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Abstract

Lithography-free nanomanufacturing by elongation and fracture of glass forming metallic liquid

is presented. The viscous metallic liquid confined in a cavity is laterally downsized to nanoscale

by stretching. The extent of size-reduction can be controlled by tuning the active volume of

liquid and the viscous and capillary stresses. Very high aspect-ratio metal nanostructures can be

fabricated without using lithography or expensive molds. A systematic study is performed using

glass forming Pt-Cu-Ni-P alloy to understand the effects of viscosity, surface tension, pulling

velocity, and cavity size on the evolution of cylindrical liquid column under tension. The results

are quantitatively described using a phenomenological model based on lubrication theory and

surface tension induced breakup of liquid filaments. A new manufacturing approach based on

variable pulling velocity and/or spinning of metallic liquid is proposed for fabrication of

complex geometries.

Supplementary material for this article is available online
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1. Introduction

Metallic glasses (MGs) are known for their large elastic strain

limit, high hardness, and good wear and corrosion resistance

[1–5]. These properties are homogeneous and isotropic down

to nanometer scale owing to the featureless amorphous

structure of MGs [6–8]. The attractive combination of

mechanical properties and homogeneous structure makes

MGs good candidates for metal components in nanoscale

devices [9–14]. Thus, cost-effective fabrication of MG

nanostructures becomes crucial to exploit their potential in

nanoscale applications. MGs exhibit metastable supercooled

liquid state which has enabled thermoplastic processing of

MGs like polymers or oxide glasses. Among various techni-

ques, thermoplastic embossing has emerged as a promising

nanofabrication approach for MGs due to its ease in imple-

mentation [15–19].

Though thermoplastic embossing of MGs shows great

potential for nanofabrication, high pressure at nanoscale and

need for expensive templates remain as major manufacturing

challenges. Silicon (Si) templates prepared by lithography are

a preferred choice due to excellent dimensional accuracy

[20–23], but the associated high cost and the fragile nature of

Si templates limit their usability. Besides, embossing is not

practical for high aspect-ratio nanostructures because of the

rapid increase in pressure with feature length [15, 16, 24].

One-dimensional nanostructures such as nanowires and

nanotubes are desirable for many applications such as, cata-

lysts [25, 26], sensors [27–30], electrodes [11, 12, 31, 32],

and light trapping architectures [33, 34], because of large

surface to volume ratio. Longer length also facilitates

mechanical [35–37], thermal [38], and electrical [39, 40]

testing of individual nanostructures to characterize the size-

effects. Recent studies suggest that the pressure limitation for
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embossing of high aspect-ratio nanostructures can be over-

come by using thermoplastic drawing (pulling) in MGs

[35, 41]. However, lithographically made templates were still

required to attain nanoscale features [42]. Moreover, the

quantitative correlation between the drawing parameters and

the size or shape of generated nanostructures has not been

established. For example, processing conditions (MG visc-

osity, strain-rate, and starting dimensions) required for a

desirable nanostructure cannot be inferred from the previous

studies on drawing [35, 41, 42]. Such knowledge, however, is

critical to develop a deterministic and reproducible nanoma-

nufacturing based on thermoplastic drawing of MGs.

The objective of present work is two-fold. First, we

demonstrate that MG structures as large as 100–500 μm

(attainable through machining) can be controllably downsized

to sub-100 nm (2000 times reduction) by drawing. Such

dramatic size-reduction by mechanical deformation is an

important breakthrough in metal nanomanufacturing because

it demonstrates the fabrication of nanostructures without

expensive lithography or molds. Second, we develop a

quantitative correlation between the governing parameters

and the outcome of MG drawing in the supercooled liquid

state. The effects of key processing parameters: starting

dimensions, temperature, and drawing velocity on the final

shape and size of structure are studied using an example of Pt-

based MG. The experimental results are used to verify the

proposed model for drawing. We further show that unpar-

alleled geometries can be manufactured by integrating vari-

able velocity or rotational motion during thermoplastic

drawing of MGs.

2. Thermoplastic drawing

Pt57.5Cu14.7Ni5.3P22.5 (At%) metallic glass (Pt-MG) was

used as a model material because of its good thermoplastic

forming ability and oxidation resistance. Pt-MG was syn-

thesized by water quenching as described in literature [16].

The glass transition temperature (Tg) and the crystallization

temperature (Tx) of Pt-MG are 230 °C and 309 °C, respectively.

The present study focuses on thermoplastic elongation of a

single MG structure in order to quantify the reshaping

process. Figure 1 shows the schematic illustration of drawing

set-up used in this work. Single cylindrical cavities

(diameter=100–500 μm and length=3 × diameter) were

mechanically drilled in aluminum (Al) substrates. The Al

template was fixed to the bottom heating plate and a disk of Pt-

MG was positioned on top of the cylindrical cavity

(figure 1(a)). The surrounding area of cavity was covered with

a thin polyvinylidene difluoride tape to prevent sticking of MG

disk with Al. After heating the entire set-up above Tg, the top

plate was moved downwards to emboss the Pt-MG into the

cavity (figure 1(b)). The movable top plate in our set-up was

designed to strongly anchor to the MG disk during embossing.

Subsequently, the top plate and the anchored MG disk were

pulled upward at a constant velocity while subjecting the

MG supercooled liquid in Al cavity to tensile deformation

(figure 1(c)). The pulling velocity and the displacement (or

time) were controlled but the tensile force was not recorded, as

the force was below the detection limit of our load cell. After

reaching a desired extensional displacement, the set-up was

cooled down to room temperature (figure 1(d)) and the fiber

was fractured in two symmetric parts for scanning electron

microscopy (SEM) characterization (figure 1(e)). Under certain

conditions, the fiber necked and ruptured during thermoplastic

elongation. Amorphous state of representative specimens after

drawing was verified using differential scanning calorimetry.

3. Results and discussion

The results and discussion are organized in four sub-sections.

In section 3.1, we present the effects of key drawing variables

on the shape of MG fiber and analyze the results in terms of

hydrodynamic dimensionless numbers. Section 3.2 focuses

on the evolution of fiber diameter during elongation. An

analytical description of the diameter reduction is developed

to predict the minimum diameter achievable by elongation

Figure 1. Schematic illustration of thermoplastic drawing procedure. (a) A disk of MG is placed on top of a cylindrical cavity machined in Al.
The entire set-up is heated above Tg using two heating plates. The plates are not shown in subsequent steps to avoid redundancy. (b) The
movable top plate embosses the MG into the Al cavity. The top plate is designed to anchor with the MG disk. (c) The top plate is moved
upward while subjecting the MG in cavity to tensile deformation. The velocity and displacement of top plate are controllable variables. (d)
The set-up is cooled to room temperature after achieving a preset extensional displacement. (e) The MG is fractured into two symmetric parts
for subsequent SEM characterization.
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before breakup. Section 3.3 describes how the active volume

of MG supercooled liquid participating in elongation can be

controlled through drawing conditions. Active liquid volume

plays an important role in determining the extent of diameter

reduction under practical elongations. In the last section, we

demonstrate the versatility of drawing-based manufacturing

by incorporating variable velocity or rotational motion during

elongation.

3.1. Drawing morphologies

The SEM analysis reveals that there are two key parameters

which control the morphology of MG drawn in the super-

cooled liquid state: temperature and drawing velocity

(figure 2). Temperature affects the viscosity and the surface

tension of MG supercooled liquid whilst the drawing velocity

determines the strain-rate. As shown in figure 2(a), three

distinct morphologies evolve as a function of temperature

(250 °C–270 °C) when the Pt-MG liquid is drawn from a

cylindrical cavity at a constant velocity (1 mmmin−1). This

temperature range is selected to avoid the crystallization

which makes the drawing process highly irreproducible. High

temperature (270 °C) drawing results in profuse necking and

breakup into two sharp conical structures. In contrast, a long

fiber with relatively uniform diameter is drawn at an inter-

mediate temperature (260 °C). The fiber did not break during

drawing but was subsequently fractured at room temperature

for imaging. Further decrease in processing temperature

(250 °C) causes complete separation of MG from the cavity.

We categorize the three morphologies as: necking, drawing,

and demolding. It is important to note that the distinction

between necking and drawing shown in figure 2 is applicable

only for a fixed elongation (in this case 3 mm) because the

drawing sample undergoes a necking instability at longer

elongations. Similar morphologies were also observed when

the drawing velocity was varied at a constant temperature.

The data from the temperature and the velocity experiments

are combined to construct a morphology map as shown in

figure 2(b). The results indicate that decrease in processing

temperature or increase in drawing velocity has the same

effect on the shape of MG. Both these changes result in a

transition from necking to drawing and eventually to

demolding.

The demolding is observed when the stress required to

deform MG supercooled liquid (flow stress) is higher than its

adhesive strength with the mold, as explained in our previous

work [43]. The necking and drawing morphologies are

observed when the MG supercooled liquid strongly adheres to

the mold during pulling. The formation of necking or drawing

morphologies can be understood by comparing the relative

effects of viscous and capillary stresses on the elongating MG

fiber. These effects can be quantified using dimensionless

capillary number (Ca) [44–46]:

Ca
viscous stress

capillary stress

v L

D
, 1

h
g

= = ( )
/

/

where η is the MG viscosity, v is the drawing velocity, L is the

instantaneous length of MG fiber, γ is the MG surface ten-

sion, and D is the smallest diameter of fiber. The necking

induced by the surface tension is opposed by the viscous

resistance. Therefore, higher Ca favors uniform elongation

whereas lower Ca results in necking. This is consistent with

the observed effects of temperature and drawing velocity on

the fiber morphology (figure 2(b)). The Ca decreases during

Figure 2. Effects of drawing temperature and velocity on the morphology of MG drawn from a cylindrical cavity. (a) Schematics and SEM
images show three typical morphologies (necking, drawing, and demolding) observed while drawing at a constant velocity (1 mm min−1) but
different temperatures. (b) Results from varying temperatures and velocities are combined to construct a morphology map for thermoplastic
drawing of Pt-MG. All the data are for a constant elongation of 3 mm and cavity diameter of 200 μm.
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elongation due to increasing L and decreasing D (table 1). Below

a critical Ca (∼0.1), rapidly growing necking instability results

in fiber breakup. Therefore, the final breakup is always dictated

by the capillary induced necking. We have ruled out the other

possible causes for drawing-to-necking transition such as,

temperature gradient and non-Newtonian effects. Temperature

was measured at different locations between the heating plates.

The variation in temperature was less than±2 °C in the range

of 50 °C–300 °C. Such small change in temperature (or asso-

ciated viscosity) during elongation is not sufficient to account

for the observed sample morphologies. As for the non-New-

tonian effect, the strain-rates estimated from the drawing velo-

cities are much smaller than the ones reported for Newtonian to

non-Newtonian transition in Pt-MG at comparable temperatures

[47–49]. Therefore, the Pt-MG supercooled liquid can be con-

sidered as a Newtonian fluid in current drawing experiments.

3.2. Diameter evolution

A closer look at the MG fibers reveals that thermoplastic

drawing can generate nanoscale geometries without litho-

graphy or nanomolds (supporting information figure S1

is available online at stacks.iop.org/NANO/30/075302/
mmedia). For example, slow drawing from a 200 μm dia-

meter cavity results in nearly 2000-fold reduction in diameter

before rupture, forming nanotips with sub-100 nm diameters.

However, such dramatic reduction in size is accessible only

either at high temperatures or slow drawing velocities

(necking regime in figure 2), both of which impose the risk of

crystallization and embrittlement in MGs [50]. It would be

beneficial if MG nanostructures can be formed in the drawing

regime which is observed at low temperatures and/or higher
drawing velocities. To test this possibility, we analyze the

evolution of MG fiber diameter through systematic drawing

experiments and analytical description.

The fiber diameter during drawing is expected to depend

on the extensional strain and the initial diameter. A series of

drawing experiments were carried out to quantify the effects

of elongation (Le) and the cavity diameter (Do) on the mini-

mum fiber diameter (Dmin) for Pt-MG (figure 3). The pro-

cessing temperature (270 °C) and the velocity (10 mmmin−1)

were selected in the drawing regime shown in figure 2.

Figures 3(a) and (b) show the effects of varying Le and Do,

respectively. The SEM images of representative specimens

demonstrate the formation of uniform and smooth MG fibers

with nanoscale diameters. The fibers showed no detectable

voids during cross-sectional analysis. The minimum diameter

Dmin decreases with increasing Le or decreasing Do. However,

these results could not be explained by the deformation of

entire liquid volume contained in cavities. The control over

the active volume of MG in thermoplastic drawing is desir-

able for predictable diameter reduction and it will be analyzed

in section 3.3.

The evolution of fiber diameter can be quantitatively

analyzed using a lubrication theory for a filament of high-

viscosity Newtonian fluid undergoing uniaxial extension. The

assumptions of Newtonian behavior and creeping-flow are

valid for the MG supercooled liquid in current drawing

experiments. As explained in section 3.1, not only the viscous

but also the capillary stresses are important in determining the

filament morphology. However, the lubrication theory that

includes capillary stress can be solved only numerically.

Therefore, we propose an approximate expression that

describes the evolution of Dmin over the entire drawing range

and incorporates both viscous and capillary effects. The

Table 1. Experimental conditions (temperature, viscosity, drawing velocity, and total elongation) and the resulting final diameter of Pt-MG
pulled from 200 μm diameter cavity. The capillary number calculated from the final diameter and the fiber morphology are also listed. The
value of surface tension, γ=1 N m−1 was used.

Temperature (°C)

Viscosity

(107 Pa s)

Velocity

(mmmin−1)

Elongation

(mm)

Minimum dia-

meter (μm)

Final capillary

number Morphology

250 24.5 1 3 100 136 Demolding

260 5.5 1 3 13.9 4.24 Drawing

6 3 14.4 26.4 Drawing

6 22 0.201 0.05 Neckinga

20 3 100 611 Demolding

270 1.4 1 3 0.075 0.006 Neckinga

10 3 20 14.1 Drawing

10 8 7.1 1.27 Drawing

10 13 1.6 0.287 Drawing

10 25 0.4 0.03 Neckinga

20 3 10.3 16.4 Drawing

20 8 7.9 4.6 Drawing

20 13 4.7 1.68 Drawing

20 25 0.161 0.03 Neckinga

30 3 16.6 38.7 Drawing

30 8 5.05 4.41 Drawing

30 45 0.15 0.023 Neckinga

100 3 100 7941 Demolding

a

The samples ruptured during elongation due to necking instability at low capillary numbers.
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approximation is obtained by combining the results of a

purely viscous lubrication analysis to characterize the initial

fiber evolution with the similarity solution to account for the

capillary induced necking.

As discussed in supporting information (section 2), the

evolution of Dmin in the absence of surface tension can be

obtained using a lubrication description in Lagrangian coor-

dinates [51] and a small perturbation assumption for the initial

filament shape. The resulting expression for Dmin, normalized

by Do becomes:

D

D 2
, 2

o
L

D

min

e

o

p
µ

+a ( )

where α is a fitting parameter associated with the initial

condition. Figure 4(a) compares the experimental and the

calculated values of Dmin/Do for varying Le normalized by

Do. The theoretical and the measured values match well for

relatively short fibers, but significant deviation occurs at

longer lengths. The deviation is caused by the rising capillary

stress as the fiber diameter shrinks during drawing.

The effect of capillary stress can be accounted for by

using the similarity analysis of the evolution of liquid filament

shape near the breakup time. According to the Papageorgiou’s

similarity solution [52], the minimum diameter linearly

decays to zero and the breakup occurs at finite time tB:

D

D

t

t
1 , 3

o B

min µ -
⎛

⎝
⎜

⎞

⎠
⎟ ( )

where tB depends on the surface tension, the viscosity, and the

initial diameter of fiber (section 3 in supporting information).

The value of tB can be calculated as described in the literature

[52, 53] or can be measured experimentally from the length of

fiber at breakup LB (=v×tB). It is worth noting that the

lubrication theory without surface tension (equation (2))

predicts continuous thinning of fiber without imminent

rupture. In contrast, the surface tension driven flow

(equation (3)), predicts a finite time singularity in the fiber

diameter. We propose a phenomenological factorization

relation that combines equations (2) and (3) to describe the

fiber diameter over a wide range of elongations:

D

D L

D

t

t L

D
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L
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Figure 3. Dependence of minimum fiber diameter (Dmin) on elongation (Le) and cavity diameter (Do) during thermoplastic drawing. (a) Dmin

as a function of Le and (b) Dmin as a function of Do for Pt-MG drawn at 270 °C and velocity of 10 mm min−1. SEM images of selected
samples for variable Le and Do are also shown.
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As shown in figure 4(a), equation (4) accurately captures

the decrease in the fiber diameter even at longer elongations.

The deviation from the measured values in the singularity

regime (i.e., where t approaches tB) is caused by the scatter in

experimental data. The breakup process during the capillary

induced necking instability is highly sensitive to surface

perturbations or any fluctuation in experimental conditions.

Multiple drawing experiments conducted to same Le values in

the singularity regime clearly demonstrate the stochastic

nature of fiber breakup (figure 4(a)).

A similar observation can be made for MG fibers sub-

jected to the same elongation Le but from cavities of different

diameters (figure 4(b)). Equation (4) accurately describes the

diameter evolution for large Do but a notable discrepancy

arises when the Do/Le ratio approaches singularity regime,

where the experimental data are highly scattered. The findings

from two different sets of experiments with varying Le
(figure 4(a)) or Do (figure 4(b)) indicate that equation (4) can

be used to describe the MG fiber diameter during drawing

until the onset of singularity. In the necking regime,

equation (4) yields an upper limit for Dmin/Do. The quanti-

tative correlation allows us to predict the fiber diameter, thus

making the drawing-based manufacturing more controllable

and reproducible. The diameter of thermoplastically drawn

MG fibers can be tailored by varying the elongation, cavity

size, viscosity, and pulling velocity according to equation (4).

It should be noted that equation (4) is an approximate solution

but more accurate quantitative description can be achieved

using the numerical solution of lubrication theory detailed in

supporting information.

3.3. Active volume of MG supercooled liquid

The active volume fraction of MG supercooled liquid plays an

important role in determining the extent of diameter reduction

predicted by equation (4), by affecting the fitting parameter

(α) related to initial conditions. Smaller active volume facil-

itates rapid decrease in diameter at a shorter elongation, which

is desirable for practical nanomanufacturing. In this section,

we analyze the effects of various drawing parameters on the

active (deformed) volume fraction of MG supercooled liquid.

Figure 5 shows the effect of extensional displacement on

the active volume of MG supercooled liquid. The schematic

illustrations (not to scale) are based on the SEM images to

facilitate the understanding of drawing process. To determine

the time evolution of the active liquid volume, a series of

drawing experiments were stopped at different elongations

(0.1–30 mm) while keeping all other parameters constant.

After each drawing test, the residual MG was released from

the template for SEM analysis to measure the deformed

length (Ld), which is proportional to the active volume. As the

SEM images indicate, at earlier stages of drawing, the triple

contact-line moves downwards and the volume fraction of

MG participating in the drawing increases rapidly. As the

elongation further increases, the deformation becomes loca-

lized at the thinner section of MG and the contact-line gets

pinned. Beyond this transition in contact-line dynamics, the

volume of MG subjected to elongation remains largely

unaffected as demonstrated by the SEM images after elon-

gations of 3 and 30 mm.

Drawing experiments were also conducted for varying

cavity diameters and velocities to quantify their influence on

the active volume fraction of MG supercooled liquid. The

values of Ld as a function of Le, Do, and v calculated from the

corresponding SEM images are plotted in figure 6. For

example, change in Ld versus Le is measured from multiple

SEM images like the ones shown in figure 5. The large scatter

in data is caused by inherent variation in machined cavities

used in different experiments. Despite scatter, the trend is

clear and Ld appears to level off after initial rise with

increasing Le (figure 6(a)). In contrast, Ld monotonically

increases with drawing velocity (figure 6(b)). At very high

Figure 4. A comparison between the measured and the theoretical values of dimensionless minimum fiber diameter Dmin/Do. The results are

plotted (a) versus Le/Do for constant Do =200 μm, and (b) versus Do/Le for constant Le =3 mm. The symbols represent the experimental

values, and the solid line is the prediction of the phenomenological model equation (4). In panel (a), the approximate lubrication analysis
result, equation (2), is also shown (dashed line) to highlight the effect of surface tension.
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drawing velocity (e.g. 100 mmmin−1 or higher), the entire

MG cylinder demolds from the template. Increasing trend in

Ld is also observed for increasing cavity diameter

(figure 6(c)). Here, we propose a simplified model to ratio-

nalize the dependence of Ld on drawing parameters.

The drawing of MG supercooled liquid from a template

can be considered as a competition between the adhesion at

the MG-template interface and the deformation of MG. At the

initial stage when the tensile force is ramped up from zero, the

force is not sufficient to overcome the flow stress of MG

supercooled liquid because of large cross-sectional area. The

increasing force, however, surpasses the critical pull-off force

(Fc) and gradually dewets the MG supercooled liquid from

the template (increasing Ld). The energy required to dewet the

MG supercooled liquid per unit area is given by the work of

adhesion:

W 1 cos , 5adh g q= +( ) ( )

where θ is the contact angle between the MG supercooled

liquid and the template, and γ is the surface tension of MG

supercooled liquid. Such dewetting process of MG super-

cooled liquid from the cavity wall is analogous to peeling off

an adhesive tape where the critical pull-off force can be

written in terms of work of adhesion [54, 55]:

F W D , 6c adh op= ( )

The dewetting process continues until the force required

to deform the MG fiber (Fd) becomes smaller than the pull-off

force. The Fd can be written as:

F
D

4
, 7d f

min
2

s
p

= ( )

where σf is the flow stress of MG supercooled liquid.

Assuming the MG supercooled liquid as a Newtonian fluid,

the flow stress can be expressed as:

v

L
3 3 , 8f s h h= = ( )

where η is the viscosity of MG supercooled liquid,  is the

strain-rate, and L (=Ld +Le) is the instantaneous length of

MG fiber (figure 5). Substitution of fs in equation (7) yields:

F
v

L L

D
3

4
, 9d

d e

min
2

h
p

=
+

( )

The contact-line motion ceases when the decreasing Fd

(equation (9)) reaches Fc (equation (6)) and further drawing

only results in elongation and thinning of MG fiber.

Therefore, Ld can be obtained by combining equations (6)

and (9).

L
vD

W D
L

3

4
, 10d

adh o

e
min
2h

= - ( )

Figure 5. Evolution in deformed length (Ld) of MG cylinder participating in drawing. The sketches (not to scale) are based on the SEM
images of Pt-MG drawn to varying Le. The drawing velocity, temperature, and cavity diameter were 10 mm min−1, 270 °C, and 200 μm,
respectively. Initially Ld increases with Le (moving contact-line) but remains unchanged at longer Le (pinned contact-line).
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The SEM images shown in figure 5 indicate that Ld is

larger than Le during the early stages of drawing. Also, Dmin

can be described by lubrication analysis without capillary

term for short elongations. By substituting Dmin from

equation (2) and dropping out the Le and constant terms,

equation (10) can be reduced into a simple proportionality

expression:

L vD , 11d ohµ ( )

According to this simplified model, Ld is directly pro-

portional to the viscosity, the drawing velocity, and the

cavity diameter. These predictions qualitatively agree

with the experimental results (figure 6). Furthermore,

equation (11) also predicts demolding when Ld exceeds the

length of template cavity. Demolding was experimentally

observed at higher drawing velocity and viscosity (figure 2),

which is consistent with equation (11). Based on these

observations, we believe that equation (11) captures the

correct dependence of Ld on drawing parameters. The

relation can be used to optimize the drawing conditions for

rapid diameter reduction (small Ld) for efficient and prac-

tical nanomanufacturing.

3.4. Versatile nanomanufacturing

The understanding of thermoplastic drawing gained through

experimental and theoretical analysis can be used to develop a

robust manufacturing for MGs. Here we demonstrate two

variants of the drawing technique for fabrication of geome-

tries, which otherwise would be challenging to produce. In

the first variant, a step change in velocity (up and down) was

incorporated during drawing. In the second variant, rotational

and vertical motion were superimposed during drawing.

Figure 7 shows examples of Pt-MG fibers drawn using

these protocols. A jump in drawing velocity from 1 to

60 mmmin−1 generates very high aspect-ratio (>1000)

nanowire from 200 μm structure (figure 7(a)). According to

equation (11), initial slow velocity restricts the active liquid

volume and results in rapid thinning under increasing capil-

lary stress. Before the fiber diameter approaches necking

instability, the elongation process transitions from capillary

dominated (necking) to viscosity controlled (drawing) regime

due to sudden increase in velocity. Consequently, a long

nanowire is produced by neck-and-draw mechanism invoked

through variation in strain-rate. Similarly, a step decrease in

drawing velocity from 60 to 1 mmmin−1 results in formation

of microwire with nanotip through draw-and-neck mechanism

(figure 7(b)). A combination of rotation and drawing yields

twisted or threaded microfiber (figure 7(c)). Nanoscale fibers

with similar corrugations are also feasible under optimal

drawing and spinning conditions. Other drawing variants can

be applied to fabricate complex MG geometries. Therefore,

thermoplastic drawing of MGs is a simple and versatile

technique for manufacturing of metal structures without

lithography.

Figure 6. Dependence of deformed length (Ld) on various drawing
parameters for Pt-MG. (a) Ld remains independent of elongation Le.,
except during the initial transient stage. Large scatter originates from
use of new template for each data point. (b) Ld increases with
drawing velocity; the MG demolds from the template at higher
velocity (approximately 100 mm min−1). (c) Similar increasing trend
is observed for Ld shown as a function of cavity diameter.
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4. Conclusions

This study provides a comprehensive description of size and

shape evolution of MG supercooled liquid subjected to uni-

axial tension. The elongation experiments are performed

using Pt-Cu-Ni-P supercooled liquid filled in cylindrical

cavities. We show that the shape of liquid filament produced

during stretching is determined by the relative effects of

capillary and viscous stresses (or equivalently by dimen-

sionless capillary number). Large capillary number achieved

through high-viscosity and/or elongation rate results in uni-

form thinning, whereas the liquid necks and ruptures with

decreasing capillary number. The results can be explained

without assuming non-Newtonian effects, in contrast to the

mechanism suggested previously [42].

A phenomenological model based on combination of

viscous lubrication analysis and capillary breakup of New-

tonian threads accurately describes the evolution in diameter

of MG fiber. The reduction in fiber diameter due to elongation

is harnessed for lithography-free nanoshaping. We show that

large MG structures can be downsized into nanoscale struc-

tures by manipulating the volume fraction of material sub-

jected to elongation and the capillary stress. Experimental

results reveal that the volume fraction of supercooled liquid

involved in elongation can be controlled by varying the liquid

viscosity, the elongation rate, and the cavity diameter. These

Figure 7. Variants of thermoplastic drawing technique. (a) Drawing velocity was increased from 1 to 60 mm min−1 after 30 s. A long
nanowire (diameter∼150 nm, length>200 μm) was produced through neck-and-draw mechanism. (b) Drawing velocity was decreased
from 60 to 1 mm min−1, resulting in formation of a microfiber with nanotip (∼75 nm) produced through the draw-and-neck mechanism.
(c) A threaded microfiber was formed by spinning the top plate at 200 rpm while drawing at velocity of 6 mm min−1. All SEM images are
from Pt-MG drawn at 270 °C using 200 μm diameter cavities.
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findings are rationalized based on crossover between the

forces required for deformation and dewetting of metallic

liquid from the cavity. The quantitative models proposed for

evolution in diameter and active liquid volume can be used to

control the outcome of MG drawing. Other drawing approa-

ches such as, variable velocity and pull-and-spin are presented

as proofs-of-concept to demonstrate the potential and versa-

tility of drawing-based manufacturing.
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