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Metallic glasses (MGs) are considered as the ideal materials for miniature fabrication because of their ex-
cellent micro thermoplastic forming ability in the supercooled liquid region. The understanding and con-
trolling of micro filling process are fundamental for miniature fabrication and their applications, yet pres-
ently remain unresolved issues. A universal kinetic equation was proposed to describe the filling kinetics of
viscous metallic glass supercooled liquid in micro molds with general cross sectional shapes by using a Pd-
based MG as the modeling material and a series of potential applications based on the micro thermoplastic
forming of the MG were developed.

1. Introduction

An increasing demand for miniature parts and
components on the length scale of micrometers to
centimeters is required due to the advancements in
technologies such as micro-electromechanical sys-
tems (MEMS), electronics devices, and microfluid-

1197 " One of the most commonly used min-

ic devices
iature-fabrication method for miniature parts and
components is LIGA, an acronym that stands for
Lithographie, Galanoformung and Abformung. Al-
though it is a mature technology that allows a varie-
ty of geometries with high-aspect-ratio and good
precision to be manufactured on length scales ran-
ging from about 10 pm up to about 1 mm " , the
range of materials that can be used by such technol-
ogy is limited, of which the main drawback is very
expensive and time-consuming. There are also some
methods of direct structuring on the material sur-
face, such as mechanical micro machining (inclu-
ding turning, drilling or milling and so on), laser
structuring and electric discharge machining ( EDM );
however, these methods cannot ensure the desired
dimensional accuracy when doing this job %!,
Metallic glasses (MGs) have triggered a flood of
research since they were discovered in 1960-"*!. Now,
the study and development of MGs are at the lead-
ing edge of metal research because the materials are
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creating more and more new opportunities for both
fundamental studies and commercial applications.
The initial interest and purpose for developing MGs
are aiming at engineering applications because of
their attractive mechanical properties, such as high
strength, high elasticity, high corrosive resistance
and good tribological behavior'***"". Then, more and
more excellent properties in certain MG systems
were found, for example, good soft magnetic prop-
erty, catalytic property, as well as bio-compatibility
which make it feasible to use some MGs as im-
plants'* %22 Besides the above, one of the most at-
tractive properties of MGs is their thermoplastic
forming (TPF) ability. When heated into its super-
cooled liquid region (SLR, a temperature window
between glass transition temperature T, and crys-
tallization temperature T,), the viscosity of MG
drops drastically with the increase of temperature,
driving the transition of metallic-like to plastic-like
behavior for them'#?"" Therefore, the MG can be
conveniently processed like viscous plastics. Fur-
thermore, owing to the absence of crystalline de-
fects (e.g., dislocations) and a first-order phase
transition during the solidification, the shrinkage in
the MG formers is only approximately 10% of con-
ventional crystal alloys, and thus they show high
dimensional accuracy when being processed by the
TPF method %%, As a result, MGs are considered as

Received 12 December 2016; Received in revised form 3 March 2017; Accepted 3 March 2017

Available online 15 April 2017

1006-706X/Copyright©2017, The editorial office of Journal of Iron and Steel Research, International. Published by Elsevier Limited. All rights reserved.



C. Yang et al./Journal of Iron and Steel Research , International 24 (2017) 378 — 384 379

the ideal materials for miniature-fabrication through mi-
cro thermoplastic forming (MTPF) and have prom-
ising applications in the fields of MEMS, micro
mold inserts, biomedical devices and implants, mi-
crorobotics, micromanipulators and so on'®:%:25. 2751
Much work has been done to show that various mi-
cro- and nano-scale structures can be fabricated on
the surface of MGs by the MTPF method!?-2%-3:311 |
and this approach is proved to be a more effective
and low-priced miniature-fabrication method com-
pared with the LIGA techniques!?*:2*:31- |
much more precise method in contrast with the di-
12.23.311 © Although the superior
properties of MGs over conventional materials used

as well as a
rect structuring ways'

for miniature applications have triggered significant
effort, few achievements have been obtained and as
a key issue of MTPF of MGs, the forming kinetics
in such process is also far from being understood. In
present work, the mold filling kinetics of MGs dur-
ing MTPF is studied by using a modeling Pd-based
MG and efforts are made to develop structured MG
for applications in different fields.

2. Experimental

To choose a proper MG for MTPF, some charac-
teristics should be considered. The MG should have
good flow properties and thermal stability in its
SLR. The main challenge during MTPF is to avoid
crystallization. The PdNiCuP bulk glassy alloy is
chosen for present study, due to that the MG is
proved to have excellent glass-forming and thermo-
forming ability, wide SLR and good resistance to
oxidation and crystallization™**** . The PdNiCuP bulk
MG samples which were used to conduct MTPF were
prepared from a master alloy with nominal composi-
tion of Pd 40 at. %, Ni 10 at. %, Cu 30 at. %, and
P 20 at. % by conventional water-cooled copper
mould casting process. The as-cast glassy samples
are cut and sawed into required dimension. In order
to perform MTPF, a clean and flat surface of MG
sample is needed. The specimens are first polished

by hand with abrasive papers up to 1200 grit and
then 1.5 pm diamond paste on the polishing machine.

The amorphous nature of the as-cast and MTPF
treated Pd-based MG samples was ascertained by X-
ray diffraction (XRD) with CuKa radiation and dif-
ferential scanning calorimetry (DSC, Perkin-Elmer
DSC-7) at a heating rate of 10 K/min, showing a
glass transition temperature of 573 K and a crystal-
lization temperature of 653 K.

To fabricate microstructures on the surface of
MGs, the corresponding master molds are required.
In this study, the silicon molds with different mi-
crostructures which were fabricated by the pho-
toetching technique are used. First, the polished sil-
icon wafer of about 10 mm X 10 mm was coated with
S1813 photo resist. It was followed by Ultraviolet
exposure using a UV lithography system (MAS6) in
order to define the designed micro pattern, which
was fabricated on the exposure mask, on the resist.
After development, the wafer was etched using an
Inductively Coupled Plasma (ICP) system (Plas-
mal.abSystem100),
transferred from the exposure mask to the silicon
wafer. The MTPF process of MG can be illustrated
by Fig. 1(a). The MG plate was firstly heated into
its SLR (620 K) by a resistance heating stage;
then, a required force P is provided by the electro-
mechanical INSTRON 3384 equipments and held for
a time ¢ of several seconds.

The surface features of the structured silicon mold
and MG sample were examined by scanning electron
microscopy (SEM, Philips X1.30) observation and
atomic force microscopy (AFM) measurements on

SPA-400.

and the pattern was finally

3. Results and Discussion

Fig. 1 (b, ¢) presents the XRD patterns and DSC
traces of the as-cast and MTPF treated Pd-based MG
samples. One can see that they remain fully amor-
phous after the MTPF process, which proves the
good crystallization resistance of this Pd-based MG.

(a) Force (b)

Scan rate:
MG 10 (°)/min

Si mold
—-———
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=— After MTPF

Heating rate: 10 K/min
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Fig. 1.
as-prepared and MTPF treated Pd-based metallic glass samples.
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Schematic illustration of MTPF process of MG in silicon micro mold (a), XRD patterns (b) and DSC traces (c) of
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3. 1. Mold filling kinetics

The mold filling kinetics plays a critical role dur-
ing the MTPF process of MG. The understanding
and controlling of micro filling are crucial for minia-
ture fabrication and applications, yet remain unre-
solved. Although the filling kinetics of MG fluid in
the cylindrical mold has been studied in early resear-

[28,25,34.53] © \when the constitutional unit of the

ches
microstructure on the silicon mold is not a cylindri-
cal one which is a common situation in practical use,
the filling kinetics is still unknown and thus a uni-
versal kinetic equation is necessary to describe the
micro mold filling process.
According to the fluid mechanics-*

cous fluid fills a uniform channel with non-circular cross

', when the vis-
section, the channel can be equivalent to a circular
one (Fig. 2(a)) with a hydraulic equivalent diameter
D.=4A/g, where A and g are the area and perime-
ter of the non-circular channel’ s cross section, re-
spectively. To investigate the mold filling kinetics of
viscous MG in its SLR, three different silicon molds
(circular, rectangular and triangular ones) are fabri-
cated. The SEM images of the silicon molds and cor-
responding MG replicas after MTPF are presented in
Fig. 2(b). Based on the above equation, the hydrau-
lic equivalent diameter D, of the different silicon
molds was calculated (see the bottom column in
Fig. 2(b)). With D., the dimensionless Reynolds
number Re, which is pivotal and used to determine
the flow state, can be expressed as follows!®;

Fupe BT )

i

General ('hamml Circular channel

o) i@ \. .

si | @ @ @

MG

C)
e

D, 19.45

20.48 5.96

Fig. 2.  Illustration of equivalence of flow channel for MG
liquid in a general channel and a tube (a) and SEM images of
silicon molds and corresponding MG replicas after MTPF (b).

where, p, v and 7 are the density, velocity and vis-
cosity of a fluid, respectively. For miniature-fabrica-
tion of MG using MTPF method, the » (about 10° —
10" Pa - s) is large, v is in the order of pm/s and D,
is in the pm order, then Re is estimated to be far be-
low 1 by Eq. (1). In consequence, a conclusion can
be drawn that the supercooled MG liquid exhibits
steady laminar flow in the mold filling process dur-
ing the MTPF based on the theory of fluid mechan-
(361 "~ and this process can be described by the D.-
modified Hagen-Poiseuille equation:

PD?

/3277 t (2)
with L as the filling length under a certain pressure
P to move a liquid with 5 through a channel of D.,
in a given time t. Despite the capillary force f =
4ycosh "

D.
energy (about 1 N + m and # is the dynamic
contact angle between the supercooled liquid and the
mold, may play a critical role in the mold filling
process, the micro scale MTPF is mainly focused on
in this paper under the cases of D.>5 pm; hence,
the maximum capillary force f could only be as
large as 0.8 MPa, which is very small compared
with the force that is needed during the MTPF;
therefore, the effect of wetting behavior between
MG liquid and the mold can be ignored.

Eq. (2) describes the filling kinetics of super-
cooled MG liquid into a microstructured mold with
non-circular constitutional unit. To verify the availa-
bility of Eq. (2), the filling behavior of MG fluid in
different silicon molds (Fig. 2(b)) was investigated.
The MTPF process of this Pd-based MG was con-
ducted at 620 K (y=5X10" Pa - s * ) under a typi-
cal constant pressure P of 10 MPa, and the filling
length L of different D, and filling time ¢ were char-
acterized. The L in different ¢ for triangular,
lar and rectangular molds is presented in Fig. 3(a).
It can be seen that L is proportional to ¢/
mold with a specific D, value, which is in good coin-
cidence with Eq. (2). The slopes of linearly fitted L
versus /% are 1. 524, 1. 648 and 0. 480 for the corre-
sponding circular, rectangular and triangular molds,

ics

, where ¥ is the MG-vacuum interfacial

—1 )jssj

circu-

for a

respectively, and the results are in good consistence
with the theoretical scaling factors between L and
1'% obtained from Eq. (2). In addition, the relation-
ship between L and D, + ¢ for the three different
molds is plotted in Fig. 3(b), where the slope of fit-
ted line is 0. 07897, which is very close to the calcu-

1/2
lated coefficient (3;;7]) =0.07906 obtained from

Eq. (2), suggesting that L is only related to D, and
¢t under constant pressure and temperature condi-
tion. These results indicate the rationality of using the
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Fig. 3.
t'”? for three molds and fitted line of data (b).

universal Eq. (2) to describe the filling kinetics of
MG in non-circular cross section mold channels for
the MTPF, and the establishment of such equation
may help us in theory to design and produce micro
products of high qualities with MG, which have
been proved to be ideal candidate of miniature-fabri-
cation materials for high precision and ready prepa-
ration! 1,

Based on the theory of MTPF, a series of applica-
tions are developed because of their superior proper-
ties and convenient microstructure fabrication method

of MGs.
3. 2. MG mold insert for hot embossing of polymers

Molding of micro components from thermoplastic
polymers (TPs) has become one of the most prom-
ising fabrication techniques for non-electronic micro
devices''*"* | The essential part in this industry is to
find hard, ductile and durable material for mold in-
sert, which is used to define pattern on the surface
of TPs and responsible for the primary microstruc-
tures. Another challenge for the TPs miniature fab-
rication techniques is to develop a convenient and
low-priced method to prepare the mold insert™®. As
known, MGs have excellent mechanical properties
and they can be easily thermoformed in their SLR by
MTPF, which exactly meet the requirements of a
mold insert for hot embossing of polymers.

They were employed as the mold insert material
for hot embossing of polymers in order to produce
polymer micro components and devices. The surface
morphology and profile of the MG mold inserts
which are prepared by MTPF are examined through
the SEM observation and AFM measurement, as
shown in Fig. 4(a—d). To characterize the perform-
ance of the Pd-based MG mold insert, several typi-
cal polymers were hot embossed with it. The chosen
polymers were Polyethylene (PE), Polycarbonate
(PC), Polypropylene (PP) and Cyclic olefin copolymer

Dt/ (um-s'™)

Plots of L versus t'/2 for triangular, circular and rectangular molds and linear-fitted line (a); plots of L versus D, -

Cylinder arrays Grating arrays
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Fig. 4. AFM images of MG mold inserts with hole arrays and
grating arrays after MTPF (a, b), SEM morphology of mold
inserts (¢, d), and SEM microscopy of typical polymer products
by hot embossing using MG mold insert (e—1).

(COC). The SEM images of polymer products (for
the convenience of conducting SEM observation, an
ultrathin conductive gold layer of less than 20 nm
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was deposited on their surfaces) after hot embossing
are also presented in Fig. 4(e—1).

Compared with conventional mold insert materials
and fabrication technology, MG has several advanta-
ges. Mechanical performance is the first issue that
should be concerned about to avoid the mold insert
break, deformed or weared during being used. Fig. 5
(a) presents the mechanical performance (strength

4 000
(a) Ideal mold insert material

3000 | Silicon
é;
E 2000 ¢ Pd "’(‘u’“'pﬂlNimH*
&
” 1000 |

Cu
0 ; s

1 10 100
Fracture toughness/(MPa-m'*)

versus fracture toughness) of the Pd-based MG and
currently available materials for the mold insert. As
for a mold insert, the stronger and tougher the bet-
ter, so the materials in the green region are regarded
as the ideal mold insert materials. It is obvious that
the Pd-based MG has big mechanical advantages
compared with the conventional materials such as
silicon, steels and copper alloys.

800
(b) PdyCugePaoNig
r/
00k A
& Hot embossing temperature
£ region for most TPs
£ 600 #
=
g
500
27z PP, COC
200 ¢ D
400 e i e

10! 10° 10° 107 10" 10"
I's

Red plot which is extrapolated to 400 K shows trend of TTT curve.

Fig. 5.

Mechanical properties of metallic glasses compared with common mold insert materials (a); TTT diagram of

Pd, Cuyo Py Nij; MG that is used to estimate the service life of this MG mold insert (b).

The surface quality is also important when it
comes to a mold insert, because it not only relates to
the quality of polymer products but also makes great
sense for the demolding process. The AFM observa-
tion on MG mold insert with periodic hole arrays
and grating arrays (see Fig. 4(a,b)) shows that the
surface roughness is 12. 49 and 6. 94 nm, respectively,
which is much smaller than the mold insert fabrica-
ted by CNC machine (about 300 nm for steels)!?,

During the hot embossing of TPs, the crystalliza-
tion of MGs which may result in brittleness, dimen-
sional change and even increase in the surface rough-
ness of the MG mold insert should be avoided™*.
Fortunately, the hot embossing temperature for most
TPs is below 473 K, which is far less than the crys-
tallization temperature of the Pd-based MG. The time
span before crystallization is defined as the service
life of a MG mold insert, and it can be estimated by
the temperature-time-transformation ( TTT) diagram
which was performed by isothermal crystallization
studies. Fig.5(b) shows the TTT diagram of this
Pd-based MG which is extrapolated to 400 K. It can
be seen that the service life of the MG mold insert is
875 d, 27 a, 27 a and 200 a for the hot embossing of
PC, PP, COC and PE, respectively and if the cooling
step during the hot embossing cycle is taken into ac-
count, the service life should be even longer.

Besides above, MG has high thermal conductivity
and small thermal expansion coefficient, which could
reduce the heating and cooling time, increase the

production efficiency, and improve the dimensional
accuracy of polymer products. All these factors indi-
cate that MGs are the desired candidate for the mold
insert materials.

3. 3. MG grating

Recently, owing to the rapid development of spectro-
scopic analysis and sensor technology, optical gratings
with excellent properties are urgently required.
However, currently available methods of manufac-
turing gratings such as mechanical ruling and repli-
cating are both easy to bring in defects (e. g., target
patterns) or with too complicated structures which
makes them fragile and inconvenient for practical
application. Furthermore, these methods are expen-
sive and time consuming (it may need several weeks
or months)"**!. Therefore, it is necessary to develop
new grating fabrication method with proper materi-
als and the discovery of MGs gives us inspiration.

MG is also used to fabricate grating which is a
crucial component in the spectrum analysis due to its
extraordinary surface finish after MTPF and the
ready fabrication method that could greatly improve
the production efficiency over conventional approa-
ches. The SEM images of a Pd-based MG grating
which is prepared by the MTPF method are shown
in Fig. 6(a—d). It can be seen from Fig. 6(d) that
the polishing marks, which exist before MTPF, dis-
appear after the treatment and the grating constant
shrinks from 8.0 pm of Si die to 7.9 pm of the MG
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(c) and (d) are the close-up views of (a) and (b). The
inset in (f) demonstrates the filling velocity
distribution on the cross section.

SEM photographs of Si mold and MG grating by
MTPF (a—d); and AFM images of silicon mold and MG
replica (e, f).

Fig. 6.

5 mm

Fig. 7.

replica with a slight shrinkage of about 1.25%, in-
dicating that it is a good fabrication method with ex-
cellent dimensional accuracy.

The AFM measurement (Fig. 6(e,f)) shows that
the surface roughness is less than 3 nm, reflecting
the superior surface quality of MG grating after the
MTPF. The inset of Fig. 6(f) illustrates how the viscous
MG is squeezed into silicon mold during the MTPF, and
according to the Hagen-Poiseuille law for creeping
flow-**1 | the filling velocities are different for differ-
ent zones on the cross sections; this inset demon-
strates the velocity profile on the cross section, and
the parabolic corresponds to the actual shape which
is characterized by AFM observation.

It is known that gratings can diffract light into
certain angles obeying grating equation'*'. When
compound light (e. g. sunlight) shines upon grating,
each monochromatic light which composes the com-
pound light is separated towards certain direction
and the rainbow-like colorful spectrum can be ob-
served. Fig. 7(a,b) shows the MG samples which were
shined by fluorescent lamp light. The colorful rainbow-
like MG plate with grating structure fabricated by
MTPF is in contrast with the polished one which only
has metallic luster (Fig. 7(a)). In addition, due to the
high reflectance (which is due to the ultra smooth
surface and the metallic nature), the MG replica is
even more brilliant than silicon grating mold as can
be seen in Fig. 7(b). Fig. 7(c) presents the reflective
spectrums of Pd-based MG, silicon and BK7 glass
(which is used as a reference). It can be seen that
the MG has a relatively higher reflectance than silicon,

40 000 f(c) Pd-based BMG
30 000 | Si
£ 20000
: BKT7 glass
E 10000
n -

200 400 600 800 1000 1200
Wavelength/nm

Photographs of polished MG plate (left) and MG grating (right) when fluorescent lamp light shines upon them (a);

photographs of Si grating (left) and MG grating (right) under the shine of fluorescent lamp light (b); reflective spectrums of

BK7 glass, Si and Pd,;, Cuso Py Nije MG in visible light region (c).

indicating a better diffraction efficiency of MG grat-
ing than silicon master grating.

Using MGs as the candidates for the production of
gratings may cast a new light on the fabrication of inte-
grated optical components such as diffractive optical mi-
crostructured elements. They can be easily net-shape
formed by the MTPF method and have a much high-
er fabrication efficiency (the cycle time could be less
than 30 s) compared with the conventional method.

Furthermore, as demonstrated above, these replica-
ted MG gratings can also be used as molds to further
create the second-generation replicas on thermoplas-
tic polymers.

4. Conclusion

In present work, a universal kinetic equation was
proposed which can describe the filling kinetics of
viscous MG supercooled liquid in micro molds with
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irregular shapes during the MTPF by using a Pd-
based MG as the modeling material. The availability
of the universal kinetic equation was verified by fab-
ricating three different shapes of silicon molds (cir-
cular, rectangular and triangular ones). Based on
the MTPF theory and the unique and desirable phys-
ical characteristics of the MG, a series of applica-
tions such as MG mold insert for hot embossing of
polymers and MG grating are developed.
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