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In this work, the strong dependence of elastic properties on configurational changes in a Cu–Zr
binary metallic glass assessed by molecular dynamics simulations is reported. By directly evaluating
the temperature dependence and configurational potential energy dependence of elastic constants,
the shear modulus dependence on the specific configurational inherent state of metallic glasses is
shown to be much stronger than the dependence on Debye-Grüneisen thermal expansion. © 2006
American Institute of Physics. �DOI: 10.1063/1.2360203�

Bulk metallic glasses �BMGs� have acquired consider-
able attention from scientific and technological view points
in the last two decades.1–9 BMGs have very high yield
strength, at least double that of ordinary commercially used
crystalline materials, and high elastic strain limit, roughly
2% in tension or compression due to their disordered atomic
structure.1–4 Upon yielding BMGs tend to form highly local-
ized shear bands, where one observes large local plastic
strains.10–12 To describe the yielding in metallic glasses a
cooperative shear model13 has been developed for the glassy
state based on potential energy landscape �PEL�/inherent
state �IS� theory.14–16 A scaling relationship among the shear
flow barrier, a universal critical yield strain, and the isocon-
figurational shear modulus G was constructed. The model
reveals that for a fixed glass configuration the barrier height
for shear flow is proportional to the isoconfigurational shear
modulus G, which makes the elastic properties of great im-
portance to fully understand the mechanical behaviors of
BMGs. A wide variety of experimental work has been per-
formed to measure the elastic properties of BMGs.4,17,18 Mo-
lecular dynamics �MD� simulations have been extensively
utilized to calculate the elastic stiffness coefficients in
crystals.19,20 In this work we present the Debye-Grüneisen
thermal expansion effect as well as the strong configurational
inherent state dependence of the elastic properties for a
model binary metallic glass.

In order to obtain numerical results for the elastic stiff-
ness coefficients, we perform MD simulations using an inter-
atomic many-body Rosato-Guillope-Legrand-type potential
model developed for Cu–Zr binary alloy system.21 The origi-
nal simulation cell contains N=2000 atoms, arranged in a
random bcc structure with periodic boundary conditions. At

the beginning, the system was heated to 2400 K and the
structure of the liquid phase was allowed to equilibrate. The
system was then cooled to 50 K under zero pressure using a
range of quenching rates from 1 to 10 K/ps �1 ps=10−12 s�
to generate glass configurations. This yielded the reference
shapes and size matrices, h0, in Parrinello-Rahman
formalism22 to calculate elastic stiffness coefficients by con-
stant temperature and constant volume �nvt� simulations. The
glass transition temperature occurs at 700 K under the cool-
ing rate of 5 K/ps, and there is a slight difference among the
glass transition temperatures when varying the cooling rates.

Upon determining elastic stiffness coefficients, nvt simu-
lations for each state point were carried out. After equilibra-
tion of 20 000 steps �20 ps with a time step of 1 fs;
1 fs=10−15 s�, we calculated the elastic stiffness coefficients
at different temperatures and at different potential energies
after collecting statistics over 100 000 steps for the conver-
gence of the fluctuation terms. The elastic stiffness coeffi-
cients were evaluated using the following statistical fluctua-
tion formula:23

Cijkl
T = −

�0

kBT
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�0
+ ��ijkl� , �1�

where � � denotes the averaging over time and �0=det h0 is
the reference volume for the model system. The first term
represents the contribution from the fluctuation of the micro-
scopic stress tensor, the second term represents the kinetic
energy contribution, and the third term is the Born term. The
thermal relaxation effect on the elastic stiffness constants
was simulated to guarantee that the calculations performed in
this work reached the steady states. For instance, at the high-
est temperature of 500 K the shear moduli for the samples
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obtained by the cooling rate of 10 K/ps are, respectively,
9.5, 8.0, and 8.2 GPa when collecting statistics by 50 000
steps �50 ps�, 80 000 steps �80 ps�, and 10 0000 steps
�100 ps� for the convergence of the fluctuation terms.

We first analyzed the Debye-Grüneisen thermal expan-
sion effect on the elastic stiffness coefficients for the model
glass under the same configuration. The calculations were
carried out under zero pressure at different temperatures be-
low the glass transition temperature Tg to ensure no configu-
rational changes happen. Figures 1 and 2 present the tem-
perature dependence of the shear modulus G and the bulk
modulus B for the binary Cu46Zr54 metallic glass prepared at
two different cooling rates, 5.0 and 2.5 K/ps, respectively.
The shear modulus Debye-Grüneisen slope was measured to
be �dG /dT�=−18�20 MPa/K and the bulk modulus
Debye-Grüneisen slope �dB /dT�=−37 MPa/K. The MD
glass samples quenched using different cooling rates have

different but fixed configuration states; the linear fits to the
low temperature modulus data have essentially the same
slope, which demonstrates that the low temperature modulus
dependences �both G and B� are intrinsicly independent of
the configurational states. This is truly the expected Debye-
Grüneisen effect of thermal expansion on elastic constants
for an isolated configuration state.

The configurational inherent state dependence of the
elastic constants was further considered. By means of the
same MD simulation model we calculated the elastic stiff-
ness coefficients at five temperatures for different configura-
tions �with different potential energies� obtained by quench-
ing the system at different rates from the same liquid state
under no pressure. It is found that at five temperatures �300,
350, 400, 450, and 500 K� the slope of shear modulus G with
respect to the total potential energy is nearly the same:
�−750 GPa/ �eV/at.� �approximately three times larger than
the Debye-Grüneisen effect�. The volume change at each
temperature due to different cooling rates is negligible. It is
noted that the volume difference at all five temperatures be-
tween the highest cooling rate of 10 K/ps and the lowest
cooling rate of 1 K/ps is less than 0.15%, which means that
the Debye-Grüneisen thermal expansion effect here is negli-
gibly small.

According to PEL/IS theory, the liquid enthalpy can be
separated as the vibrational and configurational contribu-
tions, hL=hV+hC. The glass transition can be identified with
the freezing of configurational inherent states. The vibra-
tional contribution to the enthalpy is 3kBT /2. Therefore, to
the first approximation, the configurational enthalpy can be
directly obtained from the total enthalpy, which is the total
potential energy in this work considering the fact that the
calculations were made under no pressure. After subtracting
the vibrational enthalpy from the total enthalpy, we plotted
all the shear modulus data with respect to the configurational
potential energy. As indicated in Fig. 3, a dramatically strong
configurational dependence of shear modulus G can be ob-
served and the configurational energy slope of G is noticed
to be �−720 GPa/ �eV/at.�. This direct evaluation of con-

FIG. 1. Temperature dependence of shear modulus G for the Cu46Zr54 me-
tallic glass prepared at two different cooling rates �2.5 and 5 K/ps�. The MD
glass samples quenched using different cooling rates have different but fixed
configuration states; the linear fits to the low temperature modulus data have
essentially the same slope, showing that the low temperature G dependence
is intrinsically independent of the configurational states.

FIG. 2. Temperature dependence of bulk modulus B for the Cu46Zr54 me-
tallic glass prepared at two different cooling rates �2.5 and 5 K/ps�. The two
different configurational states are indistinguishable, demonstrating that B is
not as sensitive as G to the configurational inherent state changes.

FIG. 3. �Color online� Strong configurational potential energy dependence
of shear modulus G for the Cu46Zr54 metallic glass when varying the cooling
rates to obtain different configurations. This direct evaluation of the configu-
rational inherent state dependence of shear modulus shows that G strongly
depends on the specific configurational changes of the glassy states, while
weakly depends on Debye-Grüneisen thermal expansion effect.
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figurational inherent state dependence of shear modulus G
from MD simulations shows that G strongly depends on the
specific configurational changes of the glassy states while
weakly depends on Debye-Grüneisen thermal expansion
effect.

Recently Lind et al. experimentally measured the iso-
configurational elastic constants of the Zr46.25Ti8.25Cu7.5Ni10-
Be27.5 �Vit-4� samples using the pulse-echo overlap
technique.24 The samples were isothermally annealed and
quenched near the glass transition temperature. It is found
that the shear modulus G has a strong dependence on anneal-
ing temperatures and, thus, on the specific configurational
potential energy of the equilibrium liquid, although the low
temperature dependence of G of the configurationally frozen
glasses shows linear temperature dependence. Our simula-
tion results presented in this work are consistent with the
experimental progress obtained from Vit-4.

In summary, the temperature and configurational depen-
dences of elastic properties for a binary model metallic glass
have been obtained from MD simulations. It is shown that
the shear modulus dependence on the specific configurational
inherent state of metallic glasses is much stronger than the
dependence on Debye-Grüneisen thermal expansion.

The authors thank Qing Zhang, Peng Xu, and Guoyun
Zhang for many valuable discussions. This work was sup-
ported by the Defense Advanced Research Projects Agency
�DARPA�, Defense Sciences Office under ARO Grant No.
DAAD19-01-0525, and the MRSEC Program �Center for the
Science and Engineering Materials, CSEM� of the National
Science Foundation under Award Nos. DMR-0080065 and

DMR-0520565.

1W. L. Johnson, MRS Bull. 24, 42 �1999�.
2A. Inoue and A. Takeuchi, Mater. Trans. 43, 1892 �2002�.
3J. F. Löffler, Intermetallics 11, 529 �2003�.
4W. H. Wang, C. Dong, and C. H. Shek, Mater. Sci. Eng., R. 44, 45 �2004�.
5D. H. Xu, G. Duan, and W. L. Johnson, Phys. Rev. Lett. 92, 245504
�2004�.

6V. Ponnambalam, S. J. Poon, and G. J. Shiflet, J. Mater. Res. 19, 1320
�2004�.

7Z. P. Lu, C. T. Liu, J. R. Thompson, and W. D. Porter, Phys. Rev. Lett. 93,
245503 �2004�.

8D. H. Xu, G. Duan, W. L. Johnson, and C. Garland, Acta Mater. 52, 3493
�2004�.

9G. Duan, D. H. Xu, and W. L. Johnson, Metall. Mater. Trans. A 36A, 455
�2005�.

10A. S. Argon, Acta Metall. 27, 47 �1979�.
11A. S. Argon and L. T. Shi, Acta Metall. 31, 499 �1983�.
12Q. K. Li and M. Li, Appl. Phys. Lett. 87, 031910 �2005�.
13W. L. Johnson and K. Samwer, Phys. Rev. Lett. 95, 195501 �2005�.
14P. G. Debenedetti and F. H. Stillinger, Nature �London� 410, 259 �2001�.
15D. L. Malandro and D. J. Lacks, J. Chem. Phys. 107, 5804 �1997�.
16D. J. Lacks, Phys. Rev. Lett. 87, 225502 �2001�.
17N. Moroto and N. Egami, J. Non-Cryst. Solids 61-62, 973 �1984�.
18W. H. Wang, F. Y. Li, M. X. Pan, D. Q. Zhao, and R. J. Wang, Acta Mater.

52, 715 �2004�.
19J. H. Wang, J. Li, S. Yip, S. R. Phillpot, and D. Wolf, Phys. Rev. B 52,

12627 �1995�.
20J. H. Wang, S. Yip, S. R. Phillpot, and D. Wolf, Phys. Rev. Lett. 71, 4182

�1993�.
21G. Duan, D. H. Xu, Q. Zhang, G. Y. Zhang, T. Çaģin, W. L. Johnson, and

W. A. Goddard III, Phys. Rev. B 71, 224208 �2005�.
22M. Parrinello and A. Rahman, Phys. Rev. Lett. 45, 1196 �1980�.
23T. Çaģin and J. R. Ray, Phys. Rev. B 38, 7940 �1988�.
24M. L. Lind, G. Duan, and W. L. Johnson, Phys. Rev. Lett. 97, 015501

�2006�.

151901-3 Duan et al. Appl. Phys. Lett. 89, 151901 �2006�

Downloaded 16 Jan 2007 to 131.215.30.155. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


