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Based on a systematic study of pair distribution functions, carried out at cryogenic and ambient tempera-
tures, on as-cast and crystallized ternary Zr-based bulk amorphous alloys �BAAs�, we found that the atoms in
BAAs are inhomogenously distributed at a local atomic level. They exist as different clusters with significantly
shorter bond lengths than their crystallized counterpart structures—intermetallic compounds, and these struc-
tures exist stably in the amorphous state. This results in additional free volume, which is about �7% larger
than that measured by the Archimedes method. The compressive strength measured at �77 K was found to be
�16% larger than that measured at 298 K. In this study, an amorphous structural model is proposed, in which
strongly bonded clusters acting as units are randomly distributed and strongly correlated to one another, as the
free volume forms between clusters. Simulations with reverse Monte Carlo were performed by combining
icosehadral and cubic structures as the initial structures for the BAA. The simulations show results consistent
with our model. An attempt has been made to connect the relationship between amorphous structures and their
mechanical properties.
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I. INTRODUCTION

Amorphous alloys, which exhibit no long-range structural
periodicity, demonstrate many unique properties, such as ul-
trahigh strength and very large elastic elongation to failure,1,2

low temperature superconductivity,3 and good magnetic
properties.2,4 The potential for the application of these mate-
rials has attracted the attention of scientists for decades. In
recent years, significant breakthroughs in the field have al-
lowed the improvement of several aspects that have histori-
cally limited their application. For example, process cooling
rates have decreased several orders of magnitude, from
�106 K/s �Ref. 5� in 1960, to 100–102 K/s,2,6–9 in more
recent years. Furthermore, the historically brittle materials
can exhibit greatly enhanced plasticity, from less than 1% in
monolithic bulk amorphous alloys �BAAs� to 10–20 % in
amorphous alloy composites, which contain nanoscale or mi-
croscale crystallites.10–15 While the processing and properties
of BAAs have been studied extensively at room and elevated
temperatures,2,6–23their local atomic structures and mechani-
cal behavior at cryogenic temperatures remain a mystery.

Structural models of BAAs are typically based on hard-
sphere representations, which offer little direct correlation to
observed physical properties, such as mechanical behavior.24

A further understanding of local atomic structure in BAAs is
critical to developing and manufacturing the next generation
of glass forming alloys. As such, the correlation between
local atomic structure and observed physical properties in
BAAs seems a much anticipated evolution of the current
state of knowledge.

Pair distribution functions �PDFs� possess useful local
atomic pair information, such as distances between central
and neighboring atoms and the nature of neighboring atoms,
etc. PDFs can be experimentally determined by diffraction

measurements using x rays, neutrons, or electrons, or by the
method of extended x-ray absorption fine structure.25 To
date, the majority of PDF simulations have been performed
on binary systems,26–30 while BAAs typically contain three
or more elemental constituents. As such, a fundamental un-
derstanding of multicomponent BAAs at the atomic level
remains an ambiguous, controversial, topic in condensed
matter physics.

Previous experiments conducted at a synchrotron x-ray
source showed variations in scattering data as a function of
position on the BAA samples. This was likely due to small
probe size. In order to obtain true volume average data rep-
resentative of the entire bulk amorphous samples, it was de-
termined that neutron scattering was the ideal method for
obtaining the PDFs for this study. The very high Qmax of the
neutron experiments allowed the resolution of the different
lengths of atomic pairs accurately. In contrast to previous
work, that deals mostly with the one-dimensional analysis
from PDFs, we chose to focus on the three-dimensional
atomic configuration reconstructed using the reverse Monte
Carlo �RMC� �Ref. 31� method, which produced the excel-
lent fits to the experimental spectra.

II. EXPERIMENT

Samples of Zr55Cu35Al10 �compositions in atomic per-
cent�, which can be cast into amorphous rods of 5 mm more
in diameter, were prepared from high purity raw materials by
arc melting under a Ti-gettered Ar atmosphere. The master
alloy ingot was melted multiple times and, subsequently, cast
into a copper mold to produce cylindrical rods with dimen-
sions of 3 mm in diameter and 75 mm in length. Uniaxial
compression tests were conducted on specimens with 6 mm
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lengths �3 mm diameter�, at ambient and cryogenic tempera-
tures, at a strain rate of 1�10−3 s−1.

Neutron scattering data for the PDF analyses were col-
lected on the neutron powder diffractometer �NPDF�, a high-
resolution, total-scattering, powder diffractometer at the
Manuel J. Lujan Neutron Scattering Center at the Los Ala-
mos National Laboratory, USA.

PDF is a real-space diffraction analysis method, in which
powder diffraction data I�Q� are collected over a wide Q
range �up to 51.1 Å−1�, where Q=4� sin � /�. The PDF
G�r , � was computed using PDFgetN �Ref. 32� from the Fou-
rier transform of Q�S�Q�−1�:

G�rk� = 2/��Qj�S�Qj� − 1�sin�Qjrk��Qj . �1�

Modeling was performed by RMC �Ref. 31� using the DIS-
CUS software.33,34

III. RESULTS AND DISCUSSION

Time of flight neutron scattering patterns of as-cast and
heat-treated Zr55Cu35Al10 BAAs were measured at room
temperature and 15 K. PDF analyzes were performed �1� at
the different temperatures to investigate the thermal effects
on structural states and bonding in the material, and �2� at the
different structural states �as-cast and crystallized�, which
were used to determine the bonding configurations of atomic
pairs. Figure 1�a� shows the PDF analysis of the patterns
measured at 15 K, G�r� vs r, where r is the distance between
pairs. In contrast to the PDFs of annealed �crystallized� ma-
terials, which exhibit sharp peaks to large distances, corre-
sponding to structural periodicity, the as-cast structure shows
a relatively strong correlation among nearest pairs, quickly
becoming diluted and decreasing to zero beyond 16 Å. The
nearest pair peaks reveal detailed information about the
short-range order, which is of primary importance to under-

stand amorphous structures. Figure 1�b� shows enlarged
curves of Fig. 1�a� for the nearest pairs. By using a least
squares fitting method, it was determined that peaks around
2.56 and 2.8 Å �error±0.005 Å� are mainly due to the con-
tributions of Cu-Cu and Zr-Cu pairs. The peaks around
3.05 Å are from Zr-Al, Zr-Zr, and Zr-Cu pairs. The intensi-
ties of the PDF for the as-cast samples at 15 K increased
slightly around peak positions of 2.78 and 3.05 Å and nar-
rowed slightly, compared with that at room temperature. On
the contrary, the intensity of the PDF for the annealed
samples measured at 15 K increased significantly at the po-
sitions of 2.56, 2.85, and 3.14 Å as the curve became
sharper. It is unlikely that atomic vibrations were the main
factor influencing the structure of the amorphous state on the
atomic level since the random distributions in amorphous
solids keep the atoms fixed quasistatically. The more notable
characteristics of the figure are as follows.

�1� The peak values for pairs in the amorphous materials
are significantly smaller than those in the annealed materials;
2.78 and 3.05 Å for the amorphous solid, and 2.85 and
3.14 Å for the crystallized solid. From this value, the estab-
lished density for the local atomic structure of the amorphous
solid is �7% higher than that for the annealed structure. This
comes into conflict with their density change, as measured
by the Archimedes method on the macroscale, in which the
densities for the crystallized solids are about 0.3–3 % higher
than the corresponding initial amorphous solids.

�2� Instead of a single PDF peak at the nearest pair posi-
tion, which would represent a truly random atomic configu-
ration, the PDF of the amorphous solid shows multiple peaks
at the nearest pair positions, 2.78 and 3.05 Å. In fact, at
2.56 Å there is a significant degree of peak overlap, indicat-
ing that different clusters with different bond lengths exist in
the bulk amorphous solid. Similar results of shorter bond
lengths in the amorphous state have been found to occur in
other Zr-, Cu-, and Mg-based �not presented here�, as well as
Fe-based35 BAAs. The shorter bond lengths and the different
clusters at the local atomic level should have a direct or
indirect connection with the glass forming ability and physi-
cal properties in BAAs.

The peak widths contain the atom-pair probability distri-
bution, in which thermal and zero-point motion of atoms and
any static displacement of the atoms away from ideal lattice
sites give rise to a distribution of atom-atom distances, there-
fore broadening the PDF peaks.25 The influence of thermal
vibrations on the PDFs was not significant at 15 K, as com-
pared to room temperature, thus the temperature effect on
atomic structures is likely insignificant. To further investigate
the difference between the as-cast and crystallized samples,
the FWHM �full width at half maximum� of the peaks
around 2.8 and 3.05 Å and their change from room tempera-
ture to 15 K are listed in Table I. As shown in the table, from
room temperature to 15 K, the FWHM of crystallized CuZr2
phase decreased 44% and 30% for the peaks around 2.8 and
3.05 Å, respectively; however, it only reduced 7% and 5% in
the amorphous phase for the peak around 2.8 and 3.05 Å,
respectively. This implies that atomic pairs bond tightly in
the amorphous state. The FWHMs of the amorphous phase
are �0.4 and �0.57 Å for the peak around 2.8 and 3.05 Å,
respectively. These are two times larger than those of the

FIG. 1. �Color� �a� Entire image and �b� enlarged area for the
nearest peaks of the PDFs, G�r�, measured at 298 and 15 K on
NPDF for as-cast and crystallized Zr55Cu35Al10 BAAs. The anneal-
ing was performed for 1.8 ks at 1000 K. The main crystallized
phase is CuZr2.
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crystallized CuZr2 phase at 15 K, which are �0.2 and �0.21
for the peak around 2.8 and 3.05 Å, respectively. This illus-
trates that some atom pairs in the amorphous phase have a
distribution of bond lengths, both shorter and longer than
their crystalline counterpart phase, resulting in broadening of
the peaks at both small, and large distances, respectively.

Amorphous solids have lower density than their crystal-
line counterparts on the macro scale because they contain
free volume. If atoms with shorter bond lengths are in com-
pressive stress states, and atoms with longer bond lengths are
in tensile stress states, these stresses could be alleviated
through the presence of free volume between the atoms. This
begets the questions: “why do amorphous phases exhibit
negligible thermal vibration?” And “how can local atomic
pairs with shorter bond lengths in compressive stress states
exist in relative equilibrium with free volume?” To answer
these questions, we must assume that �1� the compressive
stresses between atoms that are away from their mean posi-
tions �on the compressive �left� side of the peak� do not exist
to a significant extent, and �2� amorphous phases are ex-
tremely inhomogeneously distributed at the local atomic
level and are strongly bonded to each other as clusters. In
contrast to a distribution of atoms acting as hard spheres,
these clusters, with shorter bond lengths, may be assumed to
be “hard spheres” in topology modeling. Comparison of the
PDFs between the as-cast and structurally relaxed samples
shows only very small changes occurring after structural re-
laxation, after which, not only are the structures relaxed, but
the stresses as well.36 This proves the first assumption. To
estimate a structural model to understand the second assump-
tion, we constructed a structure that contains both icose-
hadral and cubic bcc structures using RMC simulation.

The peak value of 2.78 Å of the PDF for the as-cast BAA
is close to the calculated PDF peak position of 2.82 Å for a
bcc ZrCu intermetallic compound. What, then is the most
likely structure that contributes to the peak position at
3.05 Å? It has been argued that the transformation barrier to
crystallization in BAAs arises from incompatible local
atomic configurations in the liquid and in the crystal,
respectively.2,6 An icosahedral packing of 20 slightly dis-
torted tetrahedrons is denser than fcc or hcp structures. While
the icosahedral packing is incompatible with translational pe-
riodicity, it has been demonstrated to be a natural phenomena
in undercooled liquid structures.37

It is well known that the mixing enthalpy �Hmix of a
binary regular solution of A and B atoms can be calculated
from the enthalpy of pure A and pure B,38 i.e.,

�Hmix = �ABXAXB, �2�

where XA and XB the mole fractions of A and B, respectively,
in the binary solution and XA+XB=1, and

�AB = Naz	 = Naz�	AB − �	AA + 	BB�/2� , �3�

where Na the Avogadro’s number, z the number of bonds per
atom, and 	 the difference between the A-B bond energy
�	AB� and the average of the A-A �	AA� and B-B �	BB� bond
energies, i.e., �AB
0 indicates that the bond energy of
A-B is lower than that of A-A or B-B, namely, the interatomic
bond of A-B is more stable that of A-A or B-B. Usually, we
can use �Hmix to express the interaction between A and B
atoms, since it has the relationship with �AB as described by
Eq. �2�.

Using the above theory, the presence of the short-range
order domains in the Zr-Cu-Al liquid may be estimated by
the negative mixing enthalpy. The mixing enthalpy in
Zr-Al is estimated to be −44 kJ/mol being considerably
more negative than that of all other atomic pairs in the
present alloy �−23 kJ/mol for Zr-Cu, and −0.8 kJ/mol for
Cu-Al�.39 Thus, Al should have strong attractive interaction
with Zr. This may lead to the formation of short-range order
�Zr, Al� domains in a liquid state. When the liquid is cooled
below the liquidus temperature it enters into a metastable
state. If nucleation is suppressed, the liquid is maintained as
a metastable phase during the glass transition as the atomic
configuration is frozen in the liquid configuration, i.e., the
short-range order �Zr, Al� rich domains remain in the amor-
phous phase. Consequently, if we put an Al atom into the
center of an icosahedral array around Zr atoms, we find that
the nearest PDF position is at 3.05 Å.

Considering the existence of the bcc ZrCu and
icosahedral-like short-range ordering in the BAA, we per-
formed RMC modeling on our experimental data. Unlike
crystalline metals, amorphous structures are more compli-
cated and do not have a small, unique unit cell. As such,
large numbers of atoms were required in the computer simu-
lation. RMC is a general method of structural modeling
based on experimental data and works within constraints, in
which the creation of reasonable initial configurations is the
key step, and can handle a large number of atoms for mod-
eling. It is useful for aiding the understanding of either the
structure itself or of the relationships between local structure
and other physical properties.31 Based on the above discus-
sion, instead of generating a random homogenous structure
at the atomic level, randomly distributed icosahedral plus bcc

TABLE I. FWHM WRT and WLT at room temperature and 15 K, respectively, and the differences � ��
= �WLT−WRT��, and the percentage, � /WRT �%�, for amorphous and crystallized Zr55Cu35Al10 BAAs �data
collected at NPDF�.

Peak around 2.8 Å Peak around 3.05 Å

WRT WLT � � /WRT WLT WLT � � /WRT

Cry. 0.350 0.196 −0.154 −44.0 0.300 0.210 −0.09 −30.0

Amor. 0.430 0.400 −0.03 −7.0 0.604 0.572 −0.032 −5.3
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clusters were chosen for the initial configurations. The initial
configuration consists of 7682 atoms and the icosahedral
structures were generated randomly in position and direction
�icosahedral structures were randomly rotated during genera-
tion� by our own Fortran code. As an example, we present a
layer that has one icosahedral cell thickness as shown in
Figs. 2�c� and 2�d�. The refined curve is shown in Fig. 2�b�
along with the S�Q� vs Q diffraction pattern shown in Fig.
2�a�. Figure 2�e� shows the refined structure, which is the
same layer as shown in Fig. 2�c�. After refinement, many bcc
and icosahedral structures were deformed, and these struc-
tures evolved from their original shapes. Nevertheless, a

number of icosahedral-like structures, with similar original
shape or imperfect shapes �in which certain atoms are off
from the ideal icosahedral positions�, still remain in the re-
fined model. Note that the refined structure shows many
clusters existing in the amorphous phase, while large num-
bers of vacancies appear in the structure, separating the con-
tinuity of the strongly bonded pairs into clusters, subse-
quently forming free volume. Shorter bond lengths in the
as-cast samples compared with the crystallized samples exist
inside of the clusters, allowing them to exist in relative equi-
librium with free volume, which exists between the ran-
domly connected clusters. Since the strongly bonded clusters

FIG. 2. �Color� �a� and �b� S�Q� vs Q and PDF of as-cast Zr55Cu35Al10 BAAs measured at 15 K on NPDF together with that refined by
RMC; �c� partial structure with one icosehadral cell thickness �shown in �d�� taken from the initial structure for RMC refinement, consisting
of clusters of randomly distributed icosehadral plus bcc structures; �e� the same layer as that shown in �c� after RMC refinement.

FAN et al. PHYSICAL REVIEW B 74, 014205 �2006�

014205-4



have a higher density by �7% than the crystallized structure,
the amount of the free volume in amorphous phase should be
�7% larger than that measured by the Archimedes method.

Based on our analysis and modeling, we propose that
structures of BAAs are built by randomly distributed, well
correlated clusters, in which atoms are strongly bonded to
each other. The combination of the bond properties inside
and between these clusters determine the degree of strength
and ductility of the materials. The spaces between clusters as
free volume may provide room for the translation or rotation
of clusters upon applied loading, dictating the deformation
characteristics of the material. This model can explain why
shear bands, which are the mode of deformation of amor-
phous alloys, have a defined thickness ��20 nm� �Refs. 40
and 41� and propagate with the motion of a plane that con-
tains a relatively large number of atoms. Because no long-
range order exists, dislocations cannot form, instead, large
cells of free volume provide room for cluster rotation, as
shown in Fig. 2�e� �the refined layer is much smaller than
20 nm, but contains larger numbers of vacancies—free vol-
ume�. If large numbers of clusters fail to cooperatively rotate
together, a single cluster cannot rotate to move further. The
cooperative rotating clusters form a layer of reconfiguration
which deforms amorphous alloys during applied loading.
This model can also explain why some amorphous alloys are
less brittle than others. As shown above, if the bond lengths
of the clusters are close to, or even shorter than, those of
their crystallized counterpart intermetallic compounds, the
combination of strength and brittleness of the bonding prop-
erties in different clusters will govern the strength and duc-
tility of the BAAs, on a macroscopic scale. If the crystallized
counterpart intermatellic compounds are less brittle, then the
counterpart amorphous alloys may show less brittle proper-
ties. If the bond length of the clusters is close to that in their
counterpart solution alloys, the amorphous alloys should
posses more ductility. For example, we have found that when
the intensity of the short bond length near 2.8 Å �bcc ZrCu
like� in PDF decreases and the bond length near 3.05 Å,
which is close to that in solution alloys �Zr-Al and Zr-Pd
bonds, when Pd has been added� increases, the plastic defor-
mation after yielding is markedly increased. This is likely to
be one of the main reasons that the Pd containing amorphous
alloys have increased ductility.10,13 By studying the PDFs, it
is possible to define the bond lengths and properties of the
local atomic clusters, which provides an atomistic basis for
describing the mechanical properties of amorphous alloys.

The change in mechanical behavior of the materials is of
note as the PDF varies from ambient to cryogenic tempera-
tures. Figure 3 shows the stress-strain curves of the as-cast
Zr55Cu35Al10 BAAs. The materials show comparable plastic
deformation �	p=0.1–0.7 % � while the strength increased
significantly ��16% � when measured at �77 K. From the
results shown, it is apparent that the amorphous matrix does
not exhibit a ductile to brittle transition temperature when
lowered to �77 K. The average fracture strengths are �1740
and �2020 MPa measured at 298 and �77 K, respectively.
This change is consistent with the change of the PDFs. The
FWHM of the nearest peaks decreased 5–7 % when the tem-
perature was lowered from 298 to 15 K. The decrease of the
thermal vibrations contributes to the increase of the strength

of the BAAs. The essentially unchanged structural character-
istics result in comparable plastic deformation between the
room and cryogenic temperatures, since the plastic deforma-
tion is dominated by highly localized shear bands, which
propagate through large numbers of cooperative rotating
clusters. From this deformation behavior, where tempera-
tures rise inside shear bands, is another important factor that
dictates the deformation behavior. It has been reported that in
the center of shear bands, the temperature can rise over
3100 K from ambient temperature,42,43 which is much higher
than the melting temperature �normally �1100 K� of most
BAAs, thus resulting in shear softening. We also found that a
molten surface exists on a shear failed Ta wire �Ta melting
temperature: 3293 K�, which is 0.5 mm in diameter and cast
into the center of 3 mm in diameter amorphous rod samples.
As the testing temperature was about 220 K lower than am-
bient temperature, it is likely not sufficient to influence
shear-band operation.

IV. CONCLUSION

Based on a systematic study of pair distribution functions,
carried out at cryogenic and ambient temperatures, on as-cast
and crystallized ternary Zr-based BAAs, we found that the
atoms in BAAs are inhomogenously distributed at a local
atomic level. They exist as localized clusters with signifi-
cantly shorter bond lengths than their crystallized
structures—intermetallic compounds, and these structures
exist stably in the amorphous state. This results in additional
free volume, which is about �7% larger than that measured
by the Archimedes method. The compressive strength mea-
sured at �77 K was found to be �16% larger than that
measured at 298 K. In this study, an amorphous structural
model is proposed, in which, strongly bonded clusters acting
as units are randomly distributed and strongly correlated to
one another as free volume forms between clusters. Simula-
tions with RMC were performed by combining icosehadral
and cubic structures as the initial structures for the
Zr55Cu35Al10 BAA. The simulations show results consistent
with our model. It has been demonstrated that the relation-
ship between amorphous structures and their mechanical

FIG. 3. Stress-strain curves of as-cast Zr55Cu35Al10 BAAs mea-
sured at 298 and �77 K.
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properties can be described using this model. The combina-
tion of the bond properties inside and between these clusters
dominates the strength and ductility of the amorphous alloys.
The free volume between the clusters provides room for a
rotation of the clusters. This cooperative rotation of clusters
forms shear bands during applied loading.
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