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Abstract: The identification of glassy defects in amorphous materials is a long-standing but impera-
tive problem which hinders our deep understanding of the structural origin of mechanical behavior in
metallic glasses (MGs). Here, a combination of experiments and numerical simulations were used to
reconstruct the atomic packing of MGs. Using the integration of synchrotron X-ray diffraction (XRD)
datasets, ab initio molecular dynamics simulations, as well as reverse Monte Carlo simulation, we
determined the three-dimensional atomic positions of a series of binary MGs CuxZr100-x (x = 50, 56,
60, 64). Then we uncovered the connection of short-range clusters as well as the nature of the medium
range order (MRO). It turns out that full icosahedral tend to connect to each other forming the back
bones, with dimensions positively correlated with the Cu content. By quantifying the discontinuity of
full icosahedral networks, we identified the MRO defects which were found to be highly influenced
by the macroscopic chemical contents. Here, the density of MRO defects is growing with the decrease
of Cu contents. These results suggest the reason for the stable kinetic properties and good glass
forming ability of the Cu64Zr36 system, which is rich in full icosahedral clusters <0,0,12,0> but a lack
of MRO defects.
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1. Introduction

Since their discovery in the 1960s [1], metallic glasses with disordered structures
inherited from molten liquid via a fast quenching process have attracted significant research
interest due to their outstanding elastic limit, yielding strength and fracture toughness when
compared with their crystalline counterparts [2—6]. To understand in depth the hidden
mechanism of the glass forming process and the macroscopic mechanical behavior of MGs,
it is an urgent need to investigate the microscopic structures tracing back to the possible
atomic level [7-10]. However, due to their unique disordered structure, which lacks long-
range translational and rotational order, the packing manners of MGs cannot be effectively
described by a particular type of unit in the literature [11]. It is only in recent decades
that the introduction of the Voronoi analysis has led to a clearer understanding, where
short-range order clusters such as full icosahedral are observed [9,12-15]. Based on the
Voronoi analysis, Voronoi index [9,11], local five-fold symmetry parameters (LFFS) [16-18],
etc. have been proposed in an attempt to build the one-to-one correspondence between
structure and properties in MGs.

In addition to short-range order, the medium range order (MRO) which involves
atoms beyond the nearest neighbors were discovered and extensively discussed in recent
years. Such MRO is usually defined as the networks formed by connected short range order
clusters via shared shell atoms (face sharing, edge sharing or vertex sharing) [15,19,20].
Thus, the structural fingerprints are not limited in the first peak of the pair distribution
function but up to 1-2 nm. It is generally accepted that the structural features on a larger
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scale are more responsive to the mechanical behavior of the materials [14,21-24]. This
may also be due to the fact that MRO range covers several hundred atoms, which is
already comparable to the size of the shear transformation zone (or the length scale of
B-relaxation) [11,25-27]. However, since neat arrangement and irregular arrangements
are two sides of the same coin, there will inevitably be MRO defects among the MRO
framework. Such structural defects, such as the dislocations or grain boundaries [28] in
crystals, can be identified by the break of the connectivity of the MRO network. It is
expected that such defects are responsible for the localized plastic events of MGs. Up to
this point, a number of MRO description parameters have also been proposed, for example,
dominant polyhedral ratio [29] (Fn), local yield stresses gradients of the minimum energy
path of the STZs along the potential energy landscape (PEL) [30], etc. which can somewhat
describe the plastic flow pattern of the structure. In our recent work [31], we have proposed
an identification of MRO defects in CuZr MGs, and also provided more direct evidence
for the existence of MRO defects on the basis of discontinuity of the stiff icosahedral
network. MRO defects are directly related to the cooling history during the formation
of MGs. In addition, it has been shown that MRO defects can be an effective predictor
of void nucleation for samples with varying cooling rates. However, whether the effect
of this MRO defect extends to other components of the amorphous alloy, and what the
distribution pattern is in the other components, remains an open question.

To investigate the structure and properties of MGs, it is essential to build an accu-
rate and realistic molecular model. Usually, three-dimensional molecular models using
classical molecular dynamics (MD) have been widely used to characterize the plastic de-
formation and dynamics of amorphous alloys [32-34]. However, it is doubtful whether
purely numerical simulations are representative of experimental conditions because of
its limitation in space as well as time durations. Despite the recent development of ab
initio molecular dynamics methods based on density flooding theory (DFT) to solve the
electronic structure and interatomic interactions with high accuracy (which permits us to
capture the main features of real-world glasses by observation of g(r) curves [35]) it alone
is often inadequate in building a larger simulation box and reconstructing the structure of
a multi-component MGs [11]. Taking into account the above reasons, the reverse Monte
Carlo (RMC) algorithm [36] was proposed to compensate for the problem of simulation
detachment from experimental data. The RMC algorithm uses the least squares to drive the
simulated configuration toward the experimental data, which obtain the solution that most
closely resembles the real structure. It is generally accepted that using both extended X-ray
absorption fine structure spectroscopy (EXAFS) and synchrotron X-ray diffraction datasets
to model the structure increases the confidence of the final structure, as the information of
either long-range or short-range collocation can be well included [37-40]. Nevertheless,
the partial pair distribution function (PDF) solved by the RMC is still implausible [41].
The main concern is that the K-edge spectrum of EXAFS does not perfectly represent the
one-to-one correspondence. To address this issue, ab initio molecular dynamics data (partial
PDFs) was introduced to join the RMC simulation in place of EXAFS [42,43], which greatly
improved the efficiency of RMC simulation and the reliability of the model [44,45]. In this
case, the RMC simulations seem to be an extension of the ab initio molecular dynamics
which extend the simulation system to tens of thousands of atoms and provided a reliable
model for our subsequent analysis.

In this work, three-dimensional atomic models for analysis have been obtained using
the RMC algorithm strongly integrating synchrotron XRD data and ab initio molecular
dynamics data. Then, comparison between the K-edge spectrum of EXAFS and the theo-
retical spectrum of the final structure enhances the reliability of the reconstructed model.
Through a self-developed program to extract icosahedral clusters, the MRO defects were
successfully identified based on the discontinuities in the icosahedral network. Finally,
comparison of samples with different composition ratios revealed the dependence of the
distribution pattern of MRO defects on the chemical composition. This also reflects to some
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extent that the reason for the stable kinetic properties and the good glass forming ability of
amorphous alloys is related to the density and distribution of MRO defects.

2. Methods
2.1. Experiment

Alloys with composition CuxZrigo—x (x = 50, 56, 60, 64) were prepared by arc-melting
elemental high purity metals Cu (99.9 wt%) and Zr (99.9 wt%) in chemical proportions
under purified argon atmosphere. Every sample was melted 4 times throughout the process
to reach homogeneity and ensure that the mass loss is less than 0.05 wt% after the arc
melting. The melting liquid was then rapidly ejected through a 48 mm long, 3.5 mm
orifice (inlet pressure 7 Mpa) and liquid metal streams were crushed into small droplets
for rapid cooling (approximately 10>~10% K/s) in an Ar atmosphere. After the quench
process, sample powders were obtained using a 900 mesh (15 pm particle size) sieve. The
amorphous nature of the obtained samples was verified using Cu K& XRD and differential
scanning calorimetry (DSC).

Synchrotron XRD datasets were collected on a high-resolution powder diffraction
beam with an energy of 17.9 keV (A = 0.693 A). The same test conditions were later used
for capillary testing to obtain background data. After deducting background, sample
absorption, polarization and elimination of incoherent scattering (Compton scattering) and
multiple scattering, the obtained coherent scattering intensity I.,,(Q) was converted into
the total structure factor SE¥7(Q) by Faber-Ziman formula [46]. The whole data processing
process was performed by PDFgetX3 2.0.0 software [47].

EXAFS spectra of Cu and Zr K-edge were collected in transmission mode under
ambient temperature. Calibration of the energy was obtained using Cu and Zr foils after
ensuring repeatability by averaging the data collected three times. The data processing
process was implemented through Athena 0.9.26 [48] software. The theoretical EXAFS
spectra of RMC simulations were statistically calculated by RMC_POT 1.8.1 software [49],
where the table of backscattering coefficients (amplitude + phase) of the atoms adjacent to
the central atom was obtained using the FEFF 8.5L code [50]. It is worth mentioning that
the signals of high k region are weighted by the weighting factor kn (n = 3).

2.2. Ab Initio Molecular Dynamics Simulation

All the ab initio molecular dynamics computations were conducted by using the
QUICKSTEP code which is implemented in the CP2K Open Source Molecular Dynamics
package [51]. We employed DZVP-MOLOPT-GTH basis sets, a 600 Ry cutoff for the
auxiliary plane wave expansion of the charge density, and Goedecker-Teter-Hutter (GTH)
norm-conserving pseudopotentials to represent the core electrons. The calculations were
conducted using the generalized gradient approximation (GGA) and the Perdew-Burke-
Ernzerhof (PBE) functional [52]. Ab initio molecular dynamics methods were used in this
work. Each ab initio molecular dynamics box was assigned to put in 256 atoms. All the
dynamics simulations were first carried out in the NPT ensemble with a CSVR thermostat
controlling the temperature at 1500 K to keep the molten state. The duration of this process
was 3 ps and the time step was set as 1.5 fs. After that, we obtained the CuZr solid model
glass by quenching the well relaxed melting liquid from 1500 K to 300 K with a cooling rate
of 30 K/ps and the obtained glass was further relaxed at 300 K for 10 ps at last.

2.3. RMC Simulation

To reconstruct the three-dimensional configurations based on the experimental glass,
RMC modeling was carried out using RMC_POT 1.8.1 software [49]. Here, the reliabil-
ity of the obtained structural model was verified by the experimental data which was
characterized by the measured S¥*7(Q) from synchrotron XRD and quantum mechanical
information quantified by the three partial PDFs from ab initio molecular dynamics. Each
model glass, with specific chemical composition as CuxZrigo—x (x = 50, 56, 60, 64), contains
~20,000 atoms with dimensions of 7 x 7 x 7 nm3. In RMC procedure, the fitting process
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was corrected by observing error coefficient x> which denotes the deviation between the
experimental and simulation data and drives the simulation process.

32 = Y (5SS (Q)) — SEP(Q)))° /e(Qi)? (1)

where SE¥P (Q;) is structure factor from synchrotron XRD and gCal (Q;) is the calculated
values from the current model. i is the intersection point of the two data about Q, and, m
is the number of such intersections. (Q;) is the experimental error for the ith data point.
If the partial PDFs were fitted, accordingly replace SE*7(Q;) in Equation (1) with gF¥7 (r;).
When the calculation begins, the system randomly moves the atoms and starts calculating
x2. If Xg, g > X2ew, the new configuration is accepted. Conversely, the move is accepted
with probability exp — (x3., — X%,) /2. If there are atoms in the configuration that are too
close (closer than their hard sphere cutoff) and the move is to move them above the hard
sphere cutoff, or at least to increase their distance, then the move is accepted regardless of
the change in the x2.During the fitting process, x? gradually decreases until it converges to
a certain value. It is worth mentioning here that the configuration of RMC does not have
an equivalent cooling rate.

3. Results and Discussion
3.1. Reverse Monte Carlo Model

To ensure the reliability of the simulated configurations obtained from RMC modeling,
we directly compared the RMC results and the diffraction data from experiments. The
results are shown in Figure 1. Here, the generally accepted structural descriptions such as
partial PDFs and structural factors are used to quantify the structural fingerprints of the
tested four MGs CuxZripo—_x (x = 50, 56, 60, 64). It is intuitive to observe the almost perfect
consistence between the RMC simulation and the measured data. Such good overlap
with the reality provides direct evidence that the utilization of RMC procedure leads to
a reasonable configuration with atomic arrangements matching the packing manners of
the experimental glass. Subsequent Figure 2 shows the comparison between the K-edge
spectrum of EXAFS and the theoretical spectrum of RMC configurations. Such comparison
also confirms this point. Here, Figure 2a shows the K-edge spectrum of Cu and Figure 2b
shows the K-edge spectrum of Zr. Although there are some differences in the high-k region
of the Zr-edge spectrum (which may come from the experimental error being amplified by
the k-3th power weight), the main few peaks we need in the front are in good agreement
with each other. In addition, it should be noted that the K-edge spectrums of EXAFS has
been phase correction.
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Figure 1. Comparison of partial PDFs from ab initio molecular dynamics (solid black line) with RMC (red
dashed line) simulation data for (a) g_Cu-Cu(r), (b) g Cu-Zr(r), (c) g_Zr-Zr(r), respectively. (d) denotes
the comparison of S(Q) from synchrotron XRD (solid black line) and RMC simulations (red dashed line).
(a—d) demonstrate the four tested metallic glasses CuxZrjgo—x (X = 50, 56, 60, 64), respectively.
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Figure 2. EXAFS K3x(k) spectra of CuxZrygo—x (x = 50, 56, 60, 64) MGs obtained by experiments
(solid blue line) and FEFF8.5L calculations using the RMC configurations (red dotted line). (a) Cu
K-edge; (b) Zr K-edge.

3.2. Short Range Structure Analysis

To characterize the atomic scale structure of MGs, the Voronoi tessellation analysis was
carried out [53]. Figure 3 shows the distribution of the 12 most frequent Voronoi polyhedron
for the four CuxZrigo—x (x = 50, 56, 60, 64) MGs, respectively. It is intuitive to see that
icosahedral or icosahedral-like clusters such as <0,2,8,2>, <0,3,6,4>, <0,0,12,0>, <0,1,10,2>,
<0,2,8,1> have the dominating fraction which show the directly experimental evidence to
validate the previous simulated results [54,55]. It should be mentioned here that there is no
considerable content of crystal-like clusters [56] (such as <0,4,4,6>,<0,4,4,5> which express
a high degree of quadratic and hexagonal symmetry clusters.) in our configuration, which
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may be due to the fact that the amorphous state of the configuration we obtained is better.
In addition, the fraction of Frank-Kasper polyhedra, such as <0,0,12,0> and <0,1,10,2>
shows a growing trend with the increasing of the Cu content. As extensively reported in
the literature [9,55,57], such Voronoi motifs are geometrically favored with a high degree
of symmetry as well as dense packing and thus the strong deformation resistance under
thermal or loading stimuli. In this connection, the observed highest fraction of these solid-
like clusters in the CugsZrzs MGs implies that it is best correlated with ordered atomic
packings, which are expected to be the most resistant to deformation when compared with
the other three MGs. This may also be one of the reasons for the great glass formation
capacity of CuggZrzg system.

<0,0,12,0>

Figure 3. Frequency distribution of the 12 most frequent Voronoi polyhedron of CuxZrjgo_x (x = 50,
56, 60, 64) MGs.

The effect of Cu content on the exact manners of atomic packings can then be intuitively
uncovered by the spatial distribution of structural indicators. For example, we plotted
sample snapshots of CuxZrjg_x (x = 50, 56, 60, 64) glasses, with atoms color coded via
the atomic number density, as shown in Figure 4. Since color blue represents local regions
with low density, whereas color red corresponds to areas with high density, Figure 4
gives the visualized evidence for the inherent inhomogeneous structural field in MGs. In
addition, it is intuitive to see that the most uniform and loose atomic packing appears
in CusgZrsp MGs. As the Cu content rises, CuxZrjgo—x MGs are accompanied with an
increase in the atomic density which are placed in a more inhomogeneous manner. This
observation is further verified by the statistical calculation, which shows that the average
atomic number density for CuxZrigo_x (x = 50, 56, 60, 64) MGs are 0.05770 A—3,0.5787 A~
0.05788 A~3 and 0.05788 A~3, respectively. Such phenomena indicate that more Cu contents
will reduce the content of free volume [58] which quantifies the structural defects in glasses
and is usually negatively correlated with the atomic number density, and thus makes the
microstructure denser.

More evidence to demonstrate the effect of Cu contents on inducing stable clusters is in
light of the spatial distribution of local five-fold symmetry (LFFS). Here, LFES is defined as
the fraction of pentagons in each short-range cluster. Based on the Voronoi index which has
the form <ngz, ng, ns,n¢, - -+, n;,- - - >, LFFS can be calculated as LFTS = ns5/ ) n;. Figure 5
shows the spatial distribution of LFFS for the four model glasses CuxZrygo—x (x = 50, 56, 60,
64). It shows that LFFS field is also inhomogeneous with full icosahedral clusters (usually
represents <0,0,12,0>) yielding the maximum value of LFFS which is marked by the color
red. In addition, it is intuitive that the number of full icosahedral clusters shows a growing



Metals 2023, 13, 70

7 of 12

(a) CusyZrs,

trend with the increase of Cu content in CuxZrigg_x (x = 50, 56, 60, 64) MGs. Moreover, the
spatial spacing between full icosahedral clusters is smaller in CusgZrsyp when compared
with the other three systems, while the full icosahedral clusters in CugsZr34 are more likely
to aggregate and connect with each, thus forming the hard backbone network.

0.85

Figure 4. Atomic number density distribution of different component amorphous alloys. Here color
red represents the high density region and color blue represents the low density region. (a) CusoZrsp,
(b) CuseZraa, () CugpZryg, (d) CupsZrse.

Figure 5. Local five times symmetry distribution of different component amorphous alloys, with the
color red representing atoms with high LFFS and the color blue representing atoms with low LFFS.
(a)CuspZrso, (b) CuseZras, (¢) CugoZrag, (d) CugsZrse.

3.3. MRO and Its Defects Characterization

As is widely discussed in the community, the structural fingerprints of dynamics,
thermal features and plastic deformation in MGs are not fully embedded in the short-
range order, but rather the structural origin of these processes can be traced back to the
several shells of the radial distribution functions, namely medium range order (MRO). To
investigate the MRO structure, we first introduced the dominant polyhedra ratio (Fn) [29]
in the four tested glasses. The definition of Fn is as follows:

Fn = Nn/Ncut—off @)

where Fn is the fraction of the n major dominant polyhedra among all polyhedra in the
local range, N;; denotes the number of all dominant polyhedra within the cut-off distance,
and Nt off is the total number of atoms within the cutoff distance which is set as 7.6 A
for the Cu-Zr MGs in this work. Here, n = 10 is used to calculate the value of Fn. In
terms of its definition, the value of Fn quantifies the degree of aggregation of dominating
clusters in a local region. Since the dominating cluster in the present CuZr MGs is full
icosahedral clusters, see Figure 6, it is expected that Fn can characterize the connection of
full icosahedral clusters and thus reflect the orderliness of the structure in the local region,
which also can be used to classify liquid-like and solid-like regions. Here, high Fn regions
are marked by the color red while regions with relatively low value of Fn are represented by
blue atoms. It is obvious that all of the model glasses show an inhomogeneous distribution
of Fn. Additionally, for MGs with lower content, the length scale of the weak regions
characterized by the low fraction of Fn is wider, while the size of the strong regions grows
significantly with increasing Cu content. This implies that the distribution of Fn can
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reflect the MRO characteristics which are more representative of the overall structure when
compared with short range order.

e s (e

(b) CuseZryy () CugpZryy (d) CugyZryg

Figure 6. The evolution of the ratio of dominant polyhedra ratio (Fn) of different component
specimens, with the color red representing the region with high dominant polyhedra content and the
color blue representing the region with low dominant polyhedra content. (a) CusgZrsg, (b) CusgZras,
() CugpZry, (d) CugsZrse.

Subsequently, we have developed a procedure to quantify the MRO (the extracted
MRO did not distinguish between isotropic and anisotropic) by identifying the number
of connected full icosahedral clusters in MGs. Here, we employed this procedure to
demonstrate the glass configurations obtained from the combination of experiments and
simulations. The results are shown in Figure 7. All of the full icosahedral clusters <0,0,12,0>
have been extracted as the basic unit. It should be noted that the largest hard network
with the maximum number of icosahedral clusters is marked by the color white. As shown
in Figure 7, in addition to the hard backbone, there are also separated <0,0,12,0> clusters,
namely the supercluster groups. Naturally, the full icosahedral network does not fill the
whole space; there are also some other cluster groups, such as the space in the gap as
shown in Figure 7e which is 1 nm slice from CuggZrg9 MGs. Direct comparison among the
four glasses indicates that the number of superclusters shows a decreasing trend with the
increasing of the Cu contents, leading to continuously expanding bones that fill most of the
space. This is evidenced by the maximum areas occupied by white backbones in CugsZrsg
glasses when compared with the other three models. In reality, the existence of these
superclusters implies the disconnection and interface between icosahedral clusters. In our
previous work [29,31], such interface is formed via the generation of soft regions (clusters
with poor kinetic stability) and can be used to characterize the MRO defect. To be more
specific, the MRO defects are the interrupted connectivity of the full icosahedral bones [31],
as shown in Figure 8 (structure extracted from the interruption of full icosahedral clusters
of the CugpZryy sample). In other words, the weak connection between the agglomerates
leads to an increase in the free volume content of the local soft zone and manifests itself as
an MRO defect in metallic glass. As discussed in Reference [29] and Reference [31], these
MRO defects play a key role in the mechanical failure process of metallic glass. It should be
noted that the cavity in Figure 8 is not devoid of atoms; actually, it is the consequence of
the visualization of only icosahedral clusters as Figure 8 shows only the atoms involved
in the complete icosahedral cluster and the boundary atoms that break the bones. Such
an apparent void is thus a reflection of the interface that breaks the hard backbone. In
order to statistically show the distribution of MRO defects in CuZr MGs with different
compositions, the number of <0,0,12,0> cluster and the number of networks formed by
icosahedral clusters have been counted and shown in Table 1. As is widely reported [11,59],
the addition of Cu atoms gives rise to a greater number of full icosahedral clusters which
then drives to the higher degree of connection among them, and thus leads to greater hard
network and MRO. In this case, more full icosahedral clusters are assembled to form the
major solid-like network with larger length scale, causing the annihilation of separated
full icosahedral clusters as evidenced by the increasing number of networks. It should
be mentioned here that the number of atoms in bones for CusyZrsg MGs is much lower
than for the other MGs with different components. This is because only the atomic number



Metals 2023, 13, 70

9o0f12

of the largest bone is counted here. The number of hard networks is proportional to the
density of MRO defects, and it can be intuitively found from the data that the increase
in Cu content has significantly reduced the number of hard networks. Such phenomena
also reflect the reduction in the density of structural MRO defects. From the statistical
results, CugsZr34 has the least number of defects, (although comparable to CuggZryy, its
main bone atoms are more abundant). This can be assumed as the reason for the stable
kinetic properties and good glass formation ability of CugsZrss MGs. In addition to the
high content of full icosahedral clusters <0,0,12,0>, their close connection with each other
to form a major hard backbone with fewer MRO defects is also an important reason.
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Figure 7. (a—d) are the cube bone of CuxZrjpy_x (x = 50, 56, 60, 64) MGs, respectively. The clusters
connected together were colored using the same color. (e) 1 nm slice of CugpZrag.

cavities /
<0,0,12,0> \ /

<0,0,12,0>

boundary <0,0,12,0>

Figure 8. Local atomic structure of MRO defects.



Metals 2023, 13, 70 10 of 12

Table 1. CuxZrigy_x (X =50, 56, 60, 64) MGs full icosahedral bones parameters statistics.

Sample Components CugoZrsg CusgZry CugoZryg CugyZrsg
Number of <0,0,12,0> cluster 1065 1586 2287 2282
Number of solid-like regions 115 41 15 15

Number of atoms of <0,0,12,0> cluster 8349 10,823 13,200 13,745
Number of atoms of bone 2376 9988 12,936 13,490

4. Conclusions

In summary, through a combination of RMC, ab initio molecular dynamics simulations
data and synchrotron X-ray diffraction, we obtained atomic packings of four model glasses
CuxZrigp—x (x = 50, 56, 60, 64) in reality. The agreement between theoretical EXAFS spectra
of RMC models and experimental data obtained from EXAFS ensure the reliability of
these obtained atomic configurations. Further structural characterizations via Voronoi
Polyhedron, atomic number density, LFFS, Fn and MRO defects indicators were conducted
to analyze the effect of chemical composition on the short to medium range structural
features in MGs. The exact conclusions are listed below:

(1) In RMC models, <0,0,12,0> and <0,1,10,2> dominates in MGs, and becomes more
abundant with increasing Cu content, which makes the structures of MGs more stable.

(2) Relative to the short-range order characteristic indicators (LFFS and atomic number
density), new methods of describing the MRO were developed, of which Fn as well
as MRO defects show some effectiveness.

(3) Using the developed MRO identification procedure, it was found that an increase
in Cu content leads to an increase in full icosahedral clusters and a tendency to
interconnect to form large bone regions, thus reducing the density of MRO defects. It
implies that lower MRO defects may also be an important reason for the higher glass
forming ability and more stable kinetic properties of CugsZrss MGs.
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