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Size effects on deformation behaviors of metallic glass (MG) nanowires are found to be associated with their surface imperfec-
tions from phase-field modeling. Necking instead of shear banding is the dominant deformation mode in MG nanowire with diam-
eter d < 100 nm, suggesting that nucleation and growth of the flow defects at the nanowire surface could be the deformation
mechanism. The surface effect manifests itself by the finite-size scaling for the fracture strength and the critical intrinsic surface
defect density.
� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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In the past few years tremendous efforts have
been devoted to understanding the sample size effects
on the mechanical properties of metallic glasses
(MGs). Mechanisms of sample size effects on the
mechanical properties of MGs are believed to be related
to the length scales of shear banding, the surface energy
[1,2], the stress states [3] and surface roughness [1,4–7] of
the samples, or the shear transformation zones affected
by the surface atoms [8]. However, the results obtained
from simulations and experimental investigations were
inconsistent and controversial. Whether the yield
strength depends on the sample sizes ranging from
100 nm to 500 nm is still a matter of debate [2,9–12].
In particular, the critical sample size at which the local-
ized plastic deformation transformed to the homoge-
neous deformation was reported to vary from 150 nm
to 500 nm [1,3,9,11,13,14]. In experiments these diver-
gences could be ascribed to different sample conditions
such as the imperfect sample geometry. Nevertheless,
the differences in the intrinsic structural states on the
sample surface are unavoidable, especially in nanosized

samples prepared by top-down methods [15]. Thus
understanding the effects of intrinsic or initial deforma-
tion defects on the deformation mechanisms of the sam-
ple not only benefits the nanotechnology applications of
MGs but also sheds some light on the underlying phys-
ics of shear banding in the deformation of MG. Evi-
dence from experiments has shown the mechanical
strength of the as-cast and the annealed metallic glasses
are very different, owing to the differences in the free-
volume defect density in the sample interiors. On the
other hand, surface imperfections on the sample surfaces
significantly affect the mechanical properties of metallic
glass nanowires usually fabricated by the focused ion
beam (FIB) method or templates with nanosized chan-
nels [16].

In this work we use the phase-field model [17] to
investigate the deformation behaviors of the MG nano-
wires. The density of deformation defects q(r) is chosen
as the order parameter. Such scalar quantity could indi-
cate the occurrence of the shear band based on the
assumption that it also reflects the changes of other
quantities such as local atomic packing, chemical com-
position and short- and medium-range topological
order, which have been verified by atomic simulations
[5,8]. Compared with the ideal glass with random close
packing structure, the loosely packed atomic clusters
in the MG are defined as deformation defects [18].
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Based on the Ginzburg–Landau formulism, the shear
band propagation and evolution are simulated by solv-
ing the governing equations of q(r) and displacement
field u, as follows [17]:

q0

@2~u
@t2
¼ lr � 1þ a1

2
q2 þ b1

3
q3

� �
r~u

� �
ð1Þ

and

sq
@q
@t
¼ jr2q� ða0qþ b0q

2 þ c0q
3Þ � qða1 þ b1qÞ

� ðe� e0Þ ð2Þ
where q0 is the mass density of the sample, j is the inter-
facial energy between the regions with or without the
deformation defects, sq is the characteristic time for
deformation defects activation, e is the local strain
energy, e0 is the strain energy at the elastic limit when
the applied stress r is close to the fracture strength rF

and l is the shear modulus of a bulk sample. The defini-
tions of coefficients a0, b0 and c0, a1 and b1 can be found
in Ref. [17].

We solve Eqs. (1) and (2) numerically in the MG
nanowire system with a fixed height L = 800 nm and
diameter d = 30–400 nm under uniaxial tension, as
shown in Figure 1a. The simulation results are found
to be independent of the aspect ratio of the samples. Vit-
relloy-1 (Zr41Ti14Ni10Cu12.5Be22.5) is chosen as the mate-
rial [17,19–20]. The critical density of deformation
defects defined as 0.8 is chosen to distinguish the shear
softening regions from the elastic regions. Before the
tensile deformation, the initial deformation defects
(defined as the points with q(r) = 1.0 at time t = 0) are
randomly distributed in nanowire interiors and on sam-
ple surfaces except the top and bottom surfaces.

We first investigate the relation between the intrinsic
volume fraction of deformation defects (N0) in the inte-
rior of an undeformed MG sample and its mechanical
strength. For comparisons, deformation behaviors of
MG nanowires with d = 400 nm and 40 nm are simu-
lated, and both nanowire samples have the same intrin-
sic deformation defect density on their surfaces
(n0 = 15%). The normalized fracture strength (rF/l,
l = 35 GPa) decreases with increasing N0, as shown in
Figure 1b and c. The decrease of mechanical strength
of MG with increasing N0 has been well observed
through atomic force microscopy and nano-hardness
measurements [21].

The influence of n0 on rF/l is shown in Figure 1d and
e for MG nanowires with d = 400 nm and d = 40 nm,
respectively, where N0 of both samples is kept as 9.8%.
As shown in Figure 1d, there is a slight change of rF

when n0 changes from 0 to 20% in nanowire with
d = 400 nm. rF decreases rapidly when n0 is close to
22%. For the MG nanowire with d = 40 nm, rF

decreases gradually with the increasing n0, as shown in
Figure 1e. When n0 increases to a critical value nc(d)
(�38.6%), rF decreases to almost zero (0.01 GPa).
Remarkably, rF decreases more than 75% when n0

changes from 15.0% to 37%. This is because the larger
n0 leads to higher possibility of activated deformation
defects which could induce the local cracking or fracture
on the nanowire surface. From the simulation it is noted
that the surface effect is very significant in nanowires
with d = 40 nm. Keeping n0 = 20% and N0 = 9.8% for
both samples, we can observe that rF of nanowires with
d = 40 nm is much higher than that of nanowires with
d = 400 nm, indicating significant size effects on the
mechanical strength of MG. The simulation results are
consistent with experiments [3].

Under the circumstance that the densities of intrinsic
deformation defects in the interiors (N0 = 9.8%) and on
the surfaces (n0 = 20%) of the MG nanowires are inde-
pendent of their diameters, the sample size effect on
the fracture strength is shown as the rF/l�d curve
(square symbols) in Figure 2a. rF increases significantly
when d decreases from 400 nm to 100 nm. It seems that
rF approaches the theoretical strength limit (0.45–0.5l)
if d < 100 nm. Quantitative analysis on the rF � 1/d
relation is illustrated in the inset of Figure 2a. The
Hall–Petch like relationship rF ¼ r0 þ Kd�1 is used for

Figure 1. (a) The model system of MG nanowires under tension.
Dependences of normalized fracture strength (rF/l) on N0 (a, b), and
n0 (d, e).

Figure 2. (a) The sample size effects on rF/l. The inset shows the fits
of rF/l with respect to d�1. (b–d) The equivalent plastic strain at the
XZ cross-sectional plane (d = 400 nm) at time t = 10, 12.5, 13 ns,
respectively. (e) The formation of shear band embryo at t = 10 ns. The
color bar on the left represents the value of the plastic strains. The
color bar on the right represents the value of q(r). (For interpretation
of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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