
Effect of annealing on the mechanical properties and fracture mechanisms
of a Zr56.2Ti13.8Nb5.0Cu6.9Ni5.6Be12.5 bulk-metallic-glass composite

F. F. Wu,1 Z. F. Zhang,1,* S. X. Mao,1,2 A. Peker,3 and J. Eckert4
1Shenyang National Laboratory for Materials Science, Institute of Metal Research, The Chinese Academy of Sciences,

72 Wenhua Road, Shenyang 110016, China
2Department of Mechanical Engineering, University of Pittsburgh, 648 Benedum Hall, Pittsburgh, Pennyslvania 15261, USA

3Liquidmetal Technologies, Inc., Lake Forest, California 92630, USA
4Physical Metallurgy Division, Department of Materials and Geo Sciences, Darmstadt University of Technology, Petersenstrasse 23,

D-64287 Darmstadt, Germany
�Received 6 November 2006; revised manuscript received 8 February 2007; published 9 April 2007�

The effect of annealing on the mechanical properties and fracture mechanisms of a
Zr56.2Ti13.8Nb5.0Cu6.9Ni5.6Be12.5 bulk-metallic-glass �BMG� composite subjected to tension and compression
was investigated. When the BMG composite was annealed at high temperature, its mechanical properties
changed greatly no matter whether tested under tension or compression. Under tensile loading, the as-cast
specimen and the specimen annealed at 573 K failed in a shear mode with certain plasticity, but the specimens
annealed at 593 K, 623 K, and 693 K for 1 h are very brittle and always failed in mode I fracture. Under
compressive loading, however, all specimens failed in a shear mode with a fracture angle smaller than 45° and
the corresponding plasticity decreased with increasing the annealing temperature. Therefore, significant asym-
metry phenomena between the failure mode, the fracture strength, and the plasticity are found in the BMG
composite annealed at different temperatures. Based on the experimental results available, we propose that the
ratio of the intrinsic shear strength to the cleavage strength is a substantial parameter controlling not only the
strength asymmetry, but also the failure mode and the plastic deformation in the BMG composite.
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I. INTRODUCTION

In the past three decades bulk-metallic-glass �BMGs�
have intrigued wide interest because of their excellent physi-
cal, chemical, and mechanical properties. As far as mechani-
cal properties are concerned, BMGs are characterized by
high strength and high elastic strain limit, which renders
them potential candidates for use as engineering materials.1–4

Under unconstrained conditions, however, almost all BMGs
confront a fateful problem in that they usually fail by the
formation of highly localized shear bands, leading to cata-
strophic failure without obvious macroscopic plasticity.5,6

This kind of quasibrittle deformation behavior has seriously
limited the application of BMGs as engineering materials. To
improve the ductility and overcome the catastrophic failure,
the easy propagation of localized shear bands must be con-
strained. There are generally two methods to achieve it: one
is to change the geometry of the BMG specimens or apply
the stress state in a softer mode,5,7–10 the other is to create
nanocrystalline BMGs �Refs. 11 and 12� or BMG composites
reinforced by ductile metal or refractory ceramic
particles.13–17 Recently, ductile metal reinforced BMG com-
posites were successfully fabricated via a cost effective
in situ processing method.18–21 These BMG composites ex-
hibit large compressive and some tensile plastic strain and
strongly improved impact toughness compared to other
BMG materials.22 Multiple shears bands are formed in the
BMG matrix so that the catastrophic instability along the
localized shear band can be avoided by the ductile
metal phases.14 Bcc-�-Zr-type dendrites reinforced
Zr56.2Ti13.8Nb5.0Cu6.9Ni5.6Be12.5 is one of the outstanding rep-
resentatives among these BMG composites. It demonstrates

strongly improved Charpy impact toughness and ductility.18

These remarkable improvements are explained by the effect
of the mechanically soft and ductile secondary phase, which
acts stabilizing against shear localization and critical shear
band propagation. However, so far there are very limited data
to reveal the effect of annealing on the deformation and frac-
ture mechanisms of the Zr56.2Ti13.8Nb5.0Cu6.9Ni5.6Be12.5
BMG composite containing ductile dendrites in detail. In this
paper, therefore, we systematically investigate the effect of
different annealing temperatures on the structure and the me-
chanical properties of a Zr56.2Ti13.8Nb5.0Cu6.9Ni5.6Be12.5
BMG composite under tension and compression loading. In
particular, the difference in the fracture modes and deforma-
tion mechanisms of this BMG composite induced by differ-
ent stress modes are discussed.

II. EXPERIMENTAL

Ingots with the composition of Zr56.2Ti13.8Nb5.0
Cu6.9Ni5.6Be12.5 were provided by LIQUIDMETAL TECH-
NOLOGIES, INC. The samples were prepared by plasma arc
melting a mixture of pure elements in a Ti-gettered argon
atmosphere on a water-cooled copper plate. The ingots were
then remelted for several times until a homogenous melt was
formed. The final ingots had a plate-shape geometry with
dimensions of 85�57�2.2 mm3 �length, height, and width�.
The as-cast specimens were sealed in vacuum quartz tubes
and annealed at 573 K, 593 K, 623 K, 653 K, and 693 K for
1 h, respectively. Then the quartz tubes were taken out from
the furnace and cooled in air down to room temperature.

The microstructures and the phases of the prepared ingots
were characterized by using a Cambridge S360 scanning
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electron microscope �SEM�, as well as by using a Rigaku
x-ray diffractometer �XRD� with Cu K� radiation. Transmis-
sion electron microscopy �TEM� was performed using a JEM
2000 FX II electron microscope operated at 200 kV. The
sample for TEM was polished mechanically to 25 �m thick,
and then thinned by chemical jet technique using a solution
of 10% perchloric acid in methanol at a temperature 233 K.
The glass transition and the crystallization behavior of the
amorphous matrix of the composite were investigated in
PERKIN ELMER DSC-7 using a heating rate of 0.167 K/s.
Uniaxial tensile and compressive tests were performed on the
Zr-based composite specimens with a MTS810 testing ma-
chine at room temperature. The tensile specimens were ma-
chined into a dog-bone geometry �58 mm overall length with
8�2�2 mm3 cross-sectional gauge�. The specimens for
compression were 4 mm in length with a 2�2 mm2 rectan-
gular cross section. Two lateral surfaces of each tensile
specimen and all lateral surfaces of each compression speci-
men were polished by 1.5 �m diamond paste. The compres-
sion specimens were sandwiched between two tungsten car-
bide plates in a loading fixture designed to guarantee uniaxial
loading. All tensile and compressive tests were conducted
using a constant strain rate of about 1�10−3 s−1, and were
repeated at least 3 times. After the mechanical tests, the
specimens were observed by SEM to reveal the deformation
and fracture features.

III. RESULTS

A. Microstructure observations

Figure 1 shows the backscattering SEM image of the as-
cast BMG composite. The bright phase �25% in volume�
corresponds to �-Zr-type dendrites with bcc structure, which
are homogeneously dispersed in the gray metallic glass ma-
trix �75% in volume�. The compositions of the glass matrix
and dendrites are Zr47Ti12.9Nb2.8Cu11Ni19.6Be16.7 and
Zr71Ti16.3Nb10Cu1.8Ni0.9,

18 respectively. The dendritic struc-
ture is characterized by primary dendrite axes with a length
range of 20–60 �m. Besides, a regular pattern of secondary
dendrite arms with a spacing of 2–3 �m is observed. Figure
2 displays a DSC experiment performed with a heating rate
of 0.167 K/s, indicating that the glass transition temperature,
Tg, is 592 K. Two exothermic peaks are visible during this
continuous heating, with the onset of the first peak at 645 K
�Tx1, the first crystallization starting temperature� and the

second peak at 702 K �Tx2, the second crystallization starting
temperature�, respectively.

The XRD patterns of the as-cast specimen and of the
specimens annealed at different temperatures are presented
in Fig. 3. The XRD pattern of the as-cast specimen shows a
superposition of a broad diffuse background and a set of
specific peaks, which corresponds to a mixture of the metal-
lic glass matrix and the bcc �-Zr solid solution. For the
specimens annealed at 573 K and 593 K for 1 h, there is no
obvious change in the XRD pattern. But when the specimen
was annealed at 623 K for 1 h, there is a slight change in the
region near the most intense peak of the bcc �-Zr solid so-
lution. It is believed that the crystallization starts to occur in
the metallic glassy matrix because the annealing temperature
is very close to the first crystallization starting temperature
�TX1=645 K�. When annealed at 653 K for 1 h, the speci-
men displays an obvious new peak to the right of the major
peak of the bcc �-Zr solid solution at 2�=37.9°. The rela-
tively smooth baseline of the diffraction curve indicates a
remarkable decrease in the volume fraction of the amorphous
phase in the matrix. When annealed at 693 K for 1 h, the
specimen undergoes serious crystallization, leading to the ap-
pearance of several crystalline peaks besides those of the bcc
�-Zr solid solution, which is consistent with the formation of

FIG. 1. SEM image of the Zr56.2Ti13.8Nb5.0Cu6.9Ni5.6Be12.5

BMG composite etched by Kroll reagent.
FIG. 2. DSC profiles of the Zr56.2Ti13.8Nb5.0Cu6.9Ni5.6Be12.5

BMG composite, performed with a heating rate of 0.167 K/s.

FIG. 3. XRD patterns taken from the as-cast specimen and the
specimens annealed at 573 K, 593 K, 623 K, 653 K, and 693 K,
respectively.
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CuZr2, ZrCu, and BeZr phases,23 as marked in Fig. 3. Figure
4 shows the microstructure of the samples annealed at 653 K
and 693 K. Both bright-�Figs. 4�a� and 4�c�� and dark-field
images �Figs. 4�b� and 4�d��, as well as the diffraction pattern
�inset in Fig. 4�a� and 4�c�� clearly show the presence of
nanocrystals. The rings in the electron diffraction pattern are
relatively well defined; however, they are not solid but dot.
The sizes of the nanocrystals are around 20 nm and 35 nm
for the specimens annealed at 653 K and 693 K, respec-
tively.

B. Tensile stress-strain curves

Figure 5 shows the tensile true stress-strain curves at a
constant strain rate of 1�10−3. The as-cast specimen dis-
plays an initial elastic deformation behavior with an elastic
strain of about 1.7%, and then begins to yield at about
1402 MPa, followed by a slight strain hardening up to
1475 MPa with a tensile plastic strain of 1.8%. Its tensile
fracture stress, �F

T, is 1421 MPa. The present results for the
as-cast tensile specimen are identical with the previous data
reported by Szuecs et al.19 The specimen annealed at 573 K

for 1 h yields at a higher stress of 1513 MPa and deforms
continuously until failure at 1611 MPa with a smaller tensile
plastic strain of 0.8%. In the case of annealing at 593 K for
1 h, the tensile stress-strain curve does not show obvious
difference from that in the case of annealing at 573 K for
1 h. The yield strength, the fracture strength, and the tensile
plasticity are 1520 MPa, 1635 MPa, and 0.8%, respectively.
However, the specimen annealed at 623 K for 1 h displays a
tensile plasticity of only 0.05%, which is far smaller than for
the as-cast material and the specimens annealed at 573 K and
593 K for 1 h, respectively, although its fracture strength
reaches 1422 MPa. Annealing at 693 K for 1 h leads to zero
tensile plasticity with a fracture strength of only 278 MPa,
which is the lowest strength among all tested tensile speci-
mens. The dependence of yield strength, fracture strength
and plasticity on the annealing temperature is summarized in
Fig. 6.

C. Tensile fracture feature observations

SEM observation shows that the fracture under tension
always occurs in a shear mode for the as-cast BMG compos-
ite, as seen in Fig. 7�a�. An obvious necking can be observed,
which is consistent with the macroscale tensile plasticity of
the specimens. The tensile fracture surface normally makes a
shear angle of 54° with the tensile stress axis, which is re-
markably larger than 45°. This indicates that the tensile frac-
ture of the composite does not occur along the maximum
shear stress plane and thus, accordingly, does not follow the
Tresca criterion.24 Profuse fine slip bands in the dendrites
and dense shear bands in the glassy matrix were activated on
the specimen surface, which provides evidence for the obvi-
ous tensile plasticity, as shown in Fig. 8�a�. Due to the con-
straint of the dendrites, most shear bands were generated
from two major directions and then interacted with each
other. In contrast, monolithic metallic glasses only display
nearly zero plasticity due to a rapid propagation of the major
shear band under tension.5,6 The tensile properties of the cur-
rent BMG composite are obviously better than those of the
Zr-based BMG composites reinforced by tungsten or steel
fibers, Ta, WC, or SiC particles under tension.14,15,25,26 The
BMG composite specimen annealed at 573 K for 1 h also
failed in a shear mode with a shear angle of 47°, i.e., slightly

FIG. 4. �a� Bright-field TEM image with diffraction pattern �in-
set� and �b� dark-field TEM image in the matrix region for the
specimen annealed at 653 K; �c� Bright-field TEM image with dif-
fraction pattern �inset� and �d� dark-field TEM image in the matrix
region for the specimen annealed at 693 K

FIG. 5. Tensile true stress-strain curves of the
Zr56.2Ti13.8Nb5.0Cu6.9Ni5.6Be12.5 BMG composite for �a� the as-cast
specimen, and the specimens annealed at �b� 573 K, �c� 593 K, �d�
623 K, and �e� 693 K.

FIG. 6. Dependence of yield strength, fracture strength and plas-
ticity on the annealing temperature of the Zr56.2Ti13.8Nb5.0

Cu6.9Ni5.6Be12.5 BMG composite.
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larger than 45°, as shown in Fig. 7�b�. Its fracture feature is
similar to that of the as-cast BMG composite. For the com-
posite specimen annealed at 593 K for 1 h, however, the
fracture mode is greatly different from that occurring in the
former two specimens. It broke at a fracture angle of nearly
90°, except that a small piece of shear fracture surface oc-
curred near the edge of the specimen, as shown in Fig. 7�c�.
Further observation �Fig. 8�c�� reveals that there are still
some shear bands in the metallic matrix. However, the den-
sity of the shear bands is much smaller than for the as-cast
specimen or the specimen annealed at 573 K. Most shear
bands align along one direction rather than two directions,
and no obvious interaction of shear bands can be observed
even near the fracture site. Figure 7�d� displays the fracture

of the specimen annealed at 623 K for 1 h. Catastrophic fail-
ure occurred at a fracture angle of 90°, which is similar to
what was found for the specimen annealed at 593 K. The
higher magnified SEM image in Fig. 8�d�, however, shows
that the density of shear bands is obviously higher than in the
case of the specimen annealed at 593 K. Due to the fact that
most shear bands are generated from one major direction, the
spread of the shear bands is very monotonic, without inter-
action with each other. For the specimen annealed at 693 K
for 1 h, as shown in Fig. 7�e�, the tensile fracture also occurs
at a fracture angle of 90°, similar as for the specimens an-
nealed at 593 K and 623 K, respectively. Further investiga-
tions indicate that only one or two shear bands can be occa-
sionally observed near the fractograph. Also there are no
obvious slip bands in the dendrites, which fits in well with
the zero tensile plasticity in Fig. 8�e�.

The fractographic observations show that for the as-cast
specimen and the one annealed at 573 K for 1 h, the typical
feature of the fracture surfaces is a veinlike structure, as
shown in Figs. 9�a� and 9�b�, which is consistent with the
observations for fully glassy samples.5,6 In addition to the
veinlike structure, there are many round cores with different
diameters on the whole surface. But for the specimens an-
nealed at 593 K and 623 K, the veinlike pattern is very fine
and no large melting droplets or round radiating cores can be
observed, indicating a slighter remelting during fracture. Fur-
thermore, the broken dendrites are not covered by a fluid
layer of the glassy matrix, so that some ridgelike patterns in
the dendrites can be seen, as marked in Fig. 9�d�. This frac-
ture feature is quite different from those occurring in the
as-cast specimen and the specimen annealed at 573 K where
the remolten glassy matrix layer covers the fracture surface
of the broken dendrites. For the specimen annealed at 693 K,
as shown in Fig. 9�e�, the fracture surface is characterized by
a mixture of very smooth areas in the glassy matrix and some
rougher areas in the dendrites, which is characteristic of most

FIG. 7. SEM micrographs showing the macroscopic fracture
modes under tensile loading for �a� the as-cast specimen, and the
specimens annealed at �b� 573 K, �c� 593 K, �d� 623 K, and �e�
693 K.

FIG. 8. Backscattering SEM images of the tensile specimens
revealing deformation and fracture features for �a� the as-cast speci-
men, and the specimens annealed at �b� 573 K, �c� 593 K, �d�
623 K, and �e� 693 K.

FIG. 9. SEM images showing the fracture surfaces under tensile
loading for �a� the as-cast specimen, and the specimens annealed at
�b� 573 K, �c� 593 K, �d� 623 K, and �e� 693 K.
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ductile fracture surfaces in polycrystalline materials. The
predominantly smooth areas are responsible for the cata-
strophic tensile cleavage failure of this specimen with zero
plasticity and low strength �see Figs. 5 and 6�.

D. Compressive stress-strain curves

Figure 10 shows the compressive true stress-strain curves
at a constant strain rate of 1�10−3, and Fig. 11 presents the
dependence of yield strength, fracture strength, and compres-
sive plasticity on annealing temperatures. The as-cast speci-
men exhibits an elastic strain of about 1.7%, then begins to
yield at about 1488 MPa, followed by a slight strain harden-
ing up to 1618 MPa. A compressive plastic strain of 28.3% is
achieved before fracture, which is better than the previous
result of 5–6% reported by Hays and Szuecs et al.18,19 This
should be attributed to its finer spacing of the dendrites,
which leads to the formation of finer multiple shear bands.
The specimen annealed at 573 K for 1 h yields at 1447 MPa,
followed by strain hardening up to 1539 MPa. Then the flow
stress decreases continuously until failure at 1316 MPa with
a plastic strain of 16.7%. When annealed at 593 K for 1 h,

the material has nearly the same stress-strain curve as the
specimen annealed at 573 K. Its yield strength, ultimate
strength, fracture strength, and plastic strain are 1437 MPa,
1592 MPa, 1350 MPa, and 21.1%, respectively. However,
the plastic strain of the specimen annealed at 623 K for 1 h
is only 8.7%, which is far smaller than the values of the
as-cast specimen and the specimens annealed at 573 K and
593 K. Its ultimate strength and fracture strength are
1640 MPa and 1561 MPa, respectively. When annealed at
653 K for 1 h, the specimen yields at a stress of 1601 MPa,
and then fails at 1810 MPa, which is the largest fracture
strength among all the tested specimens. The specimen an-
nealed at 693 K for 1 h shows zero tensile plasticity with a
fracture strength of 1554 MPa.

E. Compressive fracture feature observations

SEM observation shows that the fracture under compres-
sion occurs in a shear mode for the as-cast specimen, as seen
in Fig. 12�a�. An obvious buckling can also be observed after
fracture. The compressive shear fracture surface makes an
angle of 40° with respect to the loading axis, which indicates
that the shear fracture deviates from the maximum shear
stress plane, and also does not follow the Tresca criterion.24

Dense shear bands in the glassy matrix and slip bands in the
dendrites can be clearly observed on the lateral surfaces near
the fracture, which contribute to the large plastic strain, as
shown in Fig. 13�a�. The lateral surface is very rough due to
the severe deformation. The specimens annealed at 573 K
and 593 K for 1 h also failed in a shear mode with buckling.
The shear fracture angles are about 38° and 40°, respectively,
as shown in Figs. 12�b� and 12�c�. These fracture features are

FIG. 10. Compressive true stress-strain curves of the
Zr56.2Ti13.8Nb5.0Cu6.9Ni5.6Be12.5 BMG composites for �a� the as-cast
specimen, and the specimens annealed at �b� 573 K, �c� 593 K, �d�
623 K, �e� 653 K, and �f� 693 K.

FIG. 11. Dependence of yield strength, fracture strength and
plasticity on the annealing temperature of the
Zr56.2Ti13.8Nb5.0Cu6.9Ni5.6Be12.5 BMG composite.

FIG. 12. SEM micrographs of the macroscopic fracture modes
under compressive loading for �a� the as-cast specimen, and the
specimens annealed at �b� 573 K, �c� 593 K, �d� 623 K, �e� 653 K,
and �f� 693 K.
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very similar to that of the as-cast specimen. For the sample
annealed at 623 K for 1 h, however, the fracture feature is
significantly different from these observations, as shown in
Fig. 12�d�. Although the samples still fail in a shear mode,
there is no buckling such as in the case of the as-cast mate-
rial. The shear fracture angle is about 37°, i.e., slightly
smaller than that of the as-cast one. Further observation �Fig.
13�d�� shows that the density of the shear bands in the glassy
matrix is far lower than that for the as-cast one. Figure 12�e�
displays the fracture of the specimen annealed at 653 K for
1 h. Its fracture also behaves in a shear mode with a smaller
angle of 35°. A higher magnified SEM image shows that only
one or two shear bands can be occasionally seen in the vi-
cinity of the fracture surface �Fig. 13�e��. The direction of the
shear bands is more monotonic than that for the as-cast
specimen. The limited number of shear bands without inter-
action with each other leads to the limited compressive plas-
tic strain �1.7%� before fracture. For the specimen annealed
at 693 K for 1 h, as shown in Fig. 12�f�, the compressive
fracture seems to be very similar to the specimen annealed at
653 K. But further investigations revealed that it tends to fail
in a split mode and no shear bands can be observed even in
the close vicinity of the fracture, as shown in Fig. 13�f�.
There are also no slip bands occurring in the dendrites. The
above observations provide sufficient evidence for the poor
compressive plasticity before catastrophic failure of the
specimens annealed at 653 K and 693 K �Fig. 10�.

The compressive fracture surfaces of the BMG composite
are more complex than that of the monolithic metallic glass
Vitreloy 1.5,6 On the fracture surface of the as-cast specimen,
there are some areas with vein patterns �in Fig. 14�, which is
identical with Vitreloy 1.5,6 Besides, there are some other
large areas with rougher surface, which appear to have un-
dergone extensive remelting and resolidification showing
certain evidence for enormous heat dissipation during sur-

face separation. With increasing annealing temperature, the
extent of remelting and resolidification decreases, as charac-
terized by fewer remelting droplets, fewer veinlike areas, and
more smooth areas. However, the fracture surface of the
specimen annealed at 693 K shows a special remelting pat-
tern that is much different from all the tested specimens. The
whole fracture surface is covered by a special remelted
glassy layer, as seen in Fig. 14�f�.

IV. DISCUSSION

From the above results, it can be concluded that annealing
plays an important role in the mechanical properties and
fracture modes for the BMG composite. No matter whether
under tension or under compression, the fracture strength,
plasticity, and fracture angle always change significantly
when the composite is annealed. Upon tensile deformation,
the as-cast specimen and the specimen annealed at 573 K fail
in a shear mode, but the specimens annealed at 593 K
623 K, and 693 K often display mode I fracture.27 The as-
cast specimen has the highest tensile plasticity. The speci-
mens annealed at 573 K and 593 K have a slightly higher
fracture strength but relatively low plasticity. However, when
annealed at 623 K and 693 K, the specimens have almost
zero tensile plasticity.

As far as compressive properties are concerned, the as-
cast and annealed specimens also display a similar change as
under tension. The as-cast specimen has the best compres-
sive plasticity of 28.3%. When the specimen is annealed at
653 K, the highest strength is achieved, however its plastic-
ity is decreased remarkably to only 1.7%. When annealed at
693 K, the specimen has no plasticity. All the specimens be-
have in a shear fracture mode with different fracture angles
except the specimen annealed at 693 K, that fractures partly

FIG. 13. Backscattering SEM images of the compressive speci-
men revealing deformation and fracture features for �a� the as-cast
specimen, and the specimens annealed at �b� 573 K, �c� 593 K, �d�
623 K, �e� 653 K, and �f� 693 K.

FIG. 14. SEM images showing the fracture surfaces under com-
pressive loading for �a� the as-cast specimen, and the specimens
annealed at �b� 573 K, �c� 593 K, �d� 623 K, �e� 653 K, and �f�
693 K.
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in a split mode �Fig. 13�f��, which is similar to what was
found for BMG composites of Ti50Cu23Ni20Sn7 and
Ti56Cu16.8Ni14.4Sn4.8Ta8 that split into several parts or frac-
ture along a plane nearly parallel to the compression axis.24

Further analysis shows that there is a pronounced asym-
metry between the tensile and the compressive properties of
the BMG composite, as summarized in Figs. 15 and 16�a�.
The as-cast specimen fails in a shear fracture mode with
different shear fracture angles ��T=54° and �C=40°, respec-
tively� and has an obvious strength asymmetry ��T

F /�C
F

=0.88�. However, the tensile and compressive fracture angles
of the specimen annealed at 573 K are equal to 47° and 38°,
respectively. Moreover, it exhibits a distinctly abnormal

strength asymmetry ��T
F /�C

F =1.05� in comparison with the
as-cast specimen. For the specimen annealed at 593 K, the
tensile and compressive fracture angles are significantly dif-
ferent, i.e., equal to 90° and 40°, respectively. And it also
shows an abnormal strength asymmetry ��T

F /�C
F =1.03�. For

the specimen annealed at 623 K, the tensile and compressive
fracture angles are 90° and 37°, and the strength asymmetry
�T

F /�C
F is decreased to 0.89. For the specimen annealed at

693 K, the tensile and compressive fracture angles are 90°
and 41°, and it displays a remarkable strength asymmetry
��T

F /�C
F =0.18�. Besides, the plasticity before failure is also

quite different for the as-cast and the annealed specimens
under tension and compression. For example, the tensile
plasticity of the as-cast specimen is �T=1.8%, but the com-
pressive plasticity �C can be as high as 28.3%. So the plas-
ticity asymmetry �T /�C is 0.06. For the specimen annealed at
573 K, however, the tensile and compressive plasticity are
decreased to 0.8% and 16.7%, respectively, resulting in a
plasticity asymmetry �T /�C=0.05. When annealed at 593 K,
623 K, and 693 K, the plasticity asymmetry �T /�C continu-
ously decreases to 0.04, 0.06, and zero finally. All those data
indicate that the Zr-based BMG composite is more sensitive
to the stress state �tension or compression� than common
metallic polycrystalline materials. Similar phenomena were
also widely observed for a variety of materials, such as other
BMG materials24,28–30 or BMG composites,14,15,25,26,31 graph-
ite, rocks, ceramics, intermetallics, and nanostructured
materials.32–38 This strongly suggests that there must be a
common mechanism controlling the deformation and failure
of those materials with high asymmetry in strength or plas-
ticity. In the following section, we will elucidate the intrinsic
difference in the asymmetries extensively occurring in the
Zr-based BMG composite for a better understanding of the
strengthening and toughening mechanisms in a variety of
materials.

When the as-cast material and the annealed specimens are
subjected to tensile loading, they fail either in a normal frac-
ture mode ��T=90° for the specimens annealed at 593 K,
623 K, and 693 K� or in a shear fracture mode ��T=54° for
the as-cast specimen and �T=47° for the one annealed at
573 K�. To explain the difference in the observed fracture
modes, a unified tensile fracture criterion,39 i.e., ellipse cri-
terion, was proposed

��n/�0�2 + ��n/�0�2 = 1. �1�

Here, �0 is defined as the intrinsic cleavage strength of a
material under the condition without shear stress �n, and �0 is
defined as the intrinsic shear strength of a material under the
condition without normal stress �n. This fracture criterion
suggests that the tensile fracture of a material is controlled by
both shear and normal stresses ��n ,�n� on the shear plane,
and depends on the two intrinsic strengths ��0 ,�0�. Based on
the ellipse criterion above and the tensile Mohr circle, as
shown in Fig. 17�a�, the tensile fracture angle �T can be
derived as

�T =
	

2
−

1

2
arctan��1 − 2�2

�2 � �0 
 � = �0/�0 � �2/2� ,

�2a�

FIG. 15. Effect of the strength and plasticity asymmetries as a
fucntion of the annealing temperature.

FIG. 16. Effect of �a� fracture angle and �b� shear strength and
cleavage strength as a fucntion of the annealing temperature.
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�T = 90 ° �� = �0/�0 � �2/2� . �2b�

Here, �=�0 /�0 is the ratio of the intrinsic shear strength �0
to the cleavage strength �0 of a material.39 Equations �2a�
and �2b� reveal that the details of the failure mode of a ma-
terial, here symbolized as tensile fracture angle �T, are
strongly controlled by the ratio �=�0 /�0. According to Eqs.
�2a� and �2b�, there are two typical regions marked by A and
B, as shown in Fig. 17�b�. In region A, the fracture occurs in
a shear mode with a shear angle range of 45–90° when the
ratio is in the range of 0–�2/2, which is consistent with the
Mohr-Coulomb fracture criterion.40 Region B corresponds to
the mode I fracture with a constant angle of 90° when the
ratio � is higher than �2/2, which is consistent with the
maximum normal stress fracture criterion.40 Due to the dif-
ference in the ratio �, the tensile fracture angles �T of the
BMG specimens distinctly change. Accordingly, the mea-
sured tensile fracture angles are 54°, 47°, 90°, 90°, and 90°
for the as-cast specimen and the specimens annealed at
573 K, 593 K, 623 K, and 693 K, respectively. Therefore,
the ellipse failure criterion can well explain the different ten-
sile fracture modes of the BMG specimens annealed at vari-
ous temperatures.

According to Eq. �2a�, the ratio � can be expressed as

� = �0/�0 = �cos�2�T�/�cos�2�T� − 1� �45 ° 
 �T 
 90 ° � .

�3�

Inserting �T=54° and �T=47° into Eq. �3�, one can derive the
ratio �=0.49 and �=0.26 for the as-cast specimen and the
specimen annealed at 573 K, respectively. Obviously, the ra-
tio � decreases when the BMG composite is annealed at
573 K.

As is well known, the compressive failure of brittle ma-
terials is either controlled by the Tresca criterion or by the
Mohr-Coulomb criterion.24,40–42 For the compressive failure
of the Zr-based BMG composites, their shear fracture plane
always deviates from the maximum shear stress plane. This
indicates that the normal stress must play an important role
in the shear fracture processes of BMG composites. Since the
fracture stress of these BMG composites is very high, the
effect of the normal stress applied on the shear plane should
be quite remarkable and will change the critical shear frac-
ture condition of these composites. Normally, it is believed
that the deviation of the fracture angle from 45° can be at-
tributed to the effect of normal stress.40–44 Besides, an obvi-
ous asymmetry in the shear fracture of a Zr-based fully
glassy alloy was observed under tension and compression
due to the different effect of the normal stress on the shear
fracture.30 Hence, the Mohr-Coulomb criterion should be
more suitable to describe the critical compression failure
condition of the BMG composite, i.e.

�n = �0 + ��n, �4�

where �n is the critical shear fracture stress, and � is a con-
stant of the composite. When �=0, the Mohr-Coulomb cri-
terion is identical to the Tresca criterion, and the material
will fail in a shear mode along the maximum shear stress
plane.40 When �
0, the shear fracture of the material will
deviate from the maximum shear stress plane. According to
the Mohr-Coulomb criterion and the compressive stress
Mohr circle, as shown in Fig. 18�a�, �0 and � can be calcu-
lated as follows:

�0 = �C
F sin �C�cos �C + � sin �C� , �5�

� =
cos�2�C�
sin�2�C�

= ctg�2�C� . �6�

From the illustration in Fig. 18�b�, it can be seen that the
shear fracture angle �C strongly depends on the constant �.
Substituting the values of �C and �C

F from Table I, one can
calculate �0 and � for the as-cast composite and the speci-
mens annealed at different temperatures, respectively as
listed in Table I. It is apparent that the two constants �0 and
� are nearly independent on the annealing temperature, ex-
cept for the specimen annealed at 693 K. Therefore, all the
specimens display approximately the same compressive frac-
ture strength and shear fracture angle.

When the tensile specimens fail in a shear mode, accord-
ing to Eqs. �3�, �5�, and �6�, the intrinsic cleavage strength �0
can be expressed as

FIG. 17. Illustration of �a� critical tensile failure condition and
�b� dependence of tensile fracture angle on the ratio of � according
to the ellipse criterion �Ref. 39�.
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�0 =
�C

F sin �C�cos �C + � sin �C�
�cos 2�T/�cos 2�T − 1�

. �7�

From the data in Table I, one can calculate �0=1930 MPa
for the as-cast BMG composite and �0=3412 MPa for the
specimen annealed at 573 K. When the specimens fail in a
normal fracture mode, �0 is equal to the fracture strength �T.
Therefore, �0=1635 MPa, 1460 MPa, and 278 MPa, respec-
tively, for the specimens annealed at 593 K, 623 K, 693 K.
This indicates that the intrinsic strength �0 of the BMG com-
posite strongly depends on the annealing temperature, and is
significantly improved when the specimen is annealed at

573 K, but is obviously decreased when the specimens were
annealed at temperatures above 593 K.

From the above analysis, the measured values of �T
F, �C

F,
�C, and �T, and the calculated constants �0, �0, and � are
listed in Table I. It can be seen that the ratio �=�0 /�0
changes greatly with increasing annealing temperature. For
example, the ratio �=�0 /�0 of the as-cast specimen is equal
to 0.49, which is slightly smaller than the critical value of
�2/2. Therefore, dense shear bands are easily activated un-
der both tension and compression, resulting in a small
strength asymmetry and obvious tensile shear plasticity. In
the case of annealing at 573 K, the ratio of �=�0 /�0 is equal
to 0.26, which is far smaller than the critical value of �2/2.
Therefore, more shear bands are easily activated under ten-
sion and compression, resulting in a smaller strength asym-
metry and obvious tensile plasticity. For the specimen an-
nealed at 593 K, the ratio is increased to 0.55, and the
activation of shear bands seems to be more difficult than for
the specimens annealed at 573 K or without annealing,
which leads to a mixed fracture feature with normal and
shear modes under tension loading. In the case of annealing
at 623 K, the ratio �=�0 /�0 is equal to 0.66, which is larger
than the former three ratios. Therefore, it is difficult to acti-
vate shear bands under tension, which leads to normal frac-
ture under tension and shear fracture under compression. Be-
cause no multiple interacting shear bands can be formed
under tension, as shown in Fig. 7�d�, the tensile plasticity is
nearly zero. For the specimen annealed at 693 K, the ratio
�=�0 /�0 steeply increases to 2.79, which is obviously higher
than the critical value of �2/2. Hence, shear bands can only
be formed under compression, but are absent under tension,
as shown in Fig. 7�e�. Therefore, mode I fracture �i.e., �T
=90°� becomes the preferential failure mode under tension
rather than shear deformation for the BMG composite an-
nealed at 693 K, as illustrated in Fig. 16�a�. This causes an
early normal fracture prior to shear deformation under ten-
sion with very low fracture strength ��T

F=278 MPa� and zero
plasticity. Because the tensile fracture strength �T

F is con-
trolled by both the intrinsic shear strength �0 and the cleav-
age strength �0, it is deduced that the very low tensile frac-
ture strength �T

F of the BMG composite annealed at 693 K
should be attributed to a large decrease in its cleavage
strength �0. Therefore, materials with a higher ratio � will
exhibit a substantial strength asymmetry under tension and

FIG. 18. Illustration of �a� critical compressive fracture condi-
tion and �b� dependence of compressive fracture angle on � accord-
ing to the Mohr-Coulomb criterion �Refs. 24 and 30�.

TABLE I. Mechanical properties and failure modes of Zr56.2Ti13.8Nb5.0Cu6.9Ni5.6Be12.5 bulk metallic glass composites containing ductile
dendrites. �Note: A=the as-cast specimen, B=the specimen annealed at 573 K, C=the specimen annealed at 593 K, D=the specimen
annealed at 623 K, E=the specimen annealed at 693 K.�

No.

Tension Compression

�0

�MPa�
�0

�MPa� � � �T
F /�C

F
�T¯·

F

�MPa� �T¯· �%� �T

�C¯·
F

�MPa� �C¯· �%� �C

A 1475±25 1.8±0.5 54° ±2.5° 1669±37 28.3±2.8 40° ±1.3° 946±60 1930±70 0.49±0.04 0.18 0.88±0.025

B 1611±30 0.8±0.3 47° ±1.0° 1539±34 16.7±1.4 38° ±0.8° 887±57 3412±74 0.26±0.02 0.24 1.05±0.030

C 1635±28 0.8±0.6 90° 1592±21 21.1±0.6 40° ±1.2° 902±68 1635±67 0.55±0.05 0.18 1.03±0.022

D 1460±41 0.05 90° 1640±26 8.7±0.5 37° ±1.0° 960±60 1460±55 0.66±0.05 0.29 0.89±0.037

E 278±53 0 90° 1554±43 0 41° ±2.5° 769±56 278±59 2.77±0.62 0.14 0.18±0.034
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compression. From Fig. 16�b�, it is clear that, with increasing
annealing temperature, the intrinsic shear strength changes
slightly, but the cleavage strength decreases dramatically af-
ter annealing at high temperature. Therefore, it is suggested
that a high cleavage strength is substantially important to
improve the tensile fracture strength.

It is well known that slip and shear deformation are two
fundamental modes of plastic deformation for various mate-
rials, so materials can slip easily and display great plastic
deformation ability, such as fcc single- and poly-crystalline
materials.45 For most BMGs, however, the extremely high
compressive fracture strength can be attributed to the great
improvement of the intrinsic shear strength �0.39 Also due to
the difficulty in the shear deformation, BMGs often exhibit
much high fracture strength under tension. But for the fast
propagation of a single shear band, BMGs do not exhibit any
tensile plasticity.43,46,47 For the as-cast BMG composite, its
shear strength �0 and cleavage strength �0 match well with
the data for monolithic BMGs with a small ratio �=�0 /�0,39

so that the composite deforms and fails in a shear mode. Due
to the constraint of the dendrites to the shear bands, multiple
shear bands are easily formed displaying certain macroscopic
plasticity no matter whether under tension or compression.
When annealed at temperatures of 593 K, 623 K, and 693 K,
the intrinsic shear strength �0 of the BMG composites is
hardly changed, but its cleavage strength �0 is significantly
decreased, leading to a higher ratio �=�0 /�0, as shown in
Fig. 16�b� and Table I. Therefore, it is hard for the BMG
composite to deform in a shear mode and form multiple in-
teracting shear bands. On the contrary, it easily fails in a
cleavage mode with zero tensile plasticity and a low farcture
strength, as shown in Figs. 7 and 16�a�. In this situation, the
dendrites have lost their controlling effect to the fast propa-
gation of a single shear band, without formation of multiple
shear bands. From the analysis above, it is suggested that the
balance �or the ratio �=�0 /�0� between the intrinsic shear
strength �0 and cleavage strength �0 is important for the
achievement of high tensile properties in BMG materials.
Under compression, since the shear deformation often fol-
lows the Mohr-Coulomb criterion,24,30 the BMG materials
normally fail in a shear mode. In this case, the multiple in-
teracting shear bands can be activated easily, so the as-cast
specimen and the specimens annealed at 573 K, 593 K,
623 K, and 653 K can display certain plasticity to different
extent under compression. But the specimens annealed at
693 K show zero plasticity under compression, which can be
attributed to the extremely low intrinsic cleavage strength
�0=278 MPa. As shown in the XRD patterns �Fig. 3�, it is
quite clear that the phases existed in the BMG composite
changed significantly after annealing at different tempera-
tures. Accordingly, it is necessary to further reveal the evo-
lution of the phases and the microstructures during annealing
in detail for a better understanding of the relationship be-
tween the mechanical properties, failure mechanisms, and
the microstructure.

V. CONCLUSIONS

Based on the experimental results and the above analysis,
the following conclusions can be drawn:

�1� When subjected to tensile loading, the as-cast
Zr56.2Ti13.8Nb5.0Cu6.9Ni5.6Be12.5 BMG composite has the best
plasticity of 1.8% with a fracture strength of 1475 MPa.
With increasing the annealing temperature, the tensile frac-
ture strength increases slightly but the plasticity decreases
greatly. After annealing at high temperature, the tensile
specimens do not only exhibit zero plasticity, but also display
low fracture strength. The as-cast specimen and the speci-
mens annealed at low temperatures fail in a shear mode with
different fracture angles under tensile loading. However, the
tensile specimens annealed at high temperatures fails in a
mode I fracture with an angle of 90°.

�2� When subjected to compressive loading, the as-cast
Zr56.2Ti13.8Nb5.0Cu6.9Ni5.6Be12.5 BMG composite displays the
best plasticity of 28.3% with a fracture strength of
1669 MPa. With increasing annealing temperature, the com-
pressive fracture strength changes slightly but the plasticity
decreases strongly. When annealed at high temperature, the
specimens exhibit almost zero plasticity. All compressive
specimens fail in a shear mode with approximately the same
shear fracture angles except the specimens annealed at a high
temperature of 693 K, which tends to fail in a split fracture
mode.

�3� This work shows that both intrinsic shear strength and
cleavage strength should be considered when one aims for
strengthening a material. It is suggested that the ratio �
=�0 /�0 plays an important role in the failure modes and the
plastic deformation ability under tension for the
Zr56.2Ti13.8Nb5.0Cu6.9Ni5.6Be12.5 BMG composite. For the as-
cast specimen and the specimens annealed at low tempera-
tures, the ratio �=�0 /�0 is relatively low, leading to shear
fracture and certain plasticity. The tiny or even zero tensile
plasticity of the specimens annealed at higher temperatures
should be attributed to the obvious increase in the ratio �
=�0 /�0. It should be significantly important to keep a good
balance ��=�0 /�0� between the intrinsic shear strength and
the cleavage strength to improve the tensile plasticity. This
new proposition is of interest for the optimum design of
high-performance materials, not only for the new BMG com-
posites but also for nanostructured materials.
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