
JOM • February 201076 www.tms.org/jom.html

Research SummaryResearch SummaryBulk Metallic Glasses

How would you…
…describe the overall signifi cance 
of this paper?
This article analyzes the use of the 
synchrotron radiation for evaluating 
the elastic-plastic response of bulk 
metallic glasses (BMGs). BMGs are 
a new class of materials and their 
properties make them very attractive 
for applications. Here we show some 
results obtained upon in-situ x-ray 
diffraction using synchrotron beam.

…describe this work to a 
materials science and engineering 
professional with no experience in 
your technical specialty?
Due to the absence of a crystalline 
network, the BMGs may achieve 
high strength and elasticity, together 
with good wear and corrosion 
resistance. It is of great importance to 
understand deformation mechanisms 
involved and thus to improve their 
performance. Time resolved in-situ x-
ray diffraction experiments may give 
crucial insights about the mechanical 
behavior up to atomic level.

…describe this work to a 
layperson?
Bulk metallic glasses, novel materials 
with amorphous structure, have 
outstanding mechanical properties. 
The emergence of such properties 
can be studied by analyzing the x-
ray diffraction patterns upon in-situ 
experiments.

 The term “metallic glass” usually re-
fers to a metallic alloy rapidly quenched 
in order to “freeze” its structure from 
the liquid state. A metallic glass is a 
metastable alloy, which lacks the sym-
metry typical for crystalline materi-
als and at room temperature shows an 
amorphous liquid-like structure. Bulk 
metallic glasses (BMGs) represent a 
class of amorphous alloys. The most 
notable property of BMGs is their ul-
trahigh (near theoretical) strength and 
hardness. Because the known BMGs 
usually miss tensile plasticity and thus 
exhibit catastrophic failure upon ten-
sion it is important to understand defor-
mation mechanisms involved and thus 
improve their performance. This aricle 
analyzes the use of synchrotron radia-
tion for evaluating the elastic-plastic 
response of such materials. 

INTRODUCTION

 Due to the lack of crystalline struc-
ture, bulk metallic glasses (BMGs) may 
achieve interesting properties, including  
high strength and high hardness, excel-
lent corrosion resistance, high wear re-
sistance, very good soft magnetic prop-
erties, and, depending on composition, 
biocompatibility.1,2 The high strength of 
BMGs is sometimes accompanied by 
plastic deformation and their deforma-
tion and fracture mechanisms are quite 
different from crystalline materials.3–7 
Bulk metallic glasses have strengths ap-
proaching the theoretical limit,8 but their 
plasticity at room temperature is typi-
cally very low. In uniaxial tension, the 
plastic strain is almost zero.9 For most of 
the known BMGs, plastic strain at room 
temperature is limited, less than 2%, 
even under compression, resulting from 
pronounced shear localization and work 
softening. The lack of plasticity makes 
BMGs prone to catastrophic failure in 
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load-bearing conditions and restricts 
their application. This also hinders the 
precise study of some fundamental is-
sues in glasses, such as the deformation 
mechanism and the dynamics of plastic 
deformation, in which large plasticity 
is needed for detailed analysis.9 Plastic 
deformation of metallic glasses at room 
temperature occurs through the forma-
tion and evolution of shear bands and is 
localized in thin shear bands.10 There-
fore, brittleness is regarded as an intrin-
sic defect of metallic glasses.
 Many methods have been devel-
oped and employed to rule out the de-

formation mechanisms characteristic 
to BMGs.11 Recently, characterization 
of amorphous materials by diffraction 
methods for the purpose of strain scan-
ning was established.12 Several glasses 
were investigated since then, using dif-
ferent synchrotron sources: HASYLAB 
at Deutsches Elektronen-Synchrotron 
(DESY) Hamburg, Germany; Euro-
pean Synchrotron Radiation Facilities 
(ESRF) Grenoble, France; or Advanced 
Photon Source (APS) at Argonne Na-
tional Laboratory, USA. Monochromat-
ic hard x-rays with energies at 80–100 
keV were used for these experiments.
 Ex-situ compression tests are usually 
performed to study the mechanical be-
havior of BMGs. This method is rela-
tively simple and suitable for small sam-
ples. Tensile tests have technical limita-
tions. First, for such tests a dog-bone 
shaped plate or rod sample is necessary, 
with a length of a few centimeters. This 
requires a BMG sample with quite large 
geometrical dimensions, which cannot 
be achieved by a poor glass former. The 
sample should be homogeneous, but in 
practice some small voids (as pores or 
oxides inclusions) may be present upon 
casting. Another limitation comes from 
the device used for tests—it is quite dif-
fi cult to create a proper clamping sys-
tem. Due to the difference in hardness 
between BMGs and the hardened steel 
used for tools, the BMG sample tends to 
slide from the grips. 
 See the sidebar for experimental de-
tails.

DATA TREATMENT AND 
THEORETICAL 
BACKGROUND

 The elastic scattering intensity I(Q) is 
measured as a function of the scattering 
vector (or wave vector) Q, which is de-
fi ned as 4 π sin θ / λ, where θ is half of 
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the scattering angle (see Figure B) and 
λ the wave length of the radiation. The 
structure factor can be written as:

  (1)

where N is the number of atoms, f(Q) is 
the atomic scattering factor for x-rays, 
and the angular brackets indicate aver-
aging over the composition of the mate-
rial.18 The real-space structural informa-
tion available from S(Q)  is the pair dis-
tribution function g(r), (PDF), in which 
r is the distance from an average atom 
located at the origin. Without entering 
too much in details—the entire math-
ematic background can be found in sev-
eral other works12–18—one should men-
tion that the pair distribution function is 
related to S(Q)  by a Fourier transform. 
It is also common to write the real-
space structural information in terms of 
the radial distribution function (RDF), 
which is defi ned as 4 π r2 g(r). With this 
defi nition, the coordination number of a 
particular atomic shell of interest can be 
obtained by integrating the RDF over a 
suitably chosen range of r.
 When an amorphous material is sub-
jected to forces that create a macroscopic 
stress, both S(Q)  and g(r) will be affect-
ed. For uniaxial loading, the changes in 
real space can be easy to anticipate. The 
tensile stress will tend to move atoms 
apart in the loading direction, and thus a 
peak in g(r) for that direction will move 
to larger values of r. For a compressive 
stress, the opposite should happen. In 
the reciprocal space, Q, it is expected to 
shift toward lower values in the case of 
tensile stress and higher values when the 
sample is compressed. By analogy with 
the simple defi nition of engineering 
strain, the tensile strain for an applied 
stress σ can be defi ned as:

  (2)

which is angular dependent. In the 
transverse direction, one expects a strain 
of the opposite sign due to the Poisson 
effect. A typical diffraction image of an 
amorphous sample is illustrated in Fig-
ure 1a. The amorphicity is proved by 
the absence of any clear ring. Then the 
image is integrated upon the polar co-
ordinates (s, ϕ). The integration is done 
by dividing the entire circle into 36 sec-
tions of 10 each. The data were inte-

EXPERIMENTAL SET-UP AND MEASURED BMGs
 The requirements for in-situ tensile tests under synchrotron radiation are: proper sample, 
proper testing device, access at the hard x-ray source, and proper geometric set-up. In our 
case, the samples used for testing were cast as amorphous plates which further were ma-
chined by the spark erosion method in order to obtain a dog-bone shaped specimen with 10 
mm × 2 × 1 mm2 reduced section (Figure A). The dog-bone shaped specimen was strained 
using a tensile module from Kammrath and Weiss GmbH, which can achieve a maximum 
load of 5 kN. The room temperature in-situ x-ray diffraction experiments were performed 
on the wiggler beamline BW5 at the DORIS positron storage ring (HASYLAB at DESY, 
Hamburg, Germany) using monochromatic synchrotron radiation of 103.8 keV (λ = 0.0119 
nm). The layout of the experimental setup is shown in Figure B. The measured samples 
were exposed for 10 s to the well collimated incident beam having a cross section of 1 × 1 
mm2. Two dimensional (2-D) (2,300 × 2,300 pixels, 150 × 150 μm2 pixel size) x-ray  dif-
fraction (XRD) patterns were collected using a MAR 345 2-D image plate detector care-
fully mounted orthogonally to the x-ray beam. The diffraction pattern from LaB

6
 was used 

to calibrate the sample-to-detector distance D and tilting of the image plate detector with 
respect to the beam axis.
 The BMGs studied using this set-up were of the composition Zr

64.13
Cu

15.75
Ni

10.12
Al

10
.13,14 

At the same location, BW5 beamline, and with the same geometrical set-up, Wang et al.15 
measured Zr

62
Al

8
Ni

13
Cu

17
 and La

62
Al

14
(Cu

5/6
Ag

1/6
)

14
Co

5
Ni

5
 BMGs using x-ray radiation 

with λ = 0.012389 nm. In-situ tensile tests at BW5 were also reported by Mattern et al.16 
Their samples were amorphous ribbons with the compositions Cu

50
Zr

50
 and Cu

65
Zr

35
 and 

the radiation had λ =  0.01265 nm. Prior to these experiments, few others were performed 
in compression. At ESRF Grenoble, Poulsen et al.12 investigated the Mg

60
Cu

30
Y

10
 BMGs 

and Das et al.17 Cu
47.5

Zr
47.5

Al
5
 and Zr

55
Cu

20
Ni

10
Al

10
Ti

5
 BMGs. The wave length of the radia-

tion used for these experiments was λ = 0.01412 nm for Mg-based glasses and λ = 0.0155 
nm for Zr-based glasses. Other BMGs, Zr

57
Ti

5
Cu

20
Ni

8
Al

10
, were tested in uniaxial com-

pressive load using a 0.0154 nm radiation at Advanced Photon Source at Argonne National 
Laboratory by Hufnagel, Ott, and Almer.18 For further comparisons between measured 
data it is important to point out that for almost all mentioned experiments, the diffraction 

Figure A. A dog-bone shaped sample used for 
tensile tests.

Figure B. A sketch of a 
typical in-situ tensile ex-
periment.

images were recorded with the same 
kind of 2-D detector, the MAR 345 
image plate. The only exception came 
from Das et al.17 They used as detec-
tor a  fast response low noise charge 
coupled device (FReLoN CCD). 
However, the primary diffraction im-
ages were integrated with the help of 
the FIT2D software.19 

grated with the help of the FIT2D soft-
ware19 and after integration the intensity 
curves were corrected for background, 
polarization, and inelastic Compton 
scattering. A typical diffraction pattern 
after integrating the diffraction image is 
presented in Figure 1b. The diffracted 

intensity I as a function of wave vector 
Q can then be transformed into the struc-
ture factor S(Q). The index i in Equation 
2 takes the discrete values from 1 to 18 
(due to the 36 section used for integra-
tion). Once the tensile load is applied, 
the round concentric halos from Figure 
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1a become elliptical and the asymmetry 
is higher as the load increases. Then the 
angular variation of the strain can be fi t-
ted with:13

 ε(ϕ,σ) = ε11 sin2 ϕ 

 + ε12 sinϕ cosϕ + ε22 cos2ϕ (3)

As a result, the strain tensor can be de-
termined, and the axial ε

11
, tangential 

ε
22

, and in-plane shear component ε
12

 
can be derived. Taking into account the 
set-up presented in Figure B, ϕ = 90 
corresponds to the axial stress and ϕ = 
0 to the tangential stress. Components 
not in the plane perpendicular to the in-
coming beam can be determined by ro-
tating the specimen around an axis per-
pendicular to the incoming beam. In the 
more general case of a multiaxial stress 
state, the complete strain tensor can be 
determined from measurement of the 
strain in various directions.14,18

 The same analysis can be done in the 
real space. However, experimentally a 
good correlation was observed between 
the two sets of data. Dmowski and Ega-
mi20 pointed out that in the presence of 
structural anisotropy, it is necessary to 
expand the PDF into spherical harmon-
ics, otherwise systematic errors may oc-
cur especially in the fi rst neighborhood.

STRAIN ANALYSIS

Tensile Tests and Reciprocal 
Space

 The 2-D diffraction pattern of as-cast 
Zr

64.13
Cu

15.75
Ni

10.12
Al

10
 exhibits the dif-

fuse scattering pattern typical for me-

tallic glasses and confi rms the presence 
of glassy structure without any hint of 
crystalline inclusions (see Figure 1). 
The symmetric circular diffraction pat-
tern is characteristic for the samples 
prior to applying tensile stress. With in-
creasing tensile load it becomes ellipti-
cal. The changes are most pronounced 
for the fi rst and strongest diffuse ring 
(halo) appearing in the 2-D XRD pat-
tern. To describe such changes more 
quantitatively one has to construct the 
set of symmetrized intensity distribu-
tions as described previously and trace 
the change in the fi rst peak position as a 
function of azimuth angle, ϕ, and tensile 
stress, σ. It should be noted here that no 
changes were observed between seven 
diffraction patterns, independently ac-
quired along the length of the sample 
(in 1 mm steps), when holding the load 
at a fi xed value of external stress. The 
experimental scatter of the measured 
strain values at each different stress 
level for seven independent locations 
along the gauge length is shown as error 
bars in Figures 2 and 3. From Figure 2 
it is evident that the asymmetry of the 
fi rst diffuse maximum increases with in-
creasing load. The decrease in the peak 
position with increasing tensile stress 
(the curve corresponding to ϕ = 90 Fig-
ure 1) refl ects the fact that atoms move 
apart along the tensile direction. An 
opposite behavior is seen in transver-
sal direction (the curve corresponding 
to ϕ = 0 in Figure 1). Figure 2 shows 
the angular variation of the strain  at a 
given stress σ as calculated from the rel-

ative change in the position of the fi rst 
peak using Equation 2. The fi t of the 
experimental data to Equation 3 yields 
two components of the strain tensor, ε

11
 

and ε
22

 (the axial and tangential compo-
nents, respectively). The stress-strain 
curves as observed for different strain 
tensor components are plotted in Figure 
4. Within the experimental error all of 
them show a linear behavior, indicating 
the elastic regime of the tensile deforma-
tion for the investigated specimens. The 
samples fractured at a stress of about 
1,500 MPa with no sign of yielding, de-
spite the fact that the compressive yield 
strength of this BMG was reported to be 
1,690–1,851 MPa,21 indicating a signifi -
cant strength asymmetry for this BMG. 
The maximum axial strain (ε

11
) is 1.50 ± 

0.01%. The elastic modulus determined 
in tensile mode is E

11
 = 94 ± 1 GPa and 

the experimentally determined Pois-
son’s ratio ν = –ε

22  
/ ε

11
 is 0.325 ± 0.01.

 Using the diffraction data by in-
situ high-energy XRD, the tensile 
modulus and Poisson’s ratio can be 
accurately evaluated in the case of 
Zr

62
Al

8
Ni

13
Cu

17
 and La

62
Al

14
(Cu

5/6

Ag
1/6

)
14

Co
5
Ni

5
 BMGs.15 As in the case of 

Zr
64.13

Cu
15.75

Ni
10.12

Al
10

, no tensile plas-
ticity was observed, despite the fact that 
both Zr-glasses are rather deformable in 
compression.15,21 The strains determined 
from the diffraction data of tensile/trans-
verse directions for the Zr

62
Al

8
Ni

13
Cu

17
 

and La
62

Al
14

(Cu
5/6

Ag
1/6

)
14

Co
5
Ni

5
 BMGs 

are presented in Figure 5. There one can 
see the good linear behavior and basi-
cally no sign of yielding. By linearly fi t-
ting the points and calculating the ratio 
of strains between the transverse and 
tensile directions for each alloy, the ten-
sile elastic modulus and Poisson’s ratio 
were obtained, about 83 GPa and 0.37 
for Zr

62
Al

8
Ni

13
Cu

17
 BMG and 34 GPa 

and 0.36 for La
62

Al
14

(Cu
5/6

Ag
1/6

)
14

Co
5
Ni

5
 

BMG, respectively.
 Using the same method, Mattern 
et al.16 measured upon tensile loading 
amorphous ribbons with the composi-
tions Cu

50
Zr

50
 and Cu

65
Zr

35
. The corre-

sponding data for Cu
50

Zr
50

 are presented 
in Figure 6. There one can see again a 
good linear behavior up to the highest 
value before fracture of the strain with 
applied stress and no sign of plastic de-
formation. The Young’s modulus E = 
63 GPa and the Poisson’s ratio ν = 0.31 
were calculated directly from the slopes 

Figure 1. (a) Diffraction image as recorded by the MAR 345 2D image plate detector. The 
polar coordinates (s, ϕ) and the axis of tensile deformation are depicted. (b) X-ray diffraction 
pattern resulting from integration among the polar coordinates (s, ϕ) of the image presented 
in (a). Both (a) and (b) are typical for metallic glasses and here they were recorded for 
Zr64.13Cu15.75Ni10.12Al10 BMG.
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of the axial and tangential components 
ε

11
 and ε

22
 vs. stress. The other glass, 

Cu
65

Zr
35

, behaves similarly. 

Compression Tests and 
Reciprocal Space

 The evaluation of the elastic tensor 
by synchrotron radian was established 
by Poulsen et al.12 At ESRF, they mea-
sured several Mg

60
Cu

30
Y

10
 BMGs under 

compressive load. A good linear depen-
dence of the strain as a function of the 
applied stress was also found.12 This 
BMG was known to be brittle,22 and, 
as a consequence, the samples failed 
at the end of the elastic regime. Huf-
nagel, Ott, and Almer18 measured, at 
APS, Zr

57
Ti

5
Cu

20
Ni

8
Al

10
 BMGs loaded 

in uniaxial compression. They used the 
structure factor S(Q) recorded for the 
loading direction from many x-ray scat-
tering patterns taken at various stresses 
during incremental loading from 0 MPa 
to 1,080 MPa (approximately 60% of 
the yield stress for this alloy18) and back 
to zero. As the compressive stress in-
creases, the largest peak in S(Q) shifts 
to larger Q in the loading direction. The 
opposite trend was observed for S(Q) 
in the transverse direction. As a result, 
the axial component ε

11
 of the strain ten-

sor became negative and the tangential 
component ε22

 became positive.
 The results indicated that the strain 
increases linearly with increasing com-
pressive stress. A straight-line fi t to the 
data yields an elastic modulus of E = 87 
± 2 GPa, in good agreement with values 
for E determined by macroscopic mea-
surements on closely related amorphous 
alloys.18 Data for the transverse direction 
are also in a linear dependence with the 
applied stress and from both directions 
one can obtain the value for Poisson’s 
ratio of ν = 0.34 ± 0.01, also in reason-
able agreement with the macroscopic 
measurements.18

 Strain scanning by x-ray diffraction 
beyond the Hookean limit, in order to in-
vestigate the plastic yielding phenomena 
of two different BMGs at higher resolu-
tion, was done by Das et al.17 The alloys 
are “plastic” Cu

47.5
Zr

47.5
Al

5
23 and macro-

scopically “brittle” Zr
55

Cu
20

Ni
10

Al
10

Ti
5
24 

BMGs. The experiments have been per-
formed at ESRF Grenoble, France, and 
the detailed experimental setup is de-
scribed elsewhere.17 The diffraction pat-
terns showed the elliptical nature of the 

ring after loading compared to a circular 
feature of the unloaded state, indicating 
a decrease of the atomic spacing of the 
nearest neighbors along the loading axis. 
The data analysis has been performed by 
the Q-space method in reciprocal space, 
as described earlier. In the case of each 
integrated intensity I(Q), the shift of the 
fi rst halo was determined with respect to 
the unloaded condition.
 Figure 7a and b, taken from Refer-
ence 17, shows the evolution of the 
different atomic-scale strain compo-
nents (ε

11
, ε

22
 and γ

12
 = ε

12
) with ap-

plied stress for Zr
55

Cu
20

Ni
10

Al
10

Ti
5
 and 

Cu
47.5

Zr
47.5

Al
5
, respectively. In the case 

of Zr
55

Cu
20

Ni
10

Al
10

Ti
5
, the strain com-

ponents in the loading direction (ε
11

) 
and transverse direction (ε

22
) increase. 

However, the shear component γ
12

 val-
ues remain close to zero. The increment 
of ε

11
 and ε

22
 strains slightly deviates 

from linearity after 1,400 MPa (a dot-
ted line has been drawn to show the 
linearity of the elastic stress-strain rela-
tionship), and the sample broke at 1,740 
MPa with an axial strain ε

11
 = −0.0174 

and a transverse strain ε
22

 of +0.00675. 
This strength value is similar to the 
macroscopic yielding (MY) of this al-
loy at 1,727 MPa, as observed earlier.24 
Cu

47.5
Zr

47.5
Al

5
 shows (Figure 7b) a very 

similar stress-strain relationship. How-
ever, the nonlinear stress-strain behav-
ior starts at around 1,200 MPa and, 
fi nally, the elastic strain saturates at a 
stress of 1,506 MPa with an axial strain 
ε

11
 = −0.0150 and a transverse strain 

Figure 4. Stress-strain curves 
for different strain tensor 
components measured for 
Zr64.13Cu15.75Ni10.12Al10 BMG. The 
straight lines represent a linear 
fi tting of the experimental data, 
starting from the origin of the 
coordinate system.

Figure 3. Angular dependence 
of the strain determined at 
various stages of tensile de-
formation of Zr64.13Cu15.75Ni10.12
Al10 BMG, as calculated from 
the relative change in the po-
sition of the fi rst peak using 
Equation 2.

Figure 2. Shifting of the fi rst broad 
peak as a function of applied tensile 
load, measured in tensile (ϕ = 90°) 
and transversal direction (ϕ = 0°), 
for Zr64.13Cu15.75Ni10.12Al10 BMG.
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the data from the real space. For that, 
one has to calculate the structure factor 
S(Q) or pair correlation function g(r) as 
described earlier. An example is given 
in Figure 8, which represents g(r) of 
Zr

64.13
Cu

15.75
Ni

10.12
Al

10
 BMG at different 

stages of deformation. The fi rst peak in 
g(r) (see the inset) shifts to larger r with 
increasing load, as expected, and the 
transverse data (not shown) show the 
opposite trend. According to different 
authors,18,20 the peak positions in g(r) 
are diffi cult to determine accurately be-
cause the peaks at low r are asymmetric 
while those at larger r are rather broad, 
which leads to signifi cant scatter in the 
measured strain. A more robust tech-
nique proposed by Hufnagel, Ott, and 
Almer18 is to focus not on the tops of the 
peaks, but on the places where g(r) = 1. 
These crossing points are less sensitive 
to the effects of asymmetry and can be 
accurately determined even for peaks 
at large r. Although no dependence of 
strain on r was observed, it is interest-
ing that the strain determined from the 
lowest value of r at which g(r) = 1 is 
consistently smaller in magnitude than 
the strains determined at larger values 
of r.18 This is related to the asymmetry 
of the peaks, due by the changes in the 
interatomic bonding lengths. More, the 
asymmetry becomes more pronounced 
when the applied stress is increasing.To 
investigate this further, one has to move 
to RDF and try to deconvolute the fi rst 
peak which corresponds to the fi rst co-
ordination shell. We cannot unambigu-
ously identify the atomic pairs contrib-
uting to the fi rst peak in the RDF, but 
we can make some reasonable approxi-
mations for this Zr

64.13
Cu

15.75
Ni

10.12
Al

10
 

alloy. First, because the contribution of 
each atomic pair to the RDF is weight-
ed by the atomic scattering factors of 
the elements and by their concentra-
tion, we can neglect the infl uence of 
Al, because it has a low atomic number 
and is present at relatively low concen-
tration. Second, the separation of the 
atoms in each pair is related to the sum 
of their atomic radii; since Cu and Ni 
are nearly the same size (1.28 and 1.25 
Å, respectively),25 their contributions 
are indistinguishable. It is almost clear 
that Zr–Zr, Zr–Cu, and Zr–Ni are the 
dominant atomic pairs which constitute 
the fi rst coordination shell of the PDFs, 
so only two partials [Zr–(Cu,Ni) and 

b

a

Figure 7. Evolu-
tion of elastic strain 
components of (a) 
Zr55Cu20Ni10Al10Ti5 and 
(b) Cu47.5Zr47.5Al5 during 
compressive loading. 
The increment of ε11 
and ε22 strains deviates 
from linearity on atomic 
scale before the onset 
of macroscopic yielding 
(MY). The fi gure is taken 
from Reference 17.

Figure 6. Strain vs. applied stress 
of Cu50Zr50 glass measured by 
x-ray diffraction. Here also the 
linear fi tting is presented by the 
straight lines.

Figure 5. The strains deter-
mined from the diffraction data 
of tensile/transverse directions 
for Zr62Al8Ni13Cu17 and 
La62Al 14(Cu5/6Ag1/6) 14Co5Ni5 
BMGs. As for Figure 4, the 
straight lines represent the lin-
ear fi tting of the experimental 
data.

ε
22

 = +0.0056 without alteration of the 
shear component γ

12
, which is close to 

0. The test was stopped at 1,700 MPa 
at a plastic strain of about 0.6%–0.7%. 
Note that the microscopic yield stress 
has been measured to be 1,547 MPa 
for Cu

47.5
Zr

47.5
Al

5
, as reported earlier.23 

Therefore, the stress required for mac-

roscopic yielding under compression 
and the saturation of the elastic strain at 
the atomic scale is consistent for both 
the investigated alloys.

Strain Analysis from the Real 
Space

 The strain analysis can be done using 
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(Zr–Zr)] need to be resolved. Figure 
9a shows the result of the deconvolu-
tion for the fi rst shell of undeformed 
Zr

64.13
Cu

15.75
Ni1

0.12
Al

10
. The center of 

the fi rst peak was estimated to be at 
2.68 Å corresponding to Zr–(Cu,Ni) 
atomic pairs. The major component 
centered at 3.14 Å originates from 
Zr–Zr atomic pairs. As can be seen 
from Figure 9b, an increase in tensile 
stress shifts both peaks toward higher 
r values. This proves that tensile stress 
increases the average atomic distances 
along the loading direction. Similar re-
sults were obtained in the case of the 
other metallic glasses discussed here; 
in the case of compressive loadings, 
the average atomic distances along the 
loading direction became smaller.18

DATA SUMMARY, 
COMPARISON, AND 

DISCUSSION

 All of the above discussion assumes 
that the amorphous material is isotropic. 
This is often the case for amorphous al-
loys, but counterexamples can be found 
in thin fi lms and in bulk alloys subjected 
to processing that renders them aniso-
tropic. Even in these cases the devia-
tion from isotropy is usually small and 
the scattering data are analyzed using 
the isotropic assumption. For the data 
presented here it was assumed that one 
can neglect the anisotropy induced by 
the small uniaxial elastic strain. Hufna-
gel, Ott and Almer mention18 that a full 
treatment would involve the application 
of cylindrical distribution functions to 
properly handle the symmetry.
 Table I summarizes the values of 
Young’s modulus E and Poisson’s ratio 
ν for the metallic glasses analyzed here. 
Two types of data are presented: mea-
sured by XRD using synchrotron ra-
diation and measured using ultrasound 
methods or macroscopic tensile/com-
pression tests. Basically, there always 
are differences in the constants mea-
sured using the two methods.
 For compressive loads, as mentioned 
also by Hufnagel, Ott, and Almer,18 
Poulsen and co-workers12 demonstrated 
for the fi rst time that the theoretical con-
siderations used in this work are essen-
tially correct, by measuring elastic strain 
and strain distributions in Mg

60
Cu

30
Y

10
 

BMG. They showed that the strain mea-
sured in both reciprocal and real space 

increased linearly with uniaxial stress. 
The strain measured from the posi-
tion of the fi rst peak in I(Q) showed 
good agreement with strain calculated 
based on macroscopic measurements 
of Young’s modulus E. However, the 
strain calculated from g(r) showed a 
pronounced dependence on r, being the 
smaller for the fi rst near neighbor peak 
and increasing with peaks at higher r 
to asymptotically approach the strain 
calculated from the I(Q) peak position. 
The strain calculated from the third g(r) 
peak was even 2.7 times as large as 
that from the fi rst peak. Poulsen et al. 
attributed this observation to unspeci-
fi ed “structural rearrangements on the 
length scale of 4–10 Å.”12 Hufnagel and 
co-workers18 observed as well that the 
strain in the nearest-neighbor shell is 

smaller than that at longer scales, the ef-
fect being smaller than that reported by 
Poulsen et al.12 They propose that “the 
difference between the stiffness of the 
nearest-neighbor atomic environment 
and that over longer length scales can 
be attributed to the effect of topological 
rearrangements in the nearest-neighbor 
environments of a relatively small frac-
tion of the atoms, without the need to 
invoke signifi cant structural rearrange-
ments over longer length scales.”18 
 The differences in mechanical con-
stants measured using different tech-
niques are even higher when the sam-
ples were subjected to tensile loads 
(see Table I). Here the stiffness of the 
neighbor cells becomes more important. 
Basically, upon tensile tests no sign of 
plastic deformation was observed. In 

Figure 8. PDFs g(r) of 
Z r 6 4 . 1 3 C u 1 5 . 7 5 N i 1 0 . 1 2 A l 1 0 
BMG at different stages 
of deformation. The inset 
shows a zoomed view of the 
fi rst coordination shell.

a

b

Figure 9. Deconvolution of the fi rst 
coordination shell of Zr64.13Cu15.75
Ni10.12Al10 BMG into two Gaussians 
for (a) unloaded sample and (b) 
sample at different stages of de-
formation. The experimental data 
curve, the fi tting curves, the stress 
level, and the contribution of pos-
sible atomic pairs are correspond-
ingly denoted in the plot.
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Table I. The Values for Young’s Modulus E and Poisson’s Ratio ν for the Metallic Glasses 
Presented in this Paper

Composition Experiment E (GPa) ν

Zr64.13Cu15.75Ni10.12Al10 Tensile, synchrotron13 94 0.325
 Ultrasound13 78 0.377

Zr62Al8Ni13Cu17 Tensile, synchrotron15 83 0.37
 Ultrasound15 80 0.38

La62Al14(Cu5/6Ag1/6)14Co5Ni5 Tensile, synchrotron15 34 0.36
 Ultrasound15 35 0.36

Cu50Zr50 Tensile, synchrotron16 63 0.31
 Ultrasound26 83 0.384

Cu65Zr35 Tensile, synchrotron16 97 0.33
 Ultrasound26 92 0.352

Mg60Cu30Y10 Compression, synchrotron12 64.1 0.373
 Ultrasound22 51.5 N/A

Zr57Ti5Cu20Ni8Al10 Compression, synchrotron18 87 0.34
 Macroscopic compression27 82 0.362

Cu47.5Zr47.5Al5 Compression, synchrotron17 99.2 0.34
 Ultrasound17 90.1 0.365

Zr55Cu20Ni10Al10Ti5 Compression, synchrotron17 91.1 0.38
 Ultrasound17 85.5 0.378

fact13 we considered that here one can 
deal with two types of glasses: intrinsi-
cally brittle and plastic deformable in 
compression. Judging from the trend of 
the values of the elastic constants sum-
marized in Table I, as measured by ul-
trasonic methods and as calculated from 
the strain tensor measured by diffraction 
experiments, it is very clear that in the 
case of “nondeformable” or intrinsically 
brittle BMGs, the bulk elastic constants 
as derived from ultrasound measure-
ments and the ones obtained from the 
strain tensor analysis are almost similar, 
indicating a similar elastic behavior of 
each atomic shell. In the case of plas-
tically deformable BMGs each atomic 
shell has a different stiffness, as revealed 
from the large differences of the elastic 
constants from ultrasonic and tensor 
analysis. Most likely, such local fl uc-
tuations of the elastic properties in the 
glassy structure can rather easily induce 
local shear transformation and, thus, the 
BMG exhibits macroscopic plasticity.13 
However, in a glassy material a range 
of local atomic environments of the 
atoms exists. As a consequence of the 
disorder, fl uctuation of inter-atomic dis-
tances may occur, which leads to varia-
tions of the atomic-level stress.16 The 
analysis of the fi rst neighborhood, done 
by Mattern et al.16 for their CuZr binary 
glasses, confi rms the anelastic changes 
of the short-range order under tensile 
stress well below the yield strength. The 

response of the nearest neighborhood 
upon loading leads toward the direc-
tional changes in the chemical short-
range order. All together may explain 
the differences in mechanical behavior 
observed at the microscopic level (x-ray 
diffraction) when compared with the av-
eraged macroscopical behavior.

CONCLUSIONS

 In-situ x-ray synchrotron diffraction 
enables the atomic level elastic strain of 
metallic glasses under uniaxial tensile 
or compressive stress to be character-
ized. The elastic moduli can be estimat-
ed not only considering the shift of the 
fi rst maximum of the scattering curve in 
reciprocal space but also from the shift 
of the larger inter-atomic distances in 
the PDF in real space. The analysis of 
the short-range order of several metallic 
glasses vs. stress confi rms the structural 
changes in the elastic regime. The an-
elastic deformations are accompanied 
by bond reorientation leading to direc-
tion dependent changes in chemical 
short-range order. The elastic constants 
calculated from the strain tensor are dif-
ferent from those measured by macro-
scopic techniques. These differences 
are supposed to arise because the ul-
trasound techniques average the elastic 
constants of different atomic shells and 
measure the bulk properties of the mate-
rial, while the diffraction measurements 
may detect differences in stiffness of 

the fi rst, second, third, and consecutive 
atomic shells.
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