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We report on the evolution of the atomic-scale strain tensor of ductile Zr64.13Cu15.75Ni10.12Al10 bulk
metallic glass under tensile loading by using x-ray synchrotron radiation. The same kind of samples
was previously investigated under compressive loading and revealed yielding at 1690 MPa together
with large deformability of up to 160% strain. In tension the samples fracture at a lower stress, 1500
MPa, with no sign of yielding or plastic deformation. With no macroplasticity observed under
tension, large differences in the elastic constants obtained from the strain tensor and from ultrasonic
sound velocity measurements are revealed. This paper presents in detail the measuring procedure as
well as the calculation of the tensile tensor and pair distribution functions of Zr64.13Cu15.75Ni10.12Al10

at different stages of deformation. The results are discussed in comparison with other reported data
obtained from x-ray diffraction measurements using synchrotron radiation. © 2008 American
Institute of Physics. �DOI: 10.1063/1.2952034�

I. INTRODUCTION

Bulk metallic glasses �BMGs� have many potential ap-
plications due to their unique properties as, for example, su-
perior strength and high hardness, excellent corrosion resis-
tance, and high wear resistance.1,2 The high strength of
BMGs is often accompanied by more or less pronounced
plastic deformation and their deformation and fracture
mechanisms are quite different from crystalline materials.3–12

At temperatures below or around the glass transition and
rather high strain rates metallic glasses deform by the forma-
tion of localized shear bands,3–5,8 whereas homogeneous
flow of the supercooled liquid is observed at elevated tem-
peratures and/or low strain rates.13,14 For the former case, it
was previously considered that the compressive fracture usu-
ally proceeds along a shear plane inclined by 45° to the
loading axis,15 i.e., the maximum shear stress plane. How-
ever, several recent systematic investigations on glasses in
different alloy systems indicate that the shear fracture always
deviates from the maximum shear stress plane either under
compression or under tension.16–19

High strength has been a long-standing objective pur-
sued in metals and alloys. BMGs have strengths approaching
the theoretical limit,20 but their plasticity at room tempera-
ture is typically very low. In uniaxial tension, the plastic
strain is almost zero.21 For the majority of the known BMGs,
the plastic strain at room temperature is very limited
��2%� even under compression, resulting from pronounced
shear localization and work softening. The lack of plasticity
makes BMGs prone to catastrophic failure in load-bearing
conditions and restricts their application. This also hinders
the precise study of some fundamental issues in glasses, such

as the deformation mechanism and the dynamics of plastic
deformation, in which large plasticity is needed for detailed
analysis.21 Plastic deformation of metallic glasses at room
temperature occurs through the formation and evolution of
shear bands and is localized in thin shear bands.22 Therefore,
brittleness is regarded as an intrinsic defect of metallic
glasses. Efforts have been made to enhance the plasticity of
BMGs, mostly focusing on the fabrication of BMG
composites.23–27 Very recently, Liu et al.28 succeeded to pre-
pare several Zr-based BMGs which show an exceptional de-
formability and a high strain as revealed by compression
tests. The samples which were able to endure maximum de-
formation �yielding at 1690 MPa, maximum true strain of
160%� had a composition of Zr64.13Cu15.75Ni10.12Al10. In or-
der to correlate the extraordinary plasticity of the glasses
with their structure, transmission electron microscopy �TEM�
investigations were performed to reveal their microstructural
features. It was found that the BMGs are composed of iso-
lated dark zones, ranging from 2 to 5 �m in size, sur-
rounded by continuous bright zones of about 0.5–1 �m in
width.28 The volume fraction of the bright zones was esti-
mated to be �10%. The selected-area electron diffraction
patterns of both bright and dark zones showed only broad
rings, confirming the glassy nature of both zones. The de-
tailed structure of the bright and dark zones was also exam-
ined by means of high resolution TEM and a mazelike pat-
tern without any crystalline fringes was observed. The
structural studies confirmed the chemical and compositional
homogeneities and the single glassy nature of the BMGs
�i.e., no indications for phase separation were found�. It was
supposed28 that the very high deformability of these BMGs
stems from this particular kind of structure, in which hard
regions �the black zones� are surrounded by soft regions �the
bright zones�.

Several properties of amorphous materials including fa-
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tigue, fracture, and component performance are governed by
the magnitude of strain fields around inhomogeneities such
as local compositional variations, crystalline inclusions,
voids, or cracks.29 In the past years29 a universal diffraction
method for characterizing bulk stress and strain fields in
amorphous materials was established. This method, employ-
ing synchrotron radiation, was successfully applied in order
to reveal the effect of hydrostatic stress state on the atomic-
scale structural changes in glasses at high pressure,30 the
change in free volume during annealing,31 the strain in the
crystalline phase in glass-matrix composites,32,33 as well as
for calculating the strain tensor in monolithic BMG below
the elastic limit29 or beyond the Hookean limit.34

All the mentioned studies were done with the BMGs
subjected to a compressive stress. Only very recently,35 this
investigation method was applied to evaluate the elastic be-
havior of two brittle BMGs �Zr62Al8Ni13Cu17 and
La62Al14�Cu5/6Ag1/6�14Co5Ni5� subjected to tensile loading.

In this work, we performed strain scanning by x-ray dif-
fraction �XRD� for the Zr64.13Cu15.75Ni10.12Al10 BMG. The
diffraction images were recorded for samples under applied
tensile loads and were stopped just before fracture. Even
though this glass showed a remarkable deformability and
enhanced compressive strain,28 it does not show any plastic
deformation upon tensile loading. Hence, the studies were
done only in the elastic regime.

II. EXPERIMENTAL DETAILS

A. Sample preparation and experimental setup

BMG plates of 10 mm width, 1.25 or 1.75 mm thickness,
and 50 mm length with composition Zr64.13Cu15.75Ni10.12Al10

were prepared by arc-melting and suction casting.28 In order
to obtain dog-bone shape specimens with 10�2�1 mm3

measurement section for the tensile tests, the as-cast plates
were machined by spark erosion method to obtain the desired
geometry. The surfaces of the specimens were carefully pol-
ished in order to reduce the surface roughness. The speci-
mens were strained under tension �Kammrath and Weiss
GmbH straining system with a maximum load of 5 kN� at
room temperature in situ in the x-ray beam at HASYLAB at
DESY �Hamburg, Germany� on the wiggler beamline BW5
at the DORIS positron storage ring using monochromatic
synchrotron radiation ��=0.0119441 nm� of 103.8 keV. The
tensile load was increased in steps of 400 N. For each load,
seven independent points �with 1 mm steps along the gauge
length� in the middle part of the specimen were sequentially
scanned. Due to the small scattering angles, the polarization
correction is almost negligible.36 The diffraction experiments
were carried out in the Debye–Scherrer geometry. The layout
of the experimental setup is shown in Fig. 1. The measured
samples were exposed for 10 s to the well collimated inci-
dent beam having a cross section of 1�1 mm2. Two-
dimensional �2D� �2300�2300 pixels, 150�150 �m2 pixel
size� XRD patterns were collected using a MAR 345 2D
image plate detector carefully mounted orthogonal to the
x-ray beam. In order to cover the high-Q range �Q
=4� sin��� /�� up to 16.5 Å−1, the distance between the 2D
detector and the sample was adjusted to 50 cm. The diffrac-

tion pattern from LaB6 was used to calibrate the sample-to-
detector distance D and tilting of the image plate detector
with respect to the beam axis.

B. Determination of strain

The strain determination of bulk metallic glasses from
XRD data is based on concepts previously reported by
Poulsen et al.29 Figure 2 shows an example for the raw data
obtained for the Zr64.13Cu15.75Ni10.12Al10 glass without ap-
plied load. The symmetric circular diffraction pattern is char-
acterized with respect to the polar coordinates �s ,��. By di-
viding the � range of 0 to 2� into 36 segments, one obtains
symmetrized intensity distributions

FIG. 1. �Color online� Sketch of an in situ tensile experiment. 2D diffraction
pattern of Zr64.13Cu15.75Ni10.12Al10 metallic glass.

FIG. 2. �Color online� 2D diffraction pattern of Zr64.13Cu15.75Ni10.12Al10 me-
tallic glass. The polar coordinates �s ,�� and the axis of deformation are
depicted.
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Ii��Q,�i� = �
�−�/36

�+�/36

�I�Q,�� + I�Q,� + ���d� , �1�

with i=1. . .18, where Q=Q�s� is defined by

Q�s� =
4�

�
sin�1

2
arctan� s

D
	
 �2�

in which � denotes the wavelength, D refers to the sample-
to-detector distance, and s represents the distance from the
origin of the polar coordinate system �see Fig. 1�. Symme-
trized intensity distributions as described by Eq. �1� were
calculated using the software package FIT2D.37 The procedure
was repeated for all diffraction patterns acquired at different
loads thus yielding the set of symmetrized distributions
Ii��Q ,� ,	� where 	 refers to the corresponding stress. For
each Ii��Q ,� ,	� the shift in position of the first peak, q�� ,	�,
was determined with respect to the unloaded situation,
q�� ,0�. The relative change in the position of the first peak
upon applying an external stress defines the strain


i��i,	� =
q��i,0� − q��i,	�

q��i,	�
, �3�

�with i=1. . .18�, which is angular dependent. The angular
variation of the strain can be fitted to the following expres-
sion:


���,	� = 
11 sin2 � + �12 sin � cos � + 
22 cos2 � . �4�

As a result, the strain tensor can be determined, and the
axial �
11�, tangential �
22�, and in-plane shear component
��12� can be derived. Components not in the plane perpen-
dicular to the incoming beam can be determined by rotating
the specimen around an axis perpendicular to the incoming
beam. However, in the case of amorphous alloys this is not
necessary since their structure is highly isotropic.

C. Determination of structure factor and pair
distribution function

The data were then converted to the total structural func-
tion, S�Q�, using standard procedures described by Egami
and Billinge.38 The background intensity was subtracted di-
rectly from the diffraction pattern, and the 2D intensity dis-
tribution was integrated azimuthally with respect to the
Q-space using the FIT2D �Ref. 37� software. The integrated
data were corrected by considering polarization, sample ab-
sorption, fluorescence contribution, and inelastic scattering
using the PDFGETX2 software.39 The total structural factor
S�Q� is obtained from the normalized elastically scattered
intensity, Ie�Q�

S�Q� = 1 +

Ie�Q� − ��
i=1

n

cif i
2�Q�


��
i=1

n

cif i
2�Q�
2

, �5�

where ci and f i�Q� are the atomic concentration and the scat-
tering factor of the atomic species of type i �i
=Zr,Cu,Ni,Al�, respectively. The corresponding reduced

pair distribution function, G�r�, can be obtained through a
sine Fourier transformation:

G�r� = 4�r���r� − �0� =
2

�
�

0

Qmax

Q�S�Q� − 1�sin�rQ�dQ ,

�6�

where ��r� and �0 are the local and average atomic number
densities, respectively, and r is the radial distance. From G�r�
the pair distribution function �PDF�, g�r�, and the radial dis-
tribution function, RDF�r�, can be calculated by

g�r� =
��r�
�0

=
G�r�

4��0r
+ 1, �7�

RDF�r� = 4�r2��r� = 4�r2�0 + rG�r� . �8�

The average coordination number, N, around any given atom
in a spherical shell between radius r1 and r2 can be calcu-
lated as

N = �
r1

r2

RDF�r�dr . �9�

In order to resolve the nearest-neighbor partials from the first
PDF peak, G�r� is converted to T�r� �=4�r��r�=4�r�0�r�
+G�r��, in which the atomic pair distributions follow Gauss-
ian profiles for isotropic systems such as amorphous alloys.40

Thus, using a Gaussian to represent a partial �4�r�ij�r�,
where �ij�r� is the partial pair density function� one can ex-
press T�r� as a sum of the weighted Gaussians

T�r� = �
i

�
j
i

4�r�ij�r�wij

= �
i

�
j
i

wij
aij

�2�	ij

exp�−
�r − rij�2

2	ij
2 
 , �10�

where i and j denote the ith and jth atomic species, rij is the
bond length of the i-j pair at the peak position, aij and 	ij are
the area and standard deviation of the Gaussian, and wij is
the weight of the i-j pair, calculated in the following manner:

wij =

2cicjf i�0�f j�0�

��
k=1

n

ckfk�0�
2
, i � j

ci
2f i

2�0�

��
k=1

n

ckfk�0�
2
, i = j � . �11�

III. RESULTS

A. Strain analysis

The 2D diffraction pattern of as-cast
Zr64.13Cu15.75Ni10.12Al10 exhibits the diffuse scattering pattern
typical for metallic glasses and confirms the presence of
glassy structure without any hint for crystalline inclusions
�see Fig. 2�. The symmetric circular diffraction pattern is
characteristic for the samples prior to applying tensile stress.
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With increasing tensile load it becomes elliptical. The
changes are most pronounced for the first and strongest dif-
fuse ring appearing in the 2D XRD pattern. To describe such
changes more quantitatively one has to construct the set of
symmetrized intensity distributions according to Eq. �1� and
trace the change in the first peak position as a function of
azimuth angle, �, and tensile stress, 	. It should be noted
here that no changes were observed between seven diffrac-
tion patterns, independently acquired along the length of the
sample �1 mm steps�, when holding the load at a fixed value
of external stress. The experimental scatter of the measured
strain values at each different stress levels for seven indepen-
dent locations along the gauge length is shown as error bars
in Figs. 3 and 4. From Fig. 3 it is evident that the asymmetry
of the first diffuse maximum increases with increasing load.
The decrease in the peak position with increasing tensile
stress �the curve corresponding to �=90° or the blue curve in
Fig. 3� reflects the fact that atoms move apart along the ten-
sile direction. An opposite behavior is seen in transversal
direction �the curve corresponding to �=0° or the red curve
in Fig. 3�.

Figure 4 shows the angular variation of the strain 
 at a
given stress 	 as calculated from the relative change in the
position of the first peak using Eq. �3�. The fit of the experi-
mental data to Eq. �4� yields two components of the strain
tensor, 
11 and 
22 �the axial and tangential components, re-
spectively�. The stress-strain curves as observed for different
strain tensor components are plotted in Fig. 5. Within the
experimental error all of them show a linear behavior thus
indicating the elastic regime of the tensile deformation for
the investigated specimens. The samples fractured at a stress
of about 1500 MPa and did not provide any hint for yielding,
despite the fact that the compressive yield strength of this
BMG was reported to be 1690–1851 MPa.28 This different
behavior indicates a significant strength asymmetry for this
BMG.41 The maximum axial strain �
11� achieved is
1.50�0.01%. The elastic modulus determined in tensile
mode is E11=94�1 GPa, and the experimentally deter-
mined Poisson’s ratio n�=−
22 /
11=−E11 /E22� is
0.325�0.01.

B. Evolution of local atomic structure upon tensile
deformation

Figure 6 shows the structure factor of the
Zr64.13Cu15.75Ni10.12Al10 BMG at different stages of deforma-
tion. It should be noted that the structure factors shown in
Fig. 6 were calculated using Eq. �5� from the corresponding
symmetrized intensity distributions, derived along the tensile
direction ��=90°�. From the inset in Fig. 6 it is evident that
the position of the first maximum shifts toward lower Q val-
ues with increasing tensile stress. In order to relate these
changes in reciprocal space with real space one has to per-
form a Fourier transformation of the structure factor S�Q�
according Eq. �6�. Figure 7 shows the pair distribution func-
tions g�r� calculated from the corresponding S�Q� data by
applying Eqs. �6� and �7�. The inset in Fig. 7 gives a detailed
view of the first broad maximum appearing in g�r� together
with the interatomic bond lengths42 and the corresponding
weight factors wij calculated at Q=0 Å−1 �denoted by filled
circles and explicitly listed in Table I�.

FIG. 3. �Color online� Change in the first peak position with applied tensile
stress observed in tensile ��=90°� and transversal ��=0°� direction.

FIG. 4. �Color online� Angular dependence of the strain determined at vari-
ous stages of tensile deformation. The full lines denote fits of the experi-
mental data to Eq. �4�.

FIG. 5. �Color online� Stress-strain curves for different strain tensor com-
ponents. The lines correspond to the fit of the data to a linear function
starting from the origin of the coordinate system.
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From the type and concentration of the constituent ele-
ments in the Zr64.13Cu15.75Ni10.12Al10 alloy, it is clear that
Zr–Zr, Zr–Cu, and Zr–Ni are the dominant atomic pairs
which constitute the first coordination shell of the PDFs. In
view of Table I, one can find that the weight averages wij of
the remaining partials are negligibly small due to low con-
centrations of Cu, Ni, and Al as well as their relatively weak
scattering powers. Since Cu and Ni are almost identical with
respect to their atomic radii,42 only two partials �Zr–�Cu,Ni�
and Zr–Zr� need to be resolved. Figure 8�a� shows the result
of the deconvolution for the first shell of undeformed
Zr64.13Cu15.75Ni10.12Al10. The center of the first peak was es-
timated to be at 2.68 Å �red curve� corresponding to Zr–
�Cu,Ni� atomic pairs. The major component centered at
3.14 Å �blue curve� originates from Zr–Zr atomic pairs. As
can be seen from Fig. 8�b�, an increase in tensile stress shifts
both peaks toward higher r values �see Table II�. This implies
that tensile stress increases the average atomic distances
along the loading direction.

IV. DISCUSSION

Despite the excellent plasticity observed under compres-
sive loading,28 the Zr64.13Cu15.75Ni10.12Al10 BMG fractured
without showing any hint of macroplasticity in the current

FIG. 6. �Color online� Total structure factor S�Q� of Zr64.13Cu15.75Ni10.12Al10

metallic glass at different stages of deformation. The inset shows how the
position of the first peak changes with applied tensile stress when observed
in tensile direction ��=90°�.

FIG. 7. �Color online� PDFs g�r� of Zr64.13Cu15.75Ni10.12Al10 metallic glass at
different stages of deformation. The inset shows a zoomed view of the first
coordination shell. The dots refer to the interatomic bond lengths calculated
as a sum of the atomic �metallic� radii �listed in Table I�.

TABLE I. Ten possible nearest-neighbor atomic pairs in
Zr64.13Cu15.75Ni10.12Al10 metallic glass and their theoretical bond lengths �Rij

0 ,
the sum of atomic radii �1.6, 1.28, 1.43, and 1.25 Å for Zr, Cu, Al, and Ni,
respectively�� and weighting factors wij calculated at Q=0 Å−1 according to
Eq. �11�.

i-j Rij
0

�Å�
wij

Zr–Zr 3.20 0.557
Zr–Cu 2.88 0.199
Zr–Ni 2.85 0.123
Zr–Al 3.03 0.057
Cu–Cu 2.56 0.018
Cu–Al 2.71 0.010
Cu–Ni 2.53 0.022
Al–Al 2.86 0.001
Al–Ni 2.68 0.006
Ni–Ni 2.50 0.007

FIG. 8. �Color online� �a� Deconvolution of the first coordination shell into
two Gaussians for an unloaded sample and �b� at different stages of
deformation.
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tensile tests. The linear shift of the peak position with ap-
plied load �Fig. 3�, and the perfect linear dependence of the
stress with increasing strain �Fig. 5� indicate a purely elastic
behavior in the overall structure. The Young modulus �E�
and Poisson’s ratio ��� calculated from the strain tensor are
94 GPa and 0.325, respectively. The elastic constants, mea-
sured previously28 by ultrasonic methods revealed different
values: 78.41 GPa for E and 0.377 for �. The different values
for the elastic modulus can be easily explained if one as-
sumes that the stiffness of the first, second, third, and con-
secutive atomic shells is different. The diffraction measure-
ments may detect such differences, while ultrasound
techniques average the elastic constants of different shells
and measure the bulk properties of the material. Such differ-
ences were recently reported also by other authors and the
available data are summarized in Table III.

Das et al.34 recently investigated two different BMGs,
one brittle �Zr55Cu20Ni10Al10Ti5� and one ductile
�Cu47.5Zr47.5Al5�, by in situ compression testing under syn-
chrotron radiation: these investigations also revealed differ-
ences between the values of the elastic constants obtained
from x-ray and ultrasonic sound velocity measurements. In
this case, Young’s modulus derived from the strain tensors
took values higher than those measured by ultrasound meth-
ods, but the values of Poisson’s ratio were very close, i.e.,
almost the same. It is interesting to follow the differences in
the values presented by different authors �see Table III�: for
brittle BMG �Zr55Cu20Ni10Al10Ti5�,34 the difference in
Young’s modulus is less than 6 GPa �85.5 GPa from ultra-
sound measurements compared to 91.1 GPa from the strain

tensor� and Poisson’s ratio is virtually the same �0.378 from
ultrasound and 0.38 from the strain tensor�, while for ductile
BMG �Cu47.5Zr47.5Al5� �Ref. 34� the differences are larger:
90.1 GPa �from ultrasound measurements� compared to 99.2
GPa �strain tensor� for Young’s modulus and 0.365 �ultra-
sound measurements� or 0.34 �strain tensor calculations� in
the case of Poisson’s ratio. Other work which deals with the
strain tensor measured upon XRD and was reported by Wang
et al.35 They also noticed such differences in the case of
Zr62Al8Ni13Cu17 and La62Al14�Cu5/6Ag1/6�14Co5Ni5 BMGs.
In our present study, these differences follow the same trend
but they are even larger, i.e., 16 GPa for Young’s modulus
and 0.052 for Poisson’s ratio. In the same time, it was shown
that the studied Zr64.13Cu15.75Ni10.12Al10 BMG shows a much
larger compressive strain �160%� �Ref. 28� than the previ-
ously investigated Cu47.5Zr47.5Al5 BMG �0.7% plastic
deformation�.34 Judging from the trend of the values of the
elastic constants summarized in Table III, as measured by
ultrasonic 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 mea-
surements and the ones obtained from the strain tensor analy-
sis are almost similar, indicating a similar elastic behavior of
each atomic shell. In the case of plastically deformable
BMGs each atomic shell has a different stiffness, as revealed
from the large differences of the elastic constants from ultra-
sonic and tensor analysis. Most likely, such local fluctuations
of the elastic properties in the glassy structure can rather
easily induce local shear transformation44 and, thus, the
BMG exhibits macroscopic plasticity. However, more ex-
perimental work is needed to clarify the atomic-scale origin
of the macroscopic plasticity in metallic glasses.

V. CONCLUSIONS

In the past years a universal diffraction method for char-
acterizing bulk stress and strain fields in amorphous materi-
als was established. This method, employing synchrotron ra-
diation, was applied in this work in order to study the in situ
behavior of Zr64.13Cu15.75Ni10.12Al10 BMG at different stages
of tensile deformation. Despite a large compressive deform-
ability previously reported, the Zr64.13Cu15.75Ni10.12Al10

BMG fractured without showing any hint of macroplasticity
in the current tensile tests. The linear shift of the peak posi-
tion with applied load and the perfect linear dependence of
the stress with increasing strain indicate a purely elastic be-
havior in the overall structure. The elastic constants calcu-
lated from the strain tensor are different from those measured
by ultrasonic techniques. These differences are supposed to
arise because the ultrasound techniques average the elastic
constants of different atomic shells and measure the bulk
properties of the material, while the diffraction measure-
ments may detect differences in stiffness of the first, second,
third, and consecutive atomic shells.

The position of the first diffraction broad maximum
shifts toward lower Q values with increasing tensile stress. In
the real space, this implies that tensile stress increases the
average atomic distances along the loading direction. Due by

TABLE II. Best-fit peak position rij ��0.01 Å� obtained from decomposi-
tion of the first coordination shell. The last column contains the average
coordination number N ��0.2�, calculated from the RDF�r� in the interval
2–3.85 Å.

	
�MPa�

rZr–�Cu,Ni�
�Å�

rZr–Zr �Å� N

0 2.68 3.14 13.4
800 2.70 3.16 13.5
400 2.71 3.18 13.6

TABLE III. Reported Young’s modulus �E� and Poisson’s ratio ��� values
for different BMGs. “USV” denotes the values measured by ultrasonic
methods and “x-ray” those measured by means of the strain tensor deduced
from in situ XRD using synchrotron radiation.

Composition Eusv

�GPa�
vusv Ex-ray

�GPa�
nx-ray

Zr64.13Cu15.75Ni10.12Al10
a 78 0.377 94 0.325

Cu47.5Zr47.5Al5
b 90.1 0.365 99.2 0.34

Zr55Cu20Ni10Al10Ti5
b 85.5 0.378 91.1 0.38

Zr62Al8Ni13Cu17
c 80 0.38 83 0.37

La62Al14�Cu5/6Ag1/6�14Co5Ni5
c 35 0.36 34 0.36

Mg60Cu30Y10 51.5�1.5 d n.a. 64.1e 0.373e

aPresent work.
bReference 34.
cReference 35.
dReference 43.
eReference 29.
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the type and concentration of the constituent elements in the
Zr64.13Cu15.75Ni10.12Al10 alloy, it is concluded that Zr–Zr, Zr–
Cu, and Zr–Ni are the dominant atomic pairs which consti-
tute the first coordination shell of the PDFs.
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