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ABSTRACT 
 

Recent advances in the field of additive manufacturing 

have utilized electronic circuits to develop high-valued 

functional devices. Here we present a novel approach to 

fabricate viscoelastic polymer-free metal ink and RF 

passive structures via material-extrusion (ME) based direct 

ink writing technique. The combination of low melting In-

Bi-Sn eutectic alloy and Cu micro-particles enables to tune 

rheological characteristics for printability and shape 

formation. No post process such as annealing or sintering is 

required due to purely metal-based composite ink and 

therefore thermal damage on a substrate is minimized. 2D 

RF passive electromagnetic structures such as planar 

inductors have been created by directly printing the 

composite alloy ink through the fine nozzles. The feasibility 

to configure three-dimensional electronic components has 

been demonstrated via printing out-of-plane direction in the 

absence of supporting materials or structures. 
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1 INTRODUCTION 
 

Additive manufacturing of metal has been gaining 

growing attention recently since its mechanical, electrical, 

thermal characteristics. It is found wide application in 

aerospace, automotive, energy, bio-implanted, and 

electronic devices [1,2]. Compared to conventional 

subtractive manufacturing, the metal 3D printing 

technology has advantages on creating complex shapes with 

multi-materials and functionality. There are three main 

strategies to create 3D metal objects. Selective sintering of 

metal or metal alloy powder with a laser or an e-beam has 

been the most widely used [3,4]. Dispensing the liquid 

composite ink composed of metal nanoparticle in a solvent 

has been also researched [5,6]. The last technique is based 

on material extruding or jetting of liquid metal [7].  

Especially, liquid metal direct writing is a promising 

technology in the application of emerging 3D printed 

electronics. It is suitable to process together with various 

substrates including ceramics and polymers because of the 

absence of high power light sources or post thermal 

treatments. Due to a low melting temperature of 62°C and 

relatively low resistivity, Field’s metal, known as an In-Bi-

Sn ternary eutectic alloy has been investigated as a 3D 

printable ink for electronics application. The composite 

alloy was synthesized blending liquid phase of In-Bi-Sn 

eutectic alloy matrix with micro copper flake reinforcement 

to enhance the direct writing printability.  

In this paper, the fabrication, characteristics, and 

printability of In-Bi-Sn composite alloy have been 

addressed. The morphological, electrical, and rheological 

analysis was performed to understand the behavior of the 

specimen. The printability of the composite alloy was 

demonstrated by patterning simple electronic components 

such as a resistor and a passive electromagnetic structure, 

an inductor. Moreover, the ability to construct overhanging 

structure was highlighted to configure a planar inductor 

without an insulating material or external wiring. 

 

 

2 EXPERIMENT  
 

2.1 Fabrication 

Indium, Bismuth, and Tin are weighted by the 

composition of 51%, 31.5%, and 16.5% respectively to 

form the eutectic alloy, called Field’s metal. They were 

loaded on quartz boat and thermally treated in an electric 

furnace (Hantech C-A14P) with the pre-determined profile. 

To prevent undesired oxidation, 3.5% H2 and 96.5% Ar gas 

was continuously supplied into the furnace at a rate of 150 

cc/min. The heating and cooling rate was limited to 10 ˚

C/min to prevent the thermal damage due to an abrupt 

temperature change. The specimen was maintained at 900˚

C for 120min to formulate a uniform alloy. 15wt.% of 

copper flakes were inserted in the liquid phase of Field’s 

metal in the glove box filled with nitrogen gas. An 

overhead stirrer was introduced to blend the matrix and the 

reinforcement at the temperature of 100 ˚C.  

The micro surface morphology and the composition 

analysis of the fabricated specimen were inspected by field 

emission scanning electron microscopy (SEM, JEOL JSM-

7000F). As shown in Figure1, the eutectic grain, Sn-rich 

phase, and Cu micro flakes were distinctly observed and 

evenly distributed. The element composition of the eutectic 

grain was investigated by energy-dispersive X-ray 
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spectroscopy (EDS) in the same equipment. The peak 

described in Figure 1(b) confirms the composition of matrix 

and reinforcement. 

 

 
Figure 1. (a) Surface SEM of In-Bi-Sn composite alloy. 

Eutectic grain as light gray, Sn-rich phase as dark gray, and 

Cu flakes as black (b) Compositional distribution of 

eutectic grain of the fabricated composite alloy 

 

 

2.2 Characteristics  

For successful shape formation in material extruding 

based 3D printing technology, it is very critical to analyze 

the viscoelastic behavior of the ink. A high-temperature 

rheometer (Anton-Parr MCR302) was used to determine the 

dependency between shear rate and viscosity of the sample. 

The temperature was set to 100 ˚C to ensure the composite 

alloy was in the liquid phase. A  rotational disk and a highly 

sensitive load sensor in the equipment detected the shear 

rate and shear modulus applied to the sample. As depicted 

in Figure 2, the behavior of the composite alloy validated 

shear-thinning fluid characteristics and superb thixotropic 

ability. The resistivities of various compositions of Cu 

micro flakes were investigated as Figure 3. Compared to 

original Field’s metal alloy, the addition of 15wt.% of Cu 

mico flakes increased the conductivity by observing 8.3% 

lower resistivity using 4-point-probe. 

 

 

 

 

 
Figure 2. Rheological measurement of fabricated 

composite alloy (a) Frequency sweep with a shear rate of 

0.03. Complex viscosity (blue circle) indicates the shear-

thinning behavior (b) Thixotropic test by observing 

recovery in time domain after applying high shear rate 

shortly 

 

 
Figure 3. The Resistivity of Field’s metal and 

composite alloys with various composition 

 

 

2.3 Printability  

To examine the printability of In-Bi-Sn composite alloy, 

simple RF passive components were created. First, a strain 
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gauge consisting of multiple two-dimensional lines were 

directly patterned on various substrates such as glass, 

Polyethersulfone (PES), Polyimide (PI). Even 3D printed 

polymer substrates of Acrylonitrile Butadiene Styrene 

(ABS) and Polylactic Acid (PLA) were arranged using the 

desktop fused deposition modeling (FDM) 3D printer 

(Cubicon 3DP-110F). In Figure 4, in-plane strain gauge 

patterns were successfully deposited on the five different 

substrates. As expected, no thermal damage was induced 

due to the printing operation at 70˚C noting the lowest glass 

transition temperature (Tg) of the substrates was found to 

be 180˚C with PES. The good adhesion and ductility were 

inherited from Indium and therefore the printed pattern was 

able to be preserved under the minor curvature shown in 

Figure 4(c). The nozzle diameter was 300μm and the 

printing velocity was 2.5mm/s in both x and y directions.  

 

 

 
Figure 4. Direct writing of the fabricated composite alloy 

on commercially available and 3D printed substrates  

(a) Glass (b) PES (c) PI (d) ABS (e) PLA 

 

Second, a planar inductor was created using the same 

printing conditions. In this case, an electrode is constructed 

with an overhanging architecture without supporting 

materials or structures as shown in Figure 5. In the realm of 

inkjet-based printed electronics, the planar inductor was 

constructed with three-layer configuration with the middle 

insulating layer due to the lack of shape retention caused by 

low viscous ink. However, the fabricated composite alloy 

characterized by highly shear-thinning and thixotropic 

behaviors demonstrated the feasibility to successfully create 

complex geometry requiring high degree-of-freedom. 

 
Figure 5. Planar inductor printed with an overhanging 

structure (a) The overall design of planar inductor  

(b) Overhanging structure printing 

 

3 CONCLUSION 
 

The fabrication, characteristics, and printability of In-

Bi-Sn composite alloy were examined in this paper. The 

Field’s metal was provisioned by carefully controlled 

composition and heating profile. The composite alloy was 

synthesized by blending Field’s metal and Cu powder in  

anti-oxidation condition. The fabricated alloy was 

successfully printed RF passive componenets on various 

substrates through liquid metal based material extrusion 3D 

printing technology. Due to low extrusion temperature of 

70˚C, the liquid metal properly deposited on both ceramic 

and polymer substrates without thermal damage. The 

overhanging structure was successfully printed without 

supporting layer because of suitable rhological 

characteristics. Both in-plane figures and out-of-plane 

architectures were additively manufactured by excellent 

shape retention property. 
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