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We report an unusual transition from a locally ductile to a pure brittle fracture in the dynamic
fracture of brittle Mg65Cu20Gd10 bulk metallic glass. The fractographic evolution from a dimple
structure to a periodic corrugation pattern and then to the mirror zone along the crack propagation
direction during the dynamic fracture process is discussed within the framework of the meniscus
instability of the fracture process zone. This work might provide an important clue in understanding
of the energy dissipation mechanism for dynamic crack propagation in brittle glassy materials.
© 2008 American Institute of Physics. �DOI: 10.1063/1.2912491�

I. INTRODUCTION

The catastrophic brittle fracture of glassy materials is
one of the most poorly understood fundamental phenomena
in materials science.1–6 Kelly et al.2 concluded that metallic
solids plastically deform at crack tips, whereas brittle amor-
phous materials, such as glassy polymers and oxide glasses,
generally support perfectly brittle cracks; the fundamental
mechanism of brittle fracture is one of sequential bond rup-
ture. This view was further strengthened by the theory of
Rice et al.2 and experimental observations that claim that the
fracture of glasses at a crack tip occurs via ductile separation
at the nanoscale,4 while Guin and Wiederhorn5 found that at
a crack tip, glasses exhibit a pure brittle fracture. Xi et al.6

found a dimplelike structure on the fracture surface of brittle
bulk metallic glasses �BMGs� and concluded that local soft-
ening is the main mechanism controlling the fracture behav-
ior of brittle BMGs. More recently, a periodic corrugation
pattern was observed on the fracture surface of various brittle
BMGs.7–9 However, it remains to be experimentally seen
whether these fracture characteristics are generic in a brittle
fracture. The fractographic evolution along the crack propa-
gation during dynamic fracture of brittle BMGs has not been
investigated, which might be an important clue to elucidate
the energy dissipation during dynamic crack propagation.1

In this paper, we use brittle Mg65Cu25Gd10 BMG �with a
fracture toughness KC value of 1–2 MPa m1/2 �Ref. 6�� as a
model material to investigate the fractographic evolution
with dynamic crack extension. We find an unusual fracto-
graphic evolution from a nanoscale dimplelike structure to
nanoscale periodic corrugations and then to a flat mirror zone
along the crack propagation direction, which suggests that a
ductile to a pure brittle transition occurs during the dynamic
fracture. The results indicate that the fracture surface rough-
ness evolution is different from previous experimental and
theoretical results and might be useful for in-depth under-
standing of the fracture mechanism of brittle glasses.

II. EXPERIMENTAL PROCEDURES

The fracture surfaces of a cylindrical BMG �3 mm in
diameter and 16 mm in length� with single-edge notches
were prepared by three-point bending test on an Instron ma-
chine with crosshead moving velocities V of 0.1, 1, and 10
mm/min at ambient conditions. The notch radius prepared by
diamond saw is about 250 �m. The larger notch radius can
significantly increase the toughness of the glass.6 At each
crosshead moving velocity, the bending test was repeated
three to five times to check consistency. The newly created
fracture surfaces were examined by using a Philips XL30
scanning electron microscope �SEM� with a resolution of 1.5
nm and a Digital NanoScope IIIa D-3000 atomic force mi-
croscope �AFM�.

III. RESULTS AND DISCUSSION

The fractographic evolution tendency and the average
size of dimplelike structure and spacing of periodic corruga-
tion along the crack propagation distance �see Fig. 2� are
almost the same for all the specimens. The applied stress
state in the crack tip during crack propagation generated by
three-point bending test is described elsewhere.10 The aver-
age crack propagation speed of the metallic glass under the
crosshead moving speed of 1 mm/min is estimated to be
about 1000 m/s.11 The fracture surface profile for the dis-
placement velocity of V=1 mm /min as observed by SEM is
shown in Fig. 1. From the notch point to the edge, the frac-
ture surface shows four zones with different fractographic
features: dimple structure zone �Fig. 1�b��, transition zone
consisting of a mixture of dimple pattern and periodic corru-
gation pattern �Fig. 1�c��, periodic corrugation pattern zone
�Figs. 1�d� and 1�e��, and mirror zone �Fig. 1�f��.

To further quantitatively characterize the dependence of
the fractographic evolution on the crack propagation dis-
tance, we capture a series of fracture surface SEM images at
different spots along the crack propagation direction, such as
along the dot arrow in Fig. 1�a�, in all of the three specimens
with different displacement velocities. The interval distance
between two spots in the dimplelike structure zone is ap-
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proximately 10 or 30 �m. In the other zones, i.e., the tran-
sition zone and the corrugation zone, it is approximately 100
or 200 �m. Through directly measuring the size of the
dimple and the corrugation from these SEM images at dif-
ferent spots, the dependences of the dimple size and the cor-
rugation spacing on the crack propagation distance bent with
three different velocities can be plotted, as shown in Fig. 2.
With increasing V, the dimple size gets smaller, while the
transition zone becomes bigger. In the transition zone, the
dimple size or the corrugation spacing increases with in-

creasing V. Once the crack passes the transition zone, the
spacings of the corrugation bent with different velocities re-
duce to �38 nm. With further crack propagation, the peri-
odic corrugation spacing eventually reduces to zero and the
mirror zone appears. The dimplelike structure zone always
appears near the notch and is independent of the test velocity
because the crack propagation process is a quasistatic state at
this stage, and the formation of the dimple zone depends on
the fracture process zone size in the front of the crack tip.6

The formation of periodic corrugation is due to a dynamic
crack propagation that needs to surpass a critical distance lC

and be beyond a critical crack propagation speed VC.9,12 The
fractographic evolution of the BMG bent with 0.1 mm/min is
the same as that observed in Fig. 1, while when the BMG
was bent with 10 mm/min, no mirror zone is observed.

The SEM observations shown in Figs. 3�a�–3�d� indicate
that the dimplelike structure and the periodic corrugations
exhibit a peak-to-peak separation at the crack tip, which has
also been confirmed by AFM �shown in Figs. 4�a� and
4�b��.11 This indicates that the fracture at the crack tip pro-
cesses a ductile deformation.6 The morphology of the mirror
zone observed by high resolution SEM is featureless �Fig.
1�f��. AFM observations confirm that the roughness of the
mirror zone is less than 0.5 nm, and no dimple or periodic
corrugation can be found �Figs. 4�a� and 4�b��. This means
that the local softening mechanism does not dominate the
fracture behavior at the crack tip in the mirror zone, where a
pure brittle fracture similar to that in brittle silica glasses
occurs.5 The fractographic evolution from a dimplelike struc-
ture to a periodic corrugation pattern and then to the mirror
zone along the crack propagation direction indicates a ductile
to a brittle transition during the dynamic fracture process of
brittle BMG.

The temperature rise �T within the fracture process zone

FIG. 1. �Color online� Fracture surface profile of the BMG bent at the
crosshead moving velocity of 1 mm/min. �a� Overview of the fracture sur-
face �the red arrow indicates the crack propagation direction�. �b� Dimple-
like structure on the notch point �point I in �a��. �c� Image for the transition
zone on point II in �a�. �d� Periodic corrugation pattern on point III in �a�. �e�
Periodic corrugation pattern on point IV in �a�. �e� Mirror zone on point V in
�a�.

FIG. 2. �Color online� Size of the dimplelike structure and spacing of peri-
odic corrugation d as a function of crack propagation distance L for three
specimens bent with different V values. The solid spots represent the size of
the dimplelike structure or the spacing of corrugation that was directly mea-
sured from the SEM images.

FIG. 3. Fractographic analysis on the matching fracture surfaces of the bent
BMG. ��a� and �b�� Matching dimplelike structure zones on opposite frac-
ture surfaces. ��c� and �d�� Matching periodic corrugation pattern corruga-
tion zones on opposite fracture surface.
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is estimated by a function mentioned by Rice et al.:12 �T
= �1.414�1−�2�Kc�Y

�V� / �E��ck�, where � is the mass den-
sity �3.79�106 g /m3�, c is the thermal capacity, � is Pois-
son’s ratio �0.313�, E is the elastic modulus �50.6 GPa�, �Y is
the yield stress �672 MPa�, and k is the thermal conductivity.
The thermal capacity roughly equals to 1 J /g K �Ref. 13�
and thermal conductivity is approximately 5 W /m K and is
weakly composition dependent.14 The maximum crack speed
V should not exceed the Rayleigh wave speed, VR

�0.9225cs, where cs is the shear wave speed �2254 m/s�.15

The maximum temperature rise for Mg-based BMG is esti-
mated to be 355 K, which is in the supercooled liquid region,
where the glassy phase behaves as a viscoelastic body.16 Ac-
tually, the local heating and excess free volume aggregation
driven by deformation are widely observed in various
BMGs.17–19 Therefore, the crack propagation process could
be simplified as a finger advancing into a viscous matter
behaving as a viscoelastic body in the fracture process zone
�with the size of �� following the Saffman–Taylor model, as
shown in Fig. 5.20,21 Once the dynamic crack propagation

process is set up, the glassy phase in the fracture process
zone behaves as a viscoelastic body, which exhibits three
different characteristics depending on the crack propagation
speed.22 At a lower speed �near the notch�, the crack tip
slowly advances into the fracture process zone and the vis-
cous matter in this zone has enough time to rearrange, and
the fracture process zone can keep its original size of � �Fig.
6�a��. The cavities will nucleate and coalesce to form the
dimple structure in the front of crack tip, as shown in Fig.
2�b�.23,24 At a high speed, the viscous matter exhibiting a
viscoelastic behavior has no time to rearrange and will be
compressed. The viscoelastic medium acts as an elasticlike
deformation and the internal stress will be built up in the
compressed viscoelastic medium. The size of the fracture
process zone is reduced to �−d� �Fig. 6�b��. Once the crack
tip advances a critical distance or the internal stress reaches a
critical value, the crack tip advancing will be stopped and the
internal stress will drive the fracture process zone advancing.
As a result, the fracture process zone recovers to the original
size �� �Fig. 6�c��. As the internal stress is relaxed, the crack
tip will again penetrate into the fracture process zone in the
next cycle. In a dynamic process, the compressible and re-
laxing processes of the viscoelastic medium strongly depend
on the strain rate, i.e., the crack speed. If the crack speed is
further increased, the viscoelastic medium does not have
enough time to fully relax and the compressed zone cannot
recover to its original size, i.e., ����, and the formed in-

FIG. 4. �Color online� �a� Three-dimensional image of the mirror zone. �b�
Section shape of roughness along a dashed line in �a�.

FIG. 5. �Color online� Sketch illustrating the fracture process zone in the
front of the crack tip �crack propagating along x axis�. Three-dimensional
sketch of the crack propagation. The fracture process zone is located in the
crack tip, which is enclosed by a circle.

FIG. 6. The illustration of the fracture process zone evolution is simplified
into two dimension sketches in �a�–�d�. �a� Original state of the crack propa-
gation. The � represents the size of the fracture process zone in the front of
the crack tip. �b� The crack tip penetrates into the fracture process zone and
an internal stress is built up. The depth of the penetration is d�. �c� The
fracture process zone advances into the specimen driven by the internal
stress and the size of the fracture process zone recovers to ��. �d� Relaxing
process of the viscoelastic medium is prohibited. The fast running crack tip
penetrates into the specimen body.
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ternal stress cannot be fully relaxed either, and the d� is then
reduced in next cycle. When the fracture process zone ��
−d�� is less than the wavelength of the meniscus instability,
the dimplelike structure will be suppressed and the periodic
corrugation pattern appears. With �� reducing with increas-
ing crack speed, the spacing of the periodic corrugation de-
creases, as shown in Figs. 1�d� and 1�e�, because the spacing
is correlated with the fracture process zone, ��.11 Once the
crack speed reaches the critical value, the relaxation is com-
pletely suppressed and the viscoelastic medium dominates
the crack tip advancing. In this case, the cycle processes in
the crack tip front cannot be processed; instead, the crack
propagation is replaced by a fast running crack tip penetrat-
ing into the specimen body and the fracture process zone
should be compressed into a very short range ���→0�, and
the mirror zone appears, as shown in Fig. 6�d�.

The model can also explain the critical length for forma-
tion of the periodic corrugation �or the presentation of the
dimple zone�. The critical length can be predicted by the
equation of motion for a single-edge crack in a semi-infinite
body as25 lC= ��E� / �3.939�2�1−VC /VR��, where � is the
material’s fracture energy, VR is the Rayleigh wave speed, E
is the elastic modulus, and � is the fracture stress. Since E,
�, and the critical crack speed are constant values, lc depends
on the fracture stress. Experimental results show that the
fracture stress increases from 85.2 to 135.4 MPa with in-
creasing V. As such, lc decreases with increased �, as shown
in Fig. 2.

The fractographic evolution in most brittle glassy mate-
rials exhibits a characteristic pattern sequence known as an
initially smooth and mirrorlike fracture surface followed by a
misty and then a highly rough hackled region.26 The violent
oscillation, beginning once the mean speed passes a well-
defined critical value, generates a rough pattern and is well
correlated with spatial structure on the newly created crack
surface.27,28 The microcracking behavior and the crack front
wave or shear wave affecting on the crack front were pro-
posed to elucidate the roughness of dynamic fracture
surface.29 However, the present results show a different mor-
phologic sequence, i.e., dimplelike structure zone, transition
zone, periodic corrugation zone, and mirror zone, with in-
creasing crack speed. The results indicate that the fracture
behavior of brittle BMG in the crack tip transforms from
ductile �softening mode� to pure brittle fracture �in mirror
zone� depending on the dynamic fracture process. Our model
can qualitatively explain the unusual fractographic evolution
along the crack propagation direction and predict the change
tendency of the spacing of the periodic corrugation.

Some materials, such as refractory metals and steel, also
exhibit both types of behavior with a brittle to a ductile tran-
sition at a characteristic temperature.30–33 While the experi-
mental evidence on the controlling factors of the transition
remains inconclusive. The local fracture behavior transition
from ductile to pure brittle we observed may highlight com-
monality and contrasts the brittle to the ductile transition
phenomenon and sheds new light on the mechanism of the
transition. The ductile mechanism has been widely observed
for a large variety of metallic alloys, including most BMGs.6

It was concluded that metallic solids plastically deform at

crack tips, but that covalent or ionic glasses will generally
support perfectly brittle cracks.2,34 Against the conventional
belief, we report experimental evidence that metallic glasses
could break like oxide glasses in some cases. The similarity
between the fracture models even in some special cases of
the two different types of metallic and covalent glasses could
provide an important clue in understanding of the basic en-
ergy dissipation mechanism for fracture in brittle glassy ma-
terials.

IV. CONCLUSIONS

We observe unusual fractographic evolution along the
crack propagation direction indicating a local fracture behav-
ior of brittle BMG during transformation from locally ductile
to pure brittle. This transformation is due to the propagation
speed dependent dynamic behavior of the viscoelastic matter
in the crack tip front where the local softening is stimulated
in the fracture process zone. The dynamic behavior is set up
when the crack surpasses a critical distance and dominates
the size of the fracture process zone. Once the crack speed
reaches a high value, the relaxation of the viscoelastic matter
is suppressed and then the periodic corrugation formation in
the fracture process zone also is frozen. The mirror zone on
the fracture surface or the pure brittle fracture occurs. Con-
sidering that many brittle glasses such as oxide glasses ex-
hibit mirror, mist, and hackle, it remains to be experimentally
seen whether such an unusual fractographic evolution we
have observed is generic in other brittle metallic glasses.
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