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The effects of high pressure �up to 5 GPa� on the mechanical properties of a typical
Zr41Ti14Cu12.5Ni10Be22.5 bulk metallic glass �BMG� have been investigated. It is found that the
high-pressure pretreatment at room temperature can significantly improve the mechanical
performance of the BMG. Particularly, the compressive plasticity of the BMG can be increased as
large to as 12% by 4.5 GPa pressure pretreatment. The origin of the pressure effect on mechanical
properties is studied. © 2007 American Institute of Physics. �DOI: 10.1063/1.2435977�

Bulk metallic glasses �BMGs�, which possess many at-
tractive properties including high strength, elastic deform-
ability, and corrosion resistance, have great application po-
tentials as structural materials.1–3 However, BMGs generally
suffer from low ductility at low temperature. The formation
of localized shear bands within a nanometer scale zone and
very limited plastic strain to failure are typical deformation
characteristics of the BMGs.4–6 Because of the structural and
thermal softening, shear bands are preferential sites for fur-
ther plastic flow and lead to the final fracture that typically
breaks a sample along a single shear band.4–6 To enhance the
plasticity of BMGs for engineering applications, extensive
efforts, which mainly focus on promoting the formation of
multiple shear bands, have been made to improve the ductil-
ity of BMGs.7–9

The mechanical behavior is particularly sensitive to the
microstructural change of the materials. High pressure �HP�
can induce structural relaxation and remove free volume to
some extent in the BMGs.10–15 However, there is only little
work on the effect of superimposed pressure �especially at
high pressure� on deformation below the yielding strength
for the BMGs.16–20 The mechanical behavior of BMGs with
HP treatment in a broad pressure range is yet to be investi-
gated in detail. The aim of this work is to study the effect of
HP pretreatment �from 0.5 to 5 GPa� on compressive me-
chanical behavior of a typical Zr41Ti14Cu12.5Ni10Be22.5
�at. % � BMG �Vit1�.21,22 We find that HP can significantly
improve the mechanical performance, in particular plasticity
of the BMG. The origin of the effective HP effect on the
mechanical properties is discussed.

The Vit1 cylindrical rod of 2 mm diameter was prepared
by Cu-mold casting method.2 The amorphous nature was as-
certained by x-ray diffraction �XRD� using a MAC Mo3
XHF diffractometer with Cu K� radiation. Thermal analysis
was carried out in a Perkin-Elmer DSC-7 differential scan-
ning calorimeter �DSC� at a heating rate of 0.67 K/s. The
amorphous rod was cut into a length of 5 mm, and its ends
were carefully polished flat and parallel for HP treatment. A
conventional cubic-anvil-type high-pressure facility was
used to perform the HP experiments. The as-cast Vit1 was
wrapped with aluminum foil to avoid contamination and then
placed into a pyrophyllite bulk that was used as the pressure-
transmitting medium. The HP process was carried out at
0.5–5.0 GPa and room temperature for 60 and 120 min. Un-
like the liquid or gas pressure media,20 solid pressure media

did not always produce a pure hydrostatic stress state. After
the HP treatment, the mechanical properties tests were per-
formed on the HP treated samples under ambient pressure.
For the mechanical properties test, cylindrical specimens
with a 2:1 aspect ratio were tested in an Instron 5500R1186
machine under a quasistatic loading at an initial strain rate of
5�10−4 s−1 at room temperature. The specimen and the frac-
ture surfaces after failure were investigated by scanning elec-
tron microscopy �SEM� using a Philips XL 30 SEM.

Figure 1 shows XRD patterns for Vit1 in as-cast state
and pressured state under 0.5, 1, 2, 3, 4, and 5 GPa. The
XRD patterns indicate that no crystallization of any kind is
observed for the samples under the HP pretreatments.
Figure 2 presents DSC traces �with a heating rate of
0.67 K/s� of the as-cast and the pressured Vit1 at various
pressures. All the samples have the same glass transition
temperature Tg �642 K�. The first crystallization temperature
Tx1 and supercooled liquid region �T=Tx1-Tg for the as-cast
Vit1 are 724 and 82 K, respectively. However, the Tx1 and
�T of the BMG treated under HP markedly changed. The
maxima of the Tx1 and �T are 737 and 95 K, respectively,
which correspond to the 5 GPa pressure. Furthermore, their
first crystallization peak becomes sharper and their other two
crystallization peaks Tx2 and Tx3 also moved to higher tem-
perature. The HP makes the supercooled liquid state of the
alloy more stable and improves the heat durability of the
BMG. The DSC results indicate that the various HP pretreat-
ments induce the same structural relaxation, which confirms
that low pressure is the main factor resulting in the collapse
of the free volume and reconstruction of the atomic configu-
ration in the glassy alloy.10,23 The densities of the BMG in
the as-cast and pressured states �after exposure of the sample
to 4.5 GPa for 2 h� at room temperature were measured to be
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FIG. 1. �Color online� XRD patterns for Vit1 in as-cast state and in HP
pretreated state under 0.5, 1, 2, 3, 4, and 5 GPa at room temperature.
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6.162 and 6.180 g/cm3, respectively. The increase in density
due to applied pressure is about 0.31%, which confirms that
the free volume in the BMG is removed through the struc-
tural relaxation under HP. It is important to note that the
nonhydrostatic nature of the HP pretreatment can also induce
irreversible deformation �i.e., shear banding� in the sample.

The applied pressure dependence of compressive yield-
ing strength of Vit1 is presented in Fig. 3. The value of
yielding strength increases with the increasing pressure and
reaches its maximum �about 32% increment� around
3.0 GPa, and then decreases with further increase of the ap-
plied HP. This result shows that the compressive strength of
BMG can be enhanced and tuned by HP pretreatment.
Figure 4 shows the room temperature engineering stress-
strain curves of the as-cast Vit1 and the samples pretreated
under 2.0 and 4.5 GPa. The flow stress of the HP treated Vit1
shows a little bit of increase with increasing strain after stress
yielding. However, the increase of flow stress is not due to
the strain hardening. The friction occurs at the contact sur-
faces between the sample and WC platens, and the friction
would increase flow stress because of the larger increase of
the transversal area of the specimen and thus the decreased
aspect ratio. The inset shows the plot of the true stress and
strain to failure, and no strain hardening can be seen. The
as-cast Vit1 exhibits typical low global plasticity of 0.5%.
Significantly, the strength and plastic strain of the samples
treated under 2.0 and 4.5 GPa elevated to 2250 MPa and
6.5%, and 2450 MPa and 12%, respectively. The increase of
the plastic flow ability cannot only be attributed to the struc-
tural change induced by the HP working process. It also may
be due to irreversible deformation induced by the nonhydro-
static HP treatment because similar pressure treatments con-
ducted in oil or gas pressure media do not show any effect on
the subsequent behavior.20

Figure 5 exhibits the SEM micrographs of �a� as-cast
and �b� 4.5 GPa HP treated samples with electropolishing in
methanol solution containing 33 vol % HNO3. The SEM im-
age of the as-cast Vit1 �Fig. 5�a�� reveals the homogeneous
contrasts while the SEM image of the HP treated sample
displays many shear bands with spacing of 50–80 �m �as
indicated in Fig. 5�b��. The electropolishing makes the shear
bands more obvious. The observation clearly indicates that
the pressure treatments were not pure hydrostatic and the
nonhydrostatic HP induce irreversible deformation or shear
bands in the glass. Figures 6�a�–6�c� show the SEM mor-
phology of the 4.5 GPa HP pretreated Vit1 after compressive
fracture. The barrel shape geometry shown in Fig. 6�a� re-
veals the good plasticity of the HP working sample and also
implies that friction occurs at the contact surfaces between
the sample and WC platens. High dense shear bands are
present on the specimen surface and some of them even ex-
tend to cracks. At a higher magnification, the fine shear
bands and the interactions and intersections of the shear
bands are visible on the specimen surface everywhere
�Fig. 6�b��. The primary and secondary shear bands can be
easily distinguished in Fig. 6�c�, and the secondary shear
bands intersect with the primary shear bands and their move-
ment is rather wavy in nature. The shear band spacing is
estimated to be 500–1000 nm. The preexisting and forma-
tion of high density of shear bands, which leads to a more

FIG. 2. �Color online� DSC traces for Vit1 in as-cast state and HP treated
state under 0.5, 1, 2, 3, 4, and 5 GPa at room temperature.

FIG. 3. �Color online� Dependence of compressive yielding strength on the
applied quasihydrostatical pressure.

FIG. 4. �Color online� Engineering stress-strain curves �with a strain rate of
5�10−4 s−1� of the as-cast, and 2.0 and 4.5 GPa HP treated Vit1 samples.
The inset is the plot of true stresses and strains to failure.

FIG. 5. SEM micrographs of �a� as-cast and �b� 4.5 GPa HP treated Vit1
samples with electropolishing in methanol solution containing 33 vol %
HNO3.
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uniform deformation, are the key factors of the excellent
plasticity in the HP pretreated BMGs.9,24,25 The homoge-
neous nucleation and distribution of a high population of
shear bands throughout the BMG accommodate the applied
strain rather than the accumulation of catastrophic fracture in
preferential shear bands.26

At room temperature, the plastic deformation of the me-
tallic glass is inhomogeneous with the formation of highly
localized shear bands. Previous simulation and modeling re-
sults suggest that the shear band nucleation is associated with
an excess free volume.5,27–29 In as-cast state, the metallic
glasses have plenty of nonequilibrium atomic scale free
volume, caused by the quenching process.30 Low-pressure
��2.0 GPa� pretreatment leads to the obvious decrease of
the excess free volume in the BMG and makes the activation
and formation of shear bands require higher applied
stresses,10 and then leads to the increase of the yield strength.
With the further increase of HP, the HP cannot further reduce
the excess free volume of the BMG since the intensive struc-
tural relaxation mainly takes place at low pressure.10,23 The
HP induces shear bands in the glass �as shown in Fig. 5�b��
because the pressure treatments are nonhydrostatic. At the
high-pressure levels it is likely that high density shear bands
are nucleated and propagate, but not to catastrophe because
the confinement of the HP. The existence of the preexisting

shear bands reduces the compressive strength and enhances
the plasticity because of the existence of the prefabricated
homogeneous shear bands makes the plastic flow easier and
more uniform and leads to the increase of global plasticity of
the HP treated samples.8 When the applied HP exceeds
3.0 GPa, the ultimate strength of the samples decreases and
the plasticity significantly increases �see Figs. 3 and 4�.

In summary, we report that the suitable HP treatment can
improve the mechanical performance of the BMG through
controlling the structural changes �structural relaxation and
prefabrication of shear bands� in the BMG. In particular, the
nonhydrostatic HP process can prefabricate plenty of shear
bands and promote the plastic flow under compression. The
results confirm that the homogeneous, multiple, and concur-
rent formation of shear bands throughout the samples is cru-
cial for plasticity improvement of BMGs.

The authors are grateful to D. Q. Zhao, M. X. Pan, G.
Wang, Y. H. Liu, and J. G. Wang for discussions and experi-
mental assistance. The financial support of the NSF of China
�Grant Nos. 50225101 and 50321101� is appreciated.

1A. L. Greer, Science 267, 1947 �1995�.
2W. H. Wang, C. Dong, and C. H. Shek, Mater. Sci. Eng., R. 44, 45 �2004�.
3A. Inoue, Acta Mater. 48, 279 �2000�.
4F. Spaepon, Acta Metall. 25, 407 �1977�.
5A. S. Argon, Acta Metall. 27, 47 �1979�.
6H. S. Chen, Rep. Prog. Phys. 43, 353 �1980�.
7C. C. Hays, C. P. Kim, and W. L. Johnson, Phys. Rev. Lett. 84, 2901
�2000�.

8H. Bei, S. Xie, and E. P. George, Phys. Rev. Lett. 96, 105503 �2006�.
9J. Das, M. B. Tang, K. B. Kim, R. Theissmann, F. Baier, W. H. Wang, and
J. Eckert, Phys. Rev. Lett. 94, 205501 �2005�.

10W. H. Wang, Z. X. Bao, C. X. Liu, and D. Q. Zhao, Phys. Rev. B 61, 3166
�2000�.

11L. M. Wang, W. H. Wang, and R. J. Wang, Appl. Phys. Lett. 77, 3734
�2000�.

12K. Samwer, R. Busch, and W. L. Johnson, Phys. Rev. Lett. 82, 580
�1999�.

13F. Ye and K. Lu, Acta Mater. 46, 5965 �1998�.
14B. C. Ko, P. Wessling, O. L. Vatamanu, G. J. Shiflet, and J. J.

Lewandowski, Intermetallics 10, 1099 �2002�.
15J. Z. Jiang, L. Gerward, and Y. S. Xu, Appl. Phys. Lett. 81, 4347 �2002�.
16P. Wesseling, P. Lowhaphandu, and J. J. Lewandowski, Mater. Res. Soc.

Symp. Proc. 754, 365 �2002�.
17P. Lowhaphandu, L. A. Ludrosky, S. L. Montgomery, and J. J.

Lewandowski, Intermetallics 8, 487 �2000�.
18L. A. Davis and S. Kavesh, J. Mater. Sci. 10, 453 �1975�.
19P. Lowhaphandu, S. L. Montgomery, and J. J. Lewandowski, Scr. Mater.

41, 19 �1999�.
20J. J. Lewandowski and P. Lowhaphandu, IRE Trans. Electron Devices 43,

145 �1998�.
21A. Peker and W. L. Johnson, Appl. Phys. Lett. 63, 2342 �1993�.
22J. Lu, G. Ravichandran, and W. L. Johnson, Acta Mater. 51, 3429 �2003�.
23W. H. Wang, R. J. Wang, M. X. Pan, and Y. S. Yao, Phys. Rev. B 62,

11292 �2000�.
24J. Schroers and W. L. Johnson, Phys. Rev. Lett. 93, 255506 �2004�.
25K. F. Yao, F. Ruan, Y. Q. Yang, and N. Chen, Appl. Phys. Lett. 88,

122106 �2006�.
26J. J. Lewandowski, W. H. Wang, and A. L. Greer, Philos. Mag. Lett. 85,

77 �2005�.
27R. Huang, Z. Suo, J. H. Prevost, and W. D. Nix, J. Mech. Phys. Solids 50,

1011 �2002�.
28P. S. Steif, F. Spaepen, and J. W. Hutchinson, Acta Metall. 30, 447 �1982�.
29Q. K. Li and M. Li, Appl. Phys. Lett. 88, 241903 �2006�.
30A. R. Yavari, A. L. Moulec, A. Inoue, N. Nishiyama, N. Lupu, E.

Matsubara, W. J. Botta, G. Vaughan, M. D. Michiel, and Å. Kvick, Acta
Mater. 53, 1611 �2005�.

FIG. 6. SEM micrographs of the compressive fractured Vit1 sample pre-
treated under 4.5 GPa showing �a� barrel shape of the sample, �b� shear
bands showing their high density and interactions between primary and
secondary shear bands, and �c� shear bands showing narrow intershear band
spacing.

051906-3 Yu et al. Appl. Phys. Lett. 90, 051906 �2007�

Downloaded 16 Oct 2007 to 159.226.37.158. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


