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We investigated the mechanical properties of Zr-Cu-Al bulk metallic glasses, by compression

experiment and molecular dynamics simulations. From the simulation, we found that the large,

solvent atom, Zr, has high propensity of bond exchange compared to those of the smaller solute

atoms. The difference in bond exchange is consistent with the observed disparity in mechanical

behaviors: Zr-rich metallic glass exhibits low elastic modulus and large plastic strain. X-ray photo-

electron spectroscopy measurements suggest that the increased propensity in bond exchange is

related to the softening of Zr bonds with increasing Zr content. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4908122]

The deformation mechanism of metallic glasses (MGs)

as well as the generalized disordered medium is still elusive,

though it has been studied extensively.1–4 A series of phe-

nomenological theories and concepts, such as free volume,5

shear transformation zone,6,7 and liquid like zone,2 as well as

flow units4 have been introduced to address this critical issue

with limited success. However, due to the presently frag-

mented knowledge on the structure of MG, the underlying

atomic, especially, electronic level structure of these pro-

posed microscopic deformation carriers has not been fully

established yet.3

Compared to periodically packed crystalline counter-

part, conventional defects (i.e., dislocations, twins, and grain

boundaries), as deformation carriers, are absent in glass. In a

covalently bonded glass, such as oxide, amorphous silicon,

and silicate, “defect” could be defined from the perspective

of atomic connectivity.8 The bond in this system is fairly

well defined owning to their strong chemical affinity.

Dangling bond is widely recognized as topological defect in

covalent glass.8 In metallic glass, on the other hand, flexible

metallic bonds, could be easily cut and re-created in the per-

pendicular direction.3,9 On the basis of the distinct separation

between the first and second nearest neighbors presented in

pair distribution function, the variation of the nearest coordi-

nation number, could be used to define the breaking and re-

formation behavior of metallic bonds. The concept of bond

exchange has been applied to illustrate the observed anisot-

ropy of metallic glass under loading.10,11 While the concept

has been proposed, little is known about the influencing fac-

tors of bond exchange behavior, and the relationship between

bond exchange ability and mechanical properties has not

been established.

In this letter, we investigated the mechanical properties

and bond exchange behavior of a ternary bulk MG system of

Zr-Cu-Al, via experiment and molecular dynamics (MD)

simulation, to understand the atomic-level deformation mech-

anism of MG. Due to the presence of covalent-like bonding

of Al-X bonds in Zr-Cu-Al MG,12,13 the content of Al is fixed

in this study. We found that Zr-rich MG exhibits low elastic

modulus, large plastic strain, and a high bond breaking pro-

pensity for large solvent Zr atom. As bond exchange ability is

strongly dependent on the chemical and configuration envi-

ronment of each atom, X-ray photoelectron spectroscopy

(XPS) was utilized to measure the core level binding energy

of each constitute element, a signature reflecting the chemical

and configuration environment of the element.14,15 As only a

shift in Zr 3d energy spectrum was clearly observed from the

XPS data, our analysis suggests that the increased propensity

in bond exchange is related to the softening of Zr bonds with

surrounding atoms, with increasing Zr content.

The master alloys of desired composition were fabri-

cated via arc melting of pure elements of Zr, Cu, and Al in a

Ti-gettered high purity argon atmosphere. To ensure the ho-

mogeneity of chemical composition, at least three cycles of

re-melting and flipping were performed. The master alloy

was cast into a copper mould to get cylinder rods 2 mm in di-

ameter for subsequent experiments. The glassy nature of the

cast alloy is confirmed via X-ray diffraction and differential

scanning calorimetry. For mechanical property tests, each

sample with 4 mm in height and 2 mm in diameter was cut

out of the as-cast rods, with the ends carefully polished to

parallel. The compression experiment was carried out on

Instron 3384, with a strain rate of 2.5� 10�4 s�1. The sur-

face morphology of each sample after compression was

determined by scanning electron microscopy (SEM). For

XPS measurements, the sample was thoroughly cleaned

before being introduced to the spectrometer and further sput-

tered with Ar ion bombardment by about 1 lm thick, to

remove any oxide and other contaminants.

Our MD simulation was performed with the LAMMPS

code.16 The applied realistic embedded-atom method poten-

tial of Cu-Zr-Al was taken from the website of Howard

Sheng.17 The simulation was conducted for Zr56Cu36Al8 and

a)Author to whom corresponding author should be addressed. Electronic
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Zr46Cu46Al8 (at. %) alloys, and each sample contains 10 000

atoms with periodic boundary conditions. The samples for

simulation were first melted and equilibrated at 2000 K for

2 ns, and then quenched to 300 K at a cooling rate of

5� 1012 K/s, and afterward equilibrated at 300 K for 2 ns.

During this process, the NPT (constant number, pressure,

and temperature) ensemble was applied with zero pressure to

adjust the cell size, and the applied time step was 2 fs. The

uniaxial compressive deformation was performed at room

temperature with periodic boundary conditions on three

dimensions. The temporal evolution of bond exchange, i.e.,

the coordination number of the nearest neighbor as a func-

tion of time, was evaluated with reference to the initial

configuration.

The stress vs. strain curves of Zr56Cu36Al8 and

Zr46Cu46Al8 obtained by uniaxial compression are shown in

Fig. 1(a). Serrated flow behavior is clearly observed on the

curve of Zr56Cu36Al8, and its plastic strain can last to about

5%. However, samples of Zr46Cu46Al8 exhibit little plastic-

ity, and usually break into two parts when the linear elastic

strain limit of about 2% is reached. Limited serrated flow

behavior appeared, and the plastic strain was less than 0.5%.

Based on the stress vs. strain curves, elastic constants were

also calculated, and the values are listed in Table I. The elas-

tic modulus of Zr56Cu36Al8 is 83.3 GPa, obviously smaller

than 90.3 GPa of Zr46Cu46Al8. These results clearly indicate

that Zr56Cu36Al8 encounters low elastic deformation resist-

ance. The relatively better plastic deformation behavior of

Zr56Cu36Al8 was further verified by examination of surface

morphology. In the SEM images of ductile Zr56Cu36Al8, as

shown in Figs. 1(b) and 1(c), except the primary shear band,

which results in the catastrophic fracture, shear bands paral-

lel to the primary one were also found on the side surface.

Fig. 1(c) also reveals branched secondary shear bands ema-

nating from primary shear bands. By contrast, in the brittle

Zr46Cu46Al8, no such character exhibits on the surface, as

shown in Figs. 1(d) and 1(e). These results suggest that Zr-

rich MG possesses better plastic deformation behavior.

Similar conclusion could also be reached from other compo-

sitions of Zr-Cu-Al system,18–20 from the viewpoint of shear

band dynamics.

The atomic structure of these samples was further char-

acterized by synchrotron X-ray diffraction and neutron scat-

tering. The peak position q1 of the first sharp diffraction peak

of the structure factor S(Q) was determined, and the values

are listed in Table I as well. Based on the relationship of

q1*Va
0.433¼ 9.3 (Ref. 21), the atomic volume Va was calcu-

lated, appended in the bracket of Table I. These values

nearly equal to those obtained from the mass density q,22

implying that no cast void exists in the fabricated samples.

On the basis of measured mass density q, the mean atomic

density was found to be 58.09 nm�3 and 53.62 nm�3 for

Zr46Cu46Al8 and Zr56Cu36Al8, respectively. Neutron diffrac-

tion data gave similar results. The packing fraction was cal-

culated according to the definition, u ¼
P

i
4
3

fipRi
3=Va,23

where fi is the atomic fraction, Ri is the radius of i-th ele-

ment,24 and also appended in Table I. Zr56Cu36Al8 indeed

has a lower packing fraction of 0.702 compared to 0.730 for

Zr46Cu46Al8. The above analysis shows that ductile

Zr56Cu36Al8 has a lower packing density, which is consistent

with an empirical correlation found between the packing

density and plastic deformation behavior.13

In order to elucidate the role of each constituent atom in

mechanical property, we turned to MD simulations. The

simulated structure factor S(Q) as well as pair distribution

function reproduced the experimental results of X-ray and

neutron diffraction, indicating that the applied potential is

adequate. Here, we explored bond breaking and reformation

ability of each constitute element. The parameter we

deployed to characterize the bond breaking ability is the num-

ber of bond loss Nloss-, which is defined as the loss of the

coordination number of the nearest neighbor per atom. It is

found that Nloss- around large solvent atom of Zr is higher

than that around smaller solute atoms of Cu and Al, as shown

in Fig. 2. The same is true for bond reformation. The

observed trend was found to be independent of configurations

and compositions. There is a non-zero Nloss- value at the ini-

tial point, because of thermally induced bond exchange.25

FIG. 1. (a) Stress vs. strain curves of Zr56Cu36Al8 (Zr56) and Zr46Cu46Al8
(Zr46), obtained from uniaxial compression tests at a strain rate of

2.5� 10�4 s�1. (b) Scanning electron microscopy image of the surface

morphology of Zr56Cu36Al8 after compression, (c) high magnification

image of the region marked in (b). (d) Scanning electron microscopy image

of Zr46Cu46Al8 after compression, (e) high magnification image of the

region marked in (d).
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The simulation results indicate that large solvent atom of Zr

possesses higher propensity of bond exchange, and large sol-

vent atoms are the main carriers of bond exchange. Under

external loading, bond breaking and reformation occur more

frequently in the center of Zr, and large solvent atom of Zr is

inclined to inelastic deformation. Less bond breaking was

observed around Cu and Al. Due to the higher bond exchange

ability of Zr, the sample with a high content of Zr possesses

lower deformation resistance and more energy is exhausted.

Zr56Cu36Al8 indeed has low elastic modulus and large plastic

strain, compared to Zr46Cu46Al8, as represented in Fig. 1(a).

Similar behaviors were reported in other MGs, such as Mg-,

Fe-, and Pd-based bulk MG, see Liu and Zhang.26 These

results indicate that atomic size plays an important role in the

deformation behavior, and the large solvent element is the

main carrier of inelastic deformation of MG.

The influencing role of large solvent atom of Zr in me-

chanical behavior is further supported by XPS measure-

ments. The XPS core level spectra of constitute elements Zr,

Cu, and Al of Zr56Cu36Al8 and Zr46Cu46Al8 alloys were

measured, and the obtained profiles are shown in Figs.

3(a)–3(c). Comparing the XPS profiles of both compositions,

one sees a downward shift of Zr 3d binding energy in the Zr

rich sample, whereas the changes of Cu 2p and Al 2p binding

energies are negligible.

The obtained binding energy shift gives information

about the local chemical environment and configuration of

the atoms.14,15,27 The downward shift of Zr 3d binding energy

indicates that the binding of Zr with nearby atoms are soft-

ened in Zr56Cu36Al8, as compared to that of Zr46Cu46Al8.

The negligible change for the binding energies of Cu and Al

indicates that the local environments for these two types of

atoms, including Zr-Cu and Zr-Al atomic pairs, are essen-

tially unchanged. Thus, the observed change in Zr binding

TABLE I. Mechanical property and structural information of Zr56Cu36Al8 and Zr46Cu46Al8. Young’s modulus Ecal was obtained from the stress vs. strain

curve. Mean atomic density22 and atomic volume Va were calculated from mass density. q1 represents the peak position of the first sharp diffraction peak of

structural factor S(Q). Atomic volume Va was also obtained from the relationship of q1*Va
0.433¼ 9.3,21 shown in brackets. The packing fraction was calculated

using atomic volume divided by the total volume.23

Composition Ecal (GPa) Mass density (g/cm3) Mean atomic density (nm�3) q1 (nm�1) Va (Å3) Packing fraction u

Zr46Cu46Al8 90.3 6 1.9 7.076 58.09 2.7250 17.21 (17.03) 0.730

Zr56Cu36Al8 83.3 6 3.8 6.778 53.62 2.6359 18.65 (18.38) 0.702

FIG. 2. The variation of the number of bond loss Nloss- of each constitute

element and average value of Zr56Cu36Al8. Large solvent Zr atom shows the

highest propensity of bond breaking. The same trend is also observed in

Zr46Cu46Al8.

FIG. 3. The XPS (a) Zr 3d, (b) Cu 2p, (c) Al 2p core level spectra of

Zr56Cu36Al8 (Zr56), and Zr46Cu46Al8 (Zr46). Only the shift of binding energy

of Zr 3d electrons could be clearly observed.
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energy rests with Zr-Zr pairs. In fact, Zr-Zr are covalent

bonds, and the binding energy of Zr with surrounding atoms

is expected to become stronger with increasing Zr content,

which is in contrast to the XPS measurement results. Thus, in

addition to electronic charge transfer, other factors also play

a role. For multicomponent MGs, each atom is in a heteroge-

neous coordinated state. Naturally, the binding energy of

each atom also depends on the local chemical and topological

environments. The softened bonding of Zr with nearby atoms

in Zr56Cu36Al8 is in fact consistent with other experimental

observations, such as the low Young’s modulus, low packing

density, the low glass transition, and melting temperatures as

in Ref. 28.

The softening for the binding between Zr and surround-

ing atoms, associated with the decrease of Zr 3d core level

binding energy, indicates that the resistance of bond

exchange ability decreases as well. The core level binding

energy of a metal element in a covalent metal oxide, due to

charge transfer, is higher than that in pure metal.15

Compared to rigid and shear resistant covalent bond, metal-

lic bond is more flexible, and could be broken and reformed

easily, and presents a low elastic modulus and large plastic

deformation. This is in line with the observed mechanical

behavior disparity between the metal oxide and the metal.

The deformation behavior of MG is inhomogeneous at room

temperature, even in the nominal elastic region,29,30 due to

the coexistence of strong and weak bonds.31

The concept of bond exchange can not only address the

composition dependence of mechanical property but also

explain the annealing effect on the MG structure, as in recent

work of Liu et al.32 Under thermal annealing, it is found that

the local structure of Cu-centered clusters remains

unchanged; only a variation around Zr atoms was detected.

Exploring the evolution behavior of bond exchange under

loading at a constant strain rate, we found that the bond loss

increases with the strain. In other words, similar to covalent

glasses,8 more dangle bonds or “defects” are introduced into

MGs under external loading. In the community of MG, these

processes are sometimes described in the language of free

volume or other state parameter. It is inferred that free vol-

ume is created under loading, and annihilated under thermal

annealing, on the basis of scanning calorimeter analysis and

positron electron annihilation measurement.33 However, the

absolute content of free volume is hard to quantify, and the

detailed atomic level structural information is still missing in

the framework of free volume. In contrast, bond exchange

could be described quantitatively down to the atomic as well

as electronic level. The concept of bond exchange, first pro-

posed by Egami et al., served to illustrate the observed ani-

sotropy of MG under loading.11 Following this concept, we

were able to identify the influence factor on bond exchange

ability as well as the correlation between mechanical prop-

erty and bond exchange ability via experiment and MD

simulation.

In summary, we performed MD simulation of the defor-

mation behavior of ternary Zr-Cu-Al MG, and found that

bond exchange occurs more frequently in the center of large

solvent atom of Zr. This result is in line with the comparison

of their mechanical properties: MG with high content of Zr

presents low elastic modulus and large plastic strain. It is

further confirmed by the observed shift of Zr 3d binding

energy via XPS measurements. Our observation indicates

that mechanical property of MG is correlated with the bond

exchange ability, which could be further characterized via

the shift of core level binding energy of large solvent atom.

The result of our study is helpful for understanding the defor-

mation mechanism of MG from the perspective of electronic

structure.
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