-z planes
with different distances increasing from 0.5 mm to 1.5 mm, as
depicted in Fig. 10b. Final results are shown in Fig. 10d
(horizontal direction) and 10e (vertical direction). The values for
the final distances are given in Table 2. The average filament
diameter was measured as 0.75 mm.

Table 2. Distances (mm) between adjacent filaments before and after drying

#1-2 #2-3 #3-4 #4-5 #5-6

Design 0.50 0.75 1.00 1.25 1.50
After Horizontal 0.75 0.85 1.05 1.75 2.00
drying

Vertical 0.17 0.86 0.94 1.14 1.50

According to Table 2, the final distances between adjacent
filaments along the horizontal direction are greater than the
designed distances. This slight increase is due to the influence of
stress fields introduced by the nozzle movement during filament
extrusion. On the contrary, the final distances between adjacent
filaments along the vertical direction are smaller than the
designed settings. This can be explained by the anisotropic drying

shrinkage of the powder bed along the vertical direction. In
addition, the greater decrease in the distance between #1 and #2
filaments along the vertical direction may be explained by the
coalescence of the two filaments under surface tension. The
increase in the distance between #2 and #3 filaments along the
vertical direction should be due to measurement errors
considering #2 filament merged with #1 filament.

3.5 Path planning at intersection points

Furthermore, path planning strategies at intersection points of
two filaments have been studied. As shown in Fig. 11, a 94wt%
bronze-oil suspension with a cross shape was extruded in the
horizontal plane in a 40wt% alumina-water suspension along two
different paths, i.e., path A and B. In path A, filament 2 was
directly extruded across filament 1. In path B, each filament was
extruded with a 90-degree turn and met in the intersection. The
results after drying in Fig. 11 indicate that path A can avoid
disconnection of the two intersecting extrusions.

Path A

Path B

Fig. 11. Path planning strategies for intersecting filaments
4. Case Study

In this section, several testcases were fabricated to verify the
capability of the presented II-DMD process. Fig. 12a shows a
bronze lattice structure, which can be used as structural frames of
micro robots. Fig. 12b shows a stent structure, which can be
applied to prop up a pathological changed blood vessel in the
human body if shape memory alloy powder is used. These
testcases suggest potential applications of our process in
fabricating metal/alloy lattice and truss structures.

To further demonstrate the capability of the II-DMD process,
two cone springs with different sizes were printed and shown in
Fig. 12¢. An optical microscope image of the external surface of
the springs is shown in Fig. 12d. The rough surface finish is
mainly caused by a large bronze particle size (with a diameter of
44 um) used in the process. Scanning electron microscope (SEM)
images of the spring specimens are shown in Fig. 12e and 12f. It
can be seen that small pores with diameters around 10 to 40 um
exist in the cross section, which may be caused by inappropriate
selection of bronze particle size and drying parameters.

Mechanical properties of fabricated metal structures were
determined using a tensile tester (100 series UTM, TestResources
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Inc., Shakopee, MN USA). Three bronze filament specimens
(with a diameter of 1 mm and a length of 40 mm) were built. A
slow strain rate of 2.54 mm/min was applied due to a small
diameter of the specimens. The testing results are given in Fig.
12g and Table 3. The results show the bronze material fabricated
by our method possesses a maximum yield strength of 126 MPa
and a maximum ultimate strength of 188 MPa. In addition, the
density of fabricated specimens was measured by the Archimedes
method (ASTM C373-88). The result shows an average density
0f 95.5% of the density of raw Tin Bronze.

Yield strength.
14 <

120
100
B8
i

Stress (Nmm*2)

Vouny’s modulas

{2}

Fig. 12. Test cases: (a) a lattice structure, (b) stent structure, (c) cone springs, (d)
optical microscope image of springs, (¢) and (f) SEM images of printed samples,
(g) tensile test of a fabricated specimen.

Table 3. Mechanical properties of bronze filaments achieved by the [I-DMD

process
Properties Printed bronze specimen C90300 Tin Bronze[19]
Yield strength 110 + 16 MPa 145 MPa

Ultimate strength 158 +30 MPa 310 MPa

Elongation 30+ 10 % 30%

Density 8200 + 200 Kg/m® 8800 Kg/m®

5. Conclusion and Future Work

In this article, we report a layerless AM process for metal and
alloy lattice fabrication, in which an immiscible interface and
unique rheological behaviors of highly-loaded metal and ceramic
colloidal suspensions are utilized to build complex metal lattice
structures. It can potentially fabricate numerous metal alloy
materials without generating staircase effect and the need of

support structures, and the microstructures of achieved metal
alloy parts can potentially be homogeneous and isotropic. Bronze
materials are used as a model material to demonstrate the process,
with alumina powder as a matrix material. The experimental
study suggests that an alumina-water matrix suspension with a
solid loading from 35wt% to 40wt% and a bronze-oil suspension
with a solid loading of 94% achieves a desired self-stabilization
of the material system after extrusion.

However, some limitations of the [I-DMD process should be
noted: (1) Accuracy. The accuracy of the II-DMD process is
influenced by the flow deformation and recovery of the ceramic
matrix suspension around the moving nozzle. Material and
process parameters can be optimized to minimize the local
deformation of the ceramic matrix suspension and thus eliminate
distortion of printed metal filaments. (2) Surface finish. Surface
finish is mainly determined by the interaction between two
colloidal suspensions. In this work, we used a ceramic particle
size of 9 um and a metal particle size of 44 um. The interaction
between such large particles leads to the rough surface finish of
the resulting bronze materials. Future work will study how the
particle interaction at the immiscible interface will influence
surface finish of final parts. (3) Porosity. The achieved parts of
this work possess a porosity of 5%, which can be further
improved by optimizing the feedstock and sintering process. In
addition to these limitations, fundamental physics behind the II-
DMD process will be numerically and experimentally studied
and more materials will be tested. Applications in fabricating
biomedical devices will be further explored.
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