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We report an intriguing observation that the interaction of brittle nanoscale periodic corrugations (NPCs) can lead to the formation of ductile dimples on the dynamic fracture surface of a tough Vit 1 bulk metallic glass (BMG) under high-velocity plate
impact. A “beat” phenomenon due to superposition of simple harmonic vibrations, approximately characterizing NPCs, is proposed
to explain this unusual brittle-to-ductile transition. The present results agree well with our previously revealed energy dissipation
mechanism in the fracture of BMGs.
Ó 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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The question whether the fracture of bulk metallic glasses (BMGs) is essentially brittle or ductile has
puzzled scientists in the recent past [1–6]. Below the
glass-transition temperature, BMGs usually suﬀer a
strong tendency for shear localization into ca. 10 nm
thick shear bands [7–13] and undergo macroscopic brittle fracture [14–17]. However, there is clear evidence on
the ﬁnal fracture surfaces that BMGs are capable of
legitimate plastic ﬂow at the microscale [18–20]. On
the shear-dominated fracture surfaces, microscale cell
or river-like vein patterns indicative of typical characteristics of ductile fracture can be widely observed in various BMG systems [14–20]. In particular, the apparently
smooth fracture surface of even a brittle La-based BMG
can exhibit ﬁne 100 nm sized dimples, as ﬁrst reported
by Nagendra et al. [21]. Recently, similar dimples and
much ﬁner nanoscale periodic corrugations (NPCs) have
been found on optically mirror-reﬂecting fracture surfaces of some ideally or less brittle BMGs [2,4,22–24].
In order to reveal the fracture mechanism, we have performed a systematic study on the fracture patterns of a
typical tough Zr41.2Ti13.8Cu10Ni12.5Be22.5 (Vit 1) BMG
under compression, tension and high-velocity plate impact over a wide range of strain rates from 104 to
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106 s1 [25,26]. It has been shown that this tough Vit 1
BMG can also exhibit ﬁne dimples at the 100 nm scale
and even NPCs on dynamic mode I fracture surfaces,
in addition to conventional vein patterns; these fracture
morphologies can interchange with each other with
changes in cracking speed and fracture mode.
In accordance with the above ﬁndings, we suggest a
ductile-to-brittle (DTB) criterion for fracture of BMGs.
If the size of the fracture process zone ahead of crack
tip, which can be measured by the curvature radius R
of the crack tip, is greater than the critical wavelength
kc of the ﬂuid meniscus instability [19,20], a fracture
with some softening is possible [24–27], as illustrated
in Figure 1(a). That relation reads [20,25]

1=2
v
R P kc ¼ 2p
ð1Þ
dr=dx
where v is the surface energy and dr=dx is the negative
pressure gradient in the front of the crack tip. In this
case, atomic cluster in the fracture process zone moves
via shear transformation zones (STZs) (see the inset in
Fig. 1a), introduced by Argon [28], through which vein
patterns or dimples can ﬁnally form due to the ﬂuid
meniscus instability [19,20,24–26]. If the converse is true,
i.e. R < kc , BMGs must display some “quasi-cleavage”
fracture features as a result of continuous tension transformation zones (TTZs) operations [25], as schematized
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Figure 1. Schematic diagram of the ductile-to-brittle transition mechanism of metallic glasses during fracture. (a) If the curvature radius of
the crack tip is greater than the critical wavelength of the meniscus
instability, a ductile fracture will occur in the fracture process zone,
where atomic clusters move via STZs, as shown in the inset; (b) in the
opposite case, local quasi-cleavage fracture through TTZs (see the
inset) is possible ahead to the sharp crack tip.

in Figure 1b. The TTZ can be regarded as the counterpart of STZ suﬀering a signiﬁcant tension/dilatation but
only slight shearing. In other words, TTZs are tension/
dilatation-dominant motions of atomic clusters to alleviate high stress concentrated in the small process zone
ahead of the crack tip, whereas STZs are shear-dominant. Due to smaller relaxation timescales, TTZs are less
viscoplastic than STZs and more prone to fracture than
ﬂow when subjected to stress [5,25]. Through TTZs,
stored energy is dissipated mainly by forming new surfaces, resulting in local quasi-cleavage zone ahead of
the sharp crack tip. It is important to point out that
the crack radius R determining the size of fracture patterns strongly depends on strain rate and ambient temperature. Therefore, even for the same BMG system, it
can exhibit the DTB transition phenomenon with varying strain rates [4,21,25,26] or temperatures [5]. The
underlying mechanism is the transition between STZs
and TTZs ahead of the crack tip. In our previous work
we identiﬁed that the TTZs with STZs in the background in front of the crack activate periodically, producing NPCs on the fracture surface [25].
In this paper, we show the interesting experimental
phenomenon that a ductile dimple can emerge in the region where brittle NPCs prevail on the dynamic fracture
plane of a tough Vit 1 BMG undergoing high-velocity
plate impact. A “beat” phenomenon due to the interaction of simple harmonic vibrations, approximately
describing NPCs, is proposed to explain this transition
from brittle NPC to ductile dimple. Such transition conﬁrms our aforesaid DTB criterion for the fracture of
metallic glasses.
High-velocity (up to 500 m s1) plate impact experiments on thin Vit 1 BMG disks, 0.3 mm thick with the
diameter of 8.0 mm, were performed using a one-stage
light gas gun. The preparations of BMG specimens
and subsequent dynamic experimental process have
been detailed previously [25,26]. Stress analysis on the ﬁnite-diameter disk under a plane shock wave indicates
that the crack can propagate in mode I with a strain rate
of 106 s1 along a radial direction from the edge to the
center of the disk. After testing, an FEI Sirion high-res-

573

olution scanning electron microscope (HRSEM) with a
spatial resolution of 1.5 nm and an atomic force microscope (AFM) operated in tapping mode were used to
characterize the fracture surfaces of all specimens.
A typical HRSEM image of the apparently “mirrorlike” regions on the dynamic mode I fracture surface
of this tough Vit 1 BMGs is presented in Figure 2a.
Clearly, ﬁne nanoscale periodic corrugations appear in
the “mirror” region. Along the cracking direction, the
NPC can evolve into microbranching patterns with
increasing crack propagation velocity [26]. However,
we found that a dimple at the 100 nm scale exists in
the region predominated by the NPCs, as marked in
Figure 2a. The size of the region of dimples is
1.3 ± 0.2 lm along the propagation direction; NPCs
lie on either side of the dimple, as magniﬁed in Figure
2b. For convenience, the NPC on the left-hand side of
the dimple is denoted by “NPC-1” and that on the
right-hand side, “NPC-2”. As mentioned above, the
dimple formation is due to the ﬂuid meniscus instability
within the fracture process zone in front of the crack,
when Eq. (1) is satisﬁed. Therefore, the size of the dimple itself is determined by the dominant wavelength ks of
the ﬂuid meniscus instability that is given by [20]
ks ¼ 12p2 AðnÞv=sy

ð2Þ

where the constant AðnÞ is a function of the non-linearity
exponent n, which ranges from 1 (Newtonian viscous) to
0 (ideal plastic), and sy may be taken as the shear yield
strength. For the present Vit 1 BMG [25], AðnÞ  1:5,
v ¼ 0:83 J=m2 and sy  1 GPa; hence the calculated
ks is 147 nm. This value is in good agreement with

Figure 2. (a) NPC on the dynamic mode I fracture surface of Vit 1
BMG; (b) dimple formation in the NPC-predominated region marked
in (a).
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tional frequency and u is the initial phase. For the NPC1, its average spacing or periodicity is about 57.80 nm,
corresponding to x1 ¼ 0:1087 nm1 ; its average height
or amplitude is A1 ¼ 3:78 nm. It can be seen from Figure
3a that the NPC-1 can be approximately described by
the following vibration equation:
Z 1 ¼ 3:78 cosð0:1087x1  0:5Þ

ð4Þ

Similarly, according to the AFM scan of NPC-2 (see the
blue curve in Fig. 3b), its parameters are A2 ¼ 5:13 nm
and x2 ¼ 0:1138 nm1 . As shown in Figure 3b, the
NPC-2 roughly satisﬁes the vibration equation written
by
Figure 3. (a) AFM proﬁle of NPC-1 marked in Figure 2(b), ﬁtted by
Eq. (4); (b) AFM proﬁle of NPC-2 marked in Figure 2(b), ﬁtted by Eq.
(5); (c) superposition of Eqs. (4) and (5) showing a well-known beat
phenomenon.

the observed dimple size (see Fig. 2a), implying that the
ﬂuid meniscus instability indeed controls the dimple
formation. Furthermore, kc can be obtained
by the folpﬃﬃﬃ
lowing relationship [19,20]: kc ¼ ks = 3  85 nm. Considering the projection eﬀects of the SEM, we used an
AFM to obtain the precise characteristic size, i.e. spacing, of the NPCs. AFM scans operated in tapping mode
were applied to both NPC-1s and NPC-2s. A representative AFM section proﬁle of NPC-1 along its propagation direction, e.g. the red1 line in Figure 2b, is shown in
Figure 3a as a red curve. Its average spacing, i.e. the
peak-to-peak distance, is about 57.80 nm. The section
shape of NPC-2 along the blue line in Figure 2b is presented in Figure 3b as a blue curve, with an average
spacing of 55.22 nm. The spacing can be regarded as
the approximate size of the fracture process zone ahead
of the crack tip [24,25]. Thus the condition R < kc is satisﬁed. In this case, the meniscus instability-induced
crack propagation is impeded because the fracture process zone is rather small. Alternatively, a local quasicleavage mechanism on the basis of TTZs (see Fig. 1b)
has been proposed to explain the NPC formation.
Naturally, some important questions arise. What
mechanism is responsible for the transition from brittle
NPCs to ductile dimples? Does such DTB transition accord with our proposed criterion? As mentioned previously, alternate activation of TTZs and STZs ahead of
the crack tip leads to the arrest (the formation of valley
part of NPC) and propagation (the formation of peak
part of NPC) of a mode I crack, which gives rise to
the NPC formation. During this process, the material
point at the crack tip is subjected to a periodic stress
and the corresponding deformation or displacement
[25]. The NPC extension on either fracture surface can
therefore be characterized roughly by the propagation
of a simple harmonic vibration expressed by
Z ¼ A cosðxx þ uÞ

ð3Þ

where Z is the displacement of a material point in the
out-of-plane direction, A is the amplitude, x is the rota1

For interpretation of the references to color in Figures 1–3, the reader
is referred to the web version of this article.

Z 2 ¼ 5:13 cosð0:1138x2 þ 0:1Þ

ð5Þ

It is noted from Figure 2b that the NPC-1 is almost parallel to the NPC-2. Therefore, the dimple formation is
possibly due to the superposition of NPC-1 and NPC2, which are described by two simple harmonic vibrations, i.e. Eqs. (4) and (5), respectively. Their superposition Z 3 ¼ Z 1 þ Z 2 is presented in Figure 3c.
Interestingly, a so-called “beat” phenomenon – that is,
a periodical change of amplitude – occurs due to the
slight diﬀerence in the rotational frequencies of the
two harmonic vibrations. The amplitude of the spatial
coupled vibration Z 3 has the periodicity T 3 , calculated
by
T 3 ¼ 2p=ðx2  x1 Þ

ð6Þ

which was calculated to be about 1.2 lm. This value
compares well with the size (1.3 ± 0.2 lm) of the dimple region, as marked in Figure 2b. If we consider T 3 as
the perturbation length of the meniscus instability, we
ﬁnd that the DTB criterion T 3 > kc is satisﬁed; hence
the ﬂuid meniscus will be active. In this situation, the
material point at the crack tip has the opportunity for
being in a lower stress state or having a small vertical
displacement for a longer span of time (see Fig. 3c) compared with the dimples formed within the range of T 3 .
This transition is essentially due to the increase in the
relaxation timescales of TTZs, similar to what Raghavan et al. proposed [5]. One can thus conclude that the
dimple formation can be explained by a “beat” phenomenon. It must be pointed out that the occurrence of the
“beat” is insensitive to the initial phase of vibrations,
depending only on the frequency. If the rotational frequency of NPC-1 is much greater than that of NPC-2,
the beat phenomenon will not occur, and vice versa.
Strictly speaking, the NPC is quasi-periodic at best
(see the AFM proﬁles in Fig. 3a and b), and can be regarded as the superposition of many simple harmonic
vibrations with diﬀerent inherent frequencies. Their further interaction most probably incurs a disordered
vibration with the periodicity approaching inﬁnity. In
this case, the NPCs could disappear and evolve completely into dimples and even vein patterns. Although
the “beat” phenomenon shown in Figure 3c is quite simple, it highlights the essential physics that underlies the
DTB transition from brittle NPC to ductile dimple, as
well as the energy dissipation mechanism for fracture
in metallic glasses.
In summary, we observe an unusual fractographic
transition from brittle nanoscale periodic corrugations
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to ductile dimples on the seemingly featureless mirror region in a typical tough Vit 1 BMG under high-speed
plate impact loading. A “beat” phenomenon due to simple harmonic vibrations with similar frequencies is proposed to explain such transition. The present
observation enhances our understanding of the energy
dissipation mechanism for BMGs during fracture.
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