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The tensile behavior of a Cu46Zr46Al8 bulk metallic glass (BMG) at elevated temperatures has been

studied using in situ x-ray diffraction and molecular dynamics simulation. It is demonstrated that

excess open volume is generated during elastic deformation and accumulated enough before plastic

flow starts. The open volume almost keeps constant during homogeneous deformation, suggesting

that a high content of open volume is a key point for developing BMGs with pronounced tensile

plasticity. VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4790393]

As a class of metallic materials, bulk metallic glasses

(BMGs) have received much attention due to their superior

mechanical, physical, and chemical properties compared to

their crystalline counterparts.1,2 However, one major draw-

back of metallic glasses, preventing their applications as

structural materials, is their brittleness. At room temperature,

plastic deformation of large-sized BMGs is highly localized

into narrow shear bands, which usually propagate across the

sample rapidly, resulting in catastrophic failure upon ten-

sion.3 However, with increasing temperature, BMG samples

can undergo transitions from localized shear deformation,

non-Newtonian necking and to homogeneous Newtonian

flow.4,5 Near-net-shape fabrications can be realized via

homogeneous flow, which is promising for micro-

electromechanical system (MEMS) devices.6 A recent study

showed that metallic glasses at room temperature can be per-

ceived as a mixture consisting of tightly bonded atomic clus-

ters and loosely bonded free volume regions.7–9 In the elastic

regime, atomic clusters undergo elastic deformation, and

free-volume regions behave like supercooled liquids. At high

temperatures, viscous flow becomes dominant. How the

atomic structural evolution happens upon deformation has

never been reported experimentally. In this study, we report

on the tensile behavior of a Cu46Zr46Al8 BMG using in situ
high temperature high-energy x-ray diffraction (HEXRD)

combined with molecular dynamics (MD) simulation.

Atomic structure evolution from elastic to plastic deforma-

tion for a Cu46Zr46Al8 BMG under tension has been experi-

mentally and theoretically investigated.

Using high purity raw materials, pre-alloyed ingots of

nominal composition Cu46Zr46Al8 were prepared by arc melt-

ing under a Ti-gettered purified argon atmosphere. Each alloy

ingot of about 15 g was remelted several times to improve the

homogeneity. From ingots, sheet-shaped samples 1 mm thick,

10 mm wide, and 60 mm long were prepared by suction

casting in a water-cooled copper mold. Fig. 1 schematically

shows the experimental setup for in situ tensile measurement

at the BW5 station of HASYLAB, Hamburg. The details can

be found in Refs. 10 and 11. For high temperature tension, a

small heater was mounted beneath the sample, in which a

hole of diameter 3 mm was fabricated to let x-ray pass

through. The temperature was detected by a thermocouple

mounted at a position near the middle between the sample

and the heater. Prior to tension, the temperature was set to the

given value, and then the tension started at a strain rate of

about 5� 10�4 s�1. The beam size and wavelength used were

0.5� 0.5 mm2 and 0.124 Å, respectively. The XRD patterns

were recorded by a flat panel Si detector (Perkin Elmer 1621)

with 200� 200 lm2 pixel size and 2048� 2048 pixels. Expo-

sure time was 2 s, and 5 diffraction patterns were summed for

each data set. From the record of time versus elongation and

load by the software of the tensile module, the engineering

stress and strain were estimated.

Using newly developed embedded atom method (EAM)

potentials12 for the Cu-Zr-Al system from ab initio calcula-

tions, the tensile behavior of this BMG at 723 K was

FIG. 1. Layout of the experimental setup for in situ tension measurement.

The sample and detector are perpendicular to the incident x-ray beam.
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simulated using the LAMMPS code.13 A small box (10 000

atoms) with three dimensional (3D) periodic boundary con-

ditions (PBCs) was heated to 2200 K and equilibrated for 2

ns (time step 2 fs), and then quenched at a cooling rate of 2.5

�1012 K/s to the glassy state at zero external pressure (NPT

ensemble and Nose-Hoover thermostat). For the uniaxial ten-

sion, a large sample (about 22.6 nm� 11.5 nm� 67.4 nm)

containing 960 000 atoms was constructed by replicating

the 10 000-atom configuration in 3D space, which were

then annealed for 1 ns at 723 K. PBCs were imposed in

Z-direction, while free surfaces were used in the X- and

Y-directions to allow necking at free surfaces. Uniaxial ten-

sion was applied along the Z-direction to move atoms to two

sides at a constant strain rate of 108 s�1.

The glass transition temperature Tg for Cu46Zr46Al8
BMG measured by differential scanning calorimeter (DSC)

is 716 K at a heating rate of 20 K/min. In this work, tensile

measurements at temperatures of 298 K, 693 K, and 723 K

have been performed. Fig. 2(a) shows the engineering stress-

strain curves (solid lines) for the samples measured at 298 K,

693 K, and 723 K, respectively. At 298 K, the sample exhib-

its almost perfect elastic behavior followed by catastrophic

failure with a tensile strength of 1800 MPa and an elastic

strain of 1.66%. With increasing temperature, the strength

decreases and plasticity increases obviously. Using XRD, the

angular dependent strain can be calculated from the position

shift of the first maximum in S(q),14,15 eðr; giÞ ¼ ðq1ðr; giÞ
� q1ð0; giÞÞ=q1ðr; giÞ, where q1 is the first-peak position in

S(q) under stress r, and gi is the angle between the tensile

stress and the strain, i is an integer running from 0 to 35. The

strains in the tensile direction e11 and transverse direction e22

under stress r were obtained by fitting eðr; gÞ with the equa-

tion: eðr; gÞ ¼ e11 cos2gþ e12 sin g cos gþ e22 sin2g.12 By

analyzing the shift of the structure factor maximum in the

XRD patterns, only the change of the average interatomic

distance of nearest neighbors can be estimated, from which

the elastic moduli and Poisson’s ratios are obtained to be

109 GPa and 0.34 at 298 K, 80 GPa and 0.38 at 693 K, and

77 GPa and 0.46 at 723 K in the elastic regime, respectively.

The values are close to 96.4 GPa and 0.368 measured by ul-

trasonic method for this alloy at room temperature.16 In con-

trast, the strain measured by the tensile module contains pure

elastic, anelastic, and even plastic strain when plastic flow

starts. As shown in Fig. 2(a), the tensile strain e11 obtained

from XRD (open circles) within the whole tension process

follows the trace measured by the tensile module at 298 K.

However, they obviously deviate from each other when ten-

sions are performed at high temperatures. Thus, at high tem-

peratures the strain determined by XRD obviously differs

from that measured by the tensile module. Explanations are

given in the following sections.

Fig. 2(b) shows the tensile curves measured at 723 K.

Obviously, the behavior can be subdivided into four regions.

The strains measured by both methods almost overlap in the

elastic regime (below stress 1 (about 75 MPa) or strain of

about 0.13%), but deviate from each other above stress 1. In

the region between stress 1 and stress 2 (about 350 MPa), the

strain measured by the tensile module significantly increases

from about 0.13% to 1.4%. However, the strain measured by

XRD still increases linearly with stress from about 0.13% to

0.46%. The difference in strain estimated by both methods

indicates anelastic strain exists. At stresses above stress 2,

the strain measured by the tensile module increases largely

(from 1.4% to about 3%), whereas the strain measured by

XRD goes almost linearly (from 0.47% to about 0.7%) with

stress up to stress 3 (427 GPa) having slightly reduced slope.

It suggests that anelastic strain in this regime (from stress 1

to stress 3) promotes the macroscopic elongation of the sam-

ple by forming open volumes (free volume and nano-voids),

which has little effect on XRD patterns because of almost

negligible x-ray scattering of nano-voids. After the stress

reaching the maximum of about 427 MPa, it is interesting to

find that as the stress decreases slightly from 427 MPa to

375 MPa (stress 4), the strain determined by XRD almost

retains constant (from 0.7% to 0.73%) while the strain meas-

ured by the tensile module increases from about 3% to 5.4%.

After stress 4, necking occurs since the strain measured by

the tensile module increases from about 5.4% to 9%, while

the engineering stress gradually decreases to zero. In this

region, the strain determined by XRD almost linearly recov-

ers with decreasing the engineering stress. At the end, there

still remains a value of about 0.23% strain (determined by

XRD) just before fracture.

MD simulations play an important role in understanding

the deformation behavior of BMGs on the atomic level.

Simulations predicted the intrinsic plasticity of MGs,17 the

FIG. 2. (a) Engineering stress-strain curves of Cu46Zr46Al8 BMG measured

by a tensile module (solid line) and by XRD (open circle) at 298 K, 693 K,

and 723 K. (b) The local magnification of the stress-strain curves determined

by XRD and tensile module at 723 K, showing the distinct difference

between them.
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shear-band behavior,18 and uncovered the atomic configura-

tion change in MGs upon deformation.19 Thus, to unravel

local atomic configuration changes in BMGs upon deforma-

tion at high temperatures, we carried out MD simulation for

the BMG at 723 K. Fig. 3(a) shows the comparison between

the structure factors S(q) measured by XRD and calculated

from the MD simulation. The simulated S(q) is calculated

from about 6950 atoms extracted by a cubic box with edge

length of 50 Å. Inset is the pair correlation function g(r)

obtained by XRD and MD simulation. Agreements in S(q)

and g(r) between the XRD results and MD calculations con-

firm that the constructed model for this BMG used here is

reasonable. Fig. 3(b) shows the engineering stress-strain

curves of the alloy tensioned at 723 K by MD simulation.

Although large strain is achieved (most likely due to small-

sized sample and homogeneous temperature field in MD

case), the sample tensioned at 723 K by MD captures almost

all experimentally observed features for the bulk sample in

Fig. 2(b). A linear elastic region occurs in the strain range of

0%–0.7%. Strain further increases with stress after 0.7%, but

having lower slopes. At the strain value of about 5%, the

stress reaches the maximum and then decreases very slightly

with strain up to 50%. The inset shows snapshots for the

sample at different strains. Above 50% strain, the decrease

in stress in much steeper until fracture occurs at around

100% strain.

Open (or free) volume has been considered to be closely

related to the plastic flow of BMGs.20 One general view is

that the more open volume exists, the more easily the plastic

deformation happens.21 How open volume does change upon

deformation is still a debated issue.22–24 A latest MD simula-

tion reported that two different cavitation behaviors hap-

pened in one brittle and another ductile MG upon fracture.25

Using the atomic configurations constructed by MD, we fur-

ther approximately evaluate the open volume change by cal-

culating the atomic number change in a fixed 80� 80� 300

Å3 rectangular box, namely, DV ¼ V=N � ðN0 � NÞ, where

N0 and N are the number of atoms at the strain of zero and e,
V is the box volume. As shown in Fig. 4(a), after the elastic

region (about 0.7% strain), open volume quickly increases

with strain up to about 1.5%, and then slowly increases until

the starting of plastic flow at about 5% strain. With further

increasing strain up to about 10%, the open volume almost

keeps a constant value. When the strain is beyond 10%, the

open volume change shows a trend of slight decrease, pre-

dicting that the necking process starts. For elastic deforma-

tion, the volume expansion can be calculated using DV=V
¼ ð1� 2�Þe, � is the Poisson’s ratio and e is the magnitude

of elastic strain. The Poisson’s ratio is approximately esti-

mated to be about 0.48 in the elastic regime by checking the

strain change in the transverse direction against that in the

tensile direction, which is slightly larger than the experimen-

tal value 0.46. The DV=V linearly changing with the e is also

plotted in Fig. 4(a). At strain of 0.7%, DV=V¼ 0.025%. By

extrapolating this line, one can find that within the strain

range from 0.7% to 7%, the pure elastic-induced volume

expansion is much less than the value predicted by MD

FIG. 3. (a) Comparisons in structure factors S(q) and (inset) pair correlation

function g(r) measured by XRD and by MD simulation for the as-cast sam-

ple at 723 K. (b) The tensile stress-strain curve simulated by MD for the

sample at 723 K. Inset of (b) shows snapshots of the sample during tensile

test at 723 K.

FIG. 4. (a) Calculated open volume change for Cu46Zr46Al8 BMG tensioned

at different strains at 723 K using MD produced atomic configurations and

pure elastic deformation. The MD simulated stress-strain curve at 723 K is

also plotted for comparison. (b) 2-dimentional schematic illustration of sam-

ple extension with rearrangement of open volumes or loosely packed regions

labeled by open circles and tightly bonded regions labeled by dashed lines in

the plastic flow at 723 K.
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simulation. Thus, although the elastic-induced volume

expansion can make open volume increase to some extent,

more open volumes are indeed created after 0.7% strain and

reach a maximum level of about 0.3% at a strain of about

4%, which do, most likely, not distribute in a narrow region,

such as shear bands. If perceiving metallic glasses as a mix-

ture consisting of atomic clusters and open volume regions,7

it is not unreasonable to consider that the fraction of atomic

clusters (or atoms) in the vicinity of open volumes, which

are loosely bonded, is relatively high at the strain of about

4%. Upon further tension, such atomic clusters (or atoms)

could be jumped into the tensile direction. In other words,

open volumes in the sample could be rearranged during fur-

ther tensile deformation while their content does not

increase. Consequently, these movements of atomic clusters

(or atoms) and open volumes directly result in large macro-

scopic elongation of the sample and plastic deformation.

Fig. 4(b) schematically displays plastic elongation in BMGs

via the rearrangement of open volumes.

The results obtained by MD simulation almost capture

the major features on the stress-strain curve of above experi-

mental measurement. Based on both experimental and theo-

retical results for the Cu-Zr-Al BMG obtained here during

tension, three striking features can be deduced: (1) open

volumes in the sample increase quickly after pure elastic de-

formation; (2) high content of open volume is the prerequi-

site for tensile plastic deformation of MGs; and (3) during

plastic deformation, the content of open volume does not

increase, but open volumes could be rearranged under stress

so that macroscopic elongation of the sample and necking

happens. We believe that for ductile BMGs, open volumes

should be easily created and rearranged during deformation

in the whole sample, rather than only in a narrow regime,

e.g., shear bands. These results will be useful for understand-

ing deformation behavior of BMGs and small-sized MGs,

and for designing ductile BMGs at ambient condition.

In summary, the atomic structure evolution is in situ
experimentally studied for a Cu46Zr46Al8 BMG under ten-

sion at elevated temperatures. By combining XRD data with

MD simulation, we find that excess open volumes are gener-

ated before plastic flow starts and almost keep constant in

plastic deformation. The plastic deformation of MGs can be

regarded as the rearrangement of atomic clusters (or atoms)

which becomes possible after the creation of high content of

excess open volumes. In addition, the average interatomic

distance between the nearest neighbors determined by XRD

increases with strain before plastic deformation at 723 K but

changes little in the plastic flow before necking.
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