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ABSTRACT

Embossing of metallic glass supercooled liquids into templates is emerging as a precision net-shaping and surface patterning technique for
metals. Here, we report the effect of thickness of metallic glass on template-based embossing. The results show that the existing embossing
theory developed for thick samples fails to describe the process when the thickness of metallic glass becomes comparable to the template cav-
ity diameter. The increased flow resistance at the cavity entrance results in viscous buckling of supercooled liquid instead of filling. A phe-
nomenological equation is proposed to describe the thickness dependent filling of template cavities. The buckling phenomenon is analyzed
based on the folding model of multilayer viscous media. We show that controlled buckling can be harnessed in the fabrication of metal
microtubes, which are desirable for many emerging applications.
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The supercooled liquid state of metallic glasses has been utilized
in a wide range of thermoplastic forming operations such as emboss-
ing,1–3 blow molding,4,5 extrusion,6 rolling,7,8 and drawing.9,10

Parallel-plate embossing has gained increasing attention due to its abil-
ity to produce nanoscale structures using simple hardware.11,12 In
embossing, a sheet of metallic glass is pressed onto a rigid template
using two parallel plates heated above the glass transition temperature
(Tg) of the metallic glass.1,2,13 Above Tg, the metallic glass becomes a
metastable supercooled liquid which can fill the template features
under pressure. Thermoplastic embossing of metallic glasses is typi-
cally carried out in air using standard compression testing machines
equipped with heating provision.1,2,13 The technique has been used to
fabricate precise 3D microparts,1 controllable nanostructures,14 and
hierarchically textured surfaces9 from various metallic glass formers.

The filling of template cavities during embossing has been
described by assuming the Newtonian behavior of metallic glass super-
cooled liquids and creeping flow conditions.1,15–18 The earlier studies
proposed a modified Hagen-Poiseuille equation1 to predict the template
filling as a function of embossing parameters and supercooled liquid
properties. Neglecting the capillary pressure and the oxidation related
terms, the embossing pressure for a cylindrical cavity can be expressed as

P �
32g

t

L

D

� �2
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where P is the embossing pressure at the entrance of the cavity, L is
the filling length, D is the cavity diameter, g is the viscosity of super-
cooled liquid, and t is the embossing time. The pressure dependence
on L (or L/D ratio) suggests that the viscous resistance at the cavity
entrance was neglected (i.e., the infinite supply of metallic glass was
assumed), and only the flow resistance along the length of the cavity
was considered. The equation yielded good agreement because the typ-
ical thicknesses (>500lm) of metallic glass used in experiments are
larger than the lithographic template features (D< 100lm). However,
as we demonstrate in this study, Eq. (1) does not accurately describe
the template filling when the thickness of metallic glass becomes com-
parable or smaller than the cavity diameter. Figure 1 shows an example
of Pt57.5Cu14.7Ni5.3P22.5 (Pt-based) metallic glass of varying initial
thicknesses (2.5D, D, and 0.25D) thermoplastically embossed onto a
cylindrical cavity under the same conditions. The filling length is in
good agreement with Eq. (1) for the thick sample (2.5D) but deviates
significantly for the thin samples (D and 0.25D). In addition, the thin-
ner specimens show the formation of buckles as visualized in the
images of the top surfaces [Figs. 1(b) and 1(c)]. Buckles are not
observed [Fig. 1(a)] when the metallic glass thickness was greater than
the cavity diameter. Similar effects have been observed in thermoplas-
tic embossing of thin polymer films.19–21 With increasing interest in
metallic glass thin films,22–24 it is important to investigate the effect of
thickness on embossing. In addition, controlled buckling can lead to
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interesting applications in micro/nanofabrication.25,26 The present
work is aimed to understand the effect of metallic glass thickness on
the filling length (L) and buckle formation during thermoplastic
embossing. Pt-based metallic glass is used as a model material because
of its oxidation resistance and superior thermoplastic formability.1,9,16

The details about the synthesis of Pt-based metallic glass have been
reported elsewhere.1

A schematic of the cross-sectional view of thermoplastic emboss-
ing used in the present study is shown in Fig. 2. A disk of metallic glass
with the initial radius (Ri) and thickness (Hi) is placed on a cylindrical
cavity machined in aluminum (Al). The setup is heated above the glass
transition temperature (Tg) of the metallic glass using two parallel
heating plates. A time-varying load F ¼ bt is applied (where b is the
loading rate and t is the embossing time). The accumulated load (Q) is
the area under the load-time curve which determines the extent of
thermoplastic deformation of metallic glass.16 The metallic glass flows
vertically into the template cavity and laterally due to unrestrained
geometry. As a result, the thickness (H) of the residual metallic glass
layer decreases, while the radius (R) and filling length (L) increase dur-
ing embossing.

The viscosity of metallic glass supercooled liquids is of the order
of 105–109Pa s.15 Hence, the previous investigations have used Stokes
flow equations to describe the disk flattening and cavity filling process

during embossing.16,27 As explained in the supplementary material, a
simple scaling analysis relating the viscous resistance contributions at
the cavity entrance and applied pressure can be formulated as

P �
16gL

D2

� �

dL

dt
þ
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H3

� �

dL

dt
; (2)

where l is the lateral flow resistance coefficient and was used as a fit-
ting parameter to match the experimental results (Fig. 3). The first
term in Eq. (2) corresponds to the flow resistance along the cavity
length, and the second term corresponds to the lateral flow resistance
(acting along the radius of the metallic glass disk). At large H (or the
H/D ratio) values, the second term becomes negligible, and the equa-
tion reduces to Eq. (1). The second term becomes significant and starts
to influence the filling process (Figs. 1 and 3) whenH becomes compa-
rable or smaller than D. For convenience of integration, we consider H
a time invariant (valid for samples with a small thickness variation
during embossing) and obtain the solution for Eq. (2) as

FIG. 1. Thermoplastic embossing of Pt-based metallic glass with varying thick-
nesses against a cylindrical cavity of diameter 200 lm. The scanning electron
microscopy (SEM) images of the embossed pillars and the top surfaces show sig-
nificant effects of thickness on the embossing process. The filling length is shorter
in thin samples, and the corresponding top surfaces show the formation of wrinkles
and hollow indents. The surface instabilities form when the thickness approaches
the cavity diameter during embossing.

FIG. 2. Illustration of the experimental procedure used to study the effects of metal-
lic glass thickness, template cavity diameter, and loading on embossing. The metal-
lic glass of varying initial thicknesses is embossed under linearly increasing load
(F). The load, the loading rate, and the cavity diameter (D) are varied, but the proc-
essing temperature is kept constant. The accumulated load (Q) is the area under
the load-time curve.

FIG. 3. Effect of metallic glass thickness on the normalized filling length (L). The
comparison of the measured values (red squares), the existing theory [Eq. (1)], and
the proposed model [Eq. (3)] is shown.
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where ~L is the non-dimensional reduced filling length [Eq. (8) in
the supplementary material] and a is a non-dimensional parameter
related to lateral flow resistance l in Eq. (2). ~L is the L/D ratio
obtained by solving Eq. (2) and normalized by the maximum L/D
attainable for the given loading conditions. The maximum L/D is
calculated from Eq. (1). Equation (3) can be used for any thickness,
while Eq. (1) is the upper bound and valid only for thick samples.
Figure 3 compares the experimental and calculated ~L [Eq. (3)] val-
ues for varying H/D ratios. The experimental values match well
with the theoretical calculations, and Eq. (3) captures the observed
thickness dependence on the filling length. The H values on the
abscissa correspond to the thickness of the metallic glass measured
after embossing. At all H/D values greater than 1, the observed fill-
ing length approaches the maximum filling length (i.e., ~L ¼ 1Þ.
However, for H/D< 1, ~L decreases with decreasing H/D, indicat-
ing lesser filling for thin samples. The observed scatter in the mea-
sured ~L at small H/D values is due to the machine compliance,
which affects the actual area of contact between the heated plates
and the metallic glass disk, and thus the applied pressure.

Another interesting effect of thickness is the buckling of metallic
glass supercooled liquid. As shown in Fig. 1, the thin metallic glass
buckles/folds into the template cavity, while the thick sample does not
show such instability. Although the observed thickness (geometric

parameter) dependence of buckling hints towards its viscous nature, it
is important to verify the absence or presence of an elastic contribu-
tion. A series of embossing experiments were performed by varying
the initial thickness, load, and embossing time. A viscous buckling
should only depend on the geometric factor, while an elastic buckling
requires a critical stress. Figure 4 shows a plot between the non-
dimensional final thickness (H/D) and load (F) normalized by the final
disk area. The two sets of data points correspond to buckled (open
squares) and unbuckled (filled squares) samples. As shown in the
insets, the samples with no surface deformation were labeled as
unbuckled, while any observable surface feature was considered as an
indication of buckling. It is evident from Fig. 4 that (i) the unbuckled-
to-buckled transition occurs at a critical H/D value in the range of
�0.36–0.4 (i.e., geometric parameters govern the buckle formation)
and (ii) the critical H/D value is independent of the applied load/pres-
sure (i.e., there is no threshold stress for the initiation of buckling).
These observations suggest that the observed buckling is viscous in
nature, and elastic effects can be ruled out.

The embossing experiments always resulted in some amount of
cavity filling prior to buckling. This can be envisioned as buckling of
the viscous metallic glass layer embedded between a rigid plate and a
viscous metallic glass column as schematically shown in Fig. 5(a). The
thin metallic glass layer is subjected to in-plane compression due to
high lateral flow resistance. The buckling of thin viscous and elastic
multilayers has been studied in geological28–31 and self-assembly26,32

systems. The buckling wavelength (k) can be predicted from the layer
thickness and the ratios of viscosity (or elastic constant) values.29,30 In
the current system, the presence of the template cavity confines the
maximum wavelength to 2D. The critical thickness corresponding to
this buckling wavelength can be estimated as �k/4 (¼0.5D) from the
model developed by Biot29 and Ramberg33 Despite different geome-
tries in theoretical models, the calculated thickness (0.5D) for buckling
is reasonably close to the observed value of 0.4D. Although buckling is
undesirable in template imprinting, we show that it can be harnessed
in the fabrication of metal microtubes [Fig. 5(b)]. The metallic glass
and the template are pulled apart after the formation of a buckle on
the top of the solid pillar. The buckle gets elongated, resulting in the
formation of a hollow metallic structure, which is subsequently cooled
and fractured at room temperature. Figure 5(b) shows an SEM image
of the representative sample fabricated using this procedure. The pro-
posed methodology can be applied to multiple buckles to make an
array of metallic microtubes, which otherwise require complex proc-
essing steps.34 The opening of microtubes can be controlled by tuning
the buckle size. Metal microtubes are desired for applications in trans-
dermal drug-delivery,35microfluidics,36 and sensing.37

FIG. 4. Normalized final thickness (H/D) as a function of maximum applied pres-
sure. The buckled and unbuckled samples are labeled based on the SEM images
like the ones shown in insets. The buckling is observed the below critical H/D ratio
irrespective of the embossing pressure. Here, Rf is the final disk radius.

FIG. 5. (a) Schematic of the cross-
sectional view of buckle formation with a
wavelength (k). (b) Fabrication of the hol-
low metallic structure by elongation of the
buckle. The SEM image of the Pt-based
metallic glass microtube produced by
buckling and elongation is shown.
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In summary, we have demonstrated that the template-based ther-
moplastic embossing of metallic glasses is sensitive to their thickness. A
general flow model for all thicknesses is developed, whereas the earlier
models are valid only for embossing of thick metallic glasses. Significant
reduction in the filling length is observed when the metallic glass thick-
ness becomes comparable or smaller than the diameter of template cavi-
ties. In this regime, the supercooled liquid undergoes buckling due to
mounting lateral flow resistance. The buckling wavelength can be pre-
dicted based on the existing theories for viscous buckling of multilayer
systems. We further show that the thickness dependent buckling of
metallic glass can be utilized in manufacturing of hollow metal structures
whose applications will be explored in our future work.

See supplementary material for the derivation of equations for
cavity filling and disk thinning during thermoplastic embossing of
metallic glass.
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