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Abstract  
 
Most metal additive manufacturing approaches are based on powder-bed melting techniques 

such as laser selective melting or electron beam melting, which often yield uncontrolled 

microstructures with defects (e.g., pores or microcracks) and residual stresses. Here, we 

introduce a proof-of-concept prototype of a 3D metal freeform fabrication process by direct 

writing of metallic alloys in the semi-solid regime. This process is achieved through controlling 

the particular microstructure and the rheological behavior of semi-solid alloy slurries which 

demonstrate a well suited viscosity and shear thinning property to retain shape upon printing. 

The ability to control microstructure through this method yields a flexible manufacturing route to 

fabricating 3D metal parts with full density and complex geometries.  
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Additive manufacturing (AM) or 3D printing is a process of creating parts by depositing and 

joining materials layer by layer from 3D models.1-2 The capability of freeform fabrication of 3D 

complex objects without the need for expensive tooling or machining has made AM promising 

for a wide variety of applications. Over the past decades, various AM techniques have been 

developed to fabricate complex architectures with engineered mechanical or functional 

properties. For example, projection microstereolithography has been introduced to achieve ultra-

light micro-lattices which demonstrate unprecedented specific strength and stiffness.3-5 Direct 

ink writing has enabled fabrication of many functional materials and structures such as biological 

implants and architectures,6-8 photonic crystals,9,10 batteries,11 foldable origami lattices,12 eutectic 

salts,13 and supercapacitors.14 Fused deposition modeling has been well explored and 

commercialized in making polymeric structures by melting and extruding thermoplastics (e.g., 

polycarbonate, acrylonitrile butadiene styrene) in a solid filamentary form.15,16 However, these 

AM technologies are often developed for non-metallic materials and are not well-suited for 

direct printing of metals. Although metal components play an overwhelming role in many 

industries (e.g., aerospace, medical, and automotive), AM of metals remains challenging. 

Technologies for metal AM primarily include laser selective melting,17-19 laser selective 

sintering,20,21 laser engineered net-shaping,22 rheocasting based forming or printing,23-25 molten 

metal jetting, 26,27 electron beam melting, 28-30 and electron beam wire welding.31 Whereas 

rheocasting based printing has been attempted for metal AM, complex architectures with 

overhanging features has been proven difficult by this method.23-25 Most of other metal AM 

processes rely on metal powder-based melting techniques which have some inherent limitations. 

For example, powder melting is typically associated with complex thermal histories, which often 

bring residual stresses, micro-cracks, and uncontrolled microstructures within the fabricated 
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parts.32 The progressive melting and binding of metal powders can also lead to non-fully dense 

parts where porosity has been an issue.18 The existence of these microstructural defects often 

necessitate some post-processing such as hot isostatic pressing or heat treatment to improve the 

mechanical performance of the resultant parts.33,34 Such post-processing and the low deposition 

rate by powder-based metal AM also impose a high manufacturing cost.  

In this letter, we introduce an alternative low cost approach for AM of metal alloys. This method 

is based on direct metal writing (DMW) of metallic alloys in the semi-solid state through 

controlling the particular microstructure and the rheological behavior of semi-solid alloy slurries. 

Here, semi-solid slurries refer to metallic melts of solid-liquid mixtures in the region between 

solidus and liquidus lines in the equilibrium phase diagram.  The unique viscosity and shear 

thinning characteristic of the semi-solid alloys allows readily controlled geometries during 

steady state printing. In addition, the high versatility in maneuvering the microstructural features 

during solidification of the semi-solid slurries suggests a flexible AM route to fabricating 3D 

metal parts with full density and designed properties that may be inaccessible by conventional 

metal AM or other processing methods. To demonstrate the fundamental principle of this 

approach, we will show a proof-of-concept DMW prototype of a simple and low temperature Bi-

Sn binary semi-solid alloy system as a representative example. Due to the comparable melting 

temperature and flow properties to conventional Sn-Pb solder alloy, Bi-Sn alloys have been 

identified as a class of promising lead-free solder alloy system, 35,36 and the ability to print these 

alloys will also offer insight into many applications such as printed electronic interconnects and 

electronic circuit architecture assembly.  

Alloy rod-shaped ingots of 15 mm diameter with nominal composition of Bi75Sn25 (at.%) was 

purchased from Sophisticated Alloys Inc. The ingots were generated by arc-melting and casting 
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high purity (> 99.99%) raw elements under an argon atmosphere. The solidus temperature (Ts) 

and the liquidus temperature (Tl) of the alloy ingots were identified by differential scanning 

calorimetry (DSC) to be 139 ºC and 225 ºC at a heating rate of 10 ºC/min, respectively, which 

are comparable to the data from the equilibrium Bi-Sn phase diagram (Supplementary Material 

Fig. S1). The alloy ingots were cut into pieces and fed into the DMW system, which is composed 

of a reservoir with an extended nozzle, a nitrogen pressure source, and a printing substrate (Fig. 

1). Resistance heaters with attached PID controlled thermocouples were used to heat the semi-

solid alloy with a precision of ± 2 ºC.  In this study, DMW relies on the rheological properties 

that are mechanistically determined by the microstructure of the semi-solid alloys. Previous 

studies on semi-solid alloy processing (e.g., rheocasting or thixoforming) have revealed that 

temperature and external shearing are two important factors that can be manipulated to 

effectively tailor the microstructure, the rheological characteristics, and the formability of semi-

solid alloys.37-41 Microscopically, processing temperature determines the volume fraction of the 

solid phase. External shearing tends to break large dendrites and thereby significantly affects the 

morphology of the dispersed solid phases within the semi-solid alloys. To apply shear force to 

the semi-solid alloy during DMW, a motor driven grooved spindle was inserted in the center of 

the nozzle (Fig. 1). For the purpose of understanding the rheological flow of Bi75Sn25 and 

exploiting appropriate protocols for DMW of Bi75Sn25, a systematic study of the rheological 

behavior of Bi75Sn25 at different temperatures (T) and different shear rates (ߛሶ) was performed 

using an oscillatory rheometer (Anton Paar MCR 502 with a CTD-1000 attachment, profiled 

graphite CC24 measurement Mooney-Ewart geometry, see Supplementary Materials for 

rheological test details). Akin to many classes of colloidal inks that were developed for direct ink 

writing,42-44 we found that the apparent viscosity (η) of Bi75Sn25 semi-solid alloy is highly 
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dependent on the temperature and the shear rate (Fig. 2a). η systematically decreases with 

increasing temperature that is associated with a lower volume fraction (vf) of the solid primary 

phase in the slurry. When ߛሶ ൌ 10	sିଵ, for example, η dramatically decreases by three orders of 

magnitude from ~ 4ൈ104 mPa•s at T = 190 ºC  to ~ 40 mPa•s at T = 210 ºC (Fig. 2a), 

accompanied by a significant decrease in volume fraction of the solid phase from approximately 

32.7% to 14.2% (estimated from the equilibrium phase diagram, Fig. S1). In addition to such a 

non-Newtonian shear thinning behavior, the Bi75Sn25 semi-solid slurry exhibits a strong 

viscoelastic characteristic within the semi-solid regime (Fig. 2b). Specifically, the storage 

modulus (G’) and the loss modulus (G”) are sensitive to varying shear stresses (or strains) and 

form a “crossover”, which yields a more liquid-like behavior (G" > G') under large shear stresses 

and a more solid-like “yielding” behavior (G" < G') under lower shear stresses (Fig. 2b). The 

shear thinning and the viscoelastic behaviors are necessary to facilitate the extrusion flow under 

pressure and the rapid pseudoplastic-to-dilatant recovery to allow shape retention after DMW 

deposition.  

Based on the above rheological parameters, DMW of Bi75Sn25 was carried out in the semi-solid 

regime using a 1 mm diameter nozzle robotically positioned by a three-axis motion stage. 

Bi75Sn25 metallic structures were printed onto a high temperature masking tape covered steel 

substrate with an optional heater mounted on the underside. The nozzle-to-substrate distance was 

kept approximately 0.7 mm to ensure moderate adhesion of the as-deposited filament to the 

substrate and between adjacent printed layers. As the metal slurry exits the nozzle, solidification 

rapidly occurs, which results in formation of a continuous filament retaining a rod-like shape 

(Fig. 3a). A representative movie of the filament extrusion process is demonstrated in the 

Supplementary Material. The marked shear thinning behavior and the rapid solidification of the 
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semi-solid slurry collectively enable fabrication of 3D overhanging structures where filament can 

span over a wide unsupported region (Fig. 3b). In order to maintain a precise printed feature size, 

the solidification rate should be comparable to the extrusion rate. Hence, a linear printing speed 

in the range of 1~10 mm/s is used to accommodate with other solidification rate related 

processing parameters such as the applied pressure, the printing temperature, shear rate, and the 

nozzle to substrate distance. This linear printing speed is approximately an order of magnitude 

lower than typical printing speed by laser selective melting.45,46 For steady state DMW, a varied 

nitrogen pressure (P) up to 0.6 MPa was applied into the reservoir to accommodate the different 

viscosities at varying printing temperatures and shear rates at a typical printing speed of 5 mm/s. 

For example, the two representative cases of DMW printed Bi75Sn25 structures were achieved 

under two different processing conditions. The “zigzag” shaped pattern (Fig. 3a) was printed at T 

= 200 ºC, vf ≈ 27.5%, and a spindle speed of ω = 50 rpm was applied to attain a shear rate of 

ሶߛ ൌ 50	sିଵ (ߛሶ 	ൎ 	 ଶఠ௥మమ

ሺ௥మమି௥భమሻ
, r1: spindle radius, r2: nozzle radius), which gives rise to η ≈ 0.1 Pa•s. 

An extrusion pressure of P = 0.21 MPa (30 psi) was applied to achieve steady state deposition. In 

contrast, the two layered lattice (Fig. 3b) was printed at T = 190 ºC, vf ≈ 32.7%, ߛሶ ൌ 100	sିଵ, η ≈ 

4 Pa•s, and P = 0.48 MPa (70 psi). The required extrusion pressure to drive the steady state flow 

of the semi-solid slurry through the nozzle is governed by the shear flow resistance and the 

frictional resistance against the reservoir and nozzle walls. Hence, the extrusion pressure can be 

theoretically estimated by a plane strain extrusion model: 47 

                                                      ܲ ൎ ௦ሺߪ
ଵା௖

௖
ሻሺௐ

మ

஽మ
െ 1ሻ௖                                      (1) 

if we assume the shear resistance of the semi-solid alloy is rate-independent for low strain rate 

extrusion (low printing speeds). Here, σs denotes the shear strength of the semi-solid alloy and is 
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on the order of 10~102 kPa for the considered viscosity range;37 c = f/tanα is the nozzle geometry 

related frictional coefficient, where f ≈ 0.1 the empirical friction coefficient 48 and α ≈ 30º the 

tapered angle of the nozzle; D = 1 mm and W = 14 mm are the nozzle tip diameter and the 

reservoir outer diameter, respectively. Therefore, a required pressure range of P ≈ 0.17 ~ 1.7 

MPa is quantitatively predicted to allow extrusion under the above DMW conditions for Bi75Sn25. 

This is comparable to the experimentally applied pressure range for the two representative DMW 

protocols. It should be noted that from Eq. (1), a decrease in nozzle size (D) can dramatically 

increase the pressure demand for DMW, and it is thereby difficult to utilize nozzles with D < 1 

mm at a practical pressure range in this study.  

In general, the property of a material is fundamentally linked to its microstructure. To identify 

the internal microstructures of printed Bi75Sn25 semi-solid alloy, the cross-sections of the 

filaments from the two representative prints were carefully polished and examined by scanning 

electron microscopy (SEM) equipped with energy dispersive spectroscopy (EDS). The 

microstructure of both filaments is comprised of two contrasting phases, the 30 ~ 50 µm 

polygonal primary Bi blocks and the Bi-Sn eutectic matrix (Fig. 3c and Fig. 3d). The polygonal 

block-like geometry of the uniformly dispersed primary Bi phase revealed herein is 

tremendously different from the typical needle-like dendrite geometry in most Bi-Sn alloys.49 

This can be understood from the perspective of applied shearing during DMW that gives rise to 

the fragmentation of large or long needle-like Bi dendrites and prevents nozzle clogging upon 

printing. For comparison, the microstructure of a Bi75Sn25 filament printed at 200 ºC without 

shear is shown in Fig. 3e, where many long needle-like Bi dendrites emerge, clog the nozzle, and 

prevent steady state printing. It is worth noting that the microstructural morphology of the two 

representative steady state DMW prints is also slightly different (Fig. 3c and 3d). Specifically, 
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compared to the microstructure of the “zigzag” filament, we found a higher volume fraction of 

finer Bi-rich precipitates in the as-printed filament of the two layered lattice. This is attributed to 

a higher shear rate and a higher volume fraction of pre-existing Bi solid phase within the slurry 

at a lower printing temperature for the two layered lattice. Such different microstructures suggest 

that DMW provides a powerful toolbox to create parts with facilely controlled microstructures 

by employing a wide range of DMW processing protocols. In this aspect, DMW is a more 

predictive AM method in microstructural control than many other metal AM approaches such as 

selective laser melting or electron beam melting. However, specific attention should be paid to 

the long-term crystal growth within the equilibrium semi-solid alloys, even under an external 

shear stress. 38 Hence, a sluggish crystal growth kinetic of the precipitate in the semi-solid alloy 

system is desired to achieve long-term steady state printing of alloys with a highly controlled 

microstructure.  

In addition to the microstructure of the filament, we also investigated the microstructure of the 

interfacial joint between adjacent layers. Interestingly, we found a smooth and continuous 

interfacial transition with no distinguishable defects when the printing substrate was heated at 

100 ºC during DMW (Fig. 4a) whereas a discontinuous interface with micro-cracks was detected 

when the substrate was not heated (Fig. 4b). The interfacial bonding between adjacent layers 

depends on the temperature difference and heat transfer between the semi-solid slurry and the as-

printed underlying layer. To interpret and quantify the underlying mechanism of the joining 

process, a criterion for forming a reliable metallurgical bond is introduced based on an interfacial 

heat transfer model. For simplicity, we assume a one-dimensional heat transfer process across 

the interface and a constant interfacial temperature without convective cooling. A thermal energy 
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balance at the interface requires the heat loss by the slurry to be equal to the heat absorbed by the 

underlying layer,50 i.e.,   

ଵ ܿ௣ଵሺߩ                                   ଵܶ െ ௜ܶሻଶ ൌ ଶ ܿ௣ଶሺߩ ௜ܶ െ ଶܶሻଶ                      (2) 

where ρ1, ρ2 the density, T1, T2 the temperature, cp1, cp2 the specific heat capacity of the slurry and 

the underlying layer, respectively. Ti is the interfacial temperature at the moment of interfacial 

contact. To establish a strong metallurgical bond at the interface, the interface should be re-

melted into the semi-solid regime. It is however difficult to clearly define the minimum Ti that is 

required to activate the interfacial re-melting and flow. For simplicity, we assume that the solidus 

temperature sets the minimum Ti (i.e., Ti = Ts) although this may cause some underestimation. 

For Bi75Sn25 alloy, Ti ≈ 139 ºC. cp of metallic alloys are generally temperature dependent. cp ≈ 

0.6 J/g·K and ≈  0.16 J/g·K for Bi75Sn25 within the semi-solid regime and the pure solid regime, 

respectively (e.g., we measured cp ≈ 0.58 J/ g·K and 0.15 J/ g·K at 190 ºC, and 50 ºC, respectively, 

see Supplementary Material Fig. S1). This indicates that for typical printing of semi-solid 

Bi75Sn25, pre-heating of the printing substrate is needed to ensure reliable interfacial bonding. For 

example, a minimum under-layer substrate temperature of T2 ≈ 40 ºC is required to print well-

bonded structures at a printing temperature of 190 ºC. Note that this is the lower bound 

approximation by assuming Ti = Ts and neglecting additional thermal energy loss due to 

convective cooling.  

In summary, we introduce an alternative approach to additive manufacturing of metals by DMW 

of semi-solid alloys. Our approach is realized through controlling the microstructure of semi-

solid alloy slurries to access an appropriate rheological behavior, particularly a well-suited 

viscosity range and a shear thinning characteristic, which allow steady state printing of 3D 
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metallic structures. A facile control of the microstructural features during solidification can be 

mediated via manipulating the DMW protocols. The inherent flexibility of DMW over 

conventional metal AM processes opens up a yet unexplored avenue for metal AM and offers the 

potential to pursue a myriad of applications for metals. The ability to print Bi75Sn25 alloy offers 

insight into applications such as printed electronic interconnects. The principle of the DMW 

printed Bi75Sn25 prototype described in this study can be universally extended to a vast range of 

other semi-solid alloys which possess a reasonable semi-solid region. DMW of technically more 

interesting alloy systems such as Al alloys (e.g., A356), Mg alloys, Ti alloys and steels will be a 

key subject of future work.  

Supplementary Material 

Please see Supplementary Material for Bi-Sn binary phase diagram, thermal characteristics, and 

the rheology test details of Bi75Sn25 alloy. 
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Figure Captions 

FIG. 1 (a) Schematic diagram and (b) real image of the DMW system, which is comprised of an 

upper reservoir with an extended nozzle and a bottom printing substrate. A motor driven grooved 

spindle was inserted in the center of the nozzle to apply shear force to the semi-solid alloy.      

FIG. 2 Rheological properties of the Bi75Sn25 semi-solid alloy slurry. (a) Shear rate dependence 

of the apparent viscosity at different temperatures; (b) shear strain dependence of storage 

modulus (G’) and loss modulus (G”) for considered Bi75Sn25 alloy in the semi-solid regime at a 

representative temperature of T = 200 ºC. The cross-over of G’ and G” with varying shear strain 

of the semi-solid alloy is necessary for printability, suggesting a liquid-like behavior during 

DMW whereas a solid-like behavior after printing to facilitate shape retention.  

FIG. 3 DMW fabricated Bi75Sn25 structures and their microstructures. The characteristic feature 

size of the filament is close to the nozzle size. (a) “zigzag” pattern printed at 200 ºC; (b) two 

layered lattice structure with overhanging features (blue inset) printed at 190 ºC; (c) and (d) 

filament microstructures of prints (a) and (b), respectively, exhibiting a mixture of polygonal Bi 

blocks and the Bi-Sn eutectic matrix; (e) a Bi75Sn25 filament printed at 200 ºC without shear. 

Many long need-like dendrites tend to clog the nozzle and hence prevent steady state printing.  

FIG. 4 (a) Reliable metallurgical bond with a smooth transition at the interface as the printing 

substrate is heated to 100 ºC for DMW of Bi75Sn25 at 190 ºC; (b) inadequate interfacial bond 

with many visible defects at the interface as the printing substrate is not heated for DMW of 

Bi75Sn25 at 190 ºC.   
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