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Abstract. The glassy state is considered as a result of self-organization in the form of the bond
wave which stipulates a hierarchical structure up to the non-crystalline long-range order char-
acterized by the bond wave length and the wave direction. The model is tested using original
experiment of the cavitation-assisted crystallization with a special attention to the pre-nuclea-
tion stages observed by means of IR-spectroscopy and SEM. As a result, a three-step model
for crystallization in glass is proposed based on the macroscopically extended 2D wavefronts
as nuclei. The model is compared with classical nucleation theory and contemporary trends in
glass science concerning intrinsic heterogeneity, both structural and dynamical.
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1. Introduction

Despite of intensive debates about the nature of the glassy state for at least a century, glass
remains an enigmatic material up to now. The main topics are glass structure, glass transition
and crystallization in glass and glass-forming liquids [1]. Nevertheless, it is still unclear even
why glass-forming melts can be supercooled far below melting points without crystallization up
to formation of bulk non-crystalline solid named glass. A common explanation appeals to clas-
sical nucleation theory (CNT) and the barrier approach with high enough barriers of nucleation
and growth G',G">30RTn as the condition for glass formation [2]. Another approach, which is
also based on CNT, is the T-T-T (time-temperature-transformation) diagram used for calcula-
tion of critical cooling rate for a chosen degree of crystallinity [3].

The crystallization experiment, however, reveals a significant deviation from CNT. The
most confusing point is an enormously long lag time before nucleation [4], a fact that is inter-
preted by the authors as 'a hit to metastable polymorphs at the nanoscale'. However, these
“polymorphs”, even being very small, are just crystalline formations. In contrast, the non-crys-
talline “initial reorientation” (IRO) stage, after which crystallization can begin, was introduced
by us in 1981 [5]. Unfortunately, the IRO was not proved experimentally so far.

The CNT inability to describe crystallization data is probably due to the assumed homo-
geneity of glass structure which corresponds to classical continuous random network (CRN)
model after Zachariasen [6]. Contemporary development of the CRN model in frames of the
topological constraint theory [7] cannot eliminate this cause since the network remains homo-
geneous even when a special “infermediate phase” appears within a definite composition
range corresponding to a favorable arrangement of covalent bonds. Attribution of “intermediate
phase” to the self-organized state [8] not only eliminate the network homogeneity but also
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discredits the term “self-organization”, which has become so widely used that it risks losing its
meaning.

Here | propose to return to the classical notions about self-organization [9], [10], which |
previously applied to the glassy state by means of the bond wave model [11]. The bond wave
is considered as the dissipative pattern that realizes in every glass irrespectively of its chemical
composition, in contrast to “intermediate phase” which occurs only within a definite composition
range. The second difference is the introduction of an alternative bonding state - alternative
bond - which is inclined to collective behavior in the form of spatiotemporal correlation between
bond-exchange events. The substances whose chemical-bonding system ensure such a be-
havior can form glass and acquires a set of specific properties, some of which (viscosity, frac-
ture, first sharp diffraction peak) was considered by me earlier (see [12], [13] for a brief review).
In this article the bond wave model is applied to crystallization with the use of our previous
experiments on cavitation treatment of softening selenide glasses [14], [15]. As a result, the
non-classical three-stage model for crystallization is formulated, whose main point is the ex-
tended 2D “nuclei” in the form of the bond wave wavefront. Despite of unusual character, the
model correlates with contemporary glass theory and provides practical recommendations.

2. Model

Glass is considered commonly as “amorphous” material having no long-range order (LRO) “by
definition”. This definition, however, is not more than a statement “glass is not a crystal”. Really,
a series of sharp peaks observed in diffraction pattern of crystal is absent in glass, where the
only one relatively sharp peak is observed at Qi~1cm'. This First Sharp Diffraction Peak
(FSDP), however, disappears in radial distribution function, a standard method for describing
glass structure which is therefore considered as “amorphous” a priori. The FSDP has payed
attention only in the middle of 20" century as a signature of the so-called medium-range order
(MRO) on the d=2m/Q~6A scale, a very popular theme now. Two main models of FSDP/MRO
have been proposed: the layer model after Vaipolin & Porai-Koshits [16] and the void model
proposed by Elliott [17]. Both, however, have limitations [18]; the first one because far from all
glasses have the layer-type crystalline counterpart, the second one because the “cation-cen-
tered” voids need a related chemical composition. Both models cannot explain why FSDP is
so sharp.

a

Figure 1. (a) The bond wave elementary cell containing two wavefronts ‘1’ and CRN ‘2’ between them;
(b) The soliton-like Intersection of three bond waves.
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Being based on the bond wave model [19], | have proposed the modified model of FSDP
[20] which considers FSDP as a collective reflection from equidistant layers of the d thickness
shown in Fig.1a. The layers are themselves part of a hierarchical structure denoted as
SRO(L)~MRO(d)—~LRO(A), where L is the basic bond length, d is the wavefront thickness
and A is the wavelength.

To form the bond wave, a substance needs two properties: (/) the two-state bonding, when
the basic bond (usually two-center two-electron covalent bond, CB) can transfer reversibly into
a higher-energy alternative bond, AB, and (ii) the spatiotemporal correlation between elemen-
tary acts of bond exchange, Z2(CB«AB). The first condition was justified by Dembovsky, ini-
tially in the form of “quasi-molecular defects” [21], representing three-center four-electron
bonds imbedded in covalent network (these 3c-4e bonds are shown by springs in Fig. 1a), and
then in a general form of hypervalent bonds [22]. The second condition was studying by me
since 1991 [19] until now by searching of the bond wave marks in real experiments [12], [13].

The general experiment concerns the phenomenon of glass transition, which is considered
as the dimensionality transition of the refrozen bond wave state, 3D—2D. Above T4 the 3D
bond wave animates all the structure, thus providing related properties, viscosity first. Below
T4 only 2D bond waves represented by collective strings moving along the stopped layers,
which correspond to the wavefronts of the previously frozen 3D bond wave. These layers give
a collective reflection of the probing X-ray beam (see A in Fig. 1a) in the form of FSDP observed
at Q:=2m/d, where d in the layer/wavefront thickness. The sharpness of FSDP is a conse-
quence of the bond wave itself. However, to observe the bond wave reflection at Qa=211/A<<Q;
(e.g., at 0.06A"" for A=100A) one should investigate the low-Q region by means of a special
equipment like synchrotron.

The frozen wavefronts can be observed through fracture which develops along the layers
populated with relatively weak alternative bonds. The observed fractures [12], [13], [23] indi-
cates the solitonic behavior of the bond wave which allows waves to intersect without distor-
tion, thus creating layer, columnar, or cellular substructure corresponding to one, two or three
intersecting bond waves, as it is shown in Fig. 1b. The waves direction is given by one, two or
three information fields [12], [13] respectively.

Based on these previous remarks, one can propose the following picture for crystallization.
First, the process begins on the wavefronts enriched by the high-energy alternative bonds -
the energy difference between common covalent bond (ground state) and alternative bond
(excited state) was evaluated by quantum-chemical modelling of typical glass-formers by Dem-
bovsky et al. (see review [22] and references therein). Alternative bonds can switch covalent
bonds from some atoms to others [21]; the collective switching needed for macroscopic pro-
cesses like viscous flow [13] and crystallization proceeds not only within the wavefronts by
means of 2D bond waves but also in the whole network by means of 3D bond waves at T>T.
Thus, in solid glass (T<Ty), crystallization begins on the stopped wavefronts and then spreads
into the covalent surrounding (Fig. 2a,b). When crystallization begins at T>T4, nucleating
agents are needed, e.g., suitable impurities, to interact with the moving wavefronts and distort
them, as shown in Fig. 2c. Here the wavefront energy dissipates also into crystallization around
the impurity, and the bond wave becomes weaker, up to its complete disappearance when the
crystalline-type long-range order wins. Finally, in Fig. 2d there is a scheme of cavitation treat-
ment of softening glass with ultrasonic (US) information field to give the 3D bond wave direc-
tion.
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Figure 2. Model for crystallization in (a) solid glass containing one bond wave, (b) solid glass with two
bond waves; (c) supercooled liquid. Scheme of cavitation experiment (d), where thick red arrow is the
US input and thin lines/curves in the sample are the section of the wavefront families.

3. Experiment

3.1. Samples: Composition and History

Selenium was chosen as the model substance because, besides being an elementary glass-
former, its glass transition temperature Ty4(Se) = 35°C is low enough to use water as the cavi-
tation medium. Four elements (Te, S, As, Cl) were added to Se to investigate the impurity
effect on kinetics and morphology of crystallization. Corresponding four Se-X series, each con-
taining 5-6 samples from 0 %X to 10% for X=Te or S, 5% for As and 0.3% for Cl (at%), were
prepared five years before this study in the form of tablets of 25 mm diameter and d*=15 mm
thickness. The samples investigated immediately by ultrasound velocity and X-ray absorption
have demonstrated a strong non-linearity on the concentration-property curves at 1-2% for
Te/S, at 0.5-1% for As and at 0.01-0.05% for Cl (see Fig. 5 in [24]). The transparency T*, which
is measured by optical transmission at 1000 cm-!, was practically the same for all the samples
(T* = 66 £ 2 %, a value typical for good selenide glasses of the same 15 mm thickness).
However, it began to decrease in different way depending on composition after ageing/relaxa-
tion and special treatments indicated in Table 1. All samples of a given series have the same
history, which was varied from series to series during this study.

Table 1. History of the Se-Te series and related change of transparency for pure Se (0% Te).

Step | Sign | 1, mth | At, mth | d*, mm | T*(A), % | T*(B), % | Comment
1 F 0 0 15 68 - Fresh sample
2 R1 60 60 14 39.12 - Relaxation
3 S1 62 2 13 66.55 - Surface resection
4 S2 70 8 12 56.26 64.18 From tablet to block
5 U1 71.5 1.5 12 1.71 2.45 40°C, 5 min
6 R2 80.5 9 12 2.16 3.10 Relaxation
7 U2 82.5 2 12 1.25 3.86 50°C, 3 min
8 S3 83.5 1 11 54.76 63.60 Surface resection
9 UK} 83.5 0 11 54.65 65.12 40°C, 5 min
10 U4 83.5 0 11 52.34 59.56 50°C, 5 min
11 R3 123.5 40 11 36.15 no data Relaxation
12 U5 123.5 0 11 4.18 13.81 72°C, 2 min
13 | SEM1 124.5 1 - - - Figs. 7a, b
14 | SEM2 127 2.5 - - - Fig. 7c
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The steps are: R - relaxation at room temperature for At months (mth), S - surface resec-
tion by mechanical removing 0.5 mm from each grain, U - cavitation treatment. After each step
the samples were measured by optical transmission as soon as possible. The step succession
is defined by the experimental logic. For example, step S2, performed before the first US-
treatment (U1), prepares the samples for the study of the cavitation-induced anisotropy by
formation of lateral B-grains (see A and B in Fig. 2d) of the same d*. A gradual increase of the
cavitation treatment temperature, from 40°C for U1 to 72°C for U5, prevents fast reduction of
sample transparency. Some of final samples were split in different directions (A or B) to inves-
tigate their internal structure by electron microscopy (steps 13 and 14).

3.2. Results: The optical transmission spectra

The experiment was controlled by optical transmission spectra measured in the region of 350-
5000 cm' subdivided in “vibrational spectrum” below 1000 cm' (Fig. 3a) and “transparency
window” above (Fig. 3b). The 490 cm' and 740 cm™' absorption bands correspond to the 2
and 3 overtones of main Se band located at 245 cm' [25]. The transparency window is ap-
plied commonly for detection of impurities which manifest themselves by characteristic bands
[26]. Usual uncontrolled contaminations like hydroxyl, water or carbon [27] are absent in our
samples; weak tips observed at w>1000 cm™' (see Figs. 3 and 5 below) are of another origin.

Fig. 3 corresponds to spontaneous crystallization after 5-years ageing. Note that here and
below the term “crystallization” is used in a wide sense, including pre-nucleation stage.
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Figure 3. The ageing of Se glass as reflected in (a) vibrational spectrum and (b) transparency window.
Notations: 1 - fresh sample, 2 - aged sample, 3 - aged sample after surface resection.

As shown in Fig. 3a, the form of vibrational spectra of the aged Se sample is the same (2’
and ‘3’), but the form in the window of transparency in Fig. 3b changes very strongly. This
means there is no change in short-range order, but the higher-order formations appear that
behave as the scattering objects (ScO). These ScO are responsible for both reduction of trans-
parency, T*=T(1000 cm™"), and change of the window form T(w)/T* at w>1000 cm™'. The fact
that both are restored after removing of the surface layer of the 0.5 mm thickness (2—3) points
to the surface location of these ScO in Se. Other Se-Te samples, however, demonstrate a
more complex surface/volume distribution of ScO developing at ageing. To characterize this
distribution, let us introduce the extent of heterogeneity in the form of

G =(T*-T%)/ (T* -T%) (1)
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As shown in Fig. 4a, the samples of Se-Te series behave in a strongly non-linear way,
when almost completely heterogeneous Se (T*3=T*1) becomes almost completely homogene-
ous (T*3=T*;) when adding only 2%Te, and then return to a monotonous behavior, which is
expected from a simple fish-like form of the Se-Te equilibrium phase diagram.

08
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04

0.2

%Te

Figure 4. (a) Optical heterogeneity G by Eq.(1) for the aged samples of Se-Te series; (b) Transpar-
ency change during experiment for Se (solid black lines) and Se-2%Te (dotted red lines) samples.

The difference between “normal” Se and “extremal” Se-2%Te samples remains through-
out the subsequent experimental steps, as it is shown by the transparency data in Fig. 4b. The
most remarkable effect occurs during the first cavitation treatment (U1, 40°C) which darkens
the 0%Te sample almost completely (56%—2%) but there is practically no influence on the
2%Te sample (17%—15%). In contrast, the repeated treatment at the same temperature (U3,
40°C) does not influence the restored 0%Te sample, but it increases the 2%Te sample trans-
parency (20%—25%), a result that can be considered as the cavitation-induced resolving of
the previously formed ScO. The last cavitation treatment at 72°C (U5) generates scattering
objects in both samples so intensively that the difference between them practically disappears,
at least in terms of transparency.

A high sensitivity of our digital spectrometer permits to search fine effects even in the
samples of a low transparency such as those shown in Fig. 5. The main effects observed in
the window of transparency region are: (/) development of optical anisotropy, (ii) change of the
window form and (iii) change of heterogeneity. Optical anisotropy, T(A)#T(B), which is small
but clear after first 50°C cavitation treatment (compare spectra 7 in Fig. 5a), becomes very
large after the 72° treatment (compare spectra 12 in Fig. 5b). The form of both 7’ and ‘12’
spectra is obviously different, bending in different directions for 7A, 7B, 12B and 12 A which
demonstrates especially rapid fall of transmission with frequency. This behavior results in max-
imum anisotropy around 2000 cm'. Note that the sign of anisotropy changes: T(A)>T(B) for
U2 in Fig. 5a versus T(A)<T(B) for U5 in Fig. 5b.
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Figure 5. The optical transmission spectra of pure Se (0%Te) measured in frontal (A) and lateral (B)
directions. (a) after the second US-treatment (U2 at 50°C, step 7) and the surface resection (step 8);
(b) before the final US-treatment (step 11) and after it (U5 at 72°C, step 12)

Regarding the extent of heterogeneity, the restoration of the constant-transmission form
for spectra 8A and 8B (compare with spectra 3 in Fig. 3b) indicates that heterogeneous distri-
bution of the developing ScO persists (compare with G=0.95 for Se in Fig. 4a). Unfortunately,
a direct estimation of heterogeneity for the U5 case is impossible because of a critical thinning
of Se sample when using the applied 9 mm aperture (d*=11 mm for the final samples - see
Table 1). Therefore, one cannot conclude surely where the final ScO are located. However,
unusual form of the previous spectra 11A, which was obtained after U3 and U4 treatments and
the following relaxation R3 (see Fig. 4b for 0%Te), permits to propose that the prior U3 and U4
treatments have activated Se sample in such a way that ScO generated during 40-months
relaxation (R3) have developed both in the surface and the volume of the sample.

To conclude this subsection, let note weak tips observed at 1000, 1400 and 2900 cm-’
which can be associated with the scattering objects of dimensions 10, 7.1 and 3.45 pm, re-
spectively. To understand the nature of these objects, their real size and morphology, one
should add other experimental methods, scanning electron microscopy (SEM) first.

3.3. Results: Fractures observed by SEM

The final samples have demonstrated various forms - from very similar to initial rounded blocks
to crumpled or even partially fractured samples - depending on the Se-X series and concen-
tration of the X addition. For example, the Se-S series consisting of six samples from 0.25%S
to 10%S is shown in Fig.6. The initial 0%S sample is absent here because it coincides with the
0%Te sample since Se-Te and Se-S series were prepared under identical conditions. Note
also that 0.25%S sample is presented by a half of the rounded block because it was cracked
at the preceding resection of surface layer. The crumpled exterior, most expressed for the 2-
10%S compositions, could be explained by the low glass transition temperature of sulfur
Tg(S)=-25°C unless the fact that simple additivity gives T4294(2%S)=34°C and
T4299(10%S)=29°C , i.e. only for 1-6 degrees below T4=35°C for pure Se. This is one more
indication of the non-linear reaction of Se matrix on incorporation of foreign atoms.
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Figure 6. The samples of the Se-S series from the frontal (fop) and lateral (bottom) view after the final
cavitation treatment of 72°C.

Despite of a rather different exterior, all final samples looked like glass rather than a crys-
tal. The fractures, made along A and B grains, also looked “glassy” (bright and smooth) when
observed by the naked eye. The SEM picture, however, gives a more complex picture. For
example, A-fracture of pure Se in Fig. 7a (step 13 in Table 1) looks like a carpet of the crystal-
like needles of ~1 uym size, while B-fracture demonstrated a uniform field (Fig. 7b) usual for
glass. The repeat observation after 2.5 months (step 14) showed the same image for A-frac-
ture, but the appearance of clews of “spiders” on the B-fracture (Fig. 7c). Note that all the
fractures were made just before the SEM examination.

ag= 423KX 3pm

Mag = 2399 KX 1pm WD = 5.2 mm E 4.26 WD = 39 mm
Vision 40-38-60 —— FIB Imagying = SEM isi FIB Imaging = SEM

Figure 7. The SEM images of frontal A-fracture (a) and lateral B-fracture (b, c) for Se (0%Te) sample
observed after 1 month - SEM1 in Table 1 (a, b) and 3.5 months - SEM 2 (c) of storage.

The anisotropy of microstructure (compare Fig. 7a and Fig. 7b) correlates with optical
anisotropy observed for the same Se(0%Te) sample (compare spectra 12A and 12B in
Fig. 5b), as well as with the transparency values in Table 1 for step 12. The latter means that
the sample is three times more transparent in the lateral direction (B) than in the frontal direc-
tion (A): T*(B)/T*(A)=13.8/4.18=3.3 (see the directions of optical measurement in Fig. 2d). The
relation T*(B)>>T*(A) seems reasonable because A-fracture contains ScO in the form of nee-
dles (Fig. 7a), while B-fracture is empty (Fig. 7b). The problem is not only in the fact that SEM
relates to the local volume of the sample while the spectrum 12 relates to the whole sample
including surface ScO, but also in different moments of measuring (just after the last US-treat-
ment for optical transmission and after 1 month for SEM). As shown in Fig. 7c, after 2.5 months
the needles appear on the lateral fracture too. Therefore, one can conclude only that the growth
rate of the needle development is anisotropic.
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The same relation between optical and SEM anisotropies is true for the “extremal” 2%Te
sample: T*a(1.5%)>>T*g(0.4%), and accordingly, lateral B-fracture is much more distorted than
frontal A-fracture in Fig. 8. Note, however, the inversion of anisotropy: T*(A)/T*(B)=3.8.

Mag= 726 KX 3pm WD = 4.0 mm EHT = 1.00 kv Signal A= SE2 fMag= 1.78KX 10pm WD = 38 mm

NYision 403860 ————  FIB Imaging - SEM Nvision 40-38-60 ———1 FIE Imaging - SEM
Aperture Size - 30,00 pm Aperture Size = 30.00 pm

Figure 8. SEM images of frontal (a) and lateral (b) fractures of Se-2%Te after the 1-month storage.

Remember that “extremal” 2%Te composition corresponds to maximum nonlinearity of the
concentration-property dependences, e.g., of the G=f(%Te) dependence in Fig. 4a for Se-Te.
The SEM images of other “extremal” samples in Se-X series are shown in Fig. 9.

2 : e ‘ . R { 1um .
L - L . -
10 um S _ - | ‘ “ .

Figure 9. SEM images for fractures of Se glass containing 0.25%As (a), 1%S (b) and 0.05%CI (c).

4. Discussion

The most striking facts presented in Section 3 are: (1) A strong acceleration of crystallization
by means of cavitation treatment of softening glass - minutes vs years for the spontaneous
crystallization for a similar transparency effect (compare T* for steps ‘U1” and “R1” in Table 1);
(2) A high sensitivity of the optical transmission method for detection of early stage of crystal-
lization (Figs. 3, 5); (3) Optical heterogeneity evaluated by mechanical resection of the surface
layer (Fig. 4a); (4) Unusual microstructure of the treated samples revealed by SEM fractog-
raphy (Figs. 7, 8, 9); (5) The cavitation-induced anisotropy (Figs. 5, 7, 8); (6) Nonlinearity in-
duced by small addition of foreign atoms (Figs. 4, 7, 8, 9). The bond wave model presented in
Section 2 (Figs. 1, 2) permits to interpret them on a unified basis as follows.
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(1) The cavitation-induced acceleration of the crystallization process is a well-known phe-
nomenon observed in various materials (e.g., [28], [29]) - but not in glass, where ultrasonic
treatment was restricted so far to a simple smoothing of the glass surface [30]. According to
the bond wave model, 3D bond waves need to be reconstructed not only the surface but also
the volume, a condition that demands to rise temperature at least up to the softening state
existing few tenths degrees above Ty, which is about 35°C. To ensure that just cavitation, and
not temperature alone, is the primary cause of the observed acceleration, a fresh Se sample
of the same form was immersed into the cell filled with hot water at 72°C for 5 minutes. There
was no difference in the transmission spectra measured before and after the treatment. Thus,
the main function of elevated temperature is to provide mobile 3D bond waves for effective
action of cavitation field on the sample volume in accord with Fig. 2d, where ultrasonic field
acts as the information field [31] that directs the waves (Fig. 1b). Of course, temperature also
assists in intensifying the waves themselves (see [12] for details), which is demonstrated by
an increasing effect of cavitation treatment when passing from the low-temperature (40-50°C)
treatments to the higher temperature (72°C) final treatment (see T* values in Table 1).

(2) Since the final samples appeared glassy to the naked eye, no appreciable crystalline
phase had developed by the end of the experiment, when the samples became almost opaque
by optical transmission. Thus, the observed change in transmission (Figs. 3, 4, 5) relates to
the early stage of crystallization which connects probably to the pre-nucleation phenomena,
which are studied intensively in polymers [32] but not in inorganic glasses. Although optical
transmission is sensitive to (pre)nucleation, it gives a restricted information, and there is the
need of other methods such as SEM, SAXS, STEM-HAADF [33], etc. to characterize the size
and morphology of the corresponding scattering objects.

(3) The tendency of glass for surface crystallization is a well-known property. The unex-
pected result is the non-linear influence of small additions on the optical heterogeneity, con-
sidered as a surface/volume distribution of the scattering objects. It is demonstrated in Fig. 4a
for the simplest Se-Te system, in which one can see a jump from almost completely heteroge-
neous 0%Te sample to almost completely homogeneous 2%Te sample. This non-linearity not
only emphasizes the self-organization nature of glass but also underscores the role of the glass
surface as a scene for specific interaction between internal 3D bond waves and external me-
dium.

(4) Since glass fracture runs along the wavefronts [23] as the layers enriched in relatively
weak alternative bonds (see layers ‘1’ in Fig. 1a), SEM visualizes the wavefront microstructure
that has developed before the survey. Unexpectedly, one observes no isolated nuclei but the
extended textures such as the carpet of needles (Fig. 7a), “clouds” (Fig. 8), intersected waves
(Fig. 9a) and “sponge” (Fig. 9c). The special cases of the “spider attack” (Fig. 7¢) to the initially
empty wavefront (Fig. 7b) for Se, as well as of two families of crystallites in Fig. 9b for Se-1%S,
correspond to the later stage of crystallization. Then the process of crystallization can be di-
vided into three steps: (i) activation - the pre-crystalline ordering of chemical bonds within the
moving (at T>Tg) or stopped (at T<Ty) wavefronts; (ii) the 2D crystallization of the stopped
wavefronts in solid glass (T<Tyg), a process that is accompanied by the expulsion of alternative
bonds on the wavefront boundaries; (iii) the 3D crystallization at T<T4 when alternative bonds
migrate from the wavefront into the surrounding network (Fig. 2a,b), thus ensuring the volume
crystallization, or crystal growth, in solid glass. Note that steps (i) and (ii) are provided by the
2D bond waves which spreads along the wavefronts both above and below T4 [11], [12], while
step (iii) proceeds only in solid glass. The high-temperature crystallization (T>>Ty) is a special
process (see, e.g., Fig. 2c) which will be considered elsewhere.

(5) The anisotropy observed by optical transmission (Fig. 5) and by in SEM images

(Figs. 7, 8) is a consequence of the anisotropic information field acting during cavitation treat-
ment (see Fig. 2d).
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(6) Interestingly, the concentration-property nonlinearity has been observed in fresh Se-X
glasses by ultrasound velocity and X-ray fluorescence (Fig. 5 in [24]) but not by transparency
(T*=66+2% for all fresh samples). Non-linear behavior becomes apparent only after crystalli-
zation begins. Therefore, optical transmission is sensitive to the pre-crystallization ordering of
the wavefronts but not to the initial wavefronts which remain transparent in the absence of
(pre)crystalline formations. Regarding the nature of this nonlinearity, one can suppose that
embedding X atoms can act either in a classical way by forming a mixed “topological” network,
or, in a non-classic way, when the network recognizes them as foreign agents and produces a
strong collective response. The open questions are why this reaction occurs at a definite “ex-
tremal” concentration and what are the mechanisms of this recognition and response.

The proposed model of crystallization seems not so strange if one recognizes bond wave
as a natural source of intrinsic heterogeneity, a concept that is widely debated now (e.g., [33],
[34]). It is proposed, in particular, that crystallization proceeds in “soft” (liquid-like) regions of
non-crystalline structure but not in the “rigid” (solid-like) ones [35]. The liquid-like regions can
be compared with the wavefronts (‘1" in Fig. 1a) which, being populated with high-energy al-
ternative bonds, represent the sites for collective rearrangement of basic/covalent bonds dur-
ing bond switching events: AB+CB1.,—CB2.3+AB, etc. The wavefronts can also be compared
with the Cooperatively Rearranging Regions (CRR) after Adam and Gibbs [36]. Note that the
concept of alternative bonds in the form of “soft” hypervalent bonds (HVB) was intensively
developed by Dembovsky from both phenomenological and quantum-chemical points of views
(see [21] for first publication and [22] for review). Only multicentre HVB (e.g., three-centre
bonds in Fig. 1a) provides the low-energy non-breaking mechanisms for covalent bond switch-
ing from some atoms to others. Bond waves ensure the collective switching of basic bonds, a
necessary condition for macroscopic processes such as viscous flow and crystallization.

Finally, the combination of cavitation treatment and the bond wave approach may be ap-
plied in practice in fields involving crystallization such as the preparation of glass-ceramics [37]
or components for microelectronics [38]. The arising technological problems, e.g., those con-
cerning cavitation medium for ceramics (water has a too low boiling point for most ceramic
compositions) are compensated by the ability to produce anisotropic materials with unusual
microstructures.

5. Conclusions

The experiments of accelerated crystallization by means of cavitation treatment of soften-
ing glass, considered through the eyes of the bond wave mode, permit to understand the enor-
mously large lag time for nucleation as the time needed for a suitable reconstruction of the 3D
bond wave wavefronts. Ultrasonic field, when interacting with softening glass, decreases the
time for the “initial reorientation” of chemical bonds within the wavefronts, a reconstruction
necessary to start crystallization process. The proposed non-classical model for nucleation
treats the wavefronts as extended 2D “nuclei”, naturally present in glass, which wait for activa-
tion/reconstruction to form “critical nuclei”. This contrasts with microscopic 3D crystal-like for-
mations which wait for reaching a critical size to be ready for the following continuous growth
in classical nucleation theory (CNT). A basic difference is the well-ordered formation of these
2D nuclei - instead of random appearance of classical 3D nuclei by means of accidental “ther-
mal fluctuations” in CNT. Then the “intrinsic inhomogeneities”, both structural and dynamical,
and “cooperatively rearranging regions” acquire a real form as wavefronts which can be ob-
served in specific experiments. The general conclusion is justification of the self-organization
nature of the glassy state which, therefore, deserves a greater attention in both glass science
and glass technology, including a reasonable usage of specific methods developed for other
self-organizing systems.
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