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Micro-and Nanoscale Metallic Glassy Fibers**
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When bulk materials are made into micro-and nanoscale fibers, there will be attractive improvement of
structural and functional properties, even unusual experimental phenomena [Ref. 3]. The main
drawback of various applications of metallic fibers is poor ability of present fabrication methods for
controlling their dimensions and surface properties [Ref. 4,5]. Metallic glassy fibers (MGFs) are
desired because of unique mechanical and physical properties and glass-like thermoplastic processa-
bility of metallic glasses (MGs). Here, we report a synthetic route for production of micro-to nanoscale
MGFs (the diameter ranges from 100 um to 70nm) by driving bulk metallic glass rods in their
supercooled liquid region via superplastic deformation. Compared with existing metallic fibers, the
MGFs have precisely designed and controlled properties and size, high structural uniformity and
surface smoothness, and extremely flexibility. Remarkably, the method is simple, efficient, and low cost,
and the MGFs can be continuous prepared by the method. Furthermore, the MGFs circumuvent
brittleness of MGs by size reduction. We proposed a parameter based on the thermal and rheological
properties of MG-forming alloys to control the preparation and size of the fibers. The MGFs with
superior properties might attract intensive scientific interest and open wide engineering and functional

applications of glassy alloys.

Two fiber classes of metallic fibers and glassy fibers have
been the focus of engineering applications and scientific
interest."”! While the fabrication of metallic fibers is less
efficient and economical than that of glassy fibers, and the
dimensions controllability and surface properties of metallic
fibers are not comparable to that of glassy fibers.” Metallic
glasses (MGs) possess many merits of both metals (such as
high strength, good electrical and thermal conductivity, high
wear and corrosion resistance, high-temperature stability,
etc.) and glasses (high strength, monolithic structure, no
intrinsic processing imperfections of crystalline materials,
etc.).l*”! Furthermore, compared with conventional metals,
MGs possess glass-like thermoplastic processability.”! Hence,
metallic glassy fibers (MGFs) with unique properties might be
fabricated.
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Recently, much work has been focused on fabrication of
metallic glassy wires.®13 The primary method is an
in-rotation-water spinning method, by which microscale
Fe-and Co-based MG wires have been fabricated.'® However,
this method cannot continuously prepare the MG wires, and
the reaction between molten alloys and water is difficult to be
avoided, and then the obtained wires are not uniform and
have rough surface. The melt-extraction method™ without
coolant was used to prepare uniform and continuous metallic
glass wire. However, the groove on the surface of wires cannot
be avoided because of the contact between the wires and the
wheel. Taylor method,"”! which is a continuous preparation
method for metallic glass wire, has also some intrinsic
disadvantages and hard restrictions. For example, the liquid
temperature of the filling material must be higher than the
softening temperature of the glassy wrappage, and reaction
between the wrappage and the filling material usually
happens at the drawing temperature; The thermal expansion
coefficient of the glass and the filling material must be close to
each other and liquid filling material must be wet to the glass
surface. These factors lead to very limited kind of MGs wires
such as Cogo sFey sCr;SigBi, 'Y can be prepared, and the wire
surface was usually damaged by the vaporization of the filling
material. Furthermore, the diameter of the metallic glass wire
prepared by all the above methods is limited to the order of
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10-100 pm. Much effort has also been made to manufacture
nanoscale metallic glass wires.!">*) Nakayama et al.""? report
the fabrication metallic glass nanowires with homogeneous
amorphous structure, but the reproducibility and size are
uncontrollable, and wires cannot be continually prepared and
the length is limited. Metallic glass nanowire can also be
fabricated using nanoimprinting method, while the wires are
highly nonuniform and very short.!"*!

The global plasticity of MGs is usually less than 2% at room
temperature,'> and the brittleness of MGs is a severe problem
for their engineering application. Theoretical predictions!®*#!
and experimental results'"**” implied that plasticity of MGs
can be much improved with decreasing thickness of MG
specimen. Necking, work hardening, and tensile ductility
were observed in monolithic MG samples with dimensions of
the order of 100nm.”’*! The toughness of micro-and
nanoscale MG wires is higher than that of bulk MGs.
Therefore, micro-to nanoscales MGFs may overcome the
brittleness drawback. On the other hand, the size effect on
mechanical properties of MGs is a controversial issue,'*? and
the high quality micro-and nanoscale MGFs are a pre-requisite
for exploring the fundamental issues in MGs.

Figure 1a shows the picture of typical ZrssTizoBeyysCuy s,
Zre5CuysNijgAlyg, and PdygCusgNijgPyg fibers fabricated by
force driving method (for the details of the method see
Methods Section) with lengths more than 200 mm. We note
that their length is unlimited if there is enough master alloy.
Figure 1b shows X-ray diffraction patterns of these fibers. The
Zr35Ti30Besy sCuy 5 and PdyCusgNijgPrg MGs and their fibers
show similar diffused patterns without any sharp crystalline
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Fig. 1. (a) Optical micrograph of continuous as-driven fibers (A: human being hair; B:
Pd4oCusoNiqoP2g; C: Zr35TizoBes; 5Cuiz 5; D: ZrgsCuigsNizgAlyg.). (b) XRD patterns of
as-driven fibers and as-cast MG rods (A: as-cast Pd 49Cu3zoNi;oP29 MG rod; B: as-driven
Pd 49CuzgNizoPs fiber; C: as-cast Zrs5TizgBey; 5Cuz 5 MG rod; D: as-driven ZrssTiso.
Be,75Cu; 5 fiber; E: as-cast Zre5Cii15NizgAl;0 MG rod; F: as-driven ZresCui15NizpAlg
fiber). Except broad diffraction maxima, no distinctive sharp Bragg diffraction peak is
observed in XRD curve of Zr35TizoBes; 5Cu 5 and PdyoCuzoNijoPag confirming its full
amorphous nature of the as-driven fiber. Sharp Bragg peaks corresponding to crystalline
phase superimposed upon the broad diffraction maxima of amorphous phase are
observed, indicating composite structure of Zre4Cuiy5NizpAlyg as-driven fiber.

peaks indicating the fully amorphous structure of these fibers.
For some MG-forming systems such as ZresCuy5Nij0Alyg, the
microscale fiber in composite structure with amorphous
and crystalline phases can be obtained as shown in Figure 1b.
The metallic fibers with appropriately controlled compo-
site structure could have unique mechanical and physical
properties.

SEM images in Figure 2a shows the comparison of stainless
steel fiber (A), MGF (B), and silica glass fiber (C). Compared to
industrial steel fiber, the as-prepared MGFs have structural
uniformity and surface smoothness as high as that of
industrial silica glass fiber. No voids, contaminants, and
oxide layers can be seen in the enlarged surface of MGF as
shown in the inset of Figure 2b. The attributes are due to the
homogeneous structure and high corrosion resistance of
metallic glass and steady viscous flow in supercooled liquid
region as well as the advantages of this method. Low
structural uniformity (such as beads on nanofiber®) and
surface defects (such as surface voids, contaminants, and
oxide layers®) usually have harmful effects on the behavior
and properties of fibers,'*>?®! because the measurements of
properties of fibers with low structural uniformity and surface
smoothness are very difficult to perform, and the results are
hard to analyze and even unreliable.””! Therefore, MGFs
could serve as reliable metallic building blocks of micro-and
nanodevices. Remarkably, ultra-thin and smooth nanoscale
MGFs with diameters down to ~ 70 nm (as shown in Fig. 2c
and d, respectively) can be fabricated by our method. The
method is effective to produce very long nanoscale fibers that
reach mm scale, which is much longer than that of most
previous methods.!">*

Another advantage of our method is that the diameter of
the obtained MGFs can be efficiently controlled by tuning the
magnitude of driving force. As example, Figure 3 shows the
dependence between the magnitude of driving force and the

50pm

Fig. 2. SEM images of Pd4Cu3oNizoP29 MGFs. (a)Comparison between stainless steel
fiber (A), MGF (B), and industrial silica glass fiber (C). (b) Long as-driven PdsoCuso.
NiygP29 MGF, the inset shows its smooth surface. (¢ and d) As-driven MGFs with
diameter of 279 and 74 nm after the second driven of microscale MGF. The uniformity
and smoothness of the MGF is much higher than stainless steel fiber, and as high as that
of industrial glass fiber.
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Fig. 3. Relationship between driving force and the diameters of MGFs after the first
driving. Insets are MGFs with different diameters caused by driving forces of different
magnitudes. The minimum diameter of MGF after the first driving is about 5 pum.

diameters of ZrssTizgBe,; sCuy s fiber. The diameter decreases
as the driving force decreases, and the diameter of the fiber
then can be exactly controlled by choosing suitable driving
force. The maximum diameter of the MG fiber can reach
100 pm, and minimum diameter can be as small as ~ 70 nm.
The reproducibility of the nano and microscale MGFs as high
as 95% was achieved by examining more than 70 different
metallic glass rods.

In order to control the formation and size of the MGF, it is
necessary to establish a parameter being able to assess the
MGF forming ability of a MG system. The formation of the
MGFs has been found to have close relationship with the
thermal and rheological properties of MG-forming alloys.
Experimentally, we find that low viscosity 7 in the super-
cooled liquid region and the temperature dependence of 5
approaching T, are key factors for producing MGF. In the
supercooled liquid region (AT, =T, — T,), the lowest viscosity
corresponding to its upper temperature bound of T, There-
fore, the viscosity at T, of a MG should relate to the fiber
forming ability (FFA). The temperature dependence of n of

liquids can be expressed as:*®!
AE(T
1 = noexp {%}7 ey

Table 1. Thermal and rheological properties of metallic glass alloys.

where 1) is a constant, kg the Plank constant, AE(T) is the free
energy barrier for flow. The fragility 7, which is a measure of
the temperature dependence of the viscosity around Ty, is
defined as:'*”!

9logyon(T)
= oy T) I @

The m is an index of how fast the viscosity increases while
approaching the structural arrest at T,. A liquid with larger m
means that the liquid is to be shaped into an object in a short
time, and small m means that it is to be shaped over a relatively
long time. Thus, the fragility determines a glass-shaping
machine’s operation time and should be related to the FFA of a
glass. For simplification, we assume that AE(T) is tempera-
ture-independent in supercooled liquid region. Incorporating
Eq. (1-2) and considering n(T,) =10"* Pa-s ref.”?®! the lowest
viscosity n(T,) for a MG is:

AT,
T,

logon(Ty) = 12—m 3)

We propose that f be a universal gauge for evaluating the
FFA of a MG, that is:

focm ATq;" . )

Experimentally, the smaller the driving force needed for
formation of MGF, the better the FFA of a metallic glass.
Hence, we simply use the minimum driving force (Fpnin)
needed for formation of MGF to represent the FFA of a MG.
Table 1 lists the thermal and rheological properties and
predicting FFA and experimental FFA of various MGs.
Experimentally, we do find that the Pd4CuzoNi;oP2o metallic
glass with largest value of f of 8.6 has highest FFA
(Fmin ~0.01 mN) and ZrgsCuy5NijgAlyg with smallest f (=4.9)
has the poorest FFA (Fpnin ~0.5mN) among all other alloys.
The ZreCuysNijgAlyp even cannot be fabricated into fully
amorphous fiber as shown in Figure 1. The Zr35TizoBeyy sCuy 5
and MggsCupsGdyg MGs with the midst f and Fpy, values
indeed have FFA between that of ZrgsCuysNijgAl;y and
Pd 4oCuzoNijgPo. We find that the fully amorphous fiber can
be produced from metallic glass alloys with flarger than 5. The

Composition T, (K) T, (K) AT, (K) m f Frnin (Newton)
Pd 40CuszoNi;oPso" 572 670 98 59 8.6 0.01
et ZCimnaNin sl a 435 510 75 ~55 8.0 0.05
ZrssTisoBes;sCuz s 584 731 147 37 7.4 0.1
MgesCupsGdy P02 406 488 82 41 6.9 0.2
ZresCusNizgAl oY 652 757 105 35 49 0.5
Zr41.5Ti138Cu125NiqoBesy 520 623 712 89 50 6.3 =
Pd; 5CugSize5°" 637 678 41 73 44 =
Pd 4oNigoPo" 590 671 81 54 6.5 =
PteoNisPos"! 488 550 62 68 7.7 =
NdgoAl;gFesCorol”! 485 615 130 33 7.0 =
Fe;0BsCsSigAlsGayPy 203! 748 807 59 34 25 =
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results indicate that f can be used to evaluate the FFA of a MG
and control the formation and size of MGFs.

The MGFs have unique mechanical properties. Unlike
industrial silica glass fibers (as shown in Fig. 4c), the MGFs can
be severely bended as shown in Figure 4b. The maximum
bending angle is larger than 90°, and their bending ability is
even as high as that of stainless steel fiber (see Fig. 4a). The
high bending ability is due to dense shear bands around the
bending area (as shown in Fig. 4b), which is markedly
different from that of crystalline stainless steel fiber. Figure 5a
shows typical tensile stress—strain curve of Zrz5TizoCuy s5Bey; 5
MGF with a diameter of 16 pm. Young’s modulus (E) and
tensile fracture strength (oy) at room temperature are as high as
94 GPa and 1765 MPa, respectively. Unlike bulk samples of

<

shear bands

50um

Fig. 4. Bending ability and deformation behavior of fibers. (a) Stainless steel fiber can be
bended easily due to homogeneous deformation at the bending angle. (b) MGF can also be
bended due to dense shear bands (indicated by the arrows) at the banding angle. (c)
Industrial fiber cannot be bended at all.
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Fig. 5. (a) Tensile stress—strain curves for Zr3sTizoBes; sCuz 5 MGF at a strain rate of
2x107*s™". Young's modulus, tensile fracture strength, and strain are 94 GPa,
1765 MPa, and 1.88%, respectively. (b) Optical image of MGF rope. The beautiful
metallic luster indicates that the surface of MGF is very smooth.

MGs which fracture catastrophically with no plasticity under
tension, the MGFs show a reproducible sign of nonlinear,
inelastic deformation prior to failure. This nonlinear deforma-
tion may be related to the formation of sub-nanometer voids
coalesced from flow defects under tensile stress, which is
expected when the diameter of MGFs decreases.””! The MGFs
like other fibers such as carbon fibers™? can be woven into
fabrics. Figure 5b shows an example of woven rope manually
made from MGF indicating the excellent flexibility of the
metallic glass fibers. The successful fabrication of the high
quality MGFs with superior mechanical properties could
stimulate a wide range of structural and functional applica-
tions of MGs. The uniform, smooth, continuous, and weavable
MGFs with superior mechanical, surface, and functional
properties could have applications in many fields such as
micro-and nanoelectro-mechanical systems, composites, sen-
sors, intelligent fabrics, interconnects in chips, micrometric
and nanometric electricity conductor, protective fabrics, wave
guiding, and so on.'>12!

Recently, the study of size effects on mechanical properties
is a hot topic in material science.'??! Different groups reported
in consistent results and the intrinsic size effect on mechanical
properties is still elusive. One important reason for lack of
agreement is the imperfect samples such as tapering, top
curvature of cylindrical pillars, surface damage induced from
focused ion beam.””? Our method offers an effective way to
prepare perfect nanoscale MG samples down to 70nm with
length in millimeter scale which would avoid the above-
mentioned specimen problems, and the MGFs with high
uniformity, smoothness, and controllable diameters would
offer an ideal system for study some intrinsic mechanical
properties of MGs.
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Experimantal

Methods

As cast bulk MG rods such as ZrssTizoBey;5Cuys and
ZresCuysNippAlyg with a diameter of 1-2mm and a length of
30mm were first prepared by arc melting metallic elements
with purity better than 99.9% under argon atmosphere into
alloy ingot and then suction cast into a water-cooled mould.
Bulk MG rods which containing volatile elements such as
MgesCupsGdyg were prepared induction melt and then Cu
mold cast (for details see ref. [31). Pd4CuzoNi;oPs alloy ingot
was prepared by induction melting a mixture of Pd4oCuzoNijo
alloy ingot and pure P grains, and then was purified by fluxing
technique using B,Os3. And the Pd4oCuzoNijoP29 MG rod was
prepared by suction-casting method.

Micro-and nanoscale metallic glass fiber were fabricated
from MG rods by force driving method as schematically
illustrated in Figure 6. Figure 6a shows components for
fabrication of MGFs. Their assembly is shown in Figure 6b.
Diameter of the hole of the low carbon steel cylinder (2.5 mm)
is larger than the diameter of the BMG rods to avoid the
contact between the MG rod and the steel cylinder. The steel
cylinder is used to rapidly transfer heat to the MG rod and
make the MG rod to be heated rapidly. The whole platform is
enclosed in a chamber in the argon atmosphere with a
background vacuum of 5 x 10~* Pa. As illustrated in Figure 6c,
the MG rod was rapidly heated into its supercooled liquid
region by the heat transferred from the low carbon steel
cylinder, and the viscosity dropped rapidly. The pre-applied
force led to microscale MGFs via superplastically deformation
of the MG. The appropriate pre-applied force for different

Fig. 6. Schematic illustration of fabrication of metallic glass fiber (MGF). (a) Com-
ponents needed for preparation of MGF (The A, B, C, and D are as-cast MG rod, low
carbon steel cylinder with a hole in the center, induction heating coil, and quartz tube,
respectively). (b) The assembly of the components. (c) Forming of MGF (E: MGF, F:
driving force).

BMGs can be estimated by our established metallic glass FFA
criterion (See the text). The driving forces could be applied by
a weight suspended fixed on the low end of MG rod using a
thin metallic wire or by a rotating shaft linked with the low
end of the MG rod using a thin metallic wire. Nanoscale MGFs
were fabricated by the repeated driving of microscale MGFs.
By using a rotating shaft, the continuous MGFs can be
fabricated.

Compared with the former methods, the MGFs produced
by our method are free from contact with coolant, mold,
heating filament, extraction wheel, and wrappage. Therefore,
surface damages of MGFs from chemical reaction, rough mold
surface, and mechanical contact were avoided. For fast
drawing method 121 the mechanical contact between as-cast
ribbon and heating filament, and the nonuniform as-cast
ribbon lead to nonuniaxial tension of the viscous fluid. These
factors decrease reproducibility MGFs. In our case, the driving
force direction and longitudinal axes of MG rods are in the
same direction which insures high reproducibility and
uniformity of the formed MGFs. In contrast to small heated
region on the ribbon in fast drawing method "2, the whole
MG rod (as shown in Fig. 6¢) is heated, so there is enough
master alloy for continuous fabrication of MGF. We provided
a parameter f for estimating the suitable driving force for
various MGs. Therefore, the preparation and the diameters of
MGFs are controllable by tuning the driving force.

Structure characterization was conducted using X-ray
diffractometer with a MAC M03 XH diffractometer with Cu
Ka radiation. The as-driven fiber was cut into short rods and
adhered together for XRD examination. SEM observation was
performed on a Philips XL30 scanning electron microscope
(Eindhoven, The Netherlands), and the diameters of MGFs
were measured from the SEM images. Thermal and
rheological properties 1301 of Zra-TisoBeyy sCuy s MG rod was
measured using differential scanning calorimetry (DSC;
Perkin-Elmer DSC-7) at the heating rates ranging from 5 to
120 Kmin ', An Instron 5848 microtester was deployed to test
tensile behavior of MGFs with a gauge length of 15mm and a
strain rate of 2 x 10™*s7. Young’s moduli of the MGFs were
obtained by measuring the slope of the linear part of the
tensile stress—strain curves.
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