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We report that various metallic glassy nanostructures including nanoridges, nanocones,
nanowires, nanospheres, and nanoscale-striped patterns are spontaneously formed on the
fracture surface of bulk metallic glasses at room temperature. A clear correlation between
the dimensions of these nanostructures and the size of the plastic zone at the crack tip has
been found, providing a way to control nanostructure sizes by controlling the plastic zone
size intrinsically or extrinsically. This approach to forming metallic glassy nanostructures
also has implications for understanding the deformation and fracture mechanisms of
metallic glasses.

I. INTRODUCTION

Novel system performance through nanostructuring
has been investigated in many branches of science in
recent years.1 One of the most active trends in this field
is the development of synthetic methods to obtain shape-
and size-controlled nanostructures, because various be-
haviors of these nanostructures such as physical and
chemical properties2,3 are strikingly sensitive to both
morphology and size. The categories of metallic alloys
and metal oxide nanostructures are important and have
been extensively studied due to their scientific interest
and practical applications. However, most of these me-
tallic nanostructures are crystalline,4,5 despite the fact
that the superiority of the amorphous over the nanocrys-
talline state has been demonstrated in some cases such as
chemical catalysis.6 More recently, it has been predicted
theoretically7–9 and confirmed experimentally6,10 that
the amorphous state is naturally favorable and feasible
for stable nanostructures.

Bulk metallic glasses (BMGs), exhibiting unique physi-
cal, chemical (such as high resistance to corrosion and
oxidation), and mechanical (such as extraordinarily high
strength, hardness, and elastic limit) properties, have
attracted extensive attention because of their potential
for engineering application and their scientific interest.11

In contrast to dislocation-mediated plastic flow in crystal-
line metallic alloys, BMGs normally display little global
plasticity before fracture because their plastic deformation
at room temperature is highly localized in nanoscale shear

bands, where a large plastic strain is accumulated in a very
thin region (10–20-nm thick) exhibiting strain softening
or thermal softening.12 The softening leads to the forma-
tion of a viscous fluid-like layer that manifests itself in
remarkable patterns when the shear band comes apart in
final fracture (for a review see Ref. 12).
Using the unique nature of the localized plasticity of

BMGs, in this letter, we report a consequence of the
local plastic behavior, namely spontaneous formation of
a family of metallic glassy nanostructures including
nanoridges, nanocones, nanowires, nanospheres, and
nanoscale periodic striations by simply fracturing BMGs
at room temperature. Because of the original metallic
glass state and the extremely high cooling rate in the
plastic zone at the crack tip during fracture, the formed
nanostructures are also in the glassy state. The dimen-
sions of the nanostructures can be controlled by
controlling the size of the plastic zone of BMGs intrinsi-
cally or extrinsically.

II. EXPERIMENTAL

The BMGs were prepared by standard methods: arc
melting the pure elements under Ar atmosphere and
then suction-casting into a Cu mold to give cylindrical
samples, 3 mm in diameter and 20 mm in length. A
diamond saw was used to introduce a notch (1.5 mm
wide and 200 mm deep) in the middle of one side of the
cylinders. Fresh fracture surfaces were obtained by con-
ventional three-point bend-testing on an Instron 4505
machine (Norwood, MA) with a constant displacement
velocity of 0.5 mm/min at room temperature. The
amorphous nature of the samples and of their fresh
fracture surfaces was confirmed by x-ray diffraction,
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and the nanostructures on fresh fracture surfaces were
observed using scanning electron microscopy (SEM;
Philips XL30 instrument; Eindhoven, The Netherlands).

III. RESULTS AND DISCUSSIONS

Figure 1(a) shows an SEM picture at low magnifica-
tion of the fracture surface, near the notch, of a
Ce70Al10Cu10Ni10 BMG that has excellent glass-forming
ability, exceptionally low glass transition temperature
Tg, and high thermodynamic and kinetic stability.13 The
fracture surface is predominantly characterized by
nanoridges (appearing white), which form a typical vein
pattern on the relatively smooth crack plane. However,
at higher magnification [Fig. 1(b)] it can be seen that
many spheres or droplets, ranging from tens to hundreds
of nanometers in diameter, are distributed between the

veins. The presence of these nanospheres reveals that the
local temperature during fracture was sufficiently high
compared with Tg that the local viscosity had decreased
to give liquid-like behavior. Similar heating is known to
occur at shear bands.14,15

With further observation, one can find various mor-
phologies of nanostructures including nanoridges, nano-
cones, nanowires, and nanospheres on the fracture
surface of this Ce-based BMG. Figure 2(a) shows clear-
ly a portion of a nanoridge with an approximately tri-
angular cross-section �250 nm wide at the base and
�350 nm high. When nanoridges meet, a nanocone
can be readily found in the vicinity of the intersection.
Figure 2(b) represents such a nanoscale cone with a
symmetrical profile and oriented nearly perpendicular to
the crack plane. Such configurations clearly show that
on the nanoscale the fracture of BMGs is ductile, with
peak-to-peak separation analogous to the completely
ductile fracture of polycrystals.16,17 Some nanowires
can also be found formed from similar intersections. In
Fig. 2(c), a uniform nanowire �340 nm in diameter and
�19.6 mm in length is attached on the fracture surface.
In close-up [inset of Fig. 2(c)], the nanowire is remark-
ably uniform, implying that viscous flow has readily
occurred during its formation. Adjacent to the nanowires
many spheres ranging from tens to hundreds of nan-
ometers in diameter can again be found; the example in
Fig. 2(d) has a diameter of �180 nm. In other brittle
BMGs, such as Mg-based BMGs, nanoscale striped pat-
terns with a spacing of �70 nm17 have been observed on
fracture surface [Figs. 2(e) and 2(f)].

In standard fracture mechanics, it is accepted that
there is a well defined plastic zone at the crack tip as
shown in Fig. 3(a) (top). The plastic zone size lp for
BMGs for crack propagation under plane strain can be
expressed approximately as16,18: lp ¼ 0:025ðKc=syÞ2,
where the fracture toughness KC

19 and yield stress sy

for the Ce-based BMG are 10 MPa m0.5 and 650 MPa,
respectively.16 The typical vein size w and plastic zone
size lp for a broad range of BMGs have been confirmed
experimentally to scale, with w � lp.

16 The calculated lp
of the Ce-based BMG is approximately 6.0 mm and fits
well with the dimple size [Fig. 1(b)]. The maximum
temperature rise in the narrow plastic zone associated
with a moving crack is given by20:

DT ¼
ffiffiffi
2

p ð1� n2ÞKcsy

ffiffiffiffi
V

p

E
ffiffiffiffiffiffiffiffi
rkc

p ; ð1Þ

where the Poisson ratio n, Young modulus E, density r,
specific heat c, and thermal conductivity k for the
Ce-based BMG are 0.313, 30.3 GPa, 6.67 g cm–3,
1 J g�1 K–1, and 5 W m�1 K–1, respectively.13,18

The maximum crack velocity V is typically �0.5 VR

for brittle materials, and the Rayleigh wave velocity

FIG. 1. (a) Typical vein pattern on the fracture surface of Ce-based

BMG. (b) Higher magnification showing nanospheres between the

veins.
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VR � 0.9 VS. For the Ce-based BMG, the shear wave
velocity VS is 1315 m s–113 and finally the crack velocity
is estimated to be 500 m s–1. Thus, the maximum tem-
perature rise DT in plastic zone can instantaneously
reach up to �1000 K, which fits with experimental
observations on shear bands.14 Flores and Dauskardt21

previously used Eq. (2) to calculate the temperature
rise at a moving crack tip in a BMG, but they assumed
a much lower crack velocity (<0.2 m s–1) and corre-
spondingly estimated a temperature rise of a few tens
of degrees that would not agree with observations of
liquid-like behavior.

High temperatures in the plastic zone rapidly decrease
through heat conduction to the surrounding bulk. The

crack tip acts as an instantaneous line source of heat.
The two-dimensional temperature distribution around
the line a time t after the heating is given by21,22:

DT ¼ q

4pkt
exp

�r2

4at

� �
; ð2Þ

where q is the heat content of the line source [estimated
from Eq. (1) to be 0.15 J m�1], r is the radial distance
from the line, and a is the thermal diffusivity (�10�6 m2

s–1). Taking r = 0.5 lp and a DT corresponding to heating
up to Tg (360 K for the Ce-based BMG), and this is the
cooling rate relevant for glass formation. The cooling
rate estimated from Eq. (3) is �2 � 106 K s–1. Of course,
this rate may be altered when the crack surfaces part on

FIG. 2. (a)–(d) Fine nanostructures on the fracture surface of Ce-based BMG: (a) a portion of a nanoridge constituting the typical vein pattern;

(b) a nanocone in the vicinity of a ridge intersection; (c) a uniform nanowire with a diameter of 340 nm; (d) a nanosphere with a diameter of

180 nm; (e) SEM image; and (f) atomic-force-microscope image of a nanoscale-striped pattern with a spacing of �70 nm on the fracture surface

of Mg-based BMG.
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fracture. Nevertheless, the cooling rate greatly exceeds
the critical cooling rate for glass formation (102 K s–1 for
the Ce-based BMG13) and ensures the glassy structure10

of the nanostructures formed in the plastic zone.

The intense shear rate immediately at the crack tip
can be estimated from g_ ¼ V=CTOD. The crack tip
opening displacement (CTOD) can be expressed as23:
CTOD ¼ 24

ffiffiffi
3

p
p2BðnÞw=sy, where the surface energy w

and dimensionless parameter B(n) are 1 J m�2 and 1.2,
respectively. The CTOD is �800 nm and the shear rate
approaches �108 s–1. Consequently, the nanoscale plas-
tic zone at the crack tip experiences conditions of high
temperature, high cooling rate, and high shear rate.

This nanoscale plastic zone offers a natural “laborato-
ry” for formation of metallic nanostructures. The ex-
treme physical conditions inside the zone guarantee the
glassy state of the formed nanostructures. As the crack
advances into the plastic zone with much reduced vis-
cosity, a viscous fingering pattern [Fig. 3(a)] appears at
the crack tip due to the meniscus instability. The finger
walls act as discontinuous viscous bridges and undergo
plastic deformation via a one-dimensional necking proc-
ess under tensile stress, leading to tapered nanoridges,
wide at the base and sharp at the top [Fig. 2(a)]. If these
nanoridges meet, the situation is more complicated and a
cylindrical liquid bridge emerges [Fig. 3(b)]. The neck-
ing of nanoscale BMG samples under tensile stress has
been clearly examined in situ with TEM at room tem-
perature,24 and the viscous bridges here can simply be
considered as series of nanoscale BMG samples. Plastic
deformation of a cylindrical liquid-like bridge under ten-
sion can lead to necking [Fig. 3(c)] and the formation of

FIG. 3. (a) Schematic of the plastic zone at a crack tip. The top shows

a cross-section of the crack, and the bottom shows a plan view of

the plastic zone in the crack plane in which a viscous fingering

pattern emerges due to the meniscus instability. The crack opening

and the fingering pattern are exaggerated. A viscous bridge (b) from

a finger wall subjected to tension can (c) lead to cones through

two-dimensional necking of the bridge, or (d) to a nanowire through

superplastic flow of the bridge.

FIG. 4. SEM images of the characteristic largest nanospheres for a variety of typical BMGs fractured under the same condition. (a) Ce-based,

(b) Zr57Cu15.4Ni12.6Al10Nb5, (c) Cu-based, and (d) Zr41.2Ti13.8Cu12.5Ni10Be22.5.
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two well-aligned nanocones [Fig. 2(b)]. Alternatively,
with suitable local viscosity and strain rate, the cylindri-
cal liquid-like bridge behaves in a superplastic manner25

and can be stretched uniformly thousands of percent
without necking [Fig. 3(c)]. The nanowires formed on
the present fracture surfaces likely form under a load-
controlled-like mechanism, very similar to the macro
experiments showing macro/microwire formation as
shown by Vormelker et al.26 The viscous bridge model
[Figs. 3(b) and 3(d)] allows us to estimate the local
elongation of the nanowire in Fig. 2(c). The original
length of the bridge can be considered as the CTOD,
and its value (�800 nm) is well consistent with 2h,
where h is the height of the nanoridge [350 nm in Fig.
2(a)]. Thus, the local elongation can be calculated as
follows: length/CTOD » 2500%. In addition, if the local
viscosity is too low or the local strain rate is too high, the
deformation and final rupture of the viscous materials in
plastic zone break up the viscous bridges and, through a
Rayleigh instability, can give rise to some individual
spheres.

These nanostructures with different length scales have
also been found on fracture surfaces of other BMGs with
markedly different compositions and mechanical proper-
ties. Figure 4 shows characteristic nanospheres on frac-
ture surfaces for a variety of typical BMGs. For
simplicity, only the largest spheres for a specific BMG
have been considered. The size of the nanospheres is
clearly very different for different BMG systems. Recent
studies have demonstrated that the vein size on fracture
surfaces also takes characteristic values for different
BMGs.16 For a wide range of BMGs, Figs. 5(a) and
5(b) show the clear relationships between the average
largest sphere diameter D, the average width of the
nanoridges W, and the vein size w; the relevant values
are given in Table I. The experimental data on D,W, and
w have been obtained either from the SEM observations
of fracture surfaces or directly from the literature. The
nanoridge width measured here is in good agreement
with the typical value of 100 to 200 nm.30 The results
indicate that both D and W curves have a similar shape
and the values generally increase with increasing w. It is

useful to link the dimensions of the nanostructures (i.e.,
D andW) to w, because the value of w can be determined
from the fracture toughness and yield stress of a BMG.16

This physical constraint/modification can be readily
rationalized because the formation of these structures is
ascribed to plastic flow in the zone at the crack tip.
Intrinsically, the plastic zone size lp of the as-cast BMGs
ranges broadly from �1 mm for tough Zr-based BMGs
down to �10 nm for typically brittle Fe-based
BMGs.11,27 The clear correlation between the mechan-
ical behavior of BMGs (KC and sy) and the nanostruc-
ture dimensions assists in approximately controlling
the size of the nanostructures spontaneously formed by

FIG. 5. (a) Dependences of the average diameter of the largest

spheres D, (b) the width of nanoridges W, (c) Poisson ratio n, and
(d) fracture energy GIC on typical vein size w on the same fracture

surface for a range of BMGs.16,17,27–29

TABLE I. The parameters of vein size (w), the average diameter of the largest spheres (D), width of nanoridge (W), elastic modulus ratio (m/B),
Poisson ratio (v), and fracture energy (GC) of a range of typical BMGs.

BMGs w (mm) D (nm) W (nm) m/B v GC (kJ m�2) Refs.

Dy40Y16Al24Co20 0.08 10 0.417 0.317 0.06 17

Mg65Cu25Tb10 0.1 10 0.439 0.309 0.07 16, 27

La55Al25Cu10Ni5Co5 1 417 � 39 99 � 32 0.354 0.342 0.7 28

Pr60Al10Ni10Cu20 5 709 � 100 281 � 29 0.302 0.363 27

Ce70Al10Cu10Ni10 5 731 � 60 275 � 33 0.427 0.313 3 16, 27

Zr57Cu15.4Ni12.6Al10Nb5 6 848 � 127 290 � 36 0.297 0.365 7 27

Ti40Zr25Ni3Cu12Be20 15 886 � 58 298 � 34 0.324 0.354 22.74 16, 29

Cu60Zr20Hf10Ti10 35 1110 � 145 314 � 21 0.288 0.369 38 16, 27

Zr41.2Ti13.8Cu12.5Ni10Be22.5 60 1583 � 128 348 � 24 0.324 0.353 72 16, 27
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fracture of appropriate BMG systems through the differ-
ent sizes of the plastic zone. The plastic zone size can
also be tuned by gradually changing the mechanical
properties of BMGs through extrinsic methods such
as annealing27,31 and, in turn, can control the size of the
nanostructures. The toughness KC of BMGs, or alterna-
tively the fracture energy GC, has been found to correlate
with the Poisson ratio v (or with the ratio of elastic shear
modulus m and the bulk modulus B).27,32–34 From Figs.
5(c)–5(d) one can see a clear correlation between w and
GC (or n). The correlations of w, mechanical behavior,
and n also assist in understanding flow and fracture
mechanisms, and in guiding alloy design to alleviate the
macroscopic brittleness of metallic glasses.

IV. SUMMARY

The reported spontaneous formation of various nano-
scale structures, with tunable size, in metallic glass is
obtained simply by fracturing a metallic glass rod. This
facile technique opens up a new avenue for fabrication
of amorphous metallic nanoscale structures with high
strength and high corrosion resistance, which might be
applicable and provide building blocks for the develop-
ment of small devices. The fabrication of these metallic
glassy nanostructures may extend the investigative do-
main of nanostructure science and technology. For ex-
ample, a great challenge is assembling and positioning
nanoparticles or nanowires in desired locations to con-
struct complex, higher-order functional structures. Con-
trolled positioning of nanoparticles or nanowires has
been achieved on predefined templates fabricated by
top-down approaches. The spontaneous formation of
nanoscale metallic glass-striped patterns obtained by
simply fracturing a metallic glass rod has various appli-
cations such as nanoscale gratings or ultraminiaturized
integrated circuits. The nanostructure formation also fur-
ther confirms that there is nanoscale local softening dur-
ing the fracture of BMGs.16
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