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Abstract

Direct ink writing (DIW) combined to post-deposition thermal treatments is a safe, cheap and
accessible additive manufacturing (AM) method for the creation of metallic structures. Single
material DIW enables the creation of complex metallic 3D structures featuring overhangs,
lengthy bridges or enclosed hollows, but requires the printing supporting structures. However,
the support printed from the same material becomes inseparable from the building structure
after the thermal treatment. Here, a multi-material DIW method is developed to fabricate
complex three-dimensional (3D) steel structures by creating a removable support printed from
a lower melting temperature metal (i.e., copper) or a ceramic (i.e., alumina). The lower melting
temperature metal completely infiltrates the porous steel structures for a hybrid configuration,
while the ceramic offers a brittle support that can be easily removed. The influence of the
support materials on the steel structure properties is investigated by the characterizing the
dimensional shrinkage, surface roughness, filament porosity, electrical conductivity and tensile

properties. The hybrid configuration (i.e., copper infiltrated steel structures) improves the

electrical conductivity of the fabricated steel structure by 400% and the mechanical stiffness by



EEN S}

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

34%. The alumina support is physically and chemically stable during the thermal treatment,

bringing no significant contamination to the steel structure.

Introduction

Metallic structures fabricated through Additive manufacturing (AM), also referred to as three-
dimensional (3D) printing, have been used as batteries,!'") medical implants,***! and sensors!™
1 due to their key advantages, i.e., high mechanical and electrical properties, complex
geometries, and mold-free manufacturing processes. The most established metal AM
approaches are powder-bed based methods such as selective laser melting (SLM) and electron
beam melting (EBM).[”) They use a laser beam or electron beam to locally fuse metallic
particles in a powder bed to build a 3D object layer-by-layer. These methods feature short
manufacturing time, high mechanical performance of the fabricated parts and very few
restrictions on the printed geometry. However, they are limited by high cost, laser induced
excessive oxidation, and residual stresses in the fabricated parts.[!0-12]

Researchers developed many different metal AM methods to overcome the shortcomings of the
powder-bed methods. Skylar-Scott ez al. built metallic architectures from a water-based silver
ink. The silver ink was extruded from a micro nozzle as a filament. The filament was sintered
right after extrusion using a laser beam.['*) Freeform 3D metallic architectures featuring high
resolution and high electrical conductivity were fabricated using this method. However, the
laser beam sintering in the air would cause excessive oxidation and loss of alloying elements.
Wang et al. developed an initiator-integrated 3D printing method to build metallic structures.['*]
First, a polymer template of the 3D structure was built. Then metallic particles were deposited
on the surface of the polymer template through electroless plating. Finally, the polymer
template was etched away to achieve ultralight cellular metallic structures. This method enables

the fabrication of complex 3D metallic structures featuring low density. However, the metallic
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architecture is hollow and relatively thin after the polymer template is etched away, which leads
to poor mechanical performances.

Direct ink writing (DIW) 1s an AM method, which usually relies on the extrusion of polymer
solution (or melt), known as ink, through a micro-nozzle and the deposition of the extruded ink
on a substrate layer by layer to create a 3D object.[!>1¢] Researchers adapted it to metal AM by
printing from metallic inks.['”?%! The metallic inks are prepared by adding metal micro- or nano-
particles to the polymer solution (or melt), which are used in DIW to build a metal-polymer
composite 3D structure. To achieve a metallic structure featuring high mechanical and electrical
performances, a post-deposition thermal treatment is performed to pyrolyze the polymer and to
sinter the metal particles.

DIW of polymer can create complex 3D structures with large overhangs or lengthy bridges by
printing support underneath them to hold the structures. Once the printing is completed, the
sacrificial support is removed.?!?l However, the utilization of a support does not work for
DIW of metal, where a post-deposition thermal treatment is performed. If the support is
removed before the thermal treatment at a moment when the polymer binder is pyrolyzed before
the sintering of the metallic particles, the overhang features will collapse. Whereas, if the
support printed from the same material is not removed before the thermal treatment, the support
and the building structure will fuse together and become inseparable after the thermal treatment.
Thus, the existed DIW methods are unable to fabricated complex 3D metallic structures
featuring overhangs, length bridges or enclosed hollows.

Here, we propose a multi-material DIW method to fabricate complex 3D metallic structures
with removable supports. This method consists of two steps: (a) room-temperature DIW of
metal-polymer composite structures with metal- (or ceramic-) polymer composites supports,
and (b) a post-deposition thermal treatment turning the as-printed metal-polymer composite
structures to metal structures. Figure 1a shows a schematic of the multi-material DIW system

and as-printed hollow sphere structures. The multi-material DIW system includes three major
3
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components: (i) a computer controlled 3-axis robot, (i1) a pressure dispenser, and (iii) multiple
ink syringes containing steel, copper and alumina inks. The inks are concentrated steel, copper
and alumina microparticle suspensions dispersed in a polymer solution (i.e., polylactic acid /
dichloromethane, referred to as PLA/DCM), respectively. The scanning electron microscope
(SEM) images of the microparticles are shown in Figure S1. To fabricate a 3D metallic
structure, e.g., a hollow sphere as shown in Figure 1a, supports are generated inside the hollow
sphere to support the top overhang part and underneath the sphere to create a flat bottom which
is compatible with the geometry of the substrate. Here, as a proof of concept, the supports are
built using a secondary material (i.e., copper or alumina ink), while the building structure is
printed with the primary material (i.e., steel ink). The steel-PLA composite structure with
copper-PLA composite support is referred to as as-printed S-Cu, while the one with alumina-
PLA composite support is referred to as as-printed S-Al>Os. These two types of supports are
differently removed through the post-deposition thermal treatment. The lower melting
temperature metallic support (i.e., copper) could be completely melted and infiltrated into the
pores within the filament of the sintered structure to achieve a hybrid configuration. The
ceramic support (i.e., ceramic) survives the temperature cycle without any significant sintering
and can be easily removed without affecting the metallic structure.

Figure 1b presents the temperature profile of the thermal treatment, the thermal gravity analysis
(TGA) result of the polymer binder PLA under this temperature profile, the sintering
temperature range and melting temperature of stainless steel 316L and copper.!?*-2*! In addition,
a schematic is shown in Figure 1b illustrating the microstructure variations of the two-phase
interface in the as-printed structures at five different stages during the thermal treatment. For
S-Cu structures, Stage I is an as-printed structure at room temperature, where the steel and
copper particles are bound by the PLA binder, respectively. Stage II consists of a one-hour
plateau at 400°C for debinding. PLA binder is completely pyrolyzed as shown in the TGA curve,

where the weight of the PLA binder rapidly drops within 7 min. The structure is held by the
4
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friction forces among the steel particles and among copper particles, respectively. The
temperature then is increased to reach a temperature plateau at 950°C for one hour (Stage III).
This plateau temperature is selected to be in the sintering temperature range of S316L and
copper, but is lower than their melting temperatures. The S-Cu structure is mechanically
enhanced by initial sintering, where the necks appear among steel particles and among copper
particles, respectively. After this stage, even if the support is removed, the bonding between the
steel particles is strong enough to hold the building structure. During Stage IV, the temperature
increases from 950°C to 1165°C, surpassing the melting temperature of copper (i.e. 1085°C).
The copper support starts melting, while the steel structure is held in its original geometry by
the sintering bonds generated during Stage III. Stage V is a four-hour plateau at 1165°C, where
the steel particles are further sintered and the melted copper completely infiltrates the pores of
the sintered steel structure by capillary forces. After this temperature profile, the as-printed S-
Cu is turned into a steel structure infiltrated by the copper.

For S-ALO; structures, Stages I and II are the as-printed structure at room temperature and the
debinding process respectively, like those of the S-Cu structures. Since both the melting
temperature of alumina (2040°C) and the lower limit of alumina sintering temperature
(1800°C)!*! are much higher than the maximum imposed temperature (1165°C), the alumina
particles are neither melted nor sintered, but remain as individual particles during the whole
thermal treatment. Therefore, in Stages III to V, the alumina support preserves its shape mostly
due to the friction forces among the alumina particles. The steel particles are sintered and form
a strong steel keeping the original geometry. As the alumina support is weakly held by the
friction forces, it does not fuse with the building structure and can be easily removed by hand
after the thermal treatment.

Figure 1c shows the as-printed and sintered S-Cu and S-Al;O3 printed using this method as a

structure shaped as a human thigh bones at a scale of 1:7. The steel bone structure is 50% of
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volume filled, while the support structure is 30% of volume filled. The supports provide a flat
bottom and hold up the overhang features for the bone to facilitate the printing on a flat substrate.
After the thermal treatment, the copper support melts and infiltrates into the sintered steel
structure, while the alumina support is removed easily by hand. Both sintered structures
preserve the original geometry of the human thigh bone with a uniform linear dimensional
shrinkage of 11%. To demonstrate the ability to build complex 3D metallic structure featuring
overhangs, an inverted “L” shape structure featuring a large overhang part is fabricated through

this method with a cubic support structure printed from a secondary material (Figure S2).

a) . b) 1400
Pressure dlSpenser """"""""""""""""" [ rsatel
............ melt
(=" Tunter OF 53161 v - 1200
P S ., N\
5 Cu Trmer: OF CUL 1000 %)
e - 800 £
e
Temperature 600 g
. Steel Cu Al,O3 profile £
Building ink ink ink - 400 ©&
material
Supporting 200
material
T T T T T 0
0 2 4 6 8 10

| 1 v
1' A~y
15 *
As-printed S-Cu  As-printed S-
hi h 4

i
C) As-printed Debinding  Initial sintering Cop[fer Copper infiltration &
. H eltlng steel sintering

As-printed 5-Cu Sintered S-Cu PLA
n-v M stcel
B omm— -
TIPTTE ot . - iy, 3 - Al,O4
As-printed S-Al,0; Sintered S-Al,O; mumm

As-printed Debinding Steel sintering

Figure 1. Multi-material DIW for complex 3D metallic structures with removable supports
consists of two steps: (a) room-temperature DIW of metal-polymer composite structures with
metal- (or ceramic-) polymer composites supports, and (b) a post-deposition thermal treatment
turning the as-printed metal-polymer composites structures to metal structures, and a schematic

shows the two-phase interface microstructures variations of the as-printed structures at five
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different stages during the thermal treatment. (c) Optical images of as-printed and sintered S-

Cu and S-ALOs structures printed as a human thigh bones at a scale of 1:7.

Experimental Section

Ink preparation: The steel particles are stainless steel 3161 with a spherical shape and a
diameter less than 20um. The copper particles are spherical and less than 20pum in diameter.
The steel and copper particles are purchased from US Research Nanomaterials, Inc. The
alumina particles are irregular in shape and less than 10um in size (265497, Sigma-Aldrich).
The SEM images of the three types of particles are presented in Figure S1. The polymer binder
solution is produced by adding 2g polylactic acid (PLA, 4032D, Natureworks LLC) to 8g
dichloromethane (DCM, Sigma-Aldrich) and left to dissolve for 24 h to ensure homogenization.
The steel, copper and alumina inks are prepared by mixing the corresponding particles with the

polymer solution at a weight ratio of 3:1, 3:1, and 1.2:1, respectively, using a ball mill mixer

(8000M Mixer/Mill, SPEX SamplePrep) for 15 min.

Multi-material DIW: The CAD model of the building structure is either designed in a computer
aided design software (CATIA) or downloaded from internet (thingerverse.com). The support
is generated where it is needed to hold building structure through a software, Simplify 3D
(version 4.0). Both the building and support structures are converted into a G-code using
Simplify 3D. Then the G-code is converted into a point-to-point program that can be read by
the JR Point software to control the 3-axis positioning robot (1&J2200-4, 1&J Fisnar). The ink
is loaded in a syringe (3mL, Nordson EFD) attached with a smooth-flow tapered nozzle (exit
inner diameter = 250um, Nordson EFD). DIW is performed using the positioning robot and
pressure dispensing systems (HP-7X, Nordson EFD). The structures are deposited on a glass

slide (PN 16004-422, VWR) at room temperature. All the structures in this work are deposited



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

at a linear printing speed of 1 5mm/s and under an applied pressure of 0.7 - 1.2 MPa. The spacing
between each layer is 80% of the nozzle inner diameter to compensate the solvent evaporation

induced filament shrinkage and ensure tight bonding between the adjacent layers.

Post-deposition thermal treatment: The as-printed structures are thermal treated in a laboratory
electric tubular furnace (59256-P-COM, Lindberg) on a ceramic substrate. To prevent oxidation,
a gas flow (97.5% Ar and 2.5% Ha, flow rate = 5 L/min) is circulated inside the quartz tube.

The temperature profile is presented in Figure 1b, wherein all the heating rates are 600°C/h

and the cooling rate is 900°C/h.

Surface roughness measurement: The roughness of the top surface of the sintered steel
structures is measured using a profilometer (SV-C4000, Mitutoyo) following the AISI standard
in accordance with ASME B.46.1-2002. The measuring direction is perpendicular to the
filament orientation. The sampling length of meso R, is 7.5mm, while the sampling length of

micro R, is 0.1mm. Ten specimens are measured for each sample type.

Porosity analysis: The sintered steel scaffold is cut parallel to the Z direction to observe the
vertical cross section. The sliced steel scaffold is sealed in a resin (EpoFix resin, Struers) block
and the cross section is polished for observation under an optical microscope (Zeiss Axioplan
EL-Einsatz). The porosity is determined using an image analysis software (ImageJ). The
filament porosity is calculated as the ratio of void area inside the filament over the filament

area. Ten cross sections of each sample are analyzed.

Electrical conductivity analysis: The electrical conductivity of the sintered steel structures is

measured using the four-point probes method. A constant current of 1A is provided by a power
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supply (Agilent, E3633A). The voltage is acquired by a multimeter (HP, 3457A). Five

specimens of each sample type are tested.

Tensile test and DIC: The samples are sintered steel tensile bars, of which the cross-section of
the neck is ~3.6 x 1.8 mm. The tensile tests are carried out in a MTS Insight machine with a 50
kN load cell (MTS 569332-01) at a crosshead speed of 1 mm/min and using DIC to measure
the strain of the tensile bars. The tensile bars are polished on both sides for a smooth surface.
A thin layer of white acrylic spray paint (Ultra 2X spray paint, Painter’s Touch) is applied on
the surface. The speckle pattern (black dots of ~0.4mm) is painted on the white paint with a
roller brush to ensure the tracking of displacement. The images of the sample are taken by two
long range focus stereo microscopes at a frequency of 4Hz during the tensile test. The images
are analyzed by VIC3D micro (Correlated solutions, version 7.2.4) and the strain is calculated
by the displacement of the speckle pattern. Tensile tests were performed on the sintered S, S-
Cu and S-Al,O3 samples and their DIC measured strains are presented in Video S1, S2 and S3,

respectively. Five specimens for each sample type are tested.

Results and discussion

Steel scaffolds (S), steel scaffolds with copper support (S-Cu) and steel scaffolds with alumina
support (S-Al,03) are printed and thermally treated to investigate the influence of the support
materials to the building structures. Figure 2a shows optical and SEM images of as-printed and
sintered (thermally treated) S, S-Cu and S-Al,Os scaffolds. The as-printed steel scaffolds
supported by copper and alumina are as neat and orderly structured as the as-printed steel
scaffold without support. The steel, copper and alumina particles are bound by the PLA binder
to hold the structures, respectively. After the thermal treatment, the steel scaffolds retain their
geometry, but exhibit some dimensional shrinkage. The SEM images of the sintered (thermally

treated) scaffolds at different magnifications are presented in Figure S3. They have similar
9
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linear size reduction ranging from 10.7% to 11.2% (Figure 2b). Each type of steel scaffolds
has a small size deviation of <1.3% (Figure 2b). The small deviation guarantees the
reproducibility of this method in terms of dimensional accuracy of the fabricated structures.
The steel particles of the S-Al,Os3 scaffold are just as sintered as those in the S scaffold, but the
S-Al>Os scaffold has a rougher surface. The steel particles in S-Cu scaffold are sintered as well.
In addition, the copper support melts and infiltrates into the sintered steel structure, leading to
a smoother surface.

Figure 2¢ shows the single filament surface roughness (named as micro R,) and the inter-
filament surface roughness (termed as meso R,) of the sintered steel scaffolds, and SEM images
of the measured surfaces serving as an example of the micro and meso R,. The profilometer
probe traveling direction (measuring direction) is perpendicular to the filament longitudinal
axis. The micro R, of sintered S-Al>O3 (4.1um) is greater than that of sintered S (2.5um), while
the micro Ra of sintered S-Cu (1.6um) is smaller than that of sintered S. The meso R.s of
sintered S and sintered S-Cu are similar (~5um), which are smaller than that of sintered S-Al,O3
(13.9um). The thermally treated alumina scaffold is so fragile that the shrinkage and surface
roughness could not be measured. The shrinkage difference between the thermally treated
ceramic particles and the sintered steel particles leads to a rougher surface. According to our
observations, the support materials have little influence on the dimensional shrinkage of the
steel scaffolds. The alumina support appears to increase the micro and meso surface roughness

of the sintered steel structure by 1.6pum and 9um, respectively.

10
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Figure 2. (a) Optical and SEM images of as-printed and sintered (thermal treated) scaffolds.
(b) Linear size reduction of the sintered steel structures. (¢) Single filament surface roughness
(micro R.) and inter-filament surface roughness (meso R.) of the sintered steel structures, and

SEM images of the measured surfaces serving as an example of the micro and meso R,.
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The influence of the support materials to the elemental composition and porosity of the building
structures is studied through SEM and elemental analysis. Figure 3a shows SEM images and
Energy-dispersive X-ray spectroscopy (EDS) elemental mappings of the cross sections of
sintered S, sintered S-Cu, and sintered S-Al>Os3 structures. The cross sections of the three types
of sintered steel structures are characterized by the strong presence of iron. Copper is detected
only in the sintered S-Cu structures as expected. The detection of copper is located in the regions
between the iron rich zones. Aluminum and oxygen (i.e., the elements contained in the alumina
support) are not detected in the sintered S-Al,Os structures. Neither in the sintered S and
sintered S-Cu structures. The elemental analysis result shows that: (i) the copper support
infiltrates into the building structure and fills the majority of the pores in the sintered steel
structure during the thermal treatment, and (ii) the alumina support is chemically stable during
the thermal treatment and does not contaminate the steel structure. The volume fractions of the
solid phases (iron for S and S-Al>O3, iron and copper for S-Cu) are similar in all three types of
sintered steel structures at ~ 98% (Figure 3b). In the sintered S-Cu structure, the iron phase
takes up about 87.2% and the copper phase accounts for around 10.4%. This value can be
controlled by the volume ratio of the support and building structure, which will be studied in
the future work. All the three types of sintered steel structures have similar and low porosity
(~2%), and small pore size between 2 and 3 um (Figure 3c-d). The supports do not have an

obvious influence on the porosity and pore size to the building structure.
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Figure 3. Elemental and porosity analysis of the sintered steel structures. (a) SEM images and
EDS elemental mappings of the cross sections of sintered S, sintered S-Cu, and sintered S-
AL O3 structures. Scale bar = 50um. (b) Volume percentage of iron and copper phase, (c)

filament porosity, and (d) filament pore size of the various sintered steel structures.

Figure 4 shows the results for the electrical and tensile tests conducted on the sintered steel
structures manufactured using different support materials.. Figure 4a presents typical tensile
stress-strain curves and representative optical image of the sintered S, S-Cu and S-Al>Os tensile
bars in the inset. Figure S4 presents the SEM images of the sintered S, S-Cu and S-ALOs fully
dense tensile bars. Stereoscopic digital image correlation (DIC) technique is used to measure
the strain in the tensile bars during the tensile tests (Figure S5). The measured tensile properties
of the sintered steel structures are shown in Figure 4b. Sintered S-Cu exhibits higher Young’s

modulus £ (174 + 10 GPa), yield strength (YS) (284 = 16 MPa) and ultimate tensile strength
13
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(UTS) (521 £ 57 MPa) and elongation at failure (11.3% + 3.6%) compared to those of sintered
S (~30% - 45% superior). This increase in tensile properties is the result of copper infiltration
of the sintered steel structure. Sintered S-Al,O3 has weaker tensile properties compared to the
sintered S. The £ (108 = 6 GPa), the YS (165 + 8 MPa) and the UTS (304 + 18 MPa) of sintered
S-ALLO3 are 15% - 21% less than those of sintered S. The elongation at failure (10.1% =+ 1.4%)
of sintered S-Al>Os is similar to that of sintered S. We believe that the dimensional shrinkage
difference between the steel structure and the alumina support might affect the sintering of the
steel structure and lead to weaker tensile properties. Figure 4¢ shows the SEM images of the
tensile fracture surfaces of the sintered steel tensile bars. More SEM images of the tensile
fracture surfaces at different magnification are presented in Figure S6. The tensile fracture
surface of the sintered S shows the shape and orientation of individual filaments at 45° relative
to the tensile direction and orthogonal with the filaments from adjacent layers. Each individual
filament is dense and the filaments from the same and the neighboring layers are fused together.
The individual filament shape and orientation are recognizable but not very clear in the sintered
S-Al>0Os. The filaments in sintered S-Cu are completely fused together with the presence of
copper, making a fully dense structure. The electrical conductivity of the sintered S-Al>Os3 is
(6.9 + 3.4) x 10° S/m and the sintered S, (7.4 = 0.4) x 10° S/m are similar (Figure 4d). The
electrical conductivity of sintered S-Cu, (27.9 + 4.2) x 10° S/m, is approximately four times
higher than the value measure for the sintered S due to the presence of copper (Figure 4d). The
properties of the sintered steel structures are summarized in Table S1. The overall electrical
and mechanical properties of the sintered S-Cu are superior to those of the sintered S. Sintered
S-Al,O3 has comparable electrical properties, but slightly weaker mechanical properties

compared to the sintered S.

14
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Figure 4. Electrical and mechanical characterizations of the sintered steel structures. (a) Typical
tensile stress-strain curves of sintered steel structures and representative optical image of the
different sintered steel tensile bars (inset). (b) Young’s modulus, yield strength, ultimate tensile
strength and elongation at failure of the sintered steel structures. (c) SEM images of the tensile
fracture surfaces of the sintered steel structures. (d) Electrical conductivity of the sintered steel

structures.

Conclusion

A multi-material direct ink writing method is developed to fabricate complex 3D metallic
structures by printing removable supports using two different secondary materials. As a proof
of concept, steel structures are fabricated through this method with the help of copper and

alumina supports, respectively. The influence of the support materials on the steel structure is
15
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investigated. The supports lead to no significant difference to the building structures on the
dimensional shrinkage, surface roughness and porosity of the building structure. The copper
support brings a hybrid metallic composition to the steel structure and improves its electrical
conductivity by four times and stiffness by 34%. Although the alumina supports lower the
stiffness of the building structure by 17%, it brings no contamination to the steel structure. It is
worth mentioning that the support materials are not only limited to copper or alumina. Any
desired alloying metal with a lower melting point than the building material can be the metal
support material, e.g., zinc and aluminum. Any ceramic material that is physically and
chemically stable during the thermal treatment can be the ceramic support materials such as
tungsten carbide. The proposed method broadens the geometry possibilities of metallic 3D
structures that DIW can create. It provides the metal additive manufacturing of medical

implants, sensors and batteries featuring complex geometries a readily accessible choice.

Supporting Information
SEM images, the strain distribution measured by DIC, a summary of the properties of the
sintered steel structures, videos of the tensile test process with DIC measured strain showing

on the samples.
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A multi-material direct ink writing (DIW) method is developed to fabricate complex three-
dimensional (3D) steel structures by creating a removable support printed from a lower melting
temperature metal (i.e., copper) or a ceramic (i.e., alumina). The lower melting temperature
metal completely infiltrates the porous steel structures for a hybrid configuration, while the
ceramic offers a brittle support that can be easily removed.

Keyword: additive manufacturing, direct ink writing, complex 3D metallic structures,
removable support, multi-material
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