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Abstract 
 

Intensive research into the various types of glassy materials (GMs) is being conducted due 

to their widespread application in many areas of modern engineering. However, despite the 

progress made in understanding the internal structure of GMs on the nanometer scale, the 

problem of the structure of long-range order on the nano/micro/macro scale remains very 

hypothetical. Therefore, we have studied the nano-microstructure of a large set of GMs belonging 

to the PhGs-R2O3 system, where R is rare earth metals (Pr, Nd, Sm, Eu, Gd, Dy, Ho, Er, Yb) and 

film/substrate structures (P2O5⋅SiO2/SLG; P2O5⋅SiO2⋅Nd2O3/SLG, SLG is soda-lime-glass).  

We have shown that regardless of type of GMs, common cluster-icosahedral-fractal 

regularities take place during the formation of GMs. Close similarity between our results and the 

images of the literature data makes it possible to express an opinion of the cluster-fractal 

structure of GMs of different nature for both bulk glasses and film/substrate structures.  
 

1. Introduction 

 

Year by year, glassy materials (GMs) becoming more widely used in various areas of 

modern engineering as materials for photonics, optoelectronics, medicine and various branches of 

industry [1-6]. Wide application of GMs is also attributed to the relative simplicity of their 

production [7-9]. Today, intensive theoretical and experimental research into the various types of 

GMs (oxide glasses (OGs), metallic glasses (MGs), polymer glasses, etc.) is being conducted 

[4,10-25].  It is assumed that the glass structure consists of a strong covalent core (the so-called 

glass-matrix formed by strong covalent chemical bonds) and ion subsystems (the modifier 

elements) connected with the covalent skeleton by weak ionic chemical bonds. However, the real 

arrangement of atoms in the bulk structure of GMs is still poorly understood. It has been found 

[16,17] that the atomic short-range order (ASRO) exists in GMs: the nearest neighbor atoms and 

the second – nearest neighbors are arranged just as in a crystal with the same chemical 

composition. So, it has been established for GMs that a short-range order exists on a scale of  

<0.5 nm.  

Short-range order is conditioned by the formation of clusters, in the center of which the 

atoms of "network formers" (S,P,B,Pt) surrounded by 9÷12 atoms of the "network modifiers" 

(Na,Ca,Ni,Zr) are located. Depending on the ratio of effective atomic radii, coordination numbers 

may slightly vary from cluster to cluster, providing a more efficient packing of atoms. However, 
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regardless of the particular type of ASRO, a clustered short-range order (CSRO), i.e., an orderly 

arrangement of several neighboring clusters relative to each other is present in glasses. For 

instance, in GMs, the CSRO is composed of about 70-80 atoms on a scale of ≈1.5 nm and is 

referred to as "intermediate-range ordering" or "medium-range structural order" (MRSO). Each 

cluster can be adjacent to  ≈12 other clusters, which corresponds to an icosahedral packing. Voids 

between the clusters may, in turn, be filled with atoms or groups of solute atoms [2,13,14,18,24]. 

In addition, some models for MRSO have been proposed: a modified random network model 

[26]; a cluster bypass model [27]; a model of the salvation shell around the network-modifier 

atoms [28].   

Thus, today, a variety of models exists to represent the internal structure of glasses with 

different compositions. However, all of them, in varying degrees, are probabilistic in nature 

because, on the one hand, the experimental methods used, despite their high accuracy, give an 

indirect idea about particular properties of the material tested; on the other hand, the molecular 

dynamics (MD) methods can create 3D structures with limited accuracy due to the complexity of 

multi-component GMs structure. 

For this reason, despite the progress made in understanding the internal structure of GMs 

on the nanometer scale, the problem of the structure of long-range order (on the micro/macro 

scale) remains very hypothetical. Therefore, the aim of this study is to detect true images of the 

fine structure of GMs and reveal the principal regularities of formation of GMs.  

For the first time, in our work, the real microstructure of a large set of OGs on the long-

range scale has been demonstrated by direct experimental observations and, on this base, a 

cluster-icosahedral-fractal mechanism of formation of GMs has been proposed.  

 

2. Experimental 

 

Bulk phosphate glasses (PhGs) belonging to the Li2O⋅BaO⋅Al2O3⋅La2O3⋅P2O5⋅R2O3 and 

SiO2∙P2O5∙R2O3 systems, where R is rare earth metals (Pr, Nd, Sm, Eu, Gd, Dy, Ho, Er, Yb), 

which were used as doping elements (PhGs-R), were selected to solve the problems in this study. 

The concentrations of the elements in the PhGs-R samples were determined by inductively 

coupled plasma mass spectrometry (ICP-MS) and were ~2.5 wt % for the various rare-earth 

elements (REEs). The bulk PhGs were produced using an unconventional (“wet”) procedure [8]. 

This approach comprises the following stages: (1) homogenization and water removal from the 

initial products at 100–120°C, drying at 180–200°C; (2) preliminary thermal treatment at  

200–800°C prior to melting; (3) melting and refining at 1000–1200°C; (4) glass modeling; and 

(5) final annealing.  

The film/substrate structures with the composition: (i) P2O5⋅SiO2/SLG (soda-lime-glass) 

and (ii) P2O5⋅SiO2⋅Nd2O3/SLG were prepared by the sol-gel method as described in [9]. The 

film thickness varied in a range of 2÷5 µm. The molar ratio of the final oxides for the first and 

second compositions was (i) P2O5/SiO2=1/5; (ii) P2O5/SiO2=1/5; P2O5/NdCl3 =5.4;  

SiO2/NdCl3 =27 [29]. 

The surface morphology was investigated using the atomic force microscopy (AFM 

INTEGRA Prima) and light microscopy (LM) (Amplival and XJL-101 microscopes) in a regime 

of high contrast of reflected-light. The surface of the bulk samples was previously thoroughly 

polished with a silicon carbide powder to a mirror-like luster. A scanning electron microscope 

(Hitachi S-2600 N) equipped with an EDX analyzer was used for estimating the element 

distribution in the samples. 
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3. Results and discussion 

 

Analysis of the surface morphology by the AFM method has shown that all the samples 

have a smooth surface without any cracks, pores or defects. The roughness (Ra) values  

were ~32 nm [9]. 

It has been found that the specific surface microstructure appeared by use of the LM with 

the subsequent computer rendering. Figure 1 shows the shape of the surface with original 

packages of the micron/submicron-scale aggregations recorded for two of bulk PhGs doped with 

Dy, Ho REEs. Similar images were obtained for other PhGs-R samples. It is significant that the 

particle bunches of a peculiar form are of different colors. At first glance, the images are chaotic 

and formless. However, a certain pattern becomes apparent on closer examination: the formation 

of specific figures close to a circle or an ellipse, which often overlap and thus distort their shape. 

Orientation and shape of the figures is somewhat different from each other in different parts of 

the surface.  

For better visualitation of the above images, we selected two of samples (PhG-Dy and  

PhG-Nd) and marked various fragments with different dimension (Fig. 2, fragments 1-14) which 

show the formation of specific figure on the studied surface. Fragment 1 is one of the smallest 

that can be isolated at this magnification. Fragments 2-14 represent the structures that 

consecutively become more sophisticated, which consist of some (or much more) smalest 

fragments (blocks), and each of them in turn forms other more complex structure of a larger 

dimension. It is evident from Fig. 2 that the formation of these structures may be extended over 

large areas, in principle, closely covering the entire surface of the sample. The formation of these 

figures can be initiated from any place on the surface gradually attaching the figures lying in the 

neighborhood. 

 

 
                         a)                                                                                    b)       

Fig. 1. Images of the surfaces of PhGs doped with REEs detectable in the LM.  

Samples: a) SP-Dy; b) SP-Ho. 

 

The size of the blocks (fragments) forming specific patterns on the surface of OGs doped 

with REEs was estimated. For instance, the results for three glasses are shown in Table 1. Similar 

results were obtained for other PhGs-R. Table 1 shows that the values from a zone slightly vary 
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depending on the doping element. So, the glass containing Dy is composed of blocks smaller than 

in the glasses doped with Nd and Ho.  

 

 
 

Fig. 2. Shape of the surfaces of two PhG-R glasses detectable in the LM: PhG-Dy (a); PhG-Nd (b).  

Zones of different dimension conditionally representing the fragments of different dimension  

(1-14) as the complexity of picrure. x800. Insert 1*- fragment 1 at higher magnification, x3600; 

inserts 15-20 show various fragments marked with arrows at higher magnification, x3600. 

 

At the same time, the value of the most typical Dmid size does not significantly varies for 

different samples. Furthermore, there is a large range of block sizes: the largest is about 10 times 

larger than the smallest (cf. fragment 1 with 2, 3, 8-10, Fig. 2). Blocks 4-7 and 11-14 represent 

aggregates of the blocks of the 2, 3, 10 types. 

 
Table 1. Approximate size of the smallest (Dmin), middle (Dmid), and largest (Dlar) fragments characteristic 

of PhG-R visible at two different magnifications 

 

 

Note that the size of the detected blocks depends on the microscope magnification (on the 

microscope resolution); the higher the resolution of the LM, the smaller blocks can be detected 

on the surface (Fig. 3).  

Sample Magnification х75 Magnification х1250 

The  

smallest 

Dmin value, 

µm 

The middle 

characteristic  

Dmid value, 

µm 

The 

largest 

Dlar value, 

µm 

The  

smallest 

Dmin value, 

µm 

The middle 

characteristic  

Dmid value, 

µm 

The 

largest 

Dlar value, 

µm 

PhG-Nd 15 50÷65 140 1.0 8÷10 15 

PhG-Dy 13 48÷60 130 0.7 3.5÷4 8 

PhG-Ho 14 50÷70 150 0.7 4÷5 10 
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Fig. 3. Surface shape of the SP-Pr sample at two magnifications of the LM. (a) 20x and (b) 80x  

microscope objectives. The similarity of the microstructure shape of the samples at different scale 

levels is visible. 

 

Thus, if the smallest blocks with a size of ~10 μm can be detected at the x75 

magnification of the LM, the fragments on the order of 1 μm become apparent at x1250. An 

increase of the microscope resolution is accompanied by an increase in the number of particles of 

various colors indicating the identification of a finer structure of the samples. This alteration may 

also be visible under computer rendering. Fragment 1 (Fig. 2a) looks like a homogeneous 

structure at the x800 magnification, whereas at x3600 it consists of several petals (insert 1*,  

Fig. 2a). Similarly, inserts 15-20 represent the enlarged images of the figures indicated by arrows 

(Figs. 2a and 2b). On the other hand, one can distinguish the presence of microfragments of red 

and green color in fragments 2 and 3, whereas at the x75 magnification they appear as a 

homogeneous structure similar to fragment 1 in Fig. 2a.  

Information presented above was confirmed and supplemented with experiments 

conducted for the composite structure of the (P2O5⋅SiO2/SLG) and (P2O5⋅SiO2⋅Nd2O3/SLG) 

film/substrate type using a scanning electron microscope equipped with an energy dispersion  

X-ray device (SEM-EDX). Figure 4 illustrates the elemental distribution of phosphorus (P)  

(Fig. 4a), silicon (Si) (Fig. 4b) and the joint distribution (P+Si) (Fig. 4c) in the P2O5⋅SiO2 film. 

Fragments of round, oval, or subcircular forms of different size, closely similar to those in  

Figs. 1, 2 were clearly identified in all images of Fig. 4.  

The images recorded for films of P2O5⋅SiO2⋅Nd2O3 had a similar view. As an example, 

the illustration for the Si element distribution is presented in Fig. 5. For clarity, the image in  

Fig. 4a shows an aggregation of a large number of medium-sized units, which in turn is 

composed of even smaller units. A large aggregation can be extended in different directions as far 

as desired. The formation of aggregations, just as the shape in Fig. 4a, can be random from any 

point, increasing in different directions and tightly covering the entire surface. It is evident that 

the blocks are demarcated from each other by dark labyrinth-like (twisting) lines of an irregular 

form. 
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(continued) 
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Fig. 4. SEM-EDX analysis of distribution of the P and Si elements in composite structure 

P2O5⋅SiO2/SLG. (a)  distribution  of element P. In the center: an aggregation of a large number of 

medium-sized units conditionally marked on the surface; arrows indicate the dark labyrinth-like lines; 

(b) distribution of element Si. (c) distribution of elements (P+Si). (a-c) – Inserts 1–8: fragments of 

different complexity selected on the surface and presented at higher magnification, ~ x3600. 

  

  Note, that the fragmentary-block structure is characteristic not only of OGs. These 

patterns were obtained for GMs, gels, and polymers by many authors. So, Li et al. [30] showed 

the HRTEM image on the Al89La6Ni5 GMs, which they characterized as "a maze-like pattern 

with no discernable structure". Using the confocal microscopy method, Lu et al. [23] 

demonstrated “the fragmentary-block structure of the randomly-packed colloidal sediment” 

prepared in a capillary with a centrifuge. Cluster formation and gelation were studied by Zhang et 

al. [22] in a colloidal model system and, the formation of the fragmentary structure of a gel was 

shown as well. The structural and dynamic characterization of the colloidal liquid-gel transition 

was presented by C.P. Royall with co-authors [25]; it was attributed to the formation of “the 

specific icosahedral fragmentary structure”.  

 The dimension of the observed fragments depended on the analysis technique and ranged 

from 0.6÷12 nm to a few tens of micrometers [16-18, 25, 30, 31]. To compare these results with 

ours, we measured the fragment sizes in Figs. 4 and 5. 
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Fig. 5. SEM-EDX analysis of distribution of the Si element in composite structure 

P2O5⋅SiO2⋅Nd2O3/SLG. In the center: an aggregation of a large number of medium-sized units 

conditionally marked on the surface. 

       

  

 The approximate sizes of fragments that are visible on the film surface for both 

investigated complex structures P2O5⋅SiO2/SLG and P2O5⋅SiO2⋅Nd2O3/SLG are presented in 

Table 2. The fragment sizes for both compositions of the film and for three estimation modes have 

almost the same value; that is, the discrepancies are within the counting errors. On average, the 

fragment that is minimally discernible at this magnification (x900) has a size of ~2 μm; the 

maximum size is on the order of 25 μm, and the most typical size is in a range of 8÷14 μm. 

Comparison of the values of Table 2 obtained for the films at x900 with the results of assessments 

of bulk glasses at magnifications x75 and x1250 (Table 1) shows good agreement of the data. 

Values for x900 (Table 2) are intermediate between the values for x75 and x1250 (Table 1). This 

fact suggest that the microstructure of the OGs obtained by different methods ("wet" melt-

quenching method for bulk glasses and sol-gel method for film/substrate ones) is similar on the 

micron level. Moreover, by using confocal microscopy, similar images with closed dimensions 

were recorded for a hard-sphere-like colloidal suspension in a colloid-polymer mixture (ergodic 

liguid) (Figs. 1a-c, 2a-c in [25]) and a colloidal sediment prepared in a capillary with a centrifuge 

(Fig. 4a in [26]). 
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Table 2. Approximate size of the smallest (Dmin), middle (Dmid), and the largest (Dlar) fragments 

characteristic of the P2O5⋅SiO2/SLG and P2O5⋅SiO2⋅Nd2O3/SLG film/substrate composite structures 

visible at the х900 magnification 

 

 At the bottom of each image in Figs. 4a – 4c, some inserts with images recorded at higher 

magnification (x3600) are placed to show the complexity of shapes that comprise the fragments. 

So, in the photographs that depict the distribution of phosphorus (Fig. 4a) and silicon (Fig. 4b) 

separately, inserts 1-4 show structures consisting of individual fragments similar to icosahedral-

like clusters considered in [16,26]. They are referred to as "icosahedral cluster packages" (ICPs) 

and have a different number of petals: 4, 5, 6, 7, 8, 9, 12. Some cluster aggregations can be seen in 

inserts 5: three-clusters of phosphorus element ICPs and two-clusters of silicon element ICPs. The 

following inserts 6-8 are the multicluster formation of ICPs. Images with four, five, seven and 

more petals, like ICPs, became apparent after heat treatment in [32] of two co-authors (Elisa M. 

and Sava B.A.) of this paper.  

Figure 4c shows the result of the combined (P+Si) elemental analysis. The general view 

of the pattern in all three images (4a -4c) is similar in both the fragment size and the shape inside 

the image. The difference is that in Fig.4c even in inserts 1-3 with single ICPs, both the 

phosphorous and silicon elements are present. Thus, the density of the particles in Fig. 4c almost 

doubled in comparison with Figs. 4a and 4b. A significant finding follows from analysis of the 

inserts presented on the Figs. 2, 4. Individual ICPs are combined together by the cluster-cluster or 

ICP-ICP interaction, thus forming larger agglomerations of a rounded shape (e.g., inserts 6-8 in 

Fig. 4b and inserts 4-7 in Fig. 4c). 

Thus, in our research for a large set of GMs (bulk and films), the analogy of the structural 

formation of glasses in a wide range of scale: ASRO-MRSO-to-the-long-range order (60-70 nm 

to 1·10
4 

μm and more) has been first shown experimentally on real samples. Comparison of 

pictures in Figs. 2 and 4 reveals regularity common for both the bulk and thin-film glasses, 

namely, the iteration of the pattern on a different scale, which is a property inherent in fractal 

structures. Moreover, this pattern can be traced by analyzing the works of other authors 

performed for different types of materials (MGs [17,30,31], OGs [14,16], gels [21,23,25,33]). 

Hence, this property is inherent in materials of different nature and different composition in a 

wide range of scales and demonstrates the universality of the phenomenon. 

Confirmation of this is signified by the data presented in Table 3, which shows the results 

of analysis of the ICP content in different materials at varying the magnification. Thus, the 

number of ICPs in the Dmin and Dmid fragments is 1÷2 and 2÷10, respectively, at very high 

magnifications (HRTEM method [16], [14]), whereas the number of ICPs at medium and low 

Film sample Defined 

elements 

Magnification х900 

The  smallest 

fragment 

value, Dmin, 

µm 

The middle 

haracteristic 

fragment value, 

Dmid, µm 

The largest 

fragment value, 

Dlar, µm 

P2O5⋅SiO2 P 2 10÷12 25 

Si 2 8÷11 23 

P+Si 1,5 10÷13 25 

P2O5⋅SiO2⋅Nd2O3 

 

P 2 11÷14 26 

Si 2 10÷12 25 

P+Si 2 12÷14 26 



D. Grabco, O. Shikimaka, M. Elisa, B. Sava, L. Boroica, E. Harea, C. Pyrtsac, A. Prisacaru, Z. Danitsa 
 

183 

magnifications (EDX SEM and LM methods) is 70÷900 and 450÷5000, respectively. It is 

noteworthy, that the number of ICPs is approximately the same for Si3N4-based ceramics and OG 

(NaLaGdSiO), despite a significant difference in magnification. We believe that the cause of this 

is the different size of the clusters and, consequently, the different size of the ICPs. According to 

[14,17,31,34], the cluster dimensions are ~0.5 and 5÷20 nm in MGs and OGs, respectively. 
                     
  Table 3. Effect of magnification on the number of ICP in GMs 

 

 

The following fact is significant: the formation of aggregations by icosahedral 

multicluster packaging is accompanied by a tendency to the structure rounding, and this tendency 

becomes more apparent with increasing aggregation size (see inserts in Fig. 4). Rounding usually 

occurs in a helical fashion or layer by layer. Figures 6a and 6b show three typical aggregates with 

circular layers on the PhG-Dy and PhG-Sm samples; idealized schemes for the aggregate 

formation are shown in Fig. 6c.  

It should be noted that the real picture of the formation of ICP aggregates differs from the 

idealized concept scheme because the ICPs density in a glass solution is very high and a large 

number of the ICP aggregate nuclei is simultaneously formed during cooling [14]. These 

aggregates grow at the expense of the neighboring ICPs instantly occupying the entire volume 

and thereby interfering with each other to grow larger. In addition, by manipulating the 

temperature, stirring and cooling rate of the glass melt, it is possible to control the size of the ICP 

agglomerates formed in glasses. In turn, by controlling the size of the ICP aggregates, one can 

influence on changes in the optical, magnetic, mechanical, and other physical properties of the 

glass, which is very important for practical applications. 

For clarity, the circles in Fig. 6c are of different shape and color because the chemical 

composition of layers in the glass structures can alternately change during the formation of ICP 

aggregates depending on the type and reactivity of the atoms, their concentration at the short-

range atomic distance, the onset temperature of glass formation process, etc. As a consequence, 

one can get the impression of a certain quasi-chaotic patterning of the nano and microstructures 

of glasses. 

Thus, the accumulated information about the properties of ICPs brings us to the idea of a 

fractal structure of GMs. The problem of the fractal structure of glasses has been studied 

intensively in recent years [32,35-40].  

 

Samples Magnificati

on 

Typical number of ICPs 

in Dmin blocks in Dmid blocks 

Si3N4-based ceramics,  HRTEM method 

[16] 

x3500000 1÷2 2÷3 

Oxide glass (NaLaGdSiO), HRTEM 

method [14] 

x150000 1÷2 8÷10 

Bulk PhG-Dy, AFM method x40000 12 150 

Bulk PhGs-R, LM method х1250 70 450÷550 

PhG-R film (here R:Nd), EDX SEM 

method 

x960 166 850÷1000 

Bulk PhGs-R, LM method x75 900 3600÷5000 
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Fig. 6. Comparison of the  real surface pattern of the PhG-R samples with idealized schemes of the ICP 

formation. (a) SLMR. Sample PhG-Dy; square inserts: scaled-up images of the round part;  (b) Sample 

PhG-Sm, a part of surface like the (c) scheme, (c) Idealized scheme of the formation and evolution of 

ICPs. 

 

It is known that fractal is a self-similar structure, shape or pattern, which is formed by 

repeating its parts on different scales [41]. A characteristic feature of a self-similar structure is 

that the shape of its parts is similar to the shape of the entire structure. The main properties of 

fractals are as follows: (i) fractals have a fine structure, i.e., contain arbitrarily small scales; (ii) 

fractals have some form of self-similarity allowing approximation; (iii) fractals are too irregular 

(quasi-chaotic) to be described in the traditional geometry language; (iv) fractals have a 

fractional Hausdorff-Besicovitch (H-B) dimension. Most of these properties, namely points (i)-

(iii), have been reported in our work.  

The results of other works can testify in favor of the (iv) point. Thus, Ma et al. [40] have 

theoretically shown that the power scaling in glasses gives characteristic parameters of H-B 

dimension of Df =2.31, which is less than the expected value of Df =3 for 3D solids. Other 

authors [37] calculated that the fractal dimension, interpreted as exponent n in the Avrami term, 

is 2.6, 2.4, and 2.2 at 539, 545 and 549 K, respectively. Avrami exponent n is responsible for the 

crystallization mechanism and related to the thermal stability of metallic glasses. Close similarity 

between the results presented in this study and the regularities typical of fractal structures makes 

it possible to express an opinion of the cluster-fractal structure of GMs of different nature for 

both bulk glasses and film/substrate structures. Moreover, this analogy is confirmed by the AFM 

pictures (Fig. 7), where the ICP configurations are detected at the nano/micro scale.  
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Fig. 7. Surface of PhG-Dy sample visualized by AFM method. Dotted hexagons mark three   

 ICPs.  The bottom insert: SEM-EDX image 5 from Fig. 4 b; The upper insert: LM image from Fig 6 a. 

 

 

4. Conclusions 

 

The currently available literature data show that the structure of non-crystalline solids is 

highly ordered at the atomic level. The laws of chemical bonding characteristic of crystalline 

materials act at this level. At the same time, by studying the real microstructure of a large set of 

the phosphate based glasses, we have revealed that GMs exhibit a specific random ordering at the 

nano-micro-macro level as a result of action of the specific cluster-icosahedral-fractal (CIF) 

mechanism of structure formation. 

The discribed experimental data, which are in correlation with research results of many 

scientists for different types of GMs, have revealed common cluster-icosahedral-fractal 

regularities in the mechanism of formation glassy compounds on the short-long-range scale 

regardless of type of GMs, thereby opening a new fundamental principle for the interpretation of 

the structure formation process in amorphous materials. 
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