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Abstract

Bioinspired Multi-Metal Structures (MMSs) combine distinct properties of multiple materials, benefiting from improved
properties and providing superior designs. Additive Manufacturing (AM) exhibits enormous advantages in applying different
materials and geometries according to the desired functions at specific locations of the structure, having great potential in
fabricating multi-materials structures. However, current AM techniques have difficulty manufacturing 3D MMSs without
material cross-contamination flexibly and reliably. This study demonstrates a reliable, fast, and flexible direct ink writing
method to fabricate 3D MMSs. The in-situ material-switching system enables the deposition of multiple metallic materials
across different layers and within the same layer. 3D Fe—Cu MMSs with complex geometries and fine details are fabricated
as proof of concept. The microstructures, chemical and phase compositions, and tensile fracture surfaces of the Fe—Cu
interfaces indicate a well-bonded interface without cracks, delamination, or material cross-contamination. We envision this
novel method making other metallic combinations and even metal-ceramic components. It paves the way for manufacturing
3D MMSs using AM and establishes the possibilities of numerous MMSs applications in engineering fields.
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1 Introduction

Creatures in nature have gradually evolved various bio-struc-
tures with excellent performance to better adapt to the envi-
ronment over millions of years. Featuring superior mechani-
cal, optical, electrical, and hydrodynamic properties, these
bio-structures inspire the valuable abilities of humans to cre-
ate and invent. The mouthparts of Humboldt squid are hard
and stiff at the tip but relatively soft at another end inside
the body. This bio-structure not only enables the mouthparts
to easily penetrate the body of the prey but also avoids the
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reaction force from hurting its own internal organs. Bones
consist of dense and stiff cortical bone and light and porous
cancellous bone, yielding a stiff and light supporting sys-
tem. The common ground of these bio-structures is that they
combine distinct properties of multiple materials, benefiting
from improved properties and providing superior designs.

The manufacturing of multi-materials structures has
attracted increasing research attention. However, the tradi-
tional manufacturing techniques have difficulties in manu-
facturing multi-materials structures. Additive Manufacturing
(AM) exhibits enormous advantages in applying different
materials and geometries according to the desired functions
at specific locations of the structure, having great potential
in fabricating multi-materials structures [1-3]. However,
current AM techniques are limited to manufacturing multi-
polymer structures, as polymers are easy to process due to
their low melting point and low stiffness. AM of Multi-Metal
Structures (MMSs) with superior mechanical properties and
heat resistance, which are desired in many engineering fields
such as aerospace, biomedical, and automotive industries
[4-6], remains a challenge.

The current AM techniques applied in processing 3D
MMSs are electrochemical 3D printing [7, 8], direct energy
deposition (DED) [9-12], and selective laser melting (SLM)
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[13-18]. Reiser et al. [7] demonstrated the fabrication of
Cu—-Ag MMSs at the submicron scale via electrohydro-
dynamic redox 3D printing, which might potentially be
applied in small-scale sensors, actuators, and wire bond-
ing. The small processing size and slow printing speed,
however, limit the fabrication of mesoscale MMSs that are
desirable in most engineering applications. Researchers also
attempted to fabricate MMSs via DED, whereas the direct
joint of two different metallic materials generates a sharp
interface resulting in cracks and delamination due to their
distinct thermal properties. Onuike et al. [9] addressed this
issue by employing a compositional bond layer (CBL) to
bond the two immiscible metallic materials and successfully
fabricated crack-free Inconel 718—TigAl,V bimetallic struc-
tures with a Vanadium Carbide CBL. The current DED tech-
niques, however, are limited to producing vertical MMSs,
i.e., different materials in different layers but the same mate-
rial within the same layer, thus not real 3D MMSs. Wei et al.
[13] built MMSs using a modified SLM printer with a micro
vacuum sucker to remove powders at required locations and
ultrasonic dry powder dispensers to deposit the secondary
powder. The modified SLM fuses multiple metallic materials
across different layers and within the same layer. Neverthe-
less, the material cross-contamination is unavoidable due to
the incomplete powder removal and inaccurate deposition of
the secondary powders over the repeated powder spreading
and removal processes. Moreover, the material-switching
process is complicated and time-consuming, lowering the
manufacturing efficiency, especially for 3D MMSs with
complex geometries. To summarize, previous scientific
publications have rarely reported the fabrication of real 3D
MMSs via AM techniques with a reliable and flexible in-situ
material-switching system.

To address this issue, this study, for the first time, dem-
onstrates a material extrusion technique, direct ink writing
(DIW) [19-25], which can realize the fabrication of 3D
MMSs with complex geometries by depositing different
metallic materials across different layers and within the
same layer. The in-situ material-switching system consists
of multiple syringes containing different metallic inks, ena-
bling flexible, fast, and accurate material switching without
cross-contamination. Fe and Cu inks are deposited alter-
nately at specific locations according to the digital model
to create 3D structures of metal-polymer composites. The
as-printed structures are subsequently sintered in a vacuum
furnace to achieve Fe—Cu MMSs. The challenge of fabricat-
ing MMSs via DIW is the cracks and delamination at the
interface due to the mismatch of shrinkage after sintering of
different metals. The sintering conditions including tempera-
ture, vacuum degree, and sintering duration are investigated
and tailored to reach a consistent shrinkage of both metals.
This novel method is envisioned to be applicable for other
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Table 1 Chemical composition of the Fe powder (wt%)
Powder Fe (0] N S C
Fe Bal 0.112 0.018 0.006 0.003
Table 2 Chemical composition of the Cu powder (wt%)
Powder Cu P (0] Sn Fe
Cu Bal 0.095 0.058 0.017 0.004

metallic combinations and even metal-ceramic components.
It creates a new opportunity for the manufacturing of real 3D
MMSs using AM and the possibilities of numerous MMSs
applications in engineering fields.

2 Materials and Methods
2.1 Metallic Powders

Pure Fe and Cu powders were purchased from Material
Technology Innovations Co. Ltd. and Changsha Tijo Metal
Material Co. Ltd., respectively. The chemical compositions
of both powders provided by the certificate of conform-
ity are displayed in Tables 1 and 2. Figure 1 presents the
scanning electron microscope (SEM) images of Fe and Cu
powders and their Particle Size Distributions (PSDs). Both
Fe and Cu powders are spherical with a few satellites. The
PSDs were characterized using a Bettersize 2600 laser par-
ticle size analyzer, showing D,;=9.5 pm, Ds;=23.3 pm,
and Dgy=43.4 pm for the Fe powder and D,=16.6 pm,
D5y,=31.5 pm, and Dgy=>50.8 pm for the Cu powder.

2.2 Metallic Ink Preparation

The binder is a polymer solution prepared by dissolving
polylactic acid (PLA, 4032D, Nature works LLC) in dichlo-
romethane (DCM, Tianjin Zhiyuan Chemical Reagent Co.
Ltd.) at a weight ratio of 1:4. The solution was rested for
24 h to ensure complete dissolution. The Fe and Cu inks
were produced by mixing the corresponding powders with
the polymer solution at weight ratios of 3.84:1 and 4.26:1,
respectively, using a ball mill mixer (XQM-21, Changsha
Tianchuang Powder Technology Co., Ltd.) at a speed of
600 rpm for 1 h to ensure homogenization. Figure 2 depicts
the SEM images of the Fe and Cu inks and their thermo-
gravimetric analysis (TGA) results in the atmosphere of
N,. The Fe and Cu powders are wrapped by the polymer
binder and are distributed uniformly within the correspond-
ing inks without aggregations. The TGA results indicate that
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Fig.1 a SEM images and b PSD of the Fe powder, ¢ SEM images and d PSD of the Cu powder

the polymer binder is pyrolyzed under 400 °C in both Fe
and Cu inks.

2.3 DIW and Heat-Treatment

Figure 3 presents the schematic and basic setup of the mul-
tiple-material DIW 3D printer (AEP-2, Biobond Co. Ltd.)
equipped with a computer-controlled 3-axis robot, an air
pressure dispensing system, and dual syringes for fabricat-
ing MMSs. The digital model was sliced and the G-code
was generated by a commercial 3D printing software, sim-
plify 3D. The Fe and Cu inks were loaded in their respec-
tive syringes attached with smooth-flow tapered nozzles
(Dongguan Tianhong Electronic Technology Co. Ltd.,
exit inner diameter =260 pm) for DIW. The metallic inks
were extruded at pressures of 0.4—1.0 MPa and the sam-
ples were printed at a speed of 18 mm/s. The layer height
was set at 80% of the nozzle diameter for better bond-
ing between adjacent layers. The as-printed samples were
heat-treated at a vacuum degree of 2 Pa in an alumina tube

@ Springer

furnace (LAB Technology, KTL-1700). The samples were
sintered at 1025 °C for 6 h with a heating rate of 600 °C/h.

2.4 Analytical Methods

Microstructural characterizations of Fe—Cu interfaces
were performed using an SEM (JSM-IT500A, JEOL Bei-
jing co. Ltd.). Chemical and phase compositions of the
Fe—Cu interfaces were analyzed via energy-dispersive
X-ray spectroscopy (EDS) and X-ray diffraction (XRD,
R-AXISRAPID II, Rigaku Smartlab SE), respectively.
The cross and longitudinal sectioned samples were pre-
pared by wire cutting, polishing, and subsequent ultrasonic
cleaning in absolute ethyl alcohol for 20 min. The uniaxial
tensile tests were conducted using a mechanical testing
machine (UTM6104) with a 10 kN load cell at a strain rate
of 0.04 s~!. The gauge length of tensile bars is 24 mm and
the cross-sectional area is 5.5 X 6.0 mm. Five specimens
of each sample were tested.
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3 Results and Discussions
3.1 DIW of Fe-Cu Bionic Bones

Figure 4 presents the principle of fabricating a bionic bone
consisting of Fe cancellous bone and Cu cortical bone via
DIW and subsequent sintering. The DIW process of Fe
and Cu inks with the in-situ material-switching system is

Fig.4 Schematics of a the DIW (a)
process of Fe and Cu inks with
the in-situ material-switching
system, and b subsequent
sintering of as-printed Fe—Cu
bionic bone. ¢ As-printed and
sintered cuboids embedded with
“JLU”, the abbreviation for Jilin
University. The upper cuboids
are made with Fe letters and Cu
matrix, and the lower ones are
reversed, i.e., Cu letters and Fe
matrix. d As-printed and sin-
tered Fe—Cu 3D MMS models
of a vertebra, a house, and a car

Hold Hold

Cu ink
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displayed in Fig. 4a. The syringes loaded with Fe and Cu
inks have two states, i.e., “hold” and “extrude”, controlled
by the pressure dispensing system through “off” and “on”
of compressed air, respectively. The two syringes are on
“hold” prior to printing (Fig. 4ai). The syringe loaded with
Cu ink starts to extrude and deposits Cu ink to the des-
ignated locations according to the digital model until all
the target areas are finished on the current layer. Mean-
while, the syringe loaded with Fe ink remains on “hold”
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(Fig. 4aii). Subsequently, the two syringes switch states
and deposit Fe ink to the designated locations until the Fe
part is finished on the current layer, completing the print-
ing of this layer (Fig. 4aiii). The aforementioned processes
are repeated layer by layer until the entire Fe—Cu bionic
bone is printed, and the two syringes return to “hold”
eventually (Fig. 4aiv—vi). The rule of thumb for success-
ful printing is to ensure the same heights of Fe and Cu
filaments on the same layer. Thus, the layer heights in the
printing program for both inks are set to the same value
and identical nozzles are used for both inks. The volatile
solvent (DCM) in the ink evaporates right after extrusion,
resulting in the shrinkage of the filaments. Thus, the inks
are prepared with similar DCM contents to achieve the
same filament heights. Based on the results of pre-exper-
iments on different ink formulas and printing parameters,
the optimized parameters are applied in this work for suc-
cessful DIW of Fe—Cu bionic bones.

Figure 4b displays the schematic of subsequent sintering
of the as-printed Fe—Cu bionic bones. The metallic powders
are embedded and bonded by the polymer binder in the as-
printed sample. The polymer binder is pyrolyzed at 400 °C
and the structure is held by the friction forces among the
adjacent metallic powders. At 1025 °C, the Fe and Cu pow-
ders at the interface are fused due to the diffusion of Fe and
Cu atoms across the interface, while the nonadjacent Fe and
Cu powders are sintered, respectively, achieving a sintered
Fe—Cu bionic bone. The challenge of sintering MMSs is the
mismatch of shrinkage of different metals after sintering,
which might cause cracks and delamination at the interface.
The shrinkage is affected by the sintering conditions includ-
ing temperature, vacuum degree, and sintering duration. The
vacuum degree has more influence on structure shrinkage
than other factors, especially for Cu due to its high saturation
vapor pressure. The sintering conditions were investigated
through pre-experiments and were tailored to reach a con-
sistent shrinkage of both metals.

Figure 4c exhibits the as-printed and sintered cuboids
embedded with “JLU”, the abbreviation for Jilin Univer-
sity. The upper cuboids are made with Fe letters and Cu
matrix, and the lower ones are reversed, i.e., Cu letters and
Fe matrix. The letters are precisely printed within the matrix
material and their interfaces are clear without visible mate-
rial cross-contamination. Figure 4d shows as-printed and
sintered Fe—Cu 3D MMS models of a vertebra, a house,
and a car. The 3D MMSs with complex geometries and fine
details are successfully printed. The samples preserve their
shapes without distortion and material cross-contamination
after sintering. The overhang features in the vertebra model
are successfully printed without support materials. The
metallic inks are designed for optimized printability. Over-
hang structures with an angle less than 45° can be printed
directly without support material. It is rather difficult to

fabricate 3D MMSs with complex geometries and different
materials intersected in a small building zone, as it leads to
more material-switching processes and more possibilities
of cracks, delamination, and material cross-contamination
at the interfaces. The successful fabrication of Fe—Cu 3D
MMSs in Fig. 4c, d, however, demonstrates the flexibility
and reliability of this novel DIW method to print multiple
metallic materials across different layers and within the same
layer, achieving real 3D MMSs with complex geometries
and fine details.

3.2 Microstructure, Chemical, and Phase
Compositions of the Fe-Cu Interfaces

The quality of the multiple-material interface significantly
affects the performance of additive manufactured 3D MMSs.
Thus, Fe—Cu interdigital structures with a material inter-
secting dimension of 5X 10X 5.4 mm were fabricated and
characterized to investigate the quality of the Fe—Cu inter-
face. Figure 5 shows the as-printed and sintered interdigital
structures, microstructures, and chemical compositions at
the Fe—Cu interface on the sample surfaces. Figure 5a dis-
plays the optical image of the as-printed interdigital struc-
ture. The material intersecting region consists of Fe and Cu
fingers sandwiched between the interdigital structure, and
each finger contains three layers of filaments with a fila-
ment diameter of 0.25 mm. The Fe and Cu layer heights of
the as-printed sample are the same due to the proper ink
formulas and printing parameters, providing a regular struc-
ture. The SEM image of the as-printed structure (Fig. 5b)
presents magnified details of the Fe—Cu joints where the Fe
and Cu powders are wrapped by the polymer binders and are
distributed evenly within the corresponding filaments. The
Fe and Cu filaments are orderly stacked without significant
defects and sharply separated at the interface with null cross-
interference. The gaps that appear at the interface are due
to the cylindrical shape of the filaments. The EDS results in
the map and line-scanning modes indicate that both Fe and
Cu were detected only in the respective Fe and Cu zones
(Fig. 5¢). The noise that occurs in the line-scanning mode
is attributed to the interference of the rough surface of the
filaments and the polymer cover on the metallic powders.
In summary, MMSs with multiple metallic materials across
different layers and within the same layer are successfully
printed via DIW in the printing stage with null material
cross-contamination.

The sintered interdigital structure presents dimensional
shrinkage due to the pyrolysis of the polymer binder and the
sintering of metallic powders. The Cu part shrinks slightly
more than the Fe part, as some Cu powders partially vapor-
ize during sintering due to their relatively higher saturation
vapor pressure. The structure preserves its original geom-
etry despite negligible deformation (Fig. 5d). The polymer
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Intensity (A. U.)

Fig.5 The surfaces of as-printed and sintered interdigital structures
and their Fe—Cu interface characterizations. a The optical image, b
SEM images, and ¢ EDS results (Fe in green and Cu in red) of the

binder disappears and the Fe and Cu powders are sintered.
The Fe and Cu powders at the interface are fused through
diffusion, while the boundaries are still evident. The sintered
filaments are straight and orderly stacked without distortion
(Fig. 5e). More Fe and Cu signals appear in EDS due to the

@ Springer

(d)

Sintered

Intensity (A. U.)

surface of the as-printed interdigital structure. d The optical image,
e SEM images, and f EDS results (Fe in green and Cu in red) of the
surface of the sintered interdigital structure

disappearance of polymer binder on the surface. Both Fe and
Cu were detected only in their respective zones, the same as
the as-printed structure (Fig. 5f). Therefore, the sintering
does not cause distortion, cracks, delamination, or material
cross-contamination.
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In addition, the sintered interdigital structures were cut to
create cross and longitudinal sections, normal to the build-
ing platform, to investigate the internal quality of fabricated
MMSs. Figure 6 exhibits the optical images, SEM images,
EDS results of the two cutting planes. The optical and SEM
images show sharp boundaries between Fe and Cu zones
inside the sintered structures (Fig. 6a, b). The inset images

.;

-Intensity (A.U)

in Fig. 6b indicate that Fe and Cu are well bonded at inter-
faces. The pores and defects on the cutting planes result from
the gaps between the cylindrical filaments. More pores and
defects that appear on the longitudinal section are attrib-
uted to the different printing paths. The noise in the EDS
results of the internal structure is less than that of the sur-
faces because the polished cutting planes are smoother than

Intensity (A. U.)

Fig.6 The cross and longitudinal sections of the sintered interdigital structures and their Fe—Cu interface characterizations. a Optical images, b

SEM images, and ¢ EDS results (Fe in green and Cu in red)

@ Springer
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the surfaces. The EDS results verify that both Fe and Cu are
detected only in their respective zones, which indicates that
no material cross-contamination occurred inside the MMS.

The microstructural and chemical composition characteri-
zations on the surface and inside the samples are discussed
in detail. DIW with subsequent sintering attests to its capa-
bility of precisely deposition different materials across dif-
ferent layers and within the same layers to fabricate MMSs
without any cracks, delamination, or material cross-contam-
ination at the interfaces.

Figure 7 presents the XRD results of the raw powders of
Fe and Cu, the interfaces between Fe and Cu, and the Fe and
Cu zones of the Fe—Cu MMS. The results show that Fe and
Cu in the MMS have the same phases as their corresponding
raw powders, which indicates that the manufacturing process
or the fusion at the interfaces does not change the phase
composition of the raw metallic powders.

To investigate the mechanical properties of the MMSs,
Fe—Cu, Fe, and Cu tensile bars were fabricated and charac-
terized via uniaxial tensile tests. The Fe—Cu tensile bar has
an interdigital length of 10 mm in the middle. The ultimate
tensile strength (UTS) of Fe—Cu MMS (53.0+ 7.5 MPa)
is slightly lower than that of Fe (59.7 +2.9 MPa) and Cu
(56.8 £5.4 MPa), as expected. The low UTSs of all the

samples are mainly attributed to three reasons. The clues can
be tracked in the SEM images of tensile fracture surfaces of
the Fe, Cu, and Fe—Cu tensile bars in Fig. 8. First, structural
pores and gaps appear between the stacked cylindrical fila-
ments. Second, the filaments have an alternately orthogonal
arrangement in the adjacent layers. The layers filled with
filaments oriented perpendicular to the tensile direction con-
tribute limited tensile resistance. Third, the relatively low
sintering temperature (1025 °C) was set to ensure a similar
amount of shrinkage for Fe and Cu, which however results
in incomplete fusion of the metallic powders, reducing the
tensile properties. Although the UTSs of all the samples
are relatively low, the value of Fe—Cu is close to that of Fe
and Cu. It implies that Fe and Cu at the interfaces are fused
favorably, which is also affirmed by the SEM image of the
Fe—Cu tensile fracture surface.

In some cases, the not-so-good mechanical properties
are demanded in particular by such applications as artifi-
cial bone implants manufacturing. The ideal bone implants
should have relatively low mechanical properties to avoid
stress shielding and porous structure to facilitate the growth
of bone tissues. These porous MMSs produced via DIW
fit the mechanical requirements of biomedical applications.
Furthermore, the mechanical properties can be improved

Fig.7 XRD results of Fe and
Cu raw powders, Fe and Cu at
interfaces, and Fe and Cu zones
of the Fe—Cu MMS
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Fig.8 SEM images of tensile fracture surfaces of the a Fe, b Cu, and ¢ Fe—Cu interdigital structures fabricated via DIW and subsequent sinter-

ing

by using nozzles with a rectangular tip to reduce the gaps
between filaments, tailoring the printing paths, or optimiz-
ing the sintering parameters to enhance the fusion among
metallic powders. This would broaden the application fields
of DIW produced MMSs to the aerospace and automotive
industries.

4 Conclusion

Inspired by the nature, this innovative study, for the first
time, employed direct ink writing (DIW) of multiple metal-
lic inks and the subsequent sintering to fabricate real 3D
multi-metal structures (MMSs) with complex geometries.
An outstanding advantage of the method is the ability to
print multiple metallic materials not only within the same
layer but also across different layers, which has only been
achieved by modified selective laser melting (SLM). Moreo-
ver, the flexible and reliable in-site material-switching sys-
tem with multiple syringes is capable of changing materials
arbitrarily with null material cross-contamination, which is
difficult for the vacuum sucker and dry powder dispenser
in modified SLM. Complicated 3D Fe—Cu MMSs with fine
details are successfully fabricated without significant dis-
tortion. The microstructures, chemical and phase composi-
tions, tensile fracture surfaces of the Fe—Cu interfaces indi-
cate a well-bonded interface without cracks, delamination,

or material cross-contamination. The tensile properties of
Fe—Cu MMSs are relatively low due to the gaps between
cylindrical filaments, alternately orthogonal arrangement
of filaments in adjacent layers, and relatively low sinter-
ing temperature. These porous MMSs with relatively low
mechanical properties have great potential in manufacturing
bone implants in biomedical fields. Our future work will
improve the mechanical properties to broaden the applica-
tion fields of DIW produced MMSs to the aerospace and
automotive industries. This novel method is envisioned to be
applicable for other metallic combinations and even metal-
ceramic components. It creates new opportunities for the
manufacturing of bioinspired 3D MMSs using AM and the
possibilities of numerous MMSs applications in biomedical
and engineering fields.
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