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Most metal additive manufacturing approa?ﬁhé(& ased on powder-bed melting techniques

such as laser selective melting or glectrom,_beam melting, which often yield uncontrolled

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

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

olid regime. This process is achieved through controlling

writing of metallic alloys 'nﬁemi-
the particular micro C&%l the rheological behavior of semi-solid alloy slurries which
£
suited v

demonstrate a w ié:osity and shear thinning property to retain shape upon printing.

The ability t co@ol microstructure through this method yields a flexible manufacturing route to
fabricating 3D/dnetalparts with full density and complex geometries.
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Publishingditive manufacturing (AM) or 3D printing is a process of creating parts by depositing and
joining materials layer by layer from 3D models."” 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 W techniques have been
developed to fabricate complex architectures with engineer ?)echa ical or functional
properties. For example, projection microstereolithography has N duced to achieve ultra-
light micro-lattices which demonstrate unprecedented specific/strength and stiffness.” Direct

_—

ink writing has enabled fabrication of many functional terial?)and structures such as biological

--\

implants and architectures,”® photonic crystals,”"’ 1'16'5') foldable origami lattices,'> eutectic

salts,”” and supercapacitors.'"* Fused depo \t)odelmg has been well explored and

commercialized in making polymeric st&‘-‘w melting and extruding thermoplastics (e.g.,

15,16
*” However, these

polycarbonate, acrylonitrile butadiene ?yfﬁne) in a solid filamentary form.
AM technologies are often deyelo orynon-metallic materials and are not well-suited for

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

industries (e.g., aeros ,%ical, and automotive), AM of metals remains challenging.

Technologies for 14 A rimarily include laser selective melting,'”" laser selective
sintering,”**' laser Mered net-shaping,* rheocasting based forming or printing,”> molten

28-30

metal jetti g, electron beam melting, and electron beam wire welding.”’ Whereas

rheocasting sed/ printing has been attempted for metal AM, complex architectures with
overhanging %a‘[ures has been proven difficult by this method.”?* Most of other metal AM
pr esses3rely on metal powder-based melting techniques which have some inherent limitations.

? 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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Publishipeggis.’” The progressive melting and binding of metal powders can also lead to non-fully dense
parts where porosity has been an issue.'® 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.*>** Such post-processi {dthe low deposition

rate by powder-based metal AM also impose a high manufacturin co?9

In this letter, we introduce an alternative low cost approach %netal alloys. This method
is based on direct metal writing (DMW) of metallicfalloys 'ﬁ‘[‘ﬁé semi-solid state through
controlling the particular microstructure and the rheelogic eh)avior of semi-solid alloy slurries.
Here, semi-solid slurries refer to metallic melts\%i Tl)]uid mixtures in the region between

solidus and liquidus lines in the equilibrithtsse\

thinning characteristic of the semi-solid&s&\yaﬂows readily controlled geometries during

agram. The unique viscosity and shear

steady state printing. In addition, tq werkmility in maneuvering the microstructural features

during solidification of the se i@ries suggests a flexible AM route to fabricating 3D
nd de

tgned properties that may be inaccessible by conventional

oéf—of—concept DMW prototype of a simple and low temperature Bi-

metal parts with full density and

metal AM or other r@methods. To demonstrate the fundamental principle of this
£

approach, we wilk{how T

Sn binary sepfi-s m system as a representative example. Due to the comparable melting

temperatufe an ; properties to conventional Sn-Pb solder alloy, Bi-Sn alloys have been

3336 and the ability to print these

identified as % ss of promising lead-free solder alloy system,
alfloys wi 0 offer insight into many applications such as printed electronic interconnects and

-e%:t ie circuit architecture assembly.
~

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

purchased from Sophisticated Alloys Inc. The ingots were generated by arc-melting and casting

3
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Publishihigh purity (> 99.99%) raw elements under an argon atmosphere. The solidus temperature (7%)
and the liquidus temperature (7;) of the alloy ingots were identified by differential scanning
calorimetry (DSC) to be 139 °C and 225 °C at a heating rate of 10 °C/min, respectively, which

are comparable to the data from the equilibrium Bi-Sn phase diagra?/ Supplementary Material
tem,

Fig. S1). The alloy ingots were cut into pieces and fed into the D %s hich is composed
of a reservoir with an extended nozzle, a nitrogen pressure souN rinting substrate (Fig.

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

—
solid alloy with a precision of + 2 °C. In this study, D(@ﬁjes on the rheological properties

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

that are mechanistically determined by the mi ro(s@ctlny of the semi-solid alloys. Previous
A
e

temperature and external shearing are%ortant factors that can be manipulated to

effectively tailor the microstructure, t Thsol& ical characteristics, and the formability of semi-
solid alloys.37‘41 Microscopically, M temperature determines the volume fraction of the

solid phase. External shearing ten}B‘reak large dendrites and thereby significantly affects the

morphology of the dis em}d phases within the semi-solid alloys. To apply shear force to

the semi-solid all?é ifg D , a motor driven grooved spindle was inserted in the center of

the nozzle (Fig: 1).\§{the purpose of understanding the rheological flow of BizsSnys and

>

iate protocols for DMW of Bi;sSnys, a systematic study of the rheological

exploiting Appr

£
behavier.of BiysSa,s at different temperatures (7) and different shear rates () was performed

5CC24 measurement Mooney-Ewart geometry, see Supplementary Materials for

using, a osci)latory rheometer (Anton Paar MCR 502 with a CTD-1000 attachment, profiled

>0Po'gical test details). Akin to many classes of colloidal inks that were developed for direct ink

42-44

writing, we found that the apparent viscosity () of BizsSnys semi-solid alloy is highly
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Publishidgbzndent on the temperature and the shear rate (Fig. 2a). 5 systematically decreases with
increasing temperature that is associated with a lower volume fraction (vy) of the solid primary
phase in the slurry. When y = 10 s™1, for example, # dramatically decreases by three orders of

magnitude from ~ 4x10* mPass at 7 = 190 °C to ~ 40 mPa-sA T = 210 °C (Fig. 2a),

accompanied by a significant decrease in volume fraction of the li®hase om approximately

32.7% to 14.2% (estimated from the equilibrium phase diagranll,\'gi . In addition to such a

non-Newtonian shear thinning behavior, the BizsSnys. semi“solide slurry exhibits a strong
—

viscoelastic characteristic within the semi-solid reg

i
modulus (G’) and the loss modulus (G ”) are se si(h@ to'()arying 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” behavi%'} under lower shear stresses (Fig. 2b). The

shear thinning and the viscoelastic beh: WOP arénecessary to facilitate the extrusion flow under

(Fié) 2b). Specifically, the storage

pressure and the rapid pseudoplastie-tosdilatant recovery to allow shape retention after DMW

deposition. \

Based on the above r eo&i&a\}arameters, DMW of Bi;5Sn,s was carried out in the semi-solid
£

regime using a /mm iaméter nozzle robotically positioned by a three-axis motion stage.

Bi75Sn,s met li%ms were printed onto a high temperature masking tape covered steel
substrate 4vith an optional heater mounted on the underside. The nozzle-to-substrate distance was
kept f)?oxi1§1 ly 0.7 mm to ensure moderate adhesion of the as-deposited filament to the
sdbstrate and between adjacent printed layers. As the metal slurry exits the nozzle, solidification

'Sd%i ccurs, which results in formation of a continuous filament retaining a rod-like shape
~

ig. 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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Publishigegni-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 (é)lidiﬁcation rate related
processing parameters such as the applied pressure, the printing t I%)ature, hear rate, and the
nozzle to substrate distance. This linear printing speed is ap rchna\te an order of magnitude
lower than typical printing speed by laser selective meltin_g; 4(}“U'Psteady state DMW, a varied
nitrogen pressure (P) up to 0.6 MPa was applied into th eser\”)ir to accommodate the different
viscosities at varying printing temperatures and e(qate?yt a typical printing speed of 5 mm/s.

L
For example, the two representative cases of"DM rinted Bi75Snys structures were achieved

under two different processing condition&x“\'gzag” shaped pattern (Fig. 3a) was printed at 7'
of

=200 °C, vy = 27.5%, and a spindle s N7 = 50 rpm was applied to attain a shear rate of

=

2
y=50s"1(y = 20r2 , 12 spindle radius, 7»: nozzle radius), which gives rise to # = 0.1 Paes.
(r22-112) %

An extrusion pressure of 2=.0.21 MPa (30 psi) was applied to achieve steady state deposition. In
e (

contrast, the two layeréd la wig. 3b) was printed at 7= 190 °C, vy= 32.7%,y = 100 s~ 1, 5 =
£
7

4 Paes, and P = (%% M 0] psi). The required extrusion pressure to drive the steady state flow

of the semi-s6lid slurry “through the nozzle is governed by the shear flow resistance and the

frictionalgesistanceiagainst the reservoir and nozzle walls. Hence, the extrusion pressure can be

ated by a plane strain extrusion model: ¥/

theor@%s 1 /
&5 P~ 0,(9 (% — 1)F (1)

NI

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

extrusion (low printing speeds). Here, o, denotes the shear strength of the semi-solid alloy and is
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Publishisgthe order of 10~10* kPa for the considered viscosity range;’’ ¢ = f/tana is the nozzle geometry
related frictional coefficient, where £~ 0.1 the empirical friction coefficient ** and « = 30° 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 pressuwz/range of P=0.17 ~ 1.7
MPa is quantitatively predicted to allow extrusion under the abov My\/ conditions for BizsSnys.
This is comparable to the experimentally applied pressure range forthe two representative DMW
protocols. It should be noted that from Eq. (1), a decreas_i ?o‘lz{e size (D) can dramatically

increase the pressure demand for DMW, and it is there difﬁ@ﬂt to utilize nozzles with D < 1

mm at a practical pressure range in this study. K ‘)

| -
In general, the property of a material is fu@ linked to its microstructure. To identify

the internal microstructures of printed&:\m%emi-solid alloy, the cross-sections of the

filaments from the two representaf\%:} were carefully polished and examined by scanning

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

microstructure of both 2:3‘[5 is“eomprised of two contrasting phases, the 30 ~ 50 um

polygonal primary Bi bloc bthe Bi-Sn eutectic matrix (Fig. 3¢ and Fig. 3d). The polygonal
block-like geomeftry ¢ thé uniformly dispersed primary Bi phase revealed herein is
tremendously, dif%rent m the typical needle-like dendrite geometry in most Bi-Sn alloys.*
This can be upder od from the perspective of applied shearing during DMW that gives rise to

4

the fr@::‘:atl of large or long needle-like Bi dendrites and prevents nozzle clogging upon
p in"alg. 3comparison, the microstructure of a Bi;sSnys filament printed at 200 °C without
earis.shown in Fig. 3e, where many long needle-like Bi dendrites emerge, clog the nozzle, and
~
N

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

representative steady state DMW prints is also slightly different (Fig. 3¢ and 3d). Specifically,


http://dx.doi.org/10.1063/1.4977555

E I P | This manuscript was accepted by Appl. Phys. Lett. Click here to see the version of record. |

Publishieghipared 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 differ?(t microstructures suggest

that DMW provides a powerful toolbox to create parts with faci ly})ntro d microstructures
is

by employing a wide range of DMW processing protocols, In ect, DMW is a more
predictive AM method in microstructural control than marlz Qr'hﬁtal AM approaches such as
selective laser melting or electron beam melting. However, sp#iﬁc attention should be paid to
the long-term crystal growth within the equilib iuL@enﬂ)solid alloys, even under an external
shear stress. *® Hence, a sluggish crystal grow t)-t:the precipitate in the semi-solid alloy

system is desired to achieve long-term Aﬁ\{%e printing of alloys with a highly controlled

microstructure. S
.

In addition to the microstruct eQament, we also investigated the microstructure of the

interfacial joint between agjﬁlt ers. Interestingly, we found a smooth and continuous

interfacial transition 1t&dis inguishable defects when the printing substrate was heated at
Y.
( 4

100 °C during D a!)’ whereas a discontinuous interface with micro-cracks was detected
when the su tre?fﬁ%ot heated (Fig. 4b). The interfacial bonding between adjacent layers

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

.

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

)

pfocess, a eriterion for forming a reliable metallurgical bond is introduced based on an interfacial

h%t
.

the interface and a constant interfacial temperature without convective cooling. A thermal energy

6]

fer model. For simplicity, we assume a one-dimensional heat transfer process across
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Publishibgance at the interface requires the heat loss by the slurry to be equal to the heat absorbed by the

underlying layer,” i.c.,
P1 Cpl(T1 —T))? = p, Cp2 (T; — T,)? (2)

where p;, p>the density, 7, T the temperature, c,;, ¢, the specific %My of the slurry and

the underlying layer, respectively. 7; is the interfacial temperatuge at'the moment of interfacial

contact. To establish a strong metallurgical bond at the i
—
melted into the semi-solid regime. It is however difficult to cleéﬂly efine the minimum 7; that is

e;acaa\th interface should be re-

required to activate the interfacial re-melting and ﬂt&F or.ﬁimplicity, we assume that the solidus
temperature sets the minimum 7; (i.e., 7; = 7§) alt I'Tthis may cause some underestimation.

—

For Bi758n,s alloy, 7; = 139 °C. ¢, of metallic*alloys-are generally temperature dependent. ¢, =
}h@e semi-solid regime and the pure solid regime,

0.6 J/g'K and = 0.16 J/g'K for BissS

respectively (e.g., we measured ¢, =\0" I? and 0.15 J/ g-K at 190 °C, and 50 °C, respectively,
see Supplementary Material Fi .\S‘l')\This indicates that for typical printing of semi-solid
Bi755n,5, pre-heating of thie printing substrate is needed to ensure reliable interfacial bonding. For
example, a minimund_under-layer substrate temperature of 7> = 40 °C is required to print well-
bonded stmcture( wr gng temperature of 190 °C. Note that this is the lower bound

approximation 3assuming T; = T, and neglecting additional thermal energy loss due to

. y
convective ollngg
_—

Infsum ?re introduce an alternative approach to additive manufacturing of metals by DMW
o&ui

-Q}lid alloys. Our approach is realized through controlling the microstructure of semi-
~
7d 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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Publishimgtallic 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 tofyrint Bi;sSns alloy offers

insight into applications such as printed electronic interconnectgf ”ﬂy prinsiple of the DMW
e

printed BizsSnys prototype described in this study can be univers ded to a vast range of

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

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

key subject of future work. & “)
| -

Supplementary Material \\\

'-Sn\'qary phase diagram, thermal characteristics, and
o

the rheology test details of Bhﬁné&
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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 4/A motor driven grooved

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

FIG. 2 Rheological properties of the BizsSnys semi-solid allo<ﬁhnk Shear rate dependence

of the apparent viscosity at different temperatures; (b) s "S'tfam dependence of storage
modulus (G’) and loss modulus (G ") for considered Bi758n,s eﬁjoy in the semi-solid regime at a

representative temperature of 7= 200 °C. The cr. sgqyeros G’ and G” with varying shear strain

-

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

DMW whereas a solid-like behavior afte&K to facilitate shape retention.

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

size of the filament is close t t 51ze (a) “zigzag” pattern printed at 200 °C; (b) two

layered lattice structure {f::/erha ing features (blue inset) printed at 190 °C; (c¢) and (d)

filament m1crostructl<:\ ints (a) and (b), respectively, exhibiting a mixture of polygonal Bi

blocks and the ]3</Sn cttectié matrix; (e) a Bi;sSnys filament printed at 200 °C without shear.
Many long n e de ites tend to clog the nozzle and hence prevent steady state printing.

FIG. 4 ( etallurgical bond with a smooth transition at the interface as the printing

)

w@n:: sible defects at the interface as the printing substrate is not heated for DMW of
~Bl>75 t 190 °C.

=

substh to 100 °C for DMW of Bi7sSnys at 190 °C; (b) inadequate interfacial bond

"
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