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a b s t r a c t

The rapid cooling of a metallic liquid (ML) results in short-range order (SRO) among the atomic arrange-
ments and a disordered structure in the resulting metallic glass (MG). These phenomena cause various
possible features in the microscopic structure of the MG, presenting a puzzle about the nature of the
MGs’ microscopic structure beyond SRO. In this study, the nanoscale density gradient (NDG) originating
from a sequential arrangement of clusters with different atomic packing densities (APDs), representing
the medium-range structural heterogeneity in Zr60Cu30Al10 MG, was characterized using electron tomog-
raphy (ET) combined with image simulations based on structure modeling. The coarse polyhedrons with
distinct facets identified in the three-dimensional images coincide with icosahedron-like clusters and
represent the spatial positions of clusters with high APDs. Rearrangements of the different clusters
according to descending APD order in the glass-forming process are responsible for the NDG that stabi-
lizes both the supercooled ML and the amorphous states and acts as a hidden rule in the transition from
ML to MG.

� 2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Different manufacturing routes can produce the same material
with different internal structures that grant the material markedly
different properties and practical applications [1,2]. An intrinsic
structural feature of metallic glasses (MGs) made by the rapid
quenching of metallic liquids (MLs) is the short-range order (SRO)
of the atomic arrangement, which can result in various possible
characteristics in terms of the microscopic structure and hetero-
geneity [3]. SRO structures [4–10] have been intensively investi-
gated via a series of theories, as well as through simulations using
a much higher cooling rate than the actual rate used in MG manu-
facturing. Although the structural evolution fromML toMG, such as
the coarsening of atomic clusters, is greatly depressed in the simu-
lated model structures, various structural models such as the hard
sphere disordered dense packing [11], cluster dense packing [12],

free volume [13], and shear transformation zone [14] models have
been put forward to help in understanding the amorphous struc-
ture. One important feature of SRO structures in MGs is the forma-
tion of different atomic clusters with various polyhedron
configurations. These atomic clusters, whose existence has been
confirmed by Hirata et al. [15] using a sub-Ångstrom electron beam
diffraction technique, construct a framework for the amorphous
structure and strongly dominate the local characteristic structures
responsible for the heterogeneous nature of MGs at the sub-
nanometer scale. Because of the MGs’ isotropic properties, accord-
ing to correspondence between structure and properties, MGs can
be thought of as macroscopically homogeneous materials. But the
characteristics of the microscopic structure in MGs are highly local-
ized at the sub-nanometer or single-atomic-cluster scale. Differ-
ences in the atomic arrangements from place to place result in a
microscopic structure with a randomly heterogeneous nature.

In an MG, the structural heterogeneity that inherently stems
from the ML is closely related to the glass-forming process.
Because the dynamics of the atomic rearrangements govern the
critical transition process from an ML to an MG [16–18], the
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fluctuating atomic arrangements in the ML have an important
effect on the structural heterogeneity of the MG [19,20]. The spa-
tial heterogeneity in the dynamics of fluctuating atomic arrange-
ments as a function of temperature during the process from a
supercooled ML to an MG has been directly visualized by means
of electron correlation microscopy with a sub-nanometer resolu-
tion [21]. Moreover, both experimental and simulation studies
have confirmed that structural heterogeneities are locally favor-
able for forming close-packed icosahedron-like clusters in three-
dimensional (3D) space, greatly slowing the dynamics of the ML
and promoting the glass-forming ability [18,19].

Many experimental investigations on structural heterogeneity
have been intensively conducted by means of high-resolution
transmission electron microscopy (HRTEM), extended X-ray
absorption fine structure spectroscopy, neutron diffraction, syn-
chrotron X-ray nano-computed tomography (nano-CT), atomic
probe tomography, and dynamic atomic force microscopy [22–
28]. Aside from SRO, the presence of medium-range order and even
long-range topological order in MGs has been demonstrated
[3,29,30]. Spatial density variation, fractal order, and their charac-
teristics, which are closely related to heterogeneity in the micro-
scopic structure, have also been revealed in MGs. Huang et al.
[26] reported 3D density fluctuations and fractal order in MGs by
means of nano-CT and interpreted these results based on the evo-
lution of low-density regions during the glass formation and defor-
mation processes. A fractal structure and a homogeneous structure
with an atomic-level crossover length have been respectively pro-
posed by Lei et al. [22] and Pekin et al. [23], based on the results of
in situ X-ray diffraction, tomography, and molecular dynamics
(MD) simulations. Mechanical heterogeneities at the nanoscale
and no a fractal atomic-level structure with the packing of all
atoms or solute-centered clusters in MGs have been explored by
several research groups based on HRTEM, dynamic atomic force
microscopy observations, and MD simulation results [31,32]. How-
ever, although HRTEM has a resolution at the atomic level, the two-
dimensional (2D) HRTEM images of MGs comprising one element
or multiple components all show quite similar characteristics,
and detailed information on the MGs’ real microscopic structures
cannot be directly inferred from the features present in HRTEM
images. Thus, it is difficult for the different local microscopic struc-
tures in MGs to be visualized experimentally using HRTEM.

Electron tomography (ET) is a quantitative 3D imaging tech-
nique that requires no symmetry or order and can be used to
reconstruct the interior structure of an object from its serial projec-
tions. Recently, Yang et al. [33] developed an experimental method
to directly determine all the 3D atomic positions in an MG using
atomic ET combined with advanced iterative algorithms. Some sin-
gle atomic clusters derived from the resolved atomic positions
coincide with simulated polyhedral configurations. Although many
atomic clusters can be resolved by means of atomic ET, almost no
detailed information on the structural evolution that results in
coarse clusters and on the characteristics of the structural stabi-
lizer in the transition from an ML to an MG has been disclosed thus
far. Therefore, further experimental evidence is still needed on
medium-range structural heterogeneity and locally characteristic
microscopic structures in MGs, such as coarse clusters and 3D
heterogeneous density distribution. In this study, the nanoscale
density gradient (NDG), as a representation of the medium-range
microscopic structure in as-prepared Zr60Cu30Al10 MG, was identi-
fied by means of ET. An NDG originates from rearrangements of
atomic clusters with different atomic packing densities (APDs) dur-
ing the transition from an ML to an MG; it represents the micro-
scopic structure at the nanometer level and can act as a
structural stabilizer in the glass-forming process. The NDG also
bridges the structural gap between the SRO and long-range disor-
dering in MGs. In this work, the formation of an NDG is interpreted

and discussed based on sequential rearrangements of clusters with
different APDs in a supercooled ML.

2. Materials and methods

2.1. Selection and preparation of the amorphous ribbon sample

In addition to poor ductility [34], zirconium–copper-based
amorphous alloys have high strength and high hardness; thus, they
have wide-ranging applications as bulk MGs in mobile phone
hinges, brackets, card-taking needles, car door lock buckles, and
sports goods. Because this study on the disordered structure of
amorphous solids could only be carried out based on a comparison
of transmission electron microscope (TEM) observation, theoretical
simulation of the model structure, and HRTEM images calculated
using the model structure, the qualified MG samples used in this
study were required to have the combined advantages of a good
glass-forming ability, a stable amorphous structure suitable for
the preparation of TEM samples and TEM observation, and atoms
with available potential functions as needed for structural model-
ing using a large-scale MD simulation. A ZrCuAl MG system align-
ing with the above selection criteria was selected and synthesized
using melt spun procedures. Individual zirconium (Zr), copper (Cu),
and aluminum (Al) metals with respective purities of 99.6%,
99.99%, and 99.9% were mixed according to the composition of
Zr60Cu30Al10 in an alumina crucible and heated to 1200 �C for 2 h
in a high-frequency induction furnace. Under an argon (Ar) atmo-
sphere, the ML was injected through a narrow nozzle onto the sur-
face of a fast-rotating copper wheel and rapidly quenched into a
long amorphous metallic ribbon with a thickness of about 26 lm
and a width of about 5 mm.

2.2. TEM sample preparation

The ribbon specimens for HRTEM characterization were pre-
pared as follows. First, a disc with a diameter of 3 mm was cut
from the as-prepared ribbon with a thickness of approximately
26 lm using an ultrasonic disc cutter (Model 601, Gatan, Inc.,
USA). Then, the thickness of the center area of the disc was reduced
to about 15 lm using a mechanical dimple grinder (Model 656,
Gatan, Inc.). The thickness at the center area of the dimpled sam-
ple, which was kept at �20 �C at the cold specimen stage, was
thinned to electron transparency by means of argon ion milling
(Model 691, Gatan, Inc.). Glancing angles of 4� and 2� were respec-
tively set for the incident Ar-ion beam at the initial and later stages
of the milling process in order to reduce the thickness as much as
possible. Finally, a very low-energy ion beam emitted from an ion
gun operated at an accelerating voltage of 150 V was positioned
incident to the surface plane of the TEM sample at a glancing angle
of 1� in order to remove the amorphous surface layer that may
have been slightly relaxed by the ion beam during the early and
later stages of the ion milling process.

2.3. Tomographic tilt and 3D reconstruction

A set of HRTEM tomographic tilt series was acquired from the
Zr60Cu30Al10 sample using a TEM (Tecnai G2, Thermo Fisher Scien-
tific, USA) equipped with precision tilt stages and supported by
sophisticated image-processing resources. Bright field images were
collected while operating the TEM at 200 kV. The tilt series with
tilt angles ranging from �71� to 66� in steps of 1� consisted of a
total of 128 images, as shown in Fig. S1 in Appendix A. These
128 experimental images were sufficient to produce a good 3D
reconstruction. To monitor any potential damage induced by the
electron beam, we took 0� images before, during, and after the
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acquisition of each tilt series and ensured that no noticeable struc-
tural changes were observed in the selected areas.

A large-volume reconstruction of the Zr60Cu30Al10 from the
aligned experimental tilt series of the HRTEM images was made
using Icosprocess algorithms [35]. The tomographic reconstruction
was accomplished by means of the weighted simultaneous itera-
tive reconstruction technique using multiple iterations. The num-
ber of iterations was determined by visually inspecting the
spatial resolution and noise of the reconstruction for an optimal
balance. A final 3D reconstructed image was obtained after refine-
ment of the initially reconstructed 3D image.

2.4. Determination of TEM sample thickness

The thickness of the prepared TEM sample with a thickness of H
and width of W was examined via the tilting method. A cross-
correlation between the projected width L(a) of the selected area
in the sample and the real width and thickness of the same posi-
tion in the sample is shown in Fig. S2 in Appendix A. The tilt angle
a follows this equation:

L að Þ ¼ W � cosaþ H � sina ð1Þ
As shown in Figs. S3(a)–(d) in Appendix A, the projected widths

of the selected area were measured at two different tilt angles.
Using the projected widths measured at two different tilt angles,
as shown in Figs. S3(b) and (d), the real thickness of H was deter-
mined to be about 6 nm by solving the two combined equations for
the two tilt angles.

2.5. Model structure construction

To construct the model structure, a large-scale atomic/molecu-
lar massively parallel simulator was used to carry out MD simula-
tions for a Zr60Cu30Al10 ML consisting of 10000 atoms [36]. A dense
atomic packing configuration with the dimensions of 5.8 nm�
5.8 nm�5.8 nm, which coincided with the measured thickness
of the solid amorphous alloy (Fig. S3), was produced based on
Newtonian mechanics, employing embedded atom method poten-
tials [37]. The equilibrium ML at the high temperature of 2000 K
was quenched to 300 K (6.56 g�cm�3) at an MD cooling rate of
1012 K�s�1 with zero external pressure and was then completely
relaxed at 300 K. The full coordinates of every atom residing inside
the amorphous alloy were determined, and an inherently inhomo-
geneous structure with atoms in a variety of different local config-
urations was presented by this model structure.

2.6. HRTEM image simulation

HRTEM image simulation based on the computer-constructed
model structure of the Zr60Cu30Al10 MG was performed using the
xHREM program package. The atom positions and model size used
as the lattice parameters of the unit cell based on the MD calcula-
tions were input for simulations of the HRTEM images by perform-
ing dynamic electron diffraction calculations using the multi-slice
method [38]. The parameters used in the simulation were as fol-
lows: a spherical aberration coefficient of 0.5 mm, beam conver-
gence of 0.003 nm�1, aperture radius of 5 nm�1, and sample
thickness of 6 nm.

2.7. Searching for distinct polyhedrons and their connections

Distinct polyhedrons and their connections were searched for in
the modeled structure, which is divided into many cubic cells cen-
tered by each atom. Each line connecting the center atom and one
of the neighboring atoms is bisected by a plane perpendicular to
this line. All the inner planes enclose the cell, in which the enclosed

part of the space is closer to the center atom than to any other
atoms. The nearest neighbors to the center atom are the atoms
sharing a common cell surface. For multicomponent elements,
the bisection can be weighted by the atomic size. Faces of the
enclosed cell with an area below 0.25% of the total area are
discounted. The arrangement and geometry of the nearest neigh-
boring atoms around the center atom are described by a
four-number Voronoi index <n3, n4, n5, n6> whose components
respectively represent the number of triangles, quadrangles, pen-
tagons, and hexagons of a Voronoi polyhedron [39]. The pentagon
content for an icosahedron-like polyhedron is defined by
n5/(n3 +n4 +n5 +n6). Connection scenarios of Voronoi polyhedrons
were assessed for the center atoms of those polyhedrons that were
nearest neighbors or second nearest neighbors.

3. Results

3.1. The NDG represents the microscopic structure

Based on the tomographic tilt series of the 2D HRTEM images
(shown in Fig. S1), 3D images were reconstructed. Fig. 1(a) shows
a general view of the disordered structure. To clearly reveal the
microscopic features, an enlarged image corresponding to the area
marked by a black box in Fig. 1(a) is shown in Fig. 1(b), where inde-
pendent polyhedrons with different sizes ranging from about 0.5 to
2.0 nm and various configurations are randomly distributed. A
polyhedron with a diameter of approximately 0.5 nm is roughly
coincident to the size of a single icosahedron constructed by a cen-
tral atom surrounded by the atoms in the same single shell. The
isolated atoms and single atomic clusters in the ML must join
together to form a complex network in the MG during rapid solid-
ification. As extra atoms join a single atomic cluster or as addi-
tional single atomic clusters merge together during the
solidification of the ML, the size of the newly formed atomic clus-
ters in the MG must inevitably increase. The polyhedrons in
Fig. 1(b) that are clearly larger than 0.5 nm correspond to aggrega-
tions of atomic clusters. Regardless of whether the clusters are
formed via the joining of extra atoms or the merging of individual
atomic clusters (or both), the newly formed atomic clusters have
many different structures with various configurations. In general,
depending on the number of merged individual clusters, the con-
figurations of the newly formed atomic clusters change, resulting
in merged clusters with very rich surface configurations. Conse-
quently, the presence of complex morphology among the atomic
clusters in MGs can be predicted.

Through careful inspection of the configurations of these poly-
hedrons in Fig. 1(b), even though their morphologies appear to
be very complex, it was found that most have a roughly similar
morphology, such as a nearly rounded shape. In addition, there
are some large polyhedrons with irregular shapes, such as a curved
band-like configuration. To reveal the features of the image inten-
sities of the different polyhedrons, a stereo display of Fig. 1(b) is
shown in Fig. 1(c), which was obtained using the image intensity
as the third vertical axis perpendicular to the image plane. The dif-
ferences in the image intensities of every polyhedron in Fig. 1(b)
are clearly revealed by the stereo profiles. It can easily be seen from
the stereo display that the image intensity is high at the central
part of the polyhedrons and low at the rim areas, resulting in a
heterogeneous image intensity for these polyhedrons. In addition
to the heterogeneity of the image intensities, Fig. 1(c) shows
another feature: Spatial intensity gradients form for every image
intensity peak and the neighboring intensity valleys around this
peak. The polyhedrons with different sizes, image intensities, and
configurations in the 3D image are obviously different from place
to place, leading to spatial heterogeneity in the microscopic struc-
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ture of the MG. Although the atomic arrangements of these polyhe-
drons are closely correlated to the SRO, the microscopic structure
represented by these polyhedrons is completely disordered.

The intensity distribution in the 3D image results from the con-
tribution of all the component Fourier vectors, which were created
by the serial tilt 2D TEM images and used to reconstruct the 3D
image. The correlated component Fourier vectors all contribute
to the image intensity at the same position in the reconstructed
3D image. When more correlated component Fourier vectors con-
tribute to the image intensity at the same position, the correspond-
ing intensity at this position in the 3D image increases. Because the
correlated component vectors in the Fourier space stem from the
correlated image intensity peaks in the differently oriented 2D
HRTEM images, among all the serial tilt 2D HRTEM images, only
the image intensity peaks produced by the same atomic cluster
or aggregation of clusters in the MG can result in correlated com-
ponent vectors in the Fourier space. If the image intensity peaks
present in more 2D HRTEM images are produced by the same
atomic cluster or aggregation of clusters, there will be more corre-
lated component vectors in the Fourier space and a stronger image
intensity in the 3D image, corresponding to this atomic cluster or
aggregation of atomic clusters.

To establish a correlation between the distribution of the image
intensity and the spatial atomic arrangement in Zr60Cu30Al10 MG, a
computer-generated model structure with the dimension coinci-
dent to the measured thickness of the real TEM sample (as shown
in Fig. S3) was made and is shown in Fig. 2(a). It should be pointed
out that the computer modeling of MGs has intrinsic limitations
due to the large disparity between the actual cooling rate used in
experiments to quench an ML to manufacture the MG and the
ultrafast cooling rate used in the MD simulation—that is, the cool-
ing rate in computer modeling is about six orders faster than that
in experimental manufacturing, which results in the real MG hav-
ing a much more evolved structure and lower potential energy
than the computer-generated MG. Although there are obvious dif-
ferences between the microscopic structures of real and computer-
generated MGs, simulation of the 2D HRTEM images based on the
computer-generated model structure can reveal the imaging char-
acteristics of the disordered structure of the MG to some extent.

2D HRTEM images along the different orientations were calcu-
lated using serial defocus values at steps of 5 nm. Fig. 2(b) shows
one of the simulated HRTEM images along the [100] direction, in
which the image intensity peaks and valleys are all distributed ran-
domly. Some adjacent image intensity peaks are not clearly sepa-
rated from each other, forming a mountain-range-like
configuration. To reveal intensity variations in the simulated
HRTEM image, a stereo display of Fig. 2(b) was constructed in
the same way as Fig. 1(c) and is shown in Fig. 2(c). In this stereo
display, the image intensity profiles are clearly exhibited in 3D
space. The intensity gradually decreases from each individual peak

to the neighboring valleys. In addition to the intensity difference
between the peak and valley positions, strong and weak intensities
can be identified among the different peak positions. Similarly, dif-
ferent intensities are present among the different valley positions.

To correlate the image intensity and spatial atomic arrange-
ment, narrow atomic columns with a small cross-section that were
respectively compatible with the areas of individual intensity
peaks and valleys were extracted along different directions at the
positions corresponding to the individual peaks and valleys in
the model structure. Figs. 2(d) and (e) show two typical atomic col-
umns extracted along the [100] direction at the peak and valley
positions, respectively. The obvious difference between these
atomic columns is the spatial atomic density at the peak position,
which is always higher than that at the neighboring valley position.
Therefore, the governing factor for the creation of the intensity
peaks and valleys in the simulated HRTEM images is the spatial
APD in the atomic columns along the projected direction. Based
on the established correlation between the spatial APD and the
intensities in the simulated 2D TEM image, it is known that only
the spatial atomic segments in the MG with high APDs are respon-
sible for high image intensities in the 2D HRTEM image, and they
have a greater chance to produce high image intensity in other
HRTEM images along different orientations than atomic segments
with low APDs. Thus, every HRTEM image in a tomography series
reflects the characteristics of the spatial APD along the different
orientations. High image intensity in 2D HRTEM images creates
visible intensity in the Fourier space and contributes to the compo-
nent vectors. However, low image intensity in 2D HRTEM images
creates nearly invisible intensity in the Fourier space and con-
tributes to the background.

The polyhedrons in the 3D image were reconstructed by the
component Fourier vectors originating from the visible intensity
in the tomographic serial 2D HRTEM images and are highly corre-
lated with the densely close-packed atomic segments in the MG.
Therefore, the difference in the image intensity of the polyhedrons
in Fig. 1 is responsible for the spatial heterogeneity in the arrange-
ment of the densely close-packed atomic segments. Based on the
correlation between the intensity distribution in the 3D image
and the spatial APDs of the atomic arrangements, more atoms
are accumulated along the direction through the central part than
through the rim portion of the polyhedrons. As a result, regardless
of the direction, the image intensity is high at the central part of
the polyhedrons and low at the rim of the same polyhedrons,
unless the light is intentionally projected by the display software
along a specific direction in the 3D image in order to specially exhi-
bit the ultrafine surface features on the polyhedron.

The image intensity gradient in the 3D images shown in Fig. 1 is
the spatial nanoscale APD gradient or NDG, which is an important
representation of the microscopic structure in an MG. The NDG
created by the aggregation of icosahedral clusters with high ADP

Fig. 1. Reconstructed 3D images. (a) 3D image at low magnification showing a general view of the disordered structure. (b) Enlarged image of the area indicated by the black
box in part (a); red and white arrows indicate the roughly rounded and curved band-like polyhedrons, respectively. (c) Corresponding stereo display of part (b).
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and non-icosahedral clusters with low APD was searched for in the
model structure shown in Fig. 2(a) and is shown in Fig. 3(a). In this
NDG, the icosahedral clusters made by the atoms connected by
lines show a high atomic density with respect to the nearby non-
icosahedral clusters. As shown in Figs. 3(b) and (c), since the
atomic potential energy and the volume clearly decreased during
the quenching process, while the contents of some icosahedron-
like clusters simultaneously continuously increased with the
decrease of the melt temperature, the microscopic structure in
both the ML and MG was strongly dominated by an NDG con-
structed by a spatially mixed arrangement of icosahedral clusters
with high ADP and non-icosahedral clusters with low ADP. Because
vitrification clearly involves some selection of lower energy config-
urations in a supercooled ML, the spatial NDG, as a typical charac-
teristic structure, must be the predominant cluster configuration of
efficient atomic packing that is energetically favorable for the
structural stability of both the supercooled ML and the glassy
states [40]. It should be emphasized that the NDG is an isolated
stable structure in an MG and can be thought of as the basic struc-
tural unit in constructing an MG or glass nuclei over the critical
size in nature. As an independent and stable structural unit, an
NDG is formed by different clusters that are rearranged according
to descending APD order; it is clearly different from the reported
heterogeneities at both the microscale and macroscale in MGs,

because these heterogeneities mainly refer to differences in the
average composition and/or structural features between different
areas in MLs.

Because both the NDG and the SRO can respectively describe
the distinct characteristics of the microscopic structure of an MG
at different spatial scales, there may be some intercorrelation
between them. However, their fundamental difference is that the
SRO only shows correlations of the nearest neighboring atoms,
whereas the NDG characterizes the correlations of atoms far
beyond the nearest neighboring atoms. In other words, the NDG
factually represents the correlations of the atoms beyond the short
range. Thus, the NDG characterizes the microscopic structure at a
medium-range scale and can bridge the structural gap between
the SRO and long-range disordering in an MG. It should also be
noted that the NDG and SRO are sufficiently distinct such that
the behavior of the NDG cannot be readily predicted from the
SRO alone, particularly in a supercooled ML, even though both
are closely connected with the atomic arrangement and are inter-
related to some extent.

3.2. Surface reconstruction of coarse clusters and/or the NDG

All atoms in the shell of a cluster are commonly arranged in a
regular manner that closely relates to the APDs, resulting in facets

Fig. 2. Imaging characteristics of an amorphous solid. (a) A computer-generated model structure of a Zr60Cu30Al10 amorphous solid with dimensions of 5.8 nm�
5.8 nm�5.8 nm was made at 300 K; the blue, red, and green balls respectively represent the Zr, Cu, and Al atoms. The dense packing of the 104 atoms is inherently
inhomogeneous because of atoms in various local configurations. (b) The calculated 2D HRTEM image along the [100] direction and (c) the corresponding stereo display show
a randomly heterogeneous image intensity. (d, e) Atomic columns with a normal cross-section respectively compatible with the areas of (d) the image intensity peaks and
(e) the valleys in part (b) were extracted at the corresponding positions in the model structure shown in part (a) along the [100] direction. The APD at the peak position is
obviously higher than that at the valley position.

Fig. 3. Microscopic structure of the NDG. (a) Aggregation of icosahedral clusters with high APD and non-icosahedral clusters with low APD leads to the formation of an NDG
in Zr60Cu30Al10 MG; the magenta balls represent the center atoms of the icosahedral clusters, while the other atoms are indicated by blue balls for simplicity. A difference in
atomic densities can be seen between the outlined icosahedral clusters and the nearby non-icosahedral clusters. (b) Characteristic variation of the atomic potential energy
and volume vs temperature, obtained from structure modeling, where Tg represents the glass transition temperature. (c) Calculated relation between the content of some
icosahedron-like clusters and temperature, where Zr-Ico refers to the total Zr-centered icosahedron, and Zr-<0,2,8,4> and Zr-<0,1,10,2> are the top two Zr-centered
icosahedron-like clusters in Zr60Cu30Al10 alloy.
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with different configurations in the shells of the clusters. The sur-
face enclosed by these facets over the whole shell forms a polyhe-
dron with the distinct 3D geometrical configurations described by
the famous Voronoi polyhedrons [39]. Among the various Voronoi
polyhedrons, icosahedrons with a total of 12 pentagonal vertices
and icosahedron-like clusters with triangles, quadrangles, and pen-
tagonal and hexagonal vertices made by tetrahedrons are advanta-
geous for the most efficient atomic filling of space and are
responsible for high APDs. A common characteristic of these den-
sely close-packed clusters is that the geometries of their atomic
arrangements and their facets at the full or local surface are coin-
cident with five-fold symmetry or pentagons, which has been the-
oretically predicted and experimentally detected in MLs and MGs
[12,15,18,19].

Although rapid cooling causes an ML to solidify very quickly, a
structural evolution accompanied by coarsening of the clusters
inevitably occurs in this process. This extensive structural evolu-
tion also leads to obvious coarsening of the clusters; furthermore,
the coarsened clusters eventually undergo surface reconstruction
during the transition from the ML to an MG. Usually, the surface
reconstruction of the coarsened clusters means that the coarse
clusters in the MG receive a limited inheritance of atomic struc-
ture and surface morphology from the original clusters in the ML.
Even though clusters with the typical features of icosahedron or
icosahedron-like polyhedrons are likely to remain in the MG,
the configuration of the remaining clusters in the MG may be dis-
torted from the original polyhedrons in the ML to some extent. As
a result, the icosahedral clusters in the MG retrograde to five-fold
symmetry-rich and/or pentagon-rich polyhedrons. Thus far, indi-
vidual atoms at the surface of the polyhedron cannot be seen due
to the limited resolution of the ET technique. Therefore, the
detailed atomic arrangements at the surface of the clusters were
explored in the 3D image. The facets at the surface of the polyhe-
drons could be recognized directly in the 3D image, and facets
with distinct sizes and features could be clearly identified. These
facets and their arrangements were used to search for five-fold
symmetry-rich and/or pentagon-rich polyhedrons in the 3D
images. As shown in Fig. 4(a), five facets with a triangle shape
and unequal sizes were found around two neighboring vertices
of a polyhedron with a size greater than 1 nm, allowing local
five-fold symmetrical and/or pentagonal geometries to be identi-
fied on the polyhedron. This cluster is obviously larger than the
perfect icosahedron, and the total surface configuration is signif-
icantly different from that of a perfect icosahedron.

Because the MG is composed of multiple elements, when the
shell of a single icosahedron or icosahedron-like polyhedron is

constructed of different atoms, the sizes of the surface facets are
no longer identical to each other, and the corresponding surface
morphologies deviate from the prototypical ideal configuration to
some extent. The presence of five-fold symmetry-rich and/or
pentagon-rich polyhedrons was confirmed by searching for the
coordination number of the densely close-packed atoms residing
in the computer-generated model structure shown in Fig. 2(a).
Fig. 4(b) displays some icosahedron-like clusters that were
searched for among the defined five-fold symmetrical vertex con-
tent. It is worth noting that the population of the icosahedron-
like clusters searched for in the model structure directly depends
on the five-fold symmetrical vertex content selected for the search.
Variation in the selected five-fold symmetrical vertex content
resulted in a change in the population of the searched-for
icosahedron-like clusters in the model structure. Therefore, the
total population of the searched-for icosahedron-like clusters with
different five-fold symmetrical vertex contents were found to be
dominant in the model structure.

The spatial distribution of some icosahedron-like clusters was
extracted from Fig. 4(b) and is shown in Fig. 4(c). Fig. 4(d) shows
one enlarged icosahedron-like cluster isolated from Fig. 4(b).
Although this cluster is not coarsened enough with respect to the
polyhedron shown in Fig. 4(a), the five-fold symmetrical vertices
surrounded by five facets are clearly exhibited; thus, polyhedrons
with high APDs in the 3D image can be predicted to correspond
to the icosahedron-like clusters in the MG. In Fig. 4(d), a facet con-
structed by the same kinds of atoms in the shell has the shape of an
equilateral triangle, whereas a facet constructed by two different
kinds of atoms in the shell has the shape of an isosceles triangle,
which is distinctly different from an equilateral triangle. Therefore,
the facets shown in Fig. 4(d) are not identical to each other. The
five-fold symmetrical vertices formed by these non-identical trian-
gle facets also deviate from the prototypical ideal five-fold sym-
metrical vertices made by identical atoms in the same shell.

In addition to the polyhedron with triangular surface facets and
the local five-fold symmetrical and/or pentagonal geometries, a
different kind of surface reconstruction was found. As shown in
Fig. 5(a), an isolated polyhedron with a near sphere-like configura-
tion was explored, and almost no obvious facet could be found on
its surface. The minimal total surface energy principally dominates
the surface reconstruction of the clusters in the coarsening process.
Because the total surface energy can be simply expressed as a pro-
duct of the total surface area and the energy per unit area at the
surface, the total surface area and energy per unit area are two
important factors relevant to the total surface energy of the atomic
clusters. A sphere-like surface can effectively reduce the total

Fig. 4. Distinct characteristics of the coarse clusters. (a) An isolated coarse polyhedron with regularly distributed surface facets and local pentagonal vertices marked by
dashed blue lines was traced in the 3D image. (b) Icosahedron-like polyhedrons with a pentagonal vertex content of 0.75 and over were searched for in the computer-
generated model structure; for simplification, every magenta ball represents one icosahedron-like polyhedron. (c) A segment of the atomic arrangement extracted from part
(b) shows the spatial distribution of some icosahedron-like polyhedrons, where the magenta balls represent the center atoms of icosahedron-like polyhedrons and the other
balls represent the surrounding atoms. (d) An enlarged individual polyhedron with the local pentagonal vertex indicated by dashed green lines; the magenta balls indicate the
Zr atoms at the center of the individual polyhedron, while the balls with other colors have the same meanings as in Fig. 2(a).
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surface area, whereas surface facets significantly reduce the energy
per unit area. Therefore, surface reconstruction is always accompa-
nied by a balancing of these two factors for lowering the total sur-
face energy of the atomic clusters during the coarsening of the
clusters. When the minimal total surface area is more favorable
than the minimal energy per unit area for lowering the total sur-
face energy of the coarse clusters, the surface reconstruction is
dominated by the minimal total surface area. Usually, facets are
a disadvantage for the minimal total surface area; in this case,
whether or not facets are present on the surface directly depends
on their effects on the minimal total surface energy. If the facets
are advantageous only for lowering the local surface energy and
not for maintaining the minimal total surface energy, there may
be facets at the corresponding local surface but no facets appearing
on other surfaces or the whole surface. However, facets may be
present on the whole surface when they are favorable for lowering
both the local surface energy and the total surface energy or for
maintaining the minimal total surface energy. On other hand, if
the minimal energy per unit area is more advantageous than the
minimal total surface area for lowering the total surface energy,
then facets coincident to the planes with the minimal energy per
unit area appear at the surface, as shown in Fig. 5(b). Consequently,
surface reconstruction can cause the surface morphology of the
coarse clusters to change from configurations with the minimal
total surface area to configurations with full facets with the mini-
mal energy per unit area at any time, as the size of the coarse clus-
ters varies during the process of structural evolution. It should also
be pointed out that the facets can have a different energy per unit
area if the atoms are arranged in different ways in the facet planes.
Thus, changes between different facets may reduce the total sur-
face energy of the atomic clusters and, in the coarsening process
of the clusters, it may also be possible for different facets to change
frequently on the outside surface of the clusters in order to main-
tain the minimal total surface energy as the cluster’s size increases.
In other words, the surface morphologies of the coarse clusters are
size-dependent to some extent; as a result, the coarse clusters have
various possible surface morphologies, such as the polyhedrons
shown in the 3D images.

In the supercooled ML, the icosahedrons have a strong tendency
to both aggregate and spatially correlate with other icosahedrons
or icosahedron-like polyhedrons. Self-aggregated and intercon-
nected icosahedral clusters are very common in ZrCu alloy systems
[41], causing the resultant polyhedrons to exhibit expanded sizes
and reconstructed surface configurations. The widely scattered dis-
tribution of the icosahedron-like clusters in the simulated model
structure matches well with the randomly distributed polyhedrons
observed in the 3D image, although the clusters have different
sizes. Because the content of icosahedron-like polyhedrons is dom-
inant in some Zr-based MGs and the corresponding MLs [15,42], it
can be concluded that the icosahedron-like polyhedrons sur-

rounded by other non-icosahedral polyhedrons are responsible
for the formation of the NDG detected in the 3D image. The cluster
environment formed by the NDG is favorable for efficient atomic
filling of the space and for stability in the transition from the ML
to the MG.

3.3. Local reconstruction relevant to the connection of coarse clusters
with high APDs

When the dynamic and instantaneous clusters in the ML
become part of a static solid structure, the cluster arrangements
undergo a substantial change during the cooling of the ML. In addi-
tion to isolated coarse clusters, connections between dominant
coarse clusters can occur during the transition from the super-
cooled ML to the MG. The evolution of these polyhedron connec-
tions can result in correlations being developed between
dominant coarse clusters beyond the nearest-neighbor atoms at
the sub-nanometer scale and extending to the first-neighbor and
second-neighbor polyhedral motifs at the nanometer scale and/or
medium range. Depending on the different connection schemes,
the connected coarse clusters can have various geometrical config-
urations. Usually, these different connection schemes are simulta-
neously present in the MG. As shown in Fig. 6(a), some coarse
clusters with high APDs are obviously cross-linked in different
ways that can be classified into two categories: coarse clusters con-
nected via a neck with different sizes and coarse clusters connected
with no neck at the connection area.

Because the atomic arrangement and structure can change from
one cluster to another cluster through the connection area, it is
clear that—regardless of whether or not necks appear—connections
between coarse clusters with high APDs have indeed resulted in
the local reconstruction of both the atomic arrangement or struc-
ture and the surface at the connection areas. Usually, the atomic
arrangements of two different clusters are related at the connec-
tion areas; thus, the atomic arrangements at the connection areas
are transitional in nature, causing the atomic arrangements at
these areas to totally change or deviate from those of the con-
nected clusters to some extent.

These different connection scenarios between the icosahedron-
like polyhedrons were explored by tracing the coordination num-
ber of the densely packed atoms in the modeling structure shown
in Fig. 2(a), although the evolution of the structure and the coars-
ening of atomic clusters are greatly reduced in this model struc-
ture. The obtained results are shown in Figs. 6(b)–(f). Based on
these results, different joining features between the coarse clusters
were identified. The various features of the joined clusters were
isolated from Fig. 6(b) and are exhibited in Figs. 6(c)–(f). During
the transition from the ML to the MG, the cooperative rearrange-
ment of atoms was clearly involved in the connectivity of the dom-
inant coarse clusters. Different cooperative rearranging regions of
the atoms were present at the joint area, leading to different char-
acteristic connections between these clusters. If the rearranged
atom regions at the contact area were large enough to match with
the clusters, a neck did not appear at the contact area. As shown in
Fig. 6(c), the overlapping polyhedrons seemed to construct a new
polyhedron with a larger size. A neck appeared when the atomic
rearrangement regions at the contact area were small or narrow
with respect to the coarse clusters. Figs. 6(d)–(f) show three differ-
ent features of the necks. As the neck becomes narrow, the type of
connection changes gradually from face-like (Fig. 6(d)) to edge-like
(Fig. 6(e)) and finally to the vertex-like (Fig. 6(f)) form. Based on a
careful inspection of the atomic arrangement at the connection
areas shown in Figs. 6(c)–(f), the atomic arrangements of the clus-
ters are changed via the atoms shared by the connected clusters;
for example, as shown in Fig. 6(e), the atomic arrangement changes
from the triangle or pentagonal shape of the cluster to a square

Fig. 5. Other characteristics of the coarse clusters. The individual coarse polyhe-
drons isolated from the 3D image show (a) nearly no facets and (b) some irregularly
arranged facets at their surfaces.
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shape at the connection area. The arrangement of the neighboring
atoms that connect the different clusters is clearly different from
the atomic arrangements of the connected clusters and is responsi-
ble for local reconstruction of the atomic arrangement; as a result,
the surface alternation occurs at the connection areas. Depending
on the different situations of structural evolution in the super-
cooled ML and during the glass-forming process, local reconstruc-
tion at the connection areas may occur simultaneously with the
formation of coarse clusters or after the coarsening of the clusters.

It should be noted that the correlation of the nearest neighbor-
ing atoms in two connected icosahedrons remains unchanged from
one icosahedron to another icosahedron if they are connected by
sharing one common atom. However, aside from this commonly
shared atom, the other atoms around the commonly shared atom
in one icosahedron and the neighboring atoms in the other icosa-
hedron at the connection area are obviously farther away than
the nearest neighboring atoms. Thus, the correlations between
these second and/or farther neighboring atoms across the different
icosahedrons are entirely different from the neighboring correla-
tions of second and/or farther neighboring atoms in any one of
the two connected icosahedrons. If two coarse clusters with differ-
ent types of atomic packing are connected, regardless of the con-
nection scenarios between them, the correlation of the
neighboring atoms across the two clusters is changed via the com-
monly shared atom (or atoms). These different characteristic necks
are revealed in the 3D image shown in Fig. 6(a), where the connec-
tion of the clusters changes from a face-like or edge-like scenario
to a vertex-like configuration as the size of the neck is reduced
from the sub-nanoscale to the atomic level. Because of the strong
tendency of icosahedral polyhedrons in a supercooled ML to self-
aggregate and interconnect [41], icosahedral polyhedrons con-
nected to each other and to other icosahedron-like polyhedrons
may result in dense packing of the icosahedral polyhedrons in
MGs. Therefore, the connectivity of polyhedrons with high APDs
can effectively increase the size fluctuation of the NDG in both
the supercooled ML and the MG.

4. Discussion

The glass formation of supercooled MLs is a result of the
dynamic arrest that originates from the environment-dependent

energetics of local clusters [43]. The energies of local clusters in
MLs or MGs can be very different from those of isolated clusters.
Thus, a material’s glass-forming ability does not depend only on
the dense atomic packing of the icosahedrons or icosahedron-like
polyhedrons themselves [19,20]; the local cluster environment
around the icosahedral clusters can also greatly affect the slowing
dynamics and glass formation of a supercooled ML [18–
20,29,30,32]. The NDG formed by densely close-packed icosahe-
drons or icosahedron-like clusters promotes a dense structure
and high viscosity of the supercooled ML, leading to promotion
of the material’s glass-forming ability. Kinetically, the loose struc-
tures in an ML can result in a low viscosity and thus make atomic
rearrangement relatively easy, which is also favorable for crystal-
lization. Because icosahedral clusters or aggregations of icosahe-
dral clusters with slow mobility can also reduce the mobility of
neighboring non-icosahedral clusters [41], the local cluster struc-
ture relevant to the NDG also significantly slows the dynamics
and/or dynamic arrest in a supercooled ML. Moreover, in addition
to elongating their own lifetimes, icosahedral clusters or aggrega-
tions of icosahedral clusters can increase the lifetimes of all their
neighboring cluster types [41]. Because the stability of the local
structure in an ML depends on the lifetimes of all the involved clus-
ters, the lifetime elongation caused by neighboring icosahedral
clusters results in a general increase in the stability of the liquid
state, particularly when an NDG forms in a supercooled ML—a sta-
bility increase that will become more pronounced as the tempera-
ture decreases to the glass-forming temperature. In addition to
their longer lifetime, icosahedral clusters have slower mobility
and lower energy than other non-icosahedral clusters in an ML.
These different properties cause icosahedral and non-icosahedral
clusters to exhibit different effects on the dynamic slowdown of
an ML and result in spatial heterogeneity in the dynamics of the
icosahedral and non-icosahedral clusters. Once the NDG relevant
to the icosahedral and icosahedron-like clusters forms in the
supercooled ML, as a local dominant structure, it is the key to
the dynamic slowdown and dynamic arrest of the local structures
in the ML during the glass-forming process. The strong dynamic
slowdown effect of the NDG and of the icosahedral and
icosahedron-like clusters is enhanced as the temperature
decreases, so this spatial heterogeneity in the dynamics is obvi-
ously temperature dependent [21]. As the temperature decreases

Fig. 6. Characteristics of the aggregated clusters. (a) Reconstructed 3D image showing two different types of interconnection between polyhedrons with high APDs; the green
circle indicates an interconnection of clusters without a neck, while the blue, purple, and red circles indicate interconnections with necks of different sizes. (b) Different
connection configurations between the Zr-centered icosahedral clusters identified in the computer-generated model structure; purple balls represent the central atoms of the
individual clusters, while other balls with different colors have the same meanings as in Fig. 2(a). (c–f) Enlarged structural models of different types of connection: (c) an
interconnection of clusters without a neck, which is responsible for an interpenetration joining; and (d, e) necks at the sub-nanometer level and (f) necks at the atomic level
respectively correspond to face-like, edge-like, and vertex-like links of clusters.
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to the glass-forming temperature, the effect of the dynamic arrest
resulting from the NDG made by the icosahedral and icosahedron-
like clusters drives the local structures into nonergodicity, which
prevents the supercooled ML from relaxing to thermodynamic
equilibrium and impedes crystallization processes during the
course toward the glassy transition. When the temperature of
the ML cools to the onset temperature of glass formation, trigger-
ing the transition from the ML to an MG, the NDG in the super-
cooled ML ultimately results in the formation of the MG in the
whole alloy system, and the microscopic structure of the MG is
eventually dominated by the NDG at the medium-range level.
The route of microstructure development from an ML to an MG
is schematically illustrated in Fig. 7.

In addition to the case of Zr60Cu30Al10 MG, icosahedron and
icosahedron-like clusters are the dominant clusters in many
reported modeling structures of ZrCu and ZrCuAl ML systems
[19,44]. Similar to the icosahedron and icosahedron-like clusters
in this study, the population of the clusters in such systems
increases with a decrease in the ML temperature. Parallel studies
show that icosahedron and icosahedron-like clusters with a high
APD and common behavior in both undercooled and supercooled
MLs promote both higher stability of the liquid state and better
inheritance of the structural heterogeneity profile during cooling.
Because the trends of icosahedron and icosahedron-like clusters in
ZrCu and ZrCuAl MG systems are quite similar to that in
Zr60Cu30Al10 MG, it is reasonable to believe that the NDG model in
the present study is also applicable to other ZrCu and ZrCuAl MGs.

Although the medium-range NDG has a direct correlation with
the SRO that may still dominate the cluster structures for the near-
est neighboring atoms in both the ML and MG, there are important
differences in nature between the NDG and the SRO. The viscosity
of the ML increases very rapidly during the cooling process. As the
temperature decreases to the glass-forming temperature, the vis-
cosity of a supercooled ML will be many orders higher than that
of an undercooled ML. It is clear that this rapid increase in viscosity
is most likely due to the formation of an NDG in the supercooled
ML. As a result, the temperature dependence of the NDG is obvi-
ously distinct from that of the SRO, and the transition from the
ML to the MG is indeed triggered by the freezing of the NDG at
the glass-forming temperature, rather than being due to the SRO.

Furthermore, another important difference between the NDG and
the SRO is that the environment-dependent energetic properties
of the local cluster structures constructed by a medium-range
NDG promote the structural stability of the MG and the super-
cooled ML, in addition to being responsible for a rapid increase
in viscosity during the cooling of the ML and the initiation of the
transition from the ML to MG.

Geometrically, for icosahedral packing, 12 atoms are positioned
around a central atom to form 20 isometric triangles at the whole
surface; together with the central atom, these 12 shell atoms fur-
ther form 20 tetrahedrons. Thus, a single tetrahedron has nearly
the same APD as the icosahedron and can also promote the
glass-forming ability of the ML in the same way as the icosahedron.
Therefore, a tetrahedron with a spatial scale of a few atoms is the
smallest densely close-packed cluster for a density gradient in both
MLs and MGs. As a result, in principle, the scale of the density gra-
dient can range from a single tetrahedron to interconnected
icosahedron-like clusters. The observed scale of the density gradi-
ent is also related to the effect of the cooling rate—that is, faster
cooling rates usually depress cluster coarsening and produce a
lower connectivity of atomic clusters, leading to smaller density
motifs and/or clusters. Experimentally, at a cooling rate of approx-
imately 106 K�s�1 for the transition from an ML to an MG, the
coarsening and interconnection of the icosahedron-like clusters
have been found to be limited to occurring between neighboring
clusters only within a spatially critical nanoscale length [19,45].
In addition to the cooling rate effect, the coarsening and connectiv-
ity of the clusters are temperature dependent and local-structure
dependent [42,45]. A difference in local structures may lead to
dynamic heterogeneity in the glass-forming liquid, which corre-
sponds to structural heterogeneity in the microscopic structure
represented by the NDG accompanied by its varied spatial scale
in the MG.

During the transition from an ML to an MG, morphological
alternation of the coarse clusters due to their surface reconstruc-
tion is strongly dominated by the minimal total surface energy,
which can be roughly determined by the product of the total sur-
face area and the energy per unit of area. When the clusters merge
together, the local or whole structure of the newly formed cluster
can be changed if the atoms at the joint area rearrange in a differ-
ent packing manner compared with that of the original clusters.
Even if the rearrangement of the atoms at the joint area aligns with
the packing manner of the original clusters, the surface morphol-
ogy of the original cluster is maintained only if the specific number
of atoms contained in the newly formed cluster construct a perfect
outside shell.

Taking a coarse icosahedron as an example, it is known that the
number of atoms required to construct the different perfect shells
of an icosahedron must satisfy the 10n2 + 2 rule [46], where n is the
number of the successive atomic shells. Therefore, this rule can
easily be used to determine that there are 12 atoms in the first
shell, and—if the coarse cluster still maintains perfect five-fold
symmetrical vertices at the outside shells of the coarse icosahe-
dron—there must be exactly 42 atoms in the second shell and 92
atoms in the third shell. The number of atoms in the outside shell
of a coarse cluster is rarely exactly coincident to the specific num-
ber needed to maintain the perfect outside shell of the original
clusters in the process of cluster coarsening. In most cases, instead
of maintaining the perfect shell of the original clusters, the atoms
are arranged in the outside shell of a coarse cluster in a manner
that satisfies the minimal total surface energy, causing many dif-
ferent facets to be present on the outside surface. Therefore, the
corresponding surface morphologies of the coarse clusters inevita-
bly change completely or deviate from the original clusters to some
extent. For example, instead of an imperfect icosahedron with
incomplete pentagonal vertices at the outside shell, several

Fig. 7. Schematic illustration of microstructure development from an ML to an MG.
Individual single clusters in the undercooling ML coarsen as the temperature
decreases and an NDG is formed in the supercooled ML. Finally, the NDG freezes in
the MG at the glass-forming temperature.
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icosahedrons can shear one or several common atoms or
inter-penetrate each other to form an icosahedral chain, similar
to a connection of clusters, in order to maintain the minimal sur-
face energy. Consequently, the structural evolution during the
transition from an ML to an MG can result in coarse clusters and/
or NDGs with different sizes and various surface morphologies.

5. Conclusions

We find that an NDG exists in the MGs and is closely correlated
with the dominant icosahedron-like clusters with high APD in the
MLs. During the transition from the ML to MG, the different clus-
ters in the supercooled ML are rearranged according to descending
APD order. Icosahedral and icosahedron-like clusters with high
APDs are surrounded by non-icosahedral clusters with low APDs
to form an NDG that stabilizes the supercooled ML state and
remained in the MG. Depending on the NDG and the SRO, multi-
scale characteristic structures can be well recognized in the MG.
At the atomic and/or sub-nanometer level, the characteristic struc-
ture is dominated by the SRO, whereas the NDG dominates the
characteristic structure at the nanometer and/or medium-range
level. Furthermore, the random distribution of the NDG results in
long-range disorder in the MG. Consequently, the NDG revealed
in this study bridges the gap between SRO and long-range disorder
and sheds new light on the nature of the microscopic structure
inside MGs.
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