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Abstract:



Due to its excellent glass-forming ability (GFA), the Zr48Cu36Al8Ag8 bulk metallic glass (BMG) is of great importance in glass transition investigations and new materials development. However, due to the lack of detailed structural information, the local structure and atomic packing of this alloy is still unknown. In this work, synchrotron measurement and reverse Monte Carlo simulation are performed on the atomic configuration of a Zr-based bulk metallic glass. The local structure is characterized in terms of bond pairs and Voronoi tessellation. It is found that there are mainly two types of bond pairs in the configuration, as the body-centered cubic (bcc)-type and icosahedral (ico)-type bond pairs. On the other hand, the main polyhedra in the configuration are icosahedra and the bcc structure. That is, the bcc-type bond pairs, together with the ico-type bond pairs, form the bcc polyhedra, introducing the distortion in bcc clusters in short range. However, in the medium range, the atoms formed linear or planar structures, other than the tridimensional clusters. That is, the medium-range order in glass is of 1D or 2D structure, suggesting the imperfect ordered packing feature.
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1. Introduction


Zr48Cu36Al8Ag8 bulk metallic glass (BMG) possesses an extraordinary glass-forming ability (GFA) of up to 20 mm in the smallest dimension, as well as large stability against crystallization in the supercooled liquid region [1,2,3]. This alloy provided the opportunity to investigate the nature of glass transition in BMGs and offered the possibility to develop a new generation of engineering materials [4]. However, the local structure and atomic packing, especially the short-range order (SRO) and medium-range order (MRO), of metallic glasses is still far from being understood due to the lack of detailed structural information [5]. Moreover, it is still unrevealed how the atomic structure affects the GFA in metallic alloys, despite several empirical rules having been proposed to evaluate the GFA [6,7]. The GFA of an alloy also depends on the kinetics of evolution and thermodynamically viable phases in its supercooled melt [8]. Therefore, it is crucial to predict BMGs with a large GFA by the understanding of the correlation of local structures and kinetics [9].



It is well known that icosahedral clusters exist in the BMG structure [10,11,12,13]. These icosahedral clusters with five-fold symmetry are incompatible with lattice periodicity, which will present a barrier for crystallization and improve the glassy formability [11]. However, the arrangement of the icosahedral clusters and the relationship between icosahedral clusters and other local structures are still not clear. The effects of the local structure in short and medium range on excellent GFA are also unknown. So far, however, few studies have been devoted to these important issues. In this paper, we present a reverse Monte Carlo [14] simulation of the atomic packing for the Zr48Cu36Al8Ag8 BMG. Bond pairs [15,16], bond-orientational order (BOO) parameters [17,18], and Voronoi tessellation [19,20] were used to characterized the SRO of the glassy state. Typical atomic clusters in short- and medium-range order were introduced and characterized from the three-dimensional (3D) realistic configuration.




2. Materials and Methods


Multicomponent alloy ingots with a nominal composition of Zr48Cu36Al8Ag8 were prepared by arc-melting under a high purity argon atmosphere. The ingots were re-melted five times to ensure chemical homogeneity and subsequently suction-cast into a copper mold (1-mm-thick plate). Pair distribution function (PDF) data of the samples annealed at 743 K were obtained from the in situ synchrotron X-ray diffraction measurements using the energy of 115 keV (corresponding to a X-ray wavelength of 0.10783 Å, which were carried out at the beamline 11-ID-C of the Advanced Photon Source, Argonne National Laboratory). Silicon crystal monochromator was employed to select the wavelength. High-resolution X-ray diffraction (HRXRD) patterns with large Q range were recorded on an image plate (MAR 345, with 100 × 100 μm2 pixel size and a distance of 228.367 mm). Structural models for the liquids were obtained from Reverse Monte Carlo simulation (RMC) [14,21] simulations. The experimental S(Q) and G(r) data were modeled simultaneously by a new RMC code [22]. A randomly packed system with 4000 atoms was used as the initial configuration. An atomic guess configuration is generated by random atomic move and exchange, as well as density refinement by adjusting the box size. The number density calculated from the mass densities is 55.65 nm−3. Following minimum interatomic distances (cutoffs) were applied: 0.269 nm for Zr-Zr, 0.240 nm for Zr-Cu, 0.254 nm for Zr-Ag, 0.253 nm for Zr-Al, 0.212 nm for Cu-Cu, 0.225 nm for Cu-Ag, 0.224 nm for Cu-Al, 0.239 nm for Ag-Ag, 0.238 nm for Ag-Al and 0.237 nm for Al-Al. In view of the effective application of potential constraints [23,24], the Morse potential was introduced in the RMC simulation.



Bond pair analysis is commonly adopted to describe the geometrical features of the atomic arrangement in a configuration [15,16]. It considers the bonding relations of an atomic pair, as well as the nearest neighbor atoms, in short range. Here, the bonding relation is not conferred as the chemical bonding, but the bonding determined by atomic distance, usually defined as cutoffs in simulation. There are four indexes for the description of local structure by the bond pairs, (ijmn). It is defined that: i = 1 represents the bonding of this atomic pair, while i = 2 represents the formless of this atomic pair; j represents the number of atoms bonding altogether with this atomic pair; m represents the number of bonds among these j atoms; n is a arbitrary number, defined to exclusively determine a bond pair. According to these definition, a fixed structure configuration can be described by several bond pair types. According to Honeycutt and Andersen’s formula [15,16], 1551, 1541 and 1431 represent icosahedral (ico) bond pairs, 1441 and 1661 are body-centered cubic (bcc) bond pairs, 1421 is face-centered cubic (fcc) or hexagonal close-packed (hcp) bond pairs, and 1331, 1321, 1311 and 1211 are disordered atomic arrangements.



The bond-orientational order parameters were firstly proposed by Halperin and Nelson [25] for two-dimensional molten, as well as the description methods. It had been adopted by Steinhardt [17,18], Nelson [26] and Ronchetti (SNR) [18] to investigate the BOO of particles in a three-dimensional system. According to SNR, the line between two nearest neighbor coordination atoms are defined as a bond, whose orientation can be described by a selected spherical coordinates, as θ(r) and φ(r), neglecting the length of the bond. Each bond are given a set of spherical harmonics, YLm[θ(r), φ(r)], which is called the bond-orientational order parameters of this bond [17,18,26,27], as


QLm(r) = YLm[θ(r), φ(r)] , m = −L, … , 0, … , L



(1)




where r represents the relative vector of bond center. Given two atoms with coordinates of A (x1, y1, z1) and B (x2, y2, z2), then r (x, y, z) is defined as (with spherical coordinates)
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where r = (A − B)/2.



Given an atomic cluster, the commonly needed BOO is [image: there is no content], where [image: there is no content]. The <·> represents the average of BOO for all the nearest neighbor atoms. The value of [image: there is no content] depends on the selected coordinates. For the uniformity, the commonly used BOO is defined as the secondary rotation invariant parameters, as


[image: there is no content]



(4)




where [image: there is no content] is a real number as the module of [image: there is no content], which sometime is a plurality.



The prominent feature of BOO is sensitive to the symmetry of the atomic clusters. Each atomic clusters has a relative set of [image: there is no content], which can be adopted to describe the symmetry of clusters by calculating a few L values (with even number) [18]. Therefore, for a cluster formed by a center atom and N nearest neighbor atoms, a QL-L pattern will be composed by QL with different L values. According to Nelson [18,26], local BOO can be effectively described by the QL-L patterns. By calculating the several QL values, with the even L (except for zero), as L = 0, QL = 1 and L = odd number, QL = 0, the local BOO will be well described.



The configurations calculated by the simulations contain all the coordinates of the atoms, from which the all the QL values the clusters will be obtained, as well as the QL-L patterns. Then, the statistical distribution of BOO in the system can be derived and takes a comparison with the standard structures, restricted as the same coordination conditions.



For icosahedron clusters, the triple rotation invariant, [image: there is no content], of QLm(r) is very sensitive, which can be adopted to evaluate the orientational order of icosahedra. The formula of [image: there is no content] is defined [28] as


[image: there is no content]



(5)




where


[image: there is no content]



(6)




where [image: there is no content] is the Wigner3j symbol, which can be calculated by the Racah formula


[L1L2L3m1m2m3] = (−1)L1−L2−m3 × Δ(L1L2lL3)(L1−m1)!(L1+m1)!(L2−m2)!(L2+m2)!(L3−m3)!(L3+m3)! × ∑t(−1)tx



(7)




where


x=t!(L3−L2+m1+t)!(L3−L1−m2+t)!(L1+L2−L3−t)!(L1−m1−t)!(L2+m2−t)!Δ(L1L2L3)=(L1+L2−L3)!(L1−L2+L3)!(L2+L3−L1)!(L1+L2+L3−1)!



(8)







The scale of t values, during the summation process, is calculated as


[image: there is no content]



(9)







As being normalized, the values of [image: there is no content] with arbitrary L are not affected by QLm(r) [18]. Table 1 illustrates the standard values of [image: there is no content] for ico, fcc, hcp and bcc polyhedra. For ideal icosahedral symmetry, [image: there is no content] is equal to 0.169754, while, for weak icosahedral symmetry, the value is very small.



Table 1. Standard WL values for relative structures.







	
Alloys (Pearson)

	
Type

	
WL

	
CN




	
W4

	
W6

	
W8

	
W10






	
Ni (cF4)

	
fcc

	
0.159317

	
0.013161

	
0.058455

	
0.090130

	
12




	
AlFe3 (cF16)

	
fcc

	
0.159318

	
0.013161

	
0.058455

	
0.090130

	
14




	
Ag (hP2)

	
hcp

	
0.134097

	
0.012431

	
0.050903

	
0.081962

	
12




	
Co3Mo (hP8)

	
hcp

	
0.133902

	
0.012509

	
0.053965

	
0.001922

	
12




	
Fe (cI2)

	
bcc

	
0.159317

	
0.013161

	
0.058455

	
0.090130

	
8




	
CuZr (cP2)

	
bcc

	
0.159318

	
0.013161

	
0.058455

	
0.090130

	
14




	
Reference [18]

	
ico

	
undefined

	
0.169754

	
undefined

	
0.093967

	
13










Therefore, the distribution of [image: there is no content] indicates the evolution of cluster symmetry. For an arbitrary atomic cluster, the structural type can be identified by comparing the [image: there is no content] values of actual configuration and the standard crystalline [18].



It is known that the Voronoi polyhedrons in disordering systems have the same physical meaning with the Wigner-Seitz cells in ordering systems, which has been adopted to describe the atomic packing in SRO [29,30]. A Voronoi polyhedron around an atom can be defined as the minimum Kasper polyhedron with many planes. These planes are perpendicular to the basis vector between the center atom and the relative nearest neighbor atom. Voronoi analysis [19,31] adopts the Voronoi indexes <n3, n4, n5, n6, …> to describe the polyhedra. Here, ni represents the number of the plane which has i edges, e.g., i = 4 represents the plane which is a quadrangle. Voronoi analysis can be used to identify the atomic packing characteristics. For examples, the fcc structures can be represented as <0, 12, 0, 0>, indicating having 12 quadrangles only. The bcc structures can be represented by <0, 6, 0, 8 >, indicating having six quadrangles and eight hexagons. The ico structures can be represented by <0, 0, 12, 0>, indicating having 12 pentagons. The summation of all the ni numbers, as the sum of the Voronoi planes, indicates the coordination number (CN). That is, the CN of fcc is 12, bcc is 14, and ico is 12. Local volume of atoms, Ωi, refers to the total volume of Voronoi polyhedron (including the volume of central atoms). It is worth to emphasize that the CN introduced by Voronoi polyhedron is actually the conjunction number [32], represented by Z, which has some difference with CN, e.g., Z = 14 for bcc but CN = 8.




3. Results


Figure 1 shows the experimental diffraction data and fitting spectra of the Zr48Cu36Al8Ag8 BMG, as well as the final 3 Dimensional atomic configuration after ~107 steps. Note that the calculated spectra are in good agreement with the experimental data for both the S(Q) and G(r) data. It should be pointed out that the potential energy of the modeled system descended from −2.22 eV of the initial configuration to −2.63 eV of the final configuration, implying that the final configuration is more energetically favorable with respect to other competition structures. All the above results imply that the final configuration is a favorable atomic structure for the Zr48Cu36Al8Ag8 BMG from both the topological and energetic points of view. Through the fitting analysis for experimental spectra, the local structural parameters including CN and R were obtained.


Figure 1. Reverse Monte Carlo modeling to reproduce the experimental synchrotron diffraction data. (a) The experimental structure factor (open circles), S(Q), and fitting spectra (solid lines). PDF data is given as the inset pattern; (b) A review of the final RMC configuration.



[image: Metals 06 00240 g001]






Figure 2a shows the average CN distribution around each component. It is seen that the average CNs around Zr, Cu and Ag are mainly in the range of 13~15. However, the average CN around Al is mainly in the range of 11~13. This indicates that the local arrangements around Al atoms are different from other atoms. Figure 2b shows the BOO parameters of the RMC configuration. Here, we use the two BOO parameters, W4 and W6, together to identify structures. For comparing the cubic and icosahedral symmetry, parameters (WL) are provided. Because of symmetry, the first nonzero values of BOO parameters occur for l = 4 in clusters with cubic symmetry and for l = 6 in clusters with icosahedral symmetry [18]. As shown in Figure 2b, the values of the W4 and W6 parameters are nonzero, indicating the existence of cubic and icosahedral symmetry in SRO. However, the BOO parameters of the Zr48Cu36Al8Ag8 BMG are smaller than the relative standard cubic or icosahedral structures, indicating the extreme distortion of metallic glass clusters.


Figure 2. Distribution of (a) CN around Zr, Cu, Ag and Al atoms and (b) BOO parameters in Zr48Cu36Al8Ag8 BMG (red columns).
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Figure 3a shows the distribution of bond pairs in the Zr48Cu36Al8Ag8 BMG. It is noted that the amount of ico-type bond pairs is remarkably greater than the bcc- and fcc-type (or hcp-type) bond pairs, as shown in Figure 3a. Therefore, it is evident that the ico-type bond pairs are dominant in the Zr48Cu36Al8Ag8 glass structure, followed by the bcc-type bond pairs, indicating the presence of icosahedron short-range order (SRO) and the densely packed atomic structure.


Figure 3. (a) Distribution of bond pairs in RMC configuration. The summation of some bond pairs is listed in the inset table down right; (b) Average frequencies of Voronoi polyhedra.
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As shown in Figure 3b, no dominant individual polyhedron with a frequency higher than 6% is formed. Of the polyhedra, the percentages of the Z13 <0, 3, 6, 4>, Z14 <0, 2, 8, 4>, Z14 <0, 3, 6, 5>, Z14 <0, 4, 4, 6>, Z14 <0, 4, 5, 5> and Z15 <0, 3, 6, 6> Kasper polyhedra are the highest, corresponding to the disordered bcc-type polyhedra with the three highest coordination numbers (CN = 13, 14 and 15). The total percentage of these polyhedra is ~31.6%, as shown in Table 2. On the other hand, the total percentage of icosahedra Z12 <0, 0, 12, 0>, together with distortion Z12 <0, 3, 6, 3>, Z12 <0, 2, 8, 2> and Z13 <0, 1, 10, 2>, is ~7.2%, while a large number of other types take up small percentages.



Table 2. The total percentage of bcc- and ico-type polyhedra in Zr48Cu36Al8Ag8 BMG.







	
Polyhedron Type

	
Fraction (%)




	
Total

	
Around Zr

	
Around Cu

	
Around Ag

	
Around Al






	
bcc

	
31.6

	
28.1

	
34.5

	
29.6

	
10.5




	
ico

	
7.2

	
5.8

	
7.5

	
6.5

	
29.0










Figure 4 shows some typical polyhedra in short-to-medium range obtained from the RMC configuration. The polyhedra with CN = 12 are typically of the icosahedral order, as shown in Figure 4a. On the other hand, the polyhedra with CN = 13 or 14 are of bcc order, as shown in Figure 4b,c. However, as calculated from BOO and Voronoi tessellation, the dominant atomic packing structures in the SRO are the distorted bcc- and ico-type clusters.


Figure 4. (a–c) Typical polyhedra in Zr48Cu36Al8Ag8 BMG. The Voronoi index and CN are also listed beneath the figures; (d) A randomly chosen cluster including four shells; (e) Atomic packing structures at medium range with a linear or planar packing type. The visual angle of the figure is defined by Cartesian coordinates, top right. The position of linear or planar packing atoms is marked by dashed circles or square in a four-shell cluster. However, the dashed hexagon marks the densely atomic packing region in the plane. In addition, the linear packing regions containing three atoms are not marked.



[image: Metals 06 00240 g004a][image: Metals 06 00240 g004b]






Figure 4d,e show a randomly selected cluster containing four coordinate shells, and the linear and planar packing atoms. The atoms distribute inhomogeneously in the whole space, and form some densely atomic packing regions, as marked by dashed circles and the square in Figure 4d. The linear-packed regions, as shown in Figure 4e, contain at least three to six atoms, which are densely packed in the medium range. The planar region contains a larger amount of atoms than the linear region. Most of the atoms in the planar region are densely packed, such as the region marked by the dashed hexagon in Figure 4e, even though free volumes exist. It can be seen that the planar region also contains lots of linear packing atoms.




4. Discussion


Clarifying the atomic packing characteristics of basic clusters will play a critical role in understanding the local structures of metallic glasses. The short-range order in metallic glasses should be apprehended by the coordinate polyhedra with two perspectives: the type of bond pairs and the coordinate shell [10]. It is believed that the structures of metallic glasses are described both in terms of the topology and the local distortion of the atomic bonds, among which the local distortion plays a dominant role [11]. To analyze the local structure and geometric feature of the atomic configuration, we employed the bond pair, BOO and Voronoi tessellation analysis techniques.



4.1. Short-Range Order of ZrCuAlAg


The local nearest-neighbor coordination can be determined unambiguously by using the Voronoi tessellation method to identify the possible clusters. The Voronoi index of each Voronoi polyhedron (coordination polyhedron surrounding a central atom), <n3, n4, n5, n6, …>, designates and differentiates the type of the coordinate polyhedron, where ni denotes the number of i-edged faces of the Voronoi polyhedron and Σini is the total coordinate number (CN). The average CN of all atoms is ~14.4 for the Zr48Cu36Al8Ag8 BMG, larger than that estimated from the first peak of the radial distribution function (RDF) profile (~13.3). In addition, such a CN would seem to also be larger than that determined by counting the number of atoms belonging to the ‘first shell’, which need to be predefined firstly by artificially selecting the cutoff distances. Thus, this procedure is very sensitive to the selected cutoff distances.



The existence of ISRO has been indirectly proved in the supercooled liquid and glass of unary and binary alloys by computational simulations [33]. It has also been assessed for Ni, Zr, and Ti from X-ray scattering and neutron-diffraction experiments combined with electromagnetic [34] and electrostatic [35] levitation techniques, and partially supported by ab initio molecular dynamics (AIMD) simulations [36]. It has been shown that an ISRO already exists in the stable liquid but local configurations are more complex than the simple icosahedron [37]. Moreover, this complexity has been found to depend on the system investigated and to increase in the supercooled region [36]. As studied before, the GFA is related to the presence of icosahedral order in Zr-Cu-Al ternary alloys [38]. Hui et al. [10] found that, comprehensively considering the topological and chemical SRO, Be makes a great contribution to the formation of icosahedral coordinate polyhedra, resulting in the improvement of the GFA for vit1(Zr41.2Ti13.8Cu12.5Ni10Be22.5) BMG alloy. As for the Zr48Cu36Al8Ag8 BMG, the addition of Ag in the Zr-Cu-Al alloy dramatically increases the glassy formability of the quaternary alloy [39].



It has been clarified that bond pairs in the Zr48Cu36Al8Ag8 BMG exhibit a strong tendency of icosahedral order, as shown in Figure 2a. Due to the relative high bonding energy, the number of icosahedral bond pairs is the highest among all kinds of bond pairs in the glassy state. The metallic systems have a tendency for dense packing to increase the number of atomic bonds to decrease the total energy. Therefore, except for forming the icosahedra, these icosahedral bond pairs, together with a small amount of bcc-type bond pairs, form the distorted bcc polyhedra. It can be seen that 1551, 1541 and 1431 pairs construct the icosahedra. Another part of the 1551, 1541 and 1431 pairs, together with 1661 and 1441 pairs, construct the disordered bcc-type polyhedra. Compared with the ordered bcc polyhedron in the crystalline structure, these distorted bcc polyhedra are preferred to form in short range, and they present a great barrier for building medium- and long-range lattice structures.



There are more than a hundred different types of coordination polyhedra formed in the RMC configuration, which have been previously reported and enumerated recently [40,41]. This finding suggests that the local arrangements cannot be modeled by a uniquely prescribed stereo-chemical unit [42]. On the other hand, some certain geometrically distinct polyhedra appear with high frequencies, as shown in Figure 3b. A comprehensive inspection [29] suggests that the underlying polyhedra in a number of MGs are Kasper polyhedra, which are the deltahedra that involve the minimal disclinations [27,43].



The average frequencies of Voronoi polyhedra around each component are also calculated, as shown in Table 2. There is no dominant individual polyhedron with a frequency higher than 6% formed. Of the polyhedra around Zr, Cu, and Ag, the total percentages of the disordered bcc-type polyhedra (CN = 13, 14, 15) have the highest total percentages, about 28.1%, 34.5%, and 29.6%, respectively. Meanwhile, the total percentages of icosahedra (CN = 11, 12, 13) are 5.8%, 7.5%, and 6.5%. This means that the distribution of bcc- and ico-type polyhedra around Zr, Cu, and Ag is similar. However, the total percentages of bcc- and ico-type polyhedra around Al are 10.5% and 29.0%, respectively. This indicates that, as for polyhedral clusters in the short range, disordered bcc polyhedra are the most favorable around Zr, Cu and Ag. However, the icosahedral order is more favorable than the bcc-type around Al. This suggests that Al plays a critical role in improving the icosahedral order in the Zr48Cu36Al8Ag8 BMG, which is consistent with the CN analysis.



The types of polyhedra and the distribution of CN are controlled by the atomic size ratio, R*, between the solute and the solvent [42]. In binary systems, it has been found that, with decreasing R*, the preferred polyhedron type changes from the Frank-Kasper type (for R* > 1.2) to the icosahedral type (R* < 0.902), then to the bi-capped square Archimedean anti-prism type (R* < 0.835) and finally to the tri-capped trigonal prism packing type (R* < 0.732) [29]. In the Zr48Cu36Al8Ag8 BMG, however, for a solute atom, the solvent atoms involve all other components, resulting in a variety of R*. As a result, more than three types of Voronoi polyhedra are formed with frequencies higher than 1%. This means that the structure of the Zr48Cu36Al8Ag8 alloy is highly distorted due to the formation of a variety of polyhedra.



It is believed that the bcc polyhedra in configuration is mainly generated and confined by experimental data (PDF). As for the Zr48Cu36Al8Ag8 BMG, the main type of the crystallized phase acts as a bcc structure. Thus, as the precursor of the bcc structure, the Zr48Cu36Al8Ag8 BMG also presents with the bcc-like characteristics, especially for SRO.



An icosahedron with 13 atoms is made of 20 tetrahedra and 42 atomic bonds, and is better packed than other polyhedral clusters [11], such as fcc and bcc polyhedra. In the Zr48Cu36Al8Ag8 BMG, a perfect icosahedron which entirely consists of 121,551 pairs with five-fold symmetry, and a distorted icosahedron which is mostly constituted of 1551 bond pairs together with an amount of 1541 or 1431 pairs, can be easily found. These icosahedra with five-fold symmetry introduce incompatibility with lattice periodicity development, and present a barrier for crystallization. On the other hand, according to the results of bond pair and Voronoi analyses, the dominant bcc-type polyhedra contain a lot of ico-type bond pairs, resulting in the distortion of the bcc polyhedron. The formation of bcc-type clusters is related to the structure of the high-temperature solid phase in the Zr-Cu alloy system. This means that the existence of distorted bcc polyhedra also prevents the formation of periodic structures.




4.2. Medium-Rang Order and Atomic Packing Characteristics


To date, the medium-range order of metallic glasses is still an issue in the investigation of structure [44]. However, based on the RMC modeling, it is possible for us to get insight in the MRO, as the exact positions of all atoms in the glass structure are determined. After clarifying the clusters with several coordinate shells, the geometric and topological packing of MRO can be well described.



As shown in Figure 4d, all the atoms distribute inhomogeneously in a randomly selected cluster, forming some densely atomic packing regions. By changing the view angle of the 3D configuration of this cluster, the linear- and planar-packed regions are discovered, containing about three to 20 atoms. This means that the atoms tend to form the densely-packed linear and planar order regions in the medium range, as the medium-range order in the system. That is, unlike the SRO, the MRO in glasses is of one or two dimensions, suggesting the imperfect ordered packing feature [45,46].



For these densely-packed linear and planar order clusters, they must pack periodically along the normal direction of the atomic plane to construct the 3D crystalline structure. However, it is a diffusion process and it will consume extra energy for atoms to pack on the 3D scale. On the other hand, the symmetry of distorted bcc and ico polyhedra is incompatible with lattice periodicity, which also can prevent the formation of the crystalline structure in the 3D space. This indicates that the existence of the MRO also presents a barrier for crystallization in the Zr48Cu36Al8Ag8 BMG. As mentioned by Tanaka et al. [47], the dynamic heterogeneity was determined in several amorphous systems, which could also be described as the planar structures. It is found that this structural ordering has a direct connection to the dynamics of local configurational rearrangement, or structural relaxation. The finding of these linear and planar structures may bring some novel perspectives in the local structure of the BMG, which only assumes that the fully disordered configurations contain less MRO.





5. Conclusions


In summary, the atomic configuration of the Zr48Cu36Al8Ag8 BMG was simulated by means of the reverse Monte Carlo method. The analysis of bond pairs, BOO, and Voronoi polyhedra indicate that the extraordinary GFA of the Zr48Cu36Al8Ag8 BMG is essentially attributed to the following structural characteristics:

	
The densely packed disordered bcc and ico polyhedra are found dominantly in the SRO. The bcc polyhedra in configuration are mainly confined by the amorphous Zr48Cu36Al8Ag8 precursor, which has a bcc-like structure in the SRO.



	
The disordered bcc polyhedron contains a lot of ico-type bond pairs and prevents the formation of the periodic structures in the long range. The tendency of icosahedral ordering, as in the ico-type bond pairs and the icosahedra with five-fold symmetry, introduces the incompatibility with lattice periodicity in the system, presenting a barrier for crystallization.



	
The densely packed linear and planar ordering structures are found in the MRO, hindering the dynamic of local configuration rearrangement. It is suggested that this local structural feature stabilizes the supercooled liquid and prevents crystallization, resulting in the extraordinary GFA.
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