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CONDITIONS FOR THE FABRICATION
OF METALLIC GLASSES AND TRULY
AMORPHOUS MATERIALS

A review of the literature data on the problem of the disordered structural-states’
formation during the rapid cooling of metallic melts is performed. The author’s ap-
proach novelty consists in the fact that, in addition to the generally accepted model
of metallic glasses (MG), which are structurally amorphous—nanocrystalline compos-
ites, the conditions for fixing single-phase amorphous structures lacking inclusions
of the crystalline component are analysed. The criteria for the tendency of melts to
noncrystalline solidification are considered: ‘deep eutectic’, thermodynamic, struc-
tural (topological), physicochemical, and kinetic ones. Particular attention is paid to
the works, in which the critical values of the thickness and cooling rate of melts
providing the MG formation are defined through a consistent solution of thermal
and kinetic problems formulated regarding the quenching from the liquid state
(QLS) process. As shown, using the model of effective rates of nucleation and crys-
tals’ growth in studies of mass-crystallization kinetics allows analysing the complex
transformations, which occur under conditions of competition between several crys-
talline phases and/or transformation mechanisms, and simplifies the calculations of
the microstructure parameters of the QLS products. The authors propose a detailed
description of the thermokinetic analysis of amorphization conditions for metal
melts, which is also contained in the present work. As proved, the probability of
metal glasses structure formation is primarily determined by the crystal-growth
rate, the value of which is controlled by the ratio of the difference between the free
energies of the liquid and crystalline phases, AG,, to the viscosity of the melt, . The
intervals of the AG,/n criterion values are determined for materials of four groups
with significantly different vitrification ability. The final section contains the re-
sults of a computational analysis of the conditions for suppressing the nucleation
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processes and fixation of truly amorphous structural states. As follows from the
relevant literature data, only alloys, which solidify as MG when casting into a
metal mould, demonstrate the real prospect for obtaining the fully amorphous struc-
tures. As concluded, the main factors increasing the ability to absolute amorphiza-
tion are relatively low (up to 10% m=3-s') values of the stationary frequency of
crystallization-centres’ formation and a pronounced tendency to retardation of the
nucleation processes with increasing cooling rate of the melts.

Keywords: quenching from the liquid state, criteria for tendency to amorphization,
metallic glasses, truly amorphous states, nonequilibrium crystallization models,
crystal-growth rate, nucleation frequency.

1. Introduction

The first example of noncrystalline solidification of metal melts is an
article [1] published in 1960, the authors of which succeeded in con-
verting the eutectic alloy of the Au—Si system to an amorphous state.
This work initiated the turbulent development of studies of different
classes of rapidly quenched amorphous alloys (AA) as well as the engi-
neering of highly efficient methods for their production. The solution
of this scientific and technological problem is still relevant today, which
is explained by both the high level and unique combinations of AA
properties and the possibility of creating materials with a nanocrystalline
structure based on them [2].

A distinctive feature of the rapidly quenched amorphous alloys struc-
ture is the absence of a characteristic for crystalline substances of long-
range order in the atoms arrangement. Conclusions about the fixation
of such structure are usually made based on the analysis of x-ray dif-
fraction patterns, which contain only a few (3—4) blurred maxima. Dif-
fractograms of liquid metals and materials with heterophase nanocrys-
talline structures also have a qualitatively similar character. Therefore,
substances, which give diffuse diffraction patterns, are sometimes called
x-ray amorphous, thus, emphasizing that the conclusion about the
structural state of the material was made solely by the type of dependence
of the scattered x-ray radiation intensity on the reflection angle.

To clarify the physical nature of the amorphous state, which is fi-
xed due to the solidification of the supercooled liquid phase, consider
the changes in volume V at the alloy temperature T decreasing [3]. As
can be seen from Fig. 1, in the region of thermodynamic stability of the
melt (T > T,), an almost linear relationship between volume and tempe-
rature is observed. In this section of the V(T) dependence, the structure
of the liquid phase is continuously changed by rearranging the kinetic
units, and during the cooling time, the state of internal equilibrium has
time to be established in the liquid. Below the temperature T,, the
establishment of the equilibrium state is delayed, and when the tempe-
rature T, is reached, it practically stops. The temperature range T ~T,
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Ay Fig. 1. Diagram sketch of the volume
changes during the melt solidification [3]:
1 — crystalline phase, 2 — glassy phase,
3 — supercooled melt, 4 — overheated melt

is called as the glass formation in-
terval, and the state of the material
below T, is called glassy. Temperature
| T, corresponds to viscosity ~10' Pa-s.
: Thus, the structure of materials
1 hardening without crystallization is
T, fixed after the complete cessation of
the rearrangement processes of
atomic complexes, which set the short-range order parameters of the
supercooled-liquid phase. In other words, rapidly quenched amorphous
alloys inherit the melt structure corresponding to the temperature T.,.

Amorphous alloys have an increased free energy both relative to the
equilibrium crystalline state, and in comparison with the supercooled
liquid phase, which is in a state of internal equilibrium (dashed line in
Fig. 1). During the subsequent heating, the structure of rapidly quenched
amorphous alloys undergoes changes due to the development of devitri-
fication processes (i.e., transition from a solid amorphous state to a state
of a supercooled melt), structural relaxation and crystallization.

To refer to materials, which do not have a long-range atomic order,
the terms used in the literature are as follow: noncrystalline, amorphous,
or glassy ones. Which of these definitions should be preferred? Reflecting
on this question, I.S. Miroshnichenko [3] refers to the terminological
recommendations of the Russian Academy of Sciences (RAS). According
to the RAS, glasses include ‘all amorphous substances obtained by super-
cooling of a melt, independently on their chemical composition and tem-
perature range of the solidification, which acquire the properties of
solids due to a gradual increase in viscosity; the transition process from
liquid to glassy state should be reversible’. It follows that in relation to
rapidly quenched products, the terms ‘amorphous alloy’ and ‘metallic
glass’ (MG) are synonymous. On the other hand, noncrystalline materials
obtained not from the melt, but, e.g., by methods of deposition from
electrolytes or vapour condensation cannot be referred to the glasses.
However, all of them, including rapidly quenched metallic glasses, are
amorphous materials.

For a deeper understanding of the metallic glass nature, we will
answer the question of whether they are amorphous materials in a strict-
ly structural sense. The legitimacy of raising this question is based on
the peculiarities of the transition of the melts to the glassy state. Indeed,
during the period of melt cooling from the melting temperature T, to
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Fig. 2. Calculated time (¢) dependences of temperature T (1, 1')
and fraction of the crystallized volume x (2, 2') for Fe, B,, alloy
layers of 20 um (I, 2) and 100 pm (1', 2') thick [7]

the glass transition temperature T,, there are thermodynamic prerequi-
sites for the development of crystals nucleation and growth processes.
According to computational analysis [4—8], the degree of implementation
of these processes, therefore, the structure of rapidly quenched materials,
depends on the ratio of heat fluxes, one of which (®,) is discharged into
the refrigerator, and the other (Q,) is released in a solidifying bulk as
hidden heat of transformation.

If @, < @,, then, after the formation of the crystalline-phase volume
fraction of ~1072, the melt temperature rises sharply and the main stage
of the process is carried out with slight supercooling relative to T,
which corresponds to high values of the crystal growth rate. Under
these conditions, the fast quenching products acquire the fully crys-
tallized microcrystalline structure (dashed curves in Fig. 2). With the
inverse ratio of heat fluxes (@, > @,), the melt temperature continuously
decreases. During the cooling time from T, to T,, a certain number of
crystallization centres are formed in the melt, the growth rate of which
is negligible at deep supercooling. As a result, a structure typical for
metallic glasses is fixed. It consists of an amorphous matrix with in-
clusions of the so-called ‘quenched nuclei’ (solid curves in Fig. 2).

The presence of nanoscale crystallization centres in the MG structure
is confirmed by the data of transmission electron microscopy (TEM)
[9-11] and the results of model studies of the nonequilibrium crystal-
lization kinetics [6—8, 12, 13], but practically it does not affect the
character of x-ray diffraction patterns. The total number of ‘quenched
nucleus’ per unit volume (up to ~10'"-10!® m=3), their sizes (up to 10 nm)
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and volume fraction (up to 10-2) depend on several factors. They are the
cooling regime of the melt, the values of thermodynamic and kinetic
parameters, which specify the crystals nucleation and growth rates, on
the magnitude of the temperature range T,—T,, and some other factors.
Particularly, the structural analysis of the Cug,Ti,,Zr;, alloy, which was
obtained in the form of 2.5 mm diameter rods by casting into a copper
mould, and thin (30 um) ribbons by melt spinning, was performed in
[11]. It is shown that both the rods and ribbons of the investigated alloy
have a typical for MG structure, the elements of which are a glassy
matrix and nanoscale inclusions of the crystalline phase, and the volume
fraction and the size of nanocrystals in ribbons are reduced in comparison
with rods. Based on these experimental data, the authors of [11] conclu-
ded that a single-phase amorphous state could be fixed in the Cu,,Ti,,Zr,,
alloy under conditions of higher cooling rates. However, any evidence of
this conclusion is not given.

Thus, according to the results of numerous theoretical and experi-
mental studies, rapidly quenched metal glasses have a two-phase struc-
ture, i.e., in fact, they are amorphous—nanocrystalline composites [14]
or conditionally amorphous materials. At the same time, in the lite-
rature, there are some publications where authors report about the pro-
duction of completely amorphous structures that do not contain ‘quen-
ched nuclei’. For example, a similar structure was observed by the TEM
method in the contact areas of rapidly cooled ribbons of the Fe, B,, alloy
with a thickness of 40 pum [10]. According to data [15] obtained by sum-
marizing the results of x-ray phase analysis, electron diffraction and
TEM, rapidly quenched ribbons of Al,.Ni.Y,Co, alloy about 20 um thick
demonstrate a single-phase disordered structure without any signs of
nanocrystals or ordered clusters, which, in the authors’ opinion, demon-
strate the fully glassy state of the samples. The disagreements noted in
the literature data do not give an unambiguous answer to the question
regarding the fundamental possibility and technological regimes of ob-
taining truly amorphous states. Consequently, the problem under con-
sideration remains relevant and requires solving by analysing the factors
that determine the glass-forming ability (GFA) of materials, as well as
studies of the structure formation process during the rapid cooling of
metal melts.

2, Criteria for the Tendency of Melts
to Noncrystalline Solidification

One of the most important directions of the study of the effect of metal
melts amorphization is an establishment of correlations between the
chosen from physical considerations materials characteristics and the
conditions for production of this materials in a noncrystalline state.
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They make it possible toidentify the factors that control the predisposition
of melts to the glass transition, and facilitate the search for compositions
of new MG.

Since the first amorphous phase was fixed in the eutectic alloy
Au,Si,,, this feature of the state diagram was used as the basis for the
choice of other alloys, which were amorphized during quenching from
the liquid state [16—18]. The physical aspect of this approach is that the
eutectic temperature is the minimum temperature stability of the liquid
phase. Consequently, the cooling time from this temperature to the
temperature T, will also be minimal. Moreover, the lower the eutectic
temperature relative to the melting points of the eutectic phases, i.e.,
the ‘deeper’ the eutectic, the easier the melt should be amorphized.
With the help of the ‘deep eutectic’ criterion, the amorphous state was
fixed in a sufficiently large number of rapidly quenched alloys, including
alloys based on light rare-earth elements (La, Ce, Pr, ...) with normal
(Al, Ga, Cu, Ag, ...) and transitional (Ni, Co, ...) metals [19].

The main disadvantage of this criterion is the possibility of using
only for a limited number of binary or ternary alloys with known state
diagrams. In addition, according to the results of experimental studies,
not all eutectic alloys demonstrate the greatest ability to glass transition.
It was also established that in some alloys (e.g., Cu—Zr, La—Al, etc.),
amorphous phases are fixed at ratios of components that belong to the
regions of equilibrium intermetallic compounds existence. These cir-
cumstances stimulated the search for other approaches to predict the
propensity of alloys to noncrystalline solidification under the conditions
of QLS, within which thermodynamic, topological (or structural), physi-
cochemical, and kinetic criteria for amorphization were created.

The thermodynamic criteria are based on the ratios of melting tem-
peratures T, , transition to the glassy state T,, and the crystallization of
the amorphous phase upon heating T,, which are determined by the
methods of thermal analysis and differential scanning calorimetry. The
simplest and most widely used criterion of this group is the reduced
glass transition temperature T,, = T,/T,. The physical substantiation
of this criterion is that the melts crystallize in the temperature range
T,—T,. Consequently, all factors that reduced this interval, i.e., increa-
se T, and reduce T,, should promote noncrystalline solidification of
materials.

For currently known metallic glasses, T,, values range changes from
0.246 (for Ni) to 0.690 (for Pd,,Cu,,Ni,,P,, alloy) and, as a rule, correlate
with critical cooling rates v, sufficient for amorphization, which for the
given examples are ~10'° and 10! K/s, respectively. However, when ana-
lysing the relative propensity for amorphization of so-called bulk me-
tallic glasses, for which the value v, is determined quite accurately, the
T,, criterion is less effective [20].
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Instead of the reduced glass transition temperature T,,, other criteria
have been proposed. It represents different combinations of T,, T,, and
T..In particular, among them there is the temperature difference AT, =
=T, - T,, which characterizes the stability of supercooled melts in the
crystallization process [18]. The parameters being tested are as follow:

’Y = Tx/(Tg + Tm)’ Ym = (2Tx - Tg)/Tm’
AT, =(T,-TH)/(T,-T),=T,/T,-T),),

etc. A comparative analysis of the effectiveness of these criteria, carried
out by the authors of papers [21, 22], showed that the parameter vy,
should be considered the most correct of them. However, despite a
certain correlation of most thermodynamic criteria with the tendency of
alloys to amorphization, as well as the establishment of a direct con-
nection of some of them with a critical cooling rate (for example, v, =
= 5.1-10%exp(-117.19y) [22]), all of them have limited applicability
only for some alloys classes. In addition, a common disadvantage of
thermodynamic criteria is their unsuitability for predicting the con-
ditions of noncrystalline solidification, since their parameters T, and T,
are determined by heating amorphous alloys.

Structural or topological criteria are devoid of the latter deficiency
[23—-2T7]. In these criteria, the atomic dimensions of the components and
the density of their packing are analysed. The structural approach is
based on the Egami assumption reported in Ref. [23], according to which
the tendency of melts to amorphization increases if the level of local
mechanical stresses caused by differences in the atomic sizes of the
main and alloying elements exceeds a certain critical value, which causes
a loss of the topological stability of the crystal lattice. Based on these
considerations, the author of [23] obtained the relationship between the
minimum content of the alloying element C2®, which provides the
amorphization of the binary alloy, and the atomic radii of the components
r, and rp: ‘

C" = 0.1/|(r‘B/rA)3 -1|. (1)
Expression (1) is simple and convenient to use. However, an attempt to
use it to assess the propensity for noncrystalline solidification of binary
aluminium with rare-earth metals alloys [28] showed that the analysis
of only the atomic dimensions of the components is insufficient.
According to Ref. [24], the reason for the low efficiency of the Egami
criterion is that it does not take into account possible arrangements of
the atoms of the alloying element in the lattice of solvent element. In
fact, in complex alloyed alloys, small-sized atoms can not only replace
the base metal atoms in the lattice sites, but also occupy penetration
positions in tetra- or octahedral pores, and causes a complication of the
stress field. In particular, in alloys based on zirconium, palladium and
rare-earth metals, in which the atoms of the alloying elements, as a rule,
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have smaller sizes in comparison with the atoms of the main component,
the implanted atoms create the positive stresses in the lattice, while the
stresses formed in the positions substitutions has a negative sign.

The complex nature of field of local mechanical stresses in the volume
of multicomponent alloys is taken into account in the model [25—-27]. It
allows to analyse the distribution of atoms of alloying elements between
the substitution and insertion positions as a function of the lattice strain
energy as well as to determine the ratio of atomic sizes and component
concentrations that provide a high local packing density of atoms, and,
consequently, increase the susceptibility of melts to amorphization.

To test the effectiveness of an improved topological approach, the
authors of [29] selected 16 calcium-based alloy compositions that should
form bulk metallic glasses. However, according to experimental data,
only 7 alloys were transferred into an amorphous state in castings with
a thickness of 1 mm. In addition, experimental estimates of the critical
cooling rate of multicomponent iron-based alloys have shown that varia-
tions in the relative amounts of transition elements present in the
composition, which have similar atomic dimensions, are accompanied by
significant changes in the glass-forming ability [30]. These facts indicate
that the topological criteria have limited applicability for predicting the
propensity of materials to noncrystalline solidification.

For the choice of alloys that are amorphized under the QLS conditions,
the physicochemical approach is more productive. It takes into account
not only the atom characteristics of the components, but also the features
of their interaction. Developing this approach, the authors of the
monograph [16] identified three groups of physicochemical factors follo-
wing below.

(1) Characteristics of state diagrams: the presence of relatively
narrow regions with low melting temperatures. The physical substan-
tiation of this requirement is given above in the analysis of the criterion
of ‘deep eutectic’.

(2) Physical and chemical properties of the components:

e significant differences in the atomic radii of the components
(r,/rg = 0.79-1.41);

» valence difference An of elements included in the composition of
the alloys: An = 3-5 for transition metal with non-metals alloys and
An = 5—6 for alloys of different transition metals (an analysis of the
effectiveness of the considered factor using the example of a large num-
ber of alloys based on light lanthanides showed that a certain An value
is not a necessary condition for melt amorphization [19], moreover, for
alloys with the same component valence (e.g., Mg—Zn), the An criterion
loses meaning);

¢ the difference in electronegativity: for the majority of amorphi-
zed alloys, the value of this parameter varies from —-0.3 to 0.2, howe-
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ver, its actual role in the formation of the MG structure is not fully
understood;

* position in the periodic system of elements: components, which con-
tribute to amorphization when interacting with this element, are charac-
terized by a general tendency to be located in different parts of the pe-
riodic table so that the corresponding properties differ, but not too much.

(3) Features of equilibrium and metastable phases crystallizing at
subcritical cooling rates of melts:

¢ predisposition of alloys to the formation of intermediate phases
with a complex crystalline structure, such as the Frank—Kasper phases
(o, u phases, and Laves phases), as well as Fe,C-type phases: according
to [16, 31], the tendency of melts to glass formation increases, if con-
centration ranges of amorphization under equilibrium conditions or un-
der conditions of QLS with cooling rates which are insufficient for non-
crystalline solidification, crystalline phases of these types are formed,
although in some alloys (for example, on the basis of light REM with
silver and aluminium) the amorphous state is fixed due to the crystalli-
zation suppression of the metastable phase of the initial composition
with a b.c.c.-lattice [19, 32, 33];

* mechanism of eutectic phases crystallization: as shown in [34],
the tendency of melts to amorphization increases if the phases involved
in eutectic transformations belong to incongruent compounds, i.e., for-
med by peritectic reactions, which are characterized by low rates;

¢ concentration of valence electrons: using the approximation of
almost free electrons, the authors of [35] showed that the glass-forming
ability of alloys depends on the value of electron concentration, reaching
a maximum level at e/a ~ 2 el./at. (in fact, in alloys of different classes,
the optimal value e/a for amorphization varies from =1 el./at. (Pd—Si)
to =#5—7 el./at. (Nb—Ni)).

The physicochemical criteria proposed in [16] were later significantly
modified by reducing the list of analysed parameters and focusing on
the indicators of the total number of components and the nature of their
interatomic interaction. According to the improved version of the phy-
sicochemical approach [18], alloys, which demonstrate an increased ten-
dency to glass transition, should satisfy three requirements: contain at
least 3 components (1); characterized by significant (>12%) differences
in atomic size (2) and negative values of the heat of mixing of the
components (3). The listed conditions turned out to be useful for the
search of new amorphized alloys. In particular, with their help, several
groups of alloys based on Zr, Pd, Fe, and lanthanides were discovered.
The crystallization of this alloys is suppressed at relatively low (up to
0.01 K/s for Pd,,Cu,,Ni,,P,, alloy) cooling rates of the melt [18].

By additional studies of the interrelationships of the criteria pro-
posed in [18] with a critical cooling rate v, which provided the glassy

110 ISSN 1608-1021. Prog. Phys. Met., 2020, Vol. 21, No. 1



Conditions for the Fabrication of Metallic Glasses and Truly Amorphous Materials

solidification of the melt, it was found that increasing the differences
in the atomic sizes of the components over 12% leads to a decrease of v,
on one or two magnitude orders, while increasing of the absolute value
of negative heat mixing is accompanied by a more significant (from 102
to 107 times) decline of v, values [36]. Based on the results of the
performed analysis, the physicochemical criteria for the tendency of
alloys to amorphization were rethought and formulated in Ref. [36]:
alloys must possess the heat of mixing not less than —15 kJ/mole and
excessive melting entropy S, /k;, which are exceeds 0.1 at a packing den-
sity of 0.64.

Despite periodically undertaken attempts to improve the physico-
chemical criteria, they are not mandatory for relatively easy amorphi-
zation of materials. In particular, the requirements of the multicomponent
content and the proximity of the composition to the eutectic are not
fulfilled for the Cug, ,Zr,, , alloy, which is obtained in the amorphous
state in the form of rods with a diameter of 2 mm by melt casting into
a copper mould [37], and in a number of easily amorphized alloys the
phase separation was found [38, 39], which indicates a positive enthalpy
of mixing the components.

Analysing the totality of the above requirements for alloys passing
into the glassy state under the conditions of QLS, we note that some
criteria (e.g., proximity to low-temperature eutectic compositions as well
as significant differences in atomic size) are used not only as self-
sufficient critical parameters, but also in as one of the conditions of
physicochemical approaches [16, 18] or an element of the hybrid crite-
rion, among which the parameter ¢ which was proposed for predicting
glass formation in ternary systems [40].

This criterion is a combination of the structural criterion by Egami
[28], modified for ternary alloys, and reduced supercooling as remarked
by Donald and Davies [41]. A comparative analysis of the glass-forming
ability of a group of ternary alloys based on Ca, Mg, Pd, Zr, La, and Nd,
performed by the authors of [40] using the parameter o, showed that it
correlates well with the experimental values of the sections of amorphized
ingots. However, the hybrid criterion o was tested on the example of
only ten three-component alloys, which form metallic glasses in sections
from 2 to 15 mm. Therefore, it needs further modification and efficiency
testing for a wide range of multicomponent alloys.

A common disadvantage of the above thermodynamic, structural
and physicochemical criteria for the tendency of materials to amorphi-
zation is that they do not consider the mechanisms of glassy solidification
under the QLS conditions. This problem is solved using the kinetic
approach, which was first proposed by Uhlmann [42] and was further
developed in the works of Davies (see Ref. [17] and several chapters in
Ref. [43]). Within the scope of this approach, the glass-forming ability
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Fig. 3. Schemes of TTT diagrams (1, 2) and
dependences T = T'(t) (1', 2'), corresponding
to the critical speed of QLS, where 1 — iso-
thermal conditions, 2 — transformation
with continuous cooling

of materials correlates with the cri-
tical rate v, of quenching from the
liquid state. During the quenching,
the entire cooling time of the melt
only an insignificantly small (not de-
tected experimentally) volume frac-
tion of the crystalline phase x, is
formed, which corresponds to the limits of the sensitivity of electron
microscopic (~107° [42, 43]) and x-ray phase (~1072 [44]) analyses.

To implement kinetic calculations by simplifying transformations of
the classical theory of crystallization equations, an approximate relation
for time intervals, during which a given of crystallized volume fraction
x, is formed at various supercoolings of the melt, was derived:

3 1/4
9.3n | x,a] 1.07 AH AT

t. (T)~ 0 ———|l|1- ——mr , (2

S -] ER e

where T — melting temperature, 1 — dynamic viscosity, £, — Boltzmann
constant, f — the fraction of positions at the melt/crystal interface at
which atoms can attach (f =1 for rough and 0.2AT . for smooth interfaces),
N, — number of atoms per unit volume, T, and AT, —reduced tempera-
ture (T/T,) and supercooling (1 — T)), respectively, AH, — molar heat
of fusion, R — universal gas constant.

The values ¢, calculated at various temperatures are summarized
in the form of ‘tinfe—temperature-transformation (TTT)’ diagrams, which
have the form of C-shaped curves (Fig. 3) and allow us to estimate the
minimum (critical) cooling rate v¥, which provides glassy solidification
of the melt with the formation of a negligible volume fraction of crys-

talline phase x,.
The v value is determined by the tangent of the angle of drawn

from the initial temperature of the melt to the point of protrusion
(‘nose’) of the TTT diagram (lines 1’ and 2’ in Fig. 3) according to the
relation [43]:

Temperature

U:ﬂ ~ (Tm - Tn)/tn’ (3)

where T, and ¢, — temperature and time corresponding to the point of
minimum stability of the supercooled melt.

As analysis [36, 43, 45] showed, the critical cooling rates determined
by the considered above method correctly reflect the relative tendency
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to amorphization of various alloys, however, they are consistent with
experimental data within the same order of magnitude. To increase the
accuracy of forecasts, itisnecessary to takeinto account the nonisothermal
character of crystallization process at quenching from the liquid state
[43], which leads to a shift of the C-shaped curves toward longer time
intervals (curve 2 in Fig. 3) and a corresponding decrease in the v
value. Despite the noted drawbacks, the method of constructing TTT
diagrams has been used for many years to analyse the amorphization
conditions of metals and alloys, including the production of bulk metallic
glasses [46—48].

A physically more rigorous formulation of the problem associated
with the study of the kinetics of nonequilibrium crystallization from
the liquid and amorphous phases is based on the use of algorithms for
the coordinated numerical solution of the heat equations for the melt
and the refrigerator with the equation of the mass crystallization
kinetics [8, 12, 13, 49, 50]. An important advantage of this approach is
the possibility of a comprehensive analysis of the thermal and kinetic
aspects of the amorphization process. As the kinetic component of the
model in works [12, 13, 49], it is the classical equation by A.N. Kolmo-
gorov [51], which sets the dependence of the crystallizing volume
fraction on time:

3

t t

x(t) = 1-exp —%nj I(t'){[ u(t”)dt”] dt't, (4)
0 t'

where I and u are nucleation frequency and crystal growth rate, respec-
tively.

Equation (4) is derived in relation to the process of crystallization
from a melt of one phase, which is carried out by the homogeneous
formation of crystalline nuclei and their further isotropic growth. These
statements make it difficult to apply Kolmogorov-type equations for
more difficult transformations occurring under conditions of competition
between several crystalline phases or various crystallization mechanisms.
In addition, in the framework of the model by A.N. Kolmogorov, it is
very difficult to calculate the most probable crystal sizes [52, 53], which
are the most important microstructural characteristic of materials.

3. Applying the Model of Effective Rates
of Nucleation and Crystal Growth in the Studies
of the Mass Crystallization Kinetics

To overcome the noted kinetic limitations, a different version of the
kinetic analysis of mass crystallization was proposed in [54]. In this
approach, the increment of the crystallizing volume fraction dx in an
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elementary time interval dt is determined through the relative contri-
butions of the nucleation and growth processes, which are caused by the
appearance of a certain number dN of nuclei with critical size R, and an
increase in the linear dimensions dR of all currently available crystals.
It is assumed that under constrained conditions of mass crystallization,
the values of dN and dR are proportional not only to the values of the
nucleation frequency I and crystal growth rate u, but also to the relative
amount of the mother phase x, per unit volume, i.e., can be calculated
using ratios:

dN = x, Idt, (5)

dR = x,udt. (6)

In equation (5), the factor x,, means that new crystallization centres
arise only in that part of the volume that has not undergone the con-
version. This statement is obvious, due to which relation (5) is tradi-
tionally used in studies of crystallization kinetics of materials from
liquid and amorphous states [55, 56].

Turning to the growth processes analysis, the author [54] states
that at the stage of mass crystallization, each individual crystal can
grow only in those directions in which it borders with the mother phase.
The probability of the existence of growth directions that are not blocked
by neighbouring crystals decreases as the fraction of the transformed
volume x = 1 — x,, increases, tending to zero as x — 1. On the contrary,
at the very early stages of solidification, when x is negligible, x, = 1
and, therefore, crystals grow freely with a rate u, which is determined
by the temperature and the mechanism of the process. The noted features
of the joint growth of many crystals are taken into account by the form
of Eq. (6), which gives reason to use it as the second basic relation of
the kinetic model [54].

As can be seen from Eqgs. (5) and (6), in accordance with the consi-
dered version of the kinetic model, the formation of new crystallization
centres and an increase in crystal size cease when one of the two condi-
tions are met:

e if I > 0 and u — 0, which occurs during deep supercooling of the
melt and precedes to its amorphization;

¢ in case of complete exhaustion of the maternal phase (x,, — 0),
which indicates the completion of the transformation (in this case, the
parameters I and u can have sufficiently large numerical values).

It follows that the parameters I and u included in Egs. (5) and (6)
characterize only the potential possibilities of the nucleation and crystal
growth processes, while the actual kinetic behaviour of these processes
is determined by the effective parameters:

Ieff=(1 -x)1, (7)
U = (1 — X)u. (8)

114 ISSN 1608-1021. Prog. Phys. Met., 2020, Vol. 21, No. 1



Conditions for the Fabrication of Metallic Glasses and Truly Amorphous Materials

Taking into account relations (7) and (8), the principle of modelling
of mass crystallization kinetics proposed in [54] is called the approxi-
mation of the effective rates of nucleation and crystal growth.

Application of this approximation removes the restrictions inherent
in Eq. (4) regarding the prediction of growth kinetics, i.e., allows calcu-
lating the characteristic scales of crystals in rapidly quenched materials
and thereby provides an additional (besides v, magnitude) quantitative
criterion for comparing the results of model studies with the corres-
ponding experimental data. Another advantage of the model [54] is the
possibility of using it for complex transformations with competition of
several crystalline phases and crystallization mechanisms. In the frame-
work of approximation [54], mathematical models of the structure for-
mation processes under conditions of rapid cooling of melts on a heat-
conducting substrate, casting into a metal mould, and laser processing
with surface melting were constructed. In particular, the effect of com-
positional and technological factors on the microstructure parameters
of the QLS products and the glass-forming ability of materials was
studied using the kinetic equation of single-phase crystallization [4, 7,
8, 50, 57], obtained from the basic relations (5)—(8):

3

t t
x(t) = gn j (- x(@)I()| R.(t') + j(l — x(")ut")dt") | dt, (9)
t t'

m

where ¢, — time to reach the melting temperature of the melt; ¢, ¢/,
t" — current time points ¢, < ¢ <t" <t < ¢, (t, — transformation end time).

According to the results of this block of calculations for completely
crystallisable materials, the dependences of the most probable crystal
sizes on the cooling rate of the QLS products are constructed. For
materials with significantly different glass-forming ability, the values
of the critical thickness I, and the cooling rate v, of the melt layers,
which provide the structure of metal glasses, are determined. For all
controlled parameters, agreement between the calculated and experi-
mental data is achieved.

The possibility of using the approximation [564] for the computational
analysis of the crystallization kinetics of several competing phases is
illustrated by the example of the effect of the formation of the metastable
cerium polytype (u-Ce). According to the data of [58, 59], in the structure
of rapidly quenched foils of this metal a mixture of f.c.c. y-Ce with a
metastable p-modification having a seven-layer hexagonal compact lat-
tice with a sequence of stacking close-packed atomic layers of the type
of ABACABC... is fixed. It is concluded that the u-Ce structure is formed
as a result of the accumulation and ordered arrangement of interstitial
packing defects (PD,) in the equilibrium y-modification lattice, which
leads crystallization under conditions of rapid melt cooling.
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Based on relations (5)—(8) and conclusions on the proposed mechanism
of u-Ce formation, kinetic equations for calculating the relative amounts
of equilibrium (x,) and metastable (x,) cerium modifications were ob-
tained in [60] as follow:

t
£,(0) = 3 7] 2,0~ g1, (©)
t

u

3
t
RI(t) + j xH(t”)uY(t”)dt’} atr', (10)
.

3
t t
x,(t) = %nj x, (g1, (¢ !RZ () + jxu(t")uy(t")dt”] dat, (11)
!

t

[

where g, is the probability of crystal lattice transformation y-Ce — p-Ce.

The g, value was correlated with the concentration of PD,, assuming
that it increases with an increase in the cooling rate or a decrease in the
thickness [ of the QLS products. To formalize this dependence, we used
the relation:

g, = exp(-1/1,), (12)
where [, is the experimentally determined critical thickness of rapidly
quenched foils, the excess of which makes the formation of p-Ce
unlikely.

Using equations (10)—(12), the authors of [60] performed a numerical
analysis of the crystallization kinetics of thin (1-150 um) Ce-layers that
solidify on a copper quenching block. It was shown that with an increase
in the thickness of rapidly quenched foils, the relative amount of meta-
stable modification x| decreases from 0.98 to ~0.06 (Fig. 4). Approximate
equality of values x{ and x¢ is achieved in layers ~35 um thick, which is
consistent with the results of x-ray phase analysis.
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Among the complex transformations of a competitive type, it is also
the crystallization of the molten bath formed during the interaction of
laser radiation with the surface of the material. According to the struc-
tural studies [61], two zones are revealed in the cross sections of the
melted layers, one of which is formed as a result of the growth of crys-
tals located on the fusion boundary into the melt, and the second one,
by nucleation and growth of new crystallization centres in the part of
the laser bath located above the front of matrix crystals (FMC). The
solidification process begins with the growth of matrix crystals, and the
conditions for the emergence of new centres are created after a certain
time interval, as the overlying layers of the melt become supercooled
[62]. At the stage of joint development of two competing mechanisms,
crystals growing from the bath bottom collide with newly nucleating
crystals at the front, while the growth of the latter is additionally
blocked due to mutual collisions of neighbouring particles.

As shown in Refs. [63, 64], the complex nature of the crystallization
processes of a laser bath can be described using the approximation [54].
In the considered version of the model, the effective rates of nucleation
and crystal growth are limited by the volume fraction of the mother
phase x/, in the zone lying above the FMC, which is determined from the
relation:

r

_1-x, —x,
m_—,

(13)

X

1—xg

where x, — volume fraction of the laser fusion zone occupied by crystals
growing from the bath bottom; x,, — the converted volume fraction for-
med due to the implementation of the mechanism of new crystallization
centres nucleation and growth.

Taking into account relation (13), kinetic equations corresponding
to two competing mechanisms were obtained in the form [63]

j- 1-x,(t) - x,,(t)
1-x,(t)

x,(t) = hi u (¢ dt', (14)

tm

5,0 = S [ (L= 2,(6) - 3, D 1) %
y (15)

3

tl_ t” _ t”
%, (1) = %, ( )ung(t")dt" dat',

RO

t

where h, is initial depth of the fused zone; u,, u,, are the rate of ger-
mination of matrix crystals into the melt and the rate of isotropic
growth of newly nucleating crystals, respectively.

The total volume fraction of the laser-molten bath, crystallized at
any given point in time ¢ € [¢,, £,] using two competing mechanisms, is
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calculated by summing their relative contributions, i.e.,
x(t) = x,(t) + x,,(2). (16)

Kinetic Egs. (14)—(16) were solved in accordance with the heat
equation: )
C or . oT AH,, Ox

> + =,
PP ot 022 P ot

a7

where T, t, z are current values of temperature, time, and coordinates
in the heat sink direction; C,, p, k, AH,, M are specific heat, density,
thermal conductivity, molar heat of fusion, and molar mass of the
processed material, respectively.

The presented mathematical model in Ref. [64] was used for the
computational analysis of structure formation processes during soli-
dification of the laser fusion zone of a massive nickel plate. The laser-
bath depth A, was varied by changing the laser-pulse duration t and the
radiation-power density g, which is absorbed by the surface.

It was shown that when the plate is melted by laser pulses of duration
T =102 s to a depth &, of 18 to 85 um, the crystallization of the bath
occurs solely due to the ‘g-mechanism’, i.e., by promotion of the front of
matrix crystals into the melt. At reducing the pulse duration to t =
=0.5-107 s, the competitiveness of the nucleation and growth of new
crystals mechanism increases, and the maximum contribution of this
mechanism to the total fraction of the crystallized volume x, reaches
~0.47 at h, = 170 nm.

4. Thermokinetic Analysis of the Conditions
for the Formation of Metal Glasses

As noted above, in the kinetic approach to the problem of metals’ and
alloys’ amorphization, conditions under which only a negligible fraction
of the studied volume x, (1072 or 10°°) crystallizes over the entire cooling
time of the melt, are analysed. The main result of kinetic studies of the
tendency of materials to noncrystalline solidify are values of critical
cooling rate v, (or melt layer thickness /,), which provide a predetermined
value x, The values v, calculated by using the TTT diagrams or by a
consistent solution of the heat conduction and crystallization kinetics
equations, as a rule, are in satisfactory agreement with the corresponding
experimental estimates. However, these values separately do not provide
an answer to the question of which parameters included in the kinetic
equations x(t) are responsible for the melts tendency to transition into
the amorphous state. Considering this in [65, 66], a new version of the
analysis of the conditions for the production of metal glasses was
proposed. It reflects both the thermal and kinetic aspects of the process
under study, and for this reason can be called thermokinetic.
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The objects of the study were materials of four groups with a
significantly different tendency to glass formation:

* metals (Al, Cu), which crystallize at all cooling rates achievable
by modern methods of quenching from liquid state (up to ~10'! K/s);

* metals (Ni, Ge), which transform into an amorphous state under
extreme conditions of melt cooling in layers of submicron thickness
[67, 68];

» metal-metalloid alloys (Fey,B,,, Fe, Ni,,P,,B;) obtained in the form
of amorphous ribbons with a thickness of 15-60 um by melt spinning
[69, 70];

 alloys based on magnesium and zirconium (MgCu,,Y,, Zr,,
Ti,,; sCu,, ;Ni, Be,, ;), which are amorphized by casting into a metal mould
in sections of more than 1 mm [18].

The proposed approach is based on the results of model calculations
of the dependences T'(¢) and x(t) [4]. At the moment of establishing a
balance between the heat flux removed to the substrate and the flux re-
leased during crystallization, when the T'(¢) curves pass through mini-
mum point (67 /0t = 0), the fraction of the crystallized volume is about
102. Therefore, to obtain the same or even smaller relative amount of
the crystalline phase in the structure of the hardening material, it is
necessary and sufficient that the first derivative 0T /0t should keep a
negative value over the entire time range t,—t,. In other words, the
thermal criterion for melts amorphization is the condition:

oT/ot < 0. (18)

Combining inequality (18) with the heat equation for the melt (17),
the amorphization condition was transformed to a form that allows the
analysis to be extended to factors controlling the transformation kinetics

(66} v, < v, (19)

where v, = (AH,,/MC,)(0x/0t) is the heating rate due to the release of
latent heat of transformation, v_ = a(0?T/0z?%) is the cooling rate due to
heat removal to the substrate, a = k/(C,p) is the coefficient of the melt
thermal diffusivity.

An analysis of the dependences v, (¢) and |v_(t)| shows that, to fulfil
condition (19), the point ¢, is critical. In this point, the crystallization
rate x = Ox/0t reaches its maximum value. It follows that to determine
the possibility of noncrystalline solidification of the melt, it is sufficient
to verify the feasibility of the relation:

AH,, ox
Mc, ot

o*T
a
02*

o < o™ or { (20)

t=t 1=t

As an example, Fig. 5 shows the calculated dependences v”(l) and
|u™(1)| for the melt layers of metals of the first (Al) and second (Ni)
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groups. It can be seen that for aluminium in the entire studied range of
values (from 0.05 to 0.5 um), the heating rate due to the release of
latent heat of crystallization significantly exceeds the cooling rate due
to heat removal to the substrate (Fig. 5, a). Therefore, the hardening of
Al melt layers with a thickness I > 0.05 um is accompanied by a
recalescence effect, which is a thermal sign of complete crystallization.

In contrast to Al, for the Ni melt layers, the analysed dependences
have a qualitatively different form (Fig. 5, b). In the region of small
thicknesses, the cooling process prevails over the self-heating process,
which indicates the fulfilment of the amorphization condition (20). With
increasing [, the cooling slows down, while the heating rate, on the con-
trary, increases sharply. As a result, for some critical value [ = [, the
curves v"(l) and |v™(l)| intersects. For all [ > [, the ratio of the analysed
parameters changes to the opposite (v”(l) > |v™(})]).Thus, the point I,
separates the interval of thicknesses ! < [, in which the nickel melt
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solidifies in the glassy form, from the interval I > [, corresponding to
the formation of fully crystallized structures. The critical cooling rate
for Ni calculated from I, value is v, = 9-10° K/s, which practically
coincides with the corresponding experimental estimate [67].

By further detailed analysis of the factors included in relation (20)
was revealed that its variations are mainly determined by the maximum
value of the crystallization rate x,, = 0x/dt|,_, . On the other hand, it
was shown that for all the materials studied, a correlation of numerical
values x, and crystal growth rate u(t, ) is observed. From here, it
follows the key conclusion of the work regarding the fact that it is the
crystal growth rate has a decisive influence on the x, magnitude, and,
consequently, on the tendency of melts to noncrystalline solidification.
It is important that this conclusion was obtained not from general con-
siderations, but by a consistent computational analysis of the relations-
hips between heat transfer and crystallization.

Based on the thesis about the predominant role of the growth rate
in increasing of the crystallized volume fraction, authors [66] explain
the physical reasonability of using a quantitative criterion for the glass
forming ability of materials. The role of a criterion plays a ratio of the
difference between the free energies of the liquid and crystalline phases
to the melt viscosity (AG,/n) calculated at a time ¢, . A decrease in this
parameter slows down the growth processes, which increases the proba-
bility of noncrystalline solidification. To simplify the dimension of the
proposed criterion, the difference in free energies per unit volume AG,,
was used in the paper mentioned above. In this case, the ratio AG,/n
acquires the frequency dimension [s™!].

The results of calculating the ratio AG,,/n showed that for the studied
metals of the first group (Al, Cu), the desired value is ~10!°-10! g!
(Table 1). Since the metals under consideration crystallize completely
even at extremely high melt cooling rates (~10!! K/s), the given values

Table 1. Calculated values of the AG, /n criterion and parameters I, and u (T
for materials with different glass-forming ability [66]

max)

: T\)» -

Group Material [, pm x, T e K u(m"/";") AGy/n, st
1 Al 0.05 0.99 792 6.3 8.6-10%
Cu 0.05 0.99 1025 3.0 4.7-10%°

2 Ni 0.05 3-10° 890 | 1.6-10' | 3.1-10°
Ge 0.15 2-10° 899 | 1.9-102 | 2.1-108

3 Fey B, 12 4-10°% | 1027 4-10 2.1-107
Fe,,Ni,,P,,B; 8-102 2-105 858 9-10° 6.6-10°

4 Mg, Cu,, Y, 4-108 ~10- 580 103 1.6-10°
Zr,, ,Ti;; Cu,, Ni(Bey, . | 5-10* ~10- 850 4-10°¢ 3.1-10*
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AG,/n characterize the conditions under which the effect of amorphization
of metals is impossible.

For metals of the second group (Ni, Ge), the values of the AG,/n
criterion occupy the interval ~108-10° s7!, which can be considered as a
measure of the GFA of one-component melts, which are amorphized in
the thinnest (<1 pm) sections of rapidly quenched foils.

The Fe-based alloys presented in Table 1 as materials of the third group,
have a higher tendency to noncrystalline solidification compared to pure
metals and, at the same time, significantly different. The values AG,/n
calculated for these alloys limits a rather wide range (=7-105-2-107 s71),
which also includes many other alloys that are amorphized upon quen-
ching from the liquid state in sections [/, from 10 to 800 um.

The lowest level of the AG,/n criterion (~10*-10° s™') was recorded
by calculations for bulk-amorphized alloys of the fourth group (Table 1),
in which the structures of metal glasses are fixed under the conditions
of obtaining castings with a thickness of 4—50 mm.

An analysis of the relationship of the AG,/n criterion with the
parameters [, and u (T, ), which control the thermal regime and crys-
tallization kinetics of melts, shows that the amorphizing materials stu-
died in [66] have the range of AG,/n ~ 10*-10'° s!. Consequently, from
the kinetic point of view, the different tendency of metal melts to
noncrystalline solidification can be explained by the difference in the
crystal growth rates at a temperature 7T ,.. The quantitative criterion
defining the quantity u (¢,,,) is the ratio AG,/n. The critical value of this
parameter, which separates the glassy materials from materials that do
not exhibit such a capacity under any physically correct melt cooling
conditions, is ~10'° s, which corresponds to u (T, ) ~ 1 m/s.

As the parameter AG,/n decreases, the tendency of materials to
noncrystalline solidification increases and, starting from values ~10¢ s!
(u(T,,.) = 10° m/s), they acquire the ability to bulk amorphization. The
intermediate region between the indicated limit values of the parameters
AG,/n and u(T,,.) is occupied by a wide range of materials of the second
and third groups, which are obtained in the amorphous state by the known
methods of rapid cooling of the melt on the heat-conducting substrates.

In conclusion, we note that the parameter values u (T, ) and [, given
in Table 1, are the main result of the version of the thermokinetic
analysis of the metal melts glassy solidification conditions proposed in
Ref. [66]. The originality of the AG,/n criterion is in reflecting the
physical picture of the metal glasses formation, linking the glass-
forming ability of materials with the thermal regime of the process and
the crystal growth kinetics. Unfortunately, for using the AG,/n criterion
in order to predict the results of the QLS, there are difficulties due to
the limited reference information on the temperature dependences of
the AG, and n parameters for many known and newly created glassy
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alloys. At the same time, the models developed for calculating the ther-
modynamic parameters [71-74] as well as theoretical and experimental
estimates of the supercooled melts viscosity [17, 75—77], partially re-
move these limitations and expand the possibilities of applying the
approach [66] in studies and manufacturing technologies for metal
glasses of new classes.

5. Analysis of the Materials’ Tendency
to the Total Suppression of the Crystallization

As shown above, rapidly quenched amorphous alloys are the result of
crystallization suppression and ‘freezing’ of the melt atomic configuration
corresponding to the glass transition temperature T,. In the model
studies of these processes [7, 12, 13], the critical melt cooling rate v, at
which only a negligible fraction of the crystalline phase x, is fixed per
unit volume, which is commensurable with the sensitivity limits of
transmission electron microscopy (~107%) or x-ray phase analysis (~1072),
is determined. The v, value is calculated by a coordinated solution of the
thermal and kinetic tasks for the melt layers that solidify in contact
with a massive heat sink. It was shown [66] that the v, parameter
characterizes the thermal regime under which the crystal growth pro-
cesses are suppressed, while the action of the nucleation mechanism does
not stop. Obviously, with an increasing of the cooling rate relatively v,,
the favourable conditions that will slow down the process of crystal nu-
cleation should be created. The ultimate occurrence of this effect is the
complete suppression of crystallization with the fixation of truly amor-
phous structures, which are devoid of inclusions of the crystalline phase.

In the only known example of a quantitative analysis of the conditions
for the formation of such structures [78], an algorithm for calculating
the critical cooling rate v?, at which suppresses the crystal nucleation
process, is proposed. The v} parameters for materials of different clas-
ses (oxides, molecular liquids, pure metals, etc.) are estimated. It is
shown that, overall, the proposed method allows estimating the relative
tendency of the studied substances to amorphization. However, both
some assumptions used in calculating of the physical parameters of the
model, and the obtained estimates of the v} value, in particular, concer-
ning to pure metals, need to be clarified and verified. Indeed, according
to the data of [78], for pure tin, the value v} is only ~10% K/s, although
there is no information in the literature regarding the susceptibility of
this metal to noncrystalline solidification.

To obtain more objective estimates of the complete-amorphization
conditions for metal melts, authors of Refs. [79-81] used an improved
algorithm for calculating the critical cooling rate vi. At that point, no
more than one crystalline nucleus is formed in a unit volume during the
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passage of the temperature range T,—T,. Assuming a constant cooling
rate for layers of a given thickness, the v} values were determined using
the following basic relationship:

T

f I(T)dT < 1. (21)

Tg

Sl

The calculations were performed for the same metals and alloys
with different glass forming abilities, which were used in [66] when
analysing the conditions for the formation of metal glasses. It is shown
that the real perspective to complete suppression of crystallization with
the possibility of experimental confirmation of the effect revealed by
the calculations is provided only by bulk-amorphized alloys of the fourth
group, which are based on Mg and Zr. The corresponding values v} are
~107 and ~3 -10* K/s. Such cooling rates can be achieved by the well-
known QLS methods.

To develop the calculation algorithm [79—-81], a combined model of
amorphization of metal melts was proposed in [7]. It provides for the
sequential determination of two critical parameters v, and v}. This
allows us to perform a comparative analysis of thermal conditions that
ensure the formation of amorphous—nanocrystalline structures, charac-
teristic for metal glasses and truly amorphous states without inclusions
of ‘frozen’ crystallization centres.

Constructing a combined model of suppression crystallization, we
proceeded from the fact that, as the cooling rate increases, the conditions
for the growth processes (v = v, x,  10?) and then the nucleation of
crystals (v = v}, NV < 1, where N/ is the number of crystallization
centres arising in the studied volume V over the entire cooling time of
the melt) become impossible. The results of two series of calculations
are presented in Ref. [7]. In the calculations of first series, the critical
values of the cooling rate v, and the thickness [, of the melt layers, at
which the volume fraction of crystalline phase inclusions does not exceed
the sensitivity limit of x-ray phase analysis (~1072), were determined.
The calculations were carried out using the algorithm for the coordinated
numerical solution of the kinetic equation (9) with one-dimensional
differential heat equations for the melt and heat receiver [8, 57]. The
values of the parameters I, R,, u included in relation (9) were determined
using the formulas of the classical crystallization theory [82] under the
assumption of homogeneous nucleation and normal crystal growth
mechanisms.

In the second block of calculations for the melt layers of thickness
I <1,, we determined the number of crystalline nuclei N} that form upon
cooling from T, to T, in a given volume V = SI, where S = 10* m? is the
surface area of plane-parallel samples used in structural studies. For
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this purpose, we used the ratio:

N! = szj (1)

dT. (22)

In calculating of dependences I (T), we took into account the correc-
tion of the nonstationary nature of distribution of heterophase fluctua-
tions in size under conditions of the melts rapid cooling [78]:

I(T) = I(T)exp(-1/t), (23)

I(T) = Mex 16 L (24)
0 2 3 AG2 (T)k,T

nV,fGZ (25)

" D(TAGA(T)’

_Tf dT

= , 26
[ (26)

where I, is a stationary frequency of crystallization centres formation,
T is a delay time when establishing a stationary size distribution of sub-
critical nuclei, ¢ is a cooling time of the melt from T, to T, N, is a
number of atoms per unit volume, D is a diffusion coefficient of atoms
at the melt—crystal interface, a, is an interface thickness (atomic dia-
meter), V_ is a molar volume, c is a specific free energy of the crystal
surface, and AG,, is a molar difference of free energies of liquid and
crystalline phases.

The diffusion coefficient was expressed through the dynamic visco-
sity of the melt n using the Stokes—Einstein relation:

DTy =TT (27)
3ra,n(T)

Taking into account Eqgs. (23)—(27), Eq. (22) can be presented in the
form:

I exp| ——22|exp| - KM _yp (a8
7 n(T) (T) TAG?(T) TAG:(T)t
where
NE
K, =_, 29
' 3na (29)
2_3
K2 = M’ (30)
3k,
2 2_2
_3maV,o 31)
kB
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Fig. 6. Dependences of the stationary I, (dashed) and nonstationary I (solid lines)
nucleation frequencies on the reduced supercooling AT, for Ni layers quenched from
the liquid state with cooling rates v > v,: 1.7-10° K/s (1), 5.5-10° K/s (2), 1.1-10"
K/s (3), and 2.3-10'2 K/s (4) [7]

As a quantitative characteristic of the tendency of materials to the
nucleation process suppression, the authors of [7] considered the critical
thickness of the melt layer [%, which ensures the fulfilment of inequality
NY < 1. The critical cooling rate v, which corresponds to this thickness,
was determined by a joint analysis of the dependences v(T) and I(T),
giving to v} parameter the value of the function v(7T) at the temperature
of the maximum nucleation frequency.

The results of calculations of critical parameters I, v,, [}, v} in a
generalized form are presented in Table 2. As one can see, the values [,

Table 2. Calculated values of the critical parameters providing the formation
of metallic glasses (l,, v,) and truly amorphous (I, v}) structures [7]

Thickness (um) and cooling rate (K/s) of melt layers
Material

L I , Ve Lo
Ni 0.25 <1[67] |1.7-10°| ~10%°[67] - -
Fey By, 43 40 [13] |5.5-10°(6.5-105[13]| 0.09 [6.3-10°
Mg,,Cu,, Y, 7.4-10%] 4-10° [84] 34 50 [84] 10 [1.3-107

7-102% [83]
Zr,, ,Ti,;,Cu,, Ni, Be,, . | 5-10* | 5-10* [84] 1.3 1.0 [84] 550 |2.7-10°%
1.8 [46]
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Fig. 7. Dependences of the I A(T,) (dashed line) and IA(T,) (solid lines) for the
Zr,, ,Ti ; Cu,, Ni, Be,, ; alloy layers quenched from the liquid state with cooling
rates v 2 v, 1.3 K/s (1), 64.4 K/s (2), 9.8-102 K/s (3), and 2.7-10° K/s (4) [7]

and v, determined by the results of the first block of model calculations
are consistent with the experimental estimates given in the literature,
which indicates the adequacy of the mathematical model used in [7]
(along with other mathematical models [85]) and the correctness of the
calculated data obtained with its help.

According to the values of the critical thickness I} and cooling rate
v of the melt layers, which are presented in the Table 2, the fundamental
possibility of complete suppression of crystallization processes demon-
strate only materials with medium and high levels of GFA. This pos-
sibility appears in the Fey,B,, alloy only under extreme conditions of
QLS (I = 0.1 pm, v} ~ 10! K/s), the guaranteed providing of which is
problematic. For the bulk-amorphized Mg- and Zr-based alloys, the cri-
tical values of the analysed parameters (10 pm, ~107 K/s and 550 pum,
~3:10% K/s, respectively) can be achieved by traditionally used QLS
methods, such as melt spinning and casting into a metal mould.

In the final section of Ref. [7], an analysis of factors, which control
the nucleation kinetics under conditions of melts rapid cooling, was
made. For this purpose, according to Egs. (23)—(26), the dependences of
the frequency of stationary (I,) and non-stationary (I) nucleation on
reduced supercooling of the melt AT, were calculated. The dependences
I(AT)) were calculated for various cooling rates v, < v < vl. Calculated
results for materials with a minimum (Ni) and maximum (Zr-based
alloy) glass forming ability are shown in Figs. 6 and 7.

As can be seen from the graphs I (AT,), the compared materials are
characterized by radically different values of the maximum of statio-
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nary nucleation frequency Iy** and the corresponding supercoolings
AT™= of the melt. For Ni, the analysed parameters are, respectively,
~4-10% m=3-s?! and 0.49, while, for the Zr-alloy, their values decrease
to ~10'° m3- s and 0.29. An analysis of the dependences I,(AT,) for all
the materials studied in [7] leads to the conclusion that one of the
probable reasons for the impossibility of obtaining pure metals in a
truly amorphous state is the very high (>10% m™=s') values of Iy
parameter.

It is also important that the maximum values of stationary nuclea-
tion frequency are achieved with deep ((0.44-0.49)T ) supercoolings of
single-component melts. This increases the length of the period of high-
speed crystallization centres formation and, therefore, reduces the pro-
bability of noncrystalline solidification of metals.

In the framework of the discussed above argument, which relates
the tendency of materials to form truly amorphous structures with para-
meters I** and AT™=*, the bulk-amorphized alloys, due to incomparably
lower values I* in comparison with pure metals and a shift of I (AT))
dependences to lower reduced supercoolings, are among the materials
most prone to complete crystallization suppression. Nevertheless, according
to the calculated data, even the lowest parameter values I;*>* =10 m3-s*
and AT™=* = 0.29 for the five-component Zr-based alloy analysed in [7]
do not provide structures without inclusions of quenching nuclei.

The second important factor, which controls the tendency of mate-
rials to completely crystallization suppression, is the sensitivity of the
crystal nucleation kinetics, which is due to the nonstationary nature of
the processes of crystalline nuclei formation upon quenching from a li-
quid state to the melt cooling mode. To illustrate the effectiveness of
this criterion in [7, 81], the dependences of the of nonstationary nuclea-
tion frequency on reduced supercooling I(AT,) were calculated for various
cooling rates of melts v, < v < v} and were combined with graphs I (AT).

As seen from Figs. 6 and 7, with an increasing of the cooling rate,
the maximum values of the nonstationary nucleation frequency are de-
creasing, the I(AT,) graphs narrow and shift to a region of lower values
AT.. The observed changes in the dependences I(AT,) contribute to an
increase in the probability of noncrystalline solidification of QLS pro-
ducts. However, in materials with low glass-forming ability, a tendency
to slow down of nucleation processes is detected only at extremely high
(>10'2 K/s) cooling rates (Fig. 6), which exceeds the limit level for the
known QLS methods. Moreover, pure metals in the entire range of
cooling rate variation retains high (>102° m=3-s7!) values of the nucleation
frequency, which makes it impossible to obtain truly amorphous states.
On the contrary, for the Mg- and Zr-based bulk-amorphized alloys, the
maximum of I(AT,) dependences decreases to ~10%-10'* m=3.s7! (Fig. 7),
which represents real conditions for nucleation processes suppressing.
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6. Conclusions

A review of the literature data on the conditions for partial and complete
suppression of crystallization during rapid cooling of metal melts is
carried out.

The advantages and limitations of the thermodynamic, structural,
physicochemical, and kinetic criteria used to predict the tendency of ma-
terials to noncrystalline solidification are considered. It is shown that
the kinetic approach based on the algorithm for the consistent solution
of the heat conduction equations and crystallization kinetics for thin
melt layers hardening in contact with a massive heat receiver is the
most universal and physically correct.

Examples of using of developed by the authors model of effective
nucleation and crystal growth rates in computational studies of the
complex transformations kinetics, in which several crystalline phases
and/or crystallization mechanisms are competing, are presented.

The results of a computational analysis of the melting cooling regi-
mes in which the total fraction of the crystallized volume does not
exceed the sensitivity limit of transmission electron microscopy (~107°)
are presented. It is shown that the probability of the formation of amor-
phous—nanocrystalline structures typical to metal glasses is determined
by the crystal growth rate, the value of which is controlled by the ratio
of the difference between the free energies of the liquid phases, which
are crystallizing AG, and melt viscosity n. Estimations of the AG,/n
criterion are obtained for materials of four groups with significantly
different glass-forming ability.

The literature data on the fundamental possibility and physical pre-
mises of the complete suppression of crystallization of metal melts are
generalized. Evidence that under real conditions of QLS, true amor-
phous states can be obtained only in bulk-amorphized alloys that soli-
dify in the form of metal glasses in cross sections of more than 1 mm
is presented. It is concluded that the main factors increasing the ten-
dency of melts to complete crystallization suppression are relatively low
(£10%° m=3.s7!) stationary nucleation frequencies, as well as the effect of
the retardation of crystallization centres formation with increasing the
cooling rate.
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YMOBU OOEPKAHHSA METAJITYHHUX CTEKOJI
TA CYTO AMOP®HNX MATEPIAJIIB

BukonaHo orsapn jgitTepaTypHHX AaHUX 3 IpobaeMu (PopMyBaHHS HEBIOPSIAKOBAHUX
CTPYKTYPHUX CTaHIiB IIPU IIBUAKOMY OXOJIOAKEeHHI MeTameBux poaroniB. HoBusHa aB-
TOPCHKOTO MiAXO/y IMOJIArae B TOMY, 1110, OKPiM 3araJbHOBIKUBAHOTO MOJEJII0 MeTAIeBUX
crexkos (MC), AKi B CTPYKTYPHOMY BiJHOIIIEHHi ABJSIOTH CO00I0 aMOP(HO-HAHOKPUC-
TaJdiyHi KOMIO3UTH, aHAJI3YyIOThCcA yMOBU (ikcamii ogHodasHUX aMOPHHUX CTPYK-
Typ, T030aBJIEHNX BKJIOUEHb KPUCTATIYHOI CKJIamoBoi. Po3riasaHyTo KpuTepii cXuiab-
HOCTH PO3TOIIiB A0 HEKPUCTAJIIYHOTO TBEPAiHHA: «TJIMO0OKOI eBTEKTUKU», TEPMOAMHA-
MiuHi, CTPYKTypHi (TomoJsoriuni), ¢ismko-xemiuni Ta KiHetmuni. OcobiuBy yBary
npujijieHo po6oTaM, B SKUX KPUTUUYHI 3HAYEHHS TOBIIWHU Ta IIBUJKOCTU OXOJIOI-
JKeHHA PO3TOIIiB, 1o 3abesmeuyoTh (GopmyBanusa MC, BU3HAUAIOTH ILISAXOM y3TOI-
JKEHOT0 PO3B’A3aHHs TEIJIOBOI Ta KiHeTuyHOI 3a4a4, chOpPMYyJIbOBAHUX CTOCOBHO IIPO-
mecy rapryBaHHa 3 pigkoro cramy (I'PC). IloxkasaHo, 10 BUKOPUCTAHHA MOJIEJIO
e()eKTUBHUX IITBUJKOCTEH 3apPOAKEeHHS Ta POCTY KPUCTAJIIB Y AOCHIiMKeHHAX KiHETUKN
MacoBOI KpHCTaisalii yMOMKIMBIIIOE aHATIByBaTU CKJAAHI IIepeTBOPEHHSA, IO 3Tii-
CHIOIOTHCSI 32 YMOB KOHKYPEHIIii JeKiMIbKOoX KpucTtaniuHux ¢as i/abo mexaHisMiB me-
PEeTBOpPEHHS, a TAKOXK CIPOIIYE PO3PAXYHKU IIapaMeTpPiB MiKPOCTPYKTYPH IIPOAYKTiB
T'PC. HagaHo meraibHy XapaKTEePUCTUKY 3aIIPOIIOHOBAHOI aBTOpaMU TePMOKiHEeTHUHOL
aHayisu ymoB amopdisaliii merameBux poaroni. J[oBeneHO, 1110 HMOBipHicTE (hopmy-
BaHHS CTPYKTYPU METaJeBUX CTEKOJI, IEepPII 32 BCe, BUSHAUAETHCA HMIBUAKICTIO pOCTy
KPUCTAJiB, BeJIMUMHA AKOI KOHTPOJIIOETHCA BiAHOIIEHHAM PiKHUI BiJIbHUX eHeprii
piakoi Ta kpucrariunoi pas AG, mo B’a3kocTu n posrony. BusHaueHo iHTepBanu 3Ha-
4eHb Kpurepito AG,/n Ljd MaTepidAiiB 4OTHPHOX IPYI i3 icTOTHO pisHOIO 3maTHIiCTIO
IO CKJIOYTBOPEHHS. 3aKJIUHUNA PO3IiJ MICUTH pe3yJbTaTH PO3PaXyHKOBOI aHaisu
YMOB HpUTHiIYEeHHS HIpoIeciB 3apogKyBaHHA Ta (ikcamii cyro amophHUX CTPYKTYp-
HUX CTaHiB. 3a JaHUMHU BIiANIOBiZHWX JiTepaTypHUX AKepeJs MOKa3aHO, II0 PeajbHY
MePCHeKTUBY OJePyKaHHA MOBHICTI0O aMOPGHUX CTPYKTYP JEMOHCTPYIOTH JIUIIIE CTOIH,
10 TBepAHYTH ¥ Burasaai MC npu JuTTi y MeTajaeBy BUJIMBHUIIO. 3p00JIeHO BUCHOBOK,
110 TOJIOBHUMHU YMHHUKAMHU, AKi MiABUNIYIOTH HMOBIpHICTH IITOJ0 abCOJIIOTHOI aMOp-
(isarii, € BigzHocHO HU3BKI (70 10%° M~3- ¢') 3HAUEHHS CTALiOHAPHOI YACTOTH YTBOPEH-
HS IEeHTPIiB KpucTajisaiii i AcKpaBO BUpa'KeHa TEHIEHIIiA YIOBiJILHEHHS IIPOIIECiB
3apOJ}KEHHSA 3 POCTOM IIIBUJKOCTU OXOJIOJYKEHHS PO3TOIIB.

KiarouoBi croBa: rapTyBaHHsS 3 PiIKOro CTaHy, KpUTePil CXUIBHOCTH A0 amopdisarrii,
MeTaJIeBi cTeKkJsa, cyTo aMop(dHi cTaHM, MOZeJi HEPiBHOBasKHOI KpucTaidisaiii, mBug-
KIiCTh POCTY KPUCTAJIIB, YaCTOTA 3aPOSKOYTBOPEHHS.
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VCJIOBUS TTOJIYYEHUS METAJIJIMYECKUX CTEKOJI
" ITIO4JINHHO AMOP®HBIX MATEPUAJIOB

Boernosraen 0630p JIMTEPATYPHBIX JAHHBIX 110 IpobieMe GOpMUPOBAHUSA HEYIIOPALOUEH-
HBIX CTPYKTYPHBIX COCTOSIHUM HpPU OBICTPOM OXJIAMKJEHUN MeTaJJIMYECKUX pacIia-
BoB. HoBM3HA aBTOPCKOrO MOAXOLA COCTOUT B TOM, UTO, KpOME OOIEIIPUHATON MOLIe-
au metajanueckux ctéxoJ (MC), KoTopble B CTPYKTYPHOM OTHOIIIEHUY MIPEACTABIIAIOT
c060i1 aMmophHO-HAHOKPUCTAJINYECKIE KOMIIO3UTHI, AaHAJIN3UPYIOTCA YCI0BUA QUKCca-
nuu ofHOo(Ma3HBIX aMOPMHBIX CTPYKTYP, JUIIIEHHBIX BKJIIOUEHUN KPUCTAIINYECKON
cocTaBisionieii. PaccMoTpeHbl KpUTEPUY CKJIOHHOCTY DACILIABOB K HEKPUCTAJLINYE-
CKOMY 3aTBEDAEBAHUIO: «[JIYOOKON 9BTEKTUKW», TEPMOAUHAMUUYECKUE, CTPYKTYDHBIE
(TomoJsiornueckue), GUINKO-XUMHUUecKUe U KuHeTnueckne. Ocoboe BHUMaHUE yAEI€HO
paboraM, B KOTOPBIX KPUTHUYECKNE 3HAUEHUS TOJIWHBI ¥ CKOPOCTU OXJIAMKEHUS pac-
I1aBoB, obecneuynBaiomue (opmupoBanve MC, ompenensiioT MyTEM COIJIACOBAHHOIO
pellleHns TEeIJIOBON M KWHETHUYECKOH 3axa4, chOPMYJMPOBAHHBIX MPUMEHUTEIBHO K
mporieccy 3akanaku us Kugroro cocrosHus (33KC). ITokasamo, YTO MCIIOJIbL30BaHUE
mozesnu 3 (HEeKTUBHBIX CKOPOCTEH 3apOKIEeHNA U POCTA KPUCTAJJIOB B NCCJIEOBAHUIX
KUHETUKN MacCCOBOIM KPUCTAJIN3AIMU IT03BOJISIET aHAJIM3UPOBATH CJIOYKHBIE IIPeBpa-
IIeHNs, KOTOPbIE OCYII[ECTBJISIIOTCS B YCJIOBUSAX KOHKYDPEHIINN HECKOJbKUX KPUCTAJI-
JudecKux (pas um/wiam MexaHW3MOB IPEBPAI[eHUsI, a TaAK/Ke YyIPOIaeT pacuéThl mapa-
MeTPOB MUKPOCTPYKTYDPHI npoaykToB 33KC. IIpencraiena merajbHas XapaKTePUCTHU-
Ka MPeIJIOKEeHHOT0 aBTOPaMU TePMOKMHETHYECKOIr'0 aHajIn3a ycJIoBUil amopdusanuu
MeTaJIMYEeCKUX PaciiaBoB. J[0KasaHO, UTO BEPOSATHOCTH (DOPMUPOBAHUS CTPYKTYPHI
MeTaJLINYEeCKUX CTEKOJI, IIPEK/e BCEro, OIPeesIeTcsi CKOPOCTHI0 POCTa KPUCTAJLIOB,
BeJIMYMHA KOTOPON KOHTPOJIUPYETCSA OTHOIIEHWEM DA3HOCTH CBOOOJHBIX BJHEPTrUi
JKUKOHN U KpucTawindeckoil pas AG, K BA3KoOCTHU 1 pacmiaaBa. OnpesesieHb HHTEPBA-
JIBI 3HaYeHWH Kpurepud AG,/m A MaTepUaJIOB YeTHIPEX T'PYIII C CYIeCTBEHHO Das-
JINYHOHM CKJIOHHOCTBIO K CTEKJIOOODA30BAHWIO. 3aKJIIOUNTENbHBIN Dasmesl CONepIKUT
pe3yJbTaThl PACUETHOTO AHAJIM3A YCJIOBUM IIOAABJIEHUS IIPOIECCOB 3apOABIIIIE00paso-
BaHUA U (pUKCAUY UCTUHHO aMOP(HBIX CTPYKTYPHBIX cocTosHui. Ilo faHHBIM COOT-
BETCTBYIOIUX JINTEPATYPHBIX WMCTOUYHUKOB IMOKA3aHO, YTO PEAJIBHYIO IEePCIEKTUBY
MOJIYYEHUSI TOJHOCTHI0 aMOPOHBIX CTPYKTYD NEMOHCTPUDPYIOT TOJBKO CILIABBI, 3a-
tBepzeBatomue B Buge MC npu suTbe B MeTAINYECKYIO U3JI0KHUIY. CloesiaH BBIBOJ
0 TOM, YTO I'JIaBHBIMU (haKTOpPaMU, IOBBIIIAIOIIMMY BEPOSATHOCTH a0COJIOTHOM aMop-
(pusamuu, ABIAAIOTCA OTHOCUTENbHO HusKHe (1o 10%° m3- ¢7!) sHaueHUsA cTAaMOHAPHOMN
YacTOTHI 06PA30BAHMS IEHTPOB KPUCTAINBAIUY U APKO BhIDAYKEHHAS TeHIEHIIUs 3a-
MeJJIeHUs IPOIECCOB 3aPOKAEHUSA C POCTOM CKOPOCTH OXJIAKAEHUS PACIIaBOB.

KiaroueBble cioBa: 3aKajKa U3 JKUJKOIO COCTOAHUS, KPUTEPUU CKJIOHHOCTH K aMOp-
dusanuu, MeTaaIndecKre CTEKJIa, MICTUHHO aMOP(HBIE COCTOSHUS, MOJEJI HepaBHO-
BECHOII KPUCTAJLIN3AIINH, CKOPOCTh POCTAa KPUCTAJJIOB, YaCTOTA 3apOAbIIIIe00pa30BaHMA.
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