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CONDITIONS FOR PARTIAL AND COMPLETE CRYSTALLIZATION
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For bulk-amorphizing alloys MgesCuzsY10 and Zra12Ti138Cu125NioBezzs, the thickness and cooling
rate of melt layers is calculated, which ensure the formation of X-ray amorphous structures typical for

metallic glasses (|C,UC ), and truly amorphous states without inclusions of «frozen-in crystallization

centers» (|Z ,U: ). Correlation of the calculated values |.,0c with the known experimental estimates is
achieved. It is shown that both studied alloys demonstrate a predisposition to complete suppression of
crystallization processes at physically correct values of the parameters IZ and U: (10 pm; 1,3-107 K/s and

550 pum; 2,7-10° K/s for alloys based on Mg and Zr, respectively). It is concluded that the most significant
factors controlling the tendency of materials to noncrystalline solidification are the decrease in the
frequency of non-stationary nucleation with the increase in the rate of QLS, as well as relatively low <1018
m= s1) maximum values of the rate of stationary crystallization centers formation.
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1. Introduction

In the history of metal physics, Professor of Dnepropetrovsk State University (now Oles
Honchar Dnipro National University) lvan Stepanovich Miroshnichenko takes the honorable
place of the founder of the scientific and technological direction, called quenching from a
liquid state (QLS). A deep understanding of the regularities of the metal alloys structure
formation under the influence of various factors, including the cooling rate, in combination
with the talent of an experimental physicist allowed him not only to predict the effectiveness
of a fundamentally new type of heat treatment as a way of fixing morphological changes in
the microstructure, the formation of abnormally supersaturated solid solutions, metastable
crystalline and amorphous phases, but also to obtain experimental confirmation of the listed
structural effects. The most important results of scientific research by 1.S. Miroshnichenko
are summarized in the monograph [1], which for many years has been a source of basic
knowledge for physicists and materials scientists interested in the problem of QLS.

In recent decades, the scientific undertakings of 1.S. Miroshnichenko are developing and
improving in the works of metal physicists of a new formation, prepared by his students at
universities and academic institutes of Dnipro, Kyiv, Donetsk, Zaporizhzhia, Kamianske and
other cities of Ukraine. In particular, at the Department of Condensed Matter Physics of
Dnipro State Technical University, there is a scientific school focused on complex studies of
the relationships of the dynamic mode of QLS with the kinetics of nonequilibrium
crystallization of metal melts, as well as on the development of new amorphous and
nanocrystalline alloys, methods for their preparation and expansion of the scope of technical
use.

This paper presents the results of research by a team of authors belonging to the above
scientific school. The work was carried out in the development of thinking of
I.S. Miroshnichenko [2] concerning to the nature of the amorphous state in rapidly quenched
materials. Its main goal was a comparative computational analysis of the critical cooling rates

v and vg, which ensure the formation of conditionally amorphous structures, typical for
metallic glasses (MG), and truly amorphous states (TAS), devoid of inclusions of «quenched
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(or frozen-in) nuclei». The objects of research were multicomponent alloys based on
magnesium (MgesCuzsY10) and zirconium (Zrai12TiizsCuUizsNioBezz5), which demonstrate
a tendency to bulk amorphization at casting into a metal mold [3,4]. The choice of the
given alloys is dictated by the availability of literature data on the temperature
dependences of the parameters which settings the crystallization kinetics, as well as

experimental estimates of the critical cooling rates v2® sufficient for the formation of the
MG structure.

2. Principles of Modeling Crystallization Processes in Conditions of QLS

To achieve this purpose, we used the method of coordinated numerical solution of
differential equations of thermal conductivity for the melt and heat sink with the equation
of mass crystallization kinetics obtained within the approximation of effective rates of
nucleation and crystals growth [5]. The advantage of the used approximation is the
possibility of complex processes analyzing, for example, competitive crystallization with
the participation of equilibrium and metastable phases [6, 7] or solidification of the laser
reflow zone, which is carried out using two alternative crystallization mechanisms [8]. In
addition, the approach [5] facilitates the procedure for calculating the microstructural
parameters of the products of the QLS [9, 10].

In part of the physical assumptions of the model for melt layers with a thickness of
| > 1 mm, the scheme of casting into a metal mold with walls of finite thickness was used
[11]. Studies of thinner (I <1 mm) layers were based on a scheme for removing heat into
a semi-infinite copper substrate [9], which corresponds to the cooling principle in the
most common method of melt spinning.

Taking into account the results of electron microscopic studies of the size,
morphology and nature of the distribution of crystalline phase inclusions in the structure
of metallic glasses [12, 13], it was considered that they are the result of the action of
mechanisms of homogeneous nucleation and further isotropic growth of spherical
crystallization centers. When creating a combined model of partial and complete
crystallization suppression, we proceeded from the fact that with an increase in the
cooling rate v conditions are consistently created, under which growth processes become
impossible (v = v, ; Xe = 10, where X. is the resulting crystallized volume fraction), and

then the nucleation of crystals (v=uv.;NY <1, where NY — the total number of
crystallization centers arising in the investigated volume V during the cooling of the melt
from the melting point T, to the glassy solidification temperature Tg). In connection with
the above, two series of calculations were performed.

In the calculations of the first series, the critical thickness Ic of the melt layers (or
the half-thickness of chill castings) and the corresponding values of the cooling rate v,
at which the volume fraction of crystalline phase inclusions is xe = 102 and, therefore,
cannot be detected by X-ray phase analysis, were determined. The proportion of the
volume x that underwent crystallization at a given time was calculated using the integral
equation [5]:

3

X(t) = %;; Ja=x@n1) R @)+ [ @-x(u(dt” | dt’. (1)

where 1 is the nucleation frequency; R¢ is the radius of the crystal nucleus of critical size;
u is the crystal growth rate; tn is the time the melt reaches the melting temperature Tp;
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t,t',t" — current moments of time (t, <t'<t"<t<t,, t, — the moment of completion of
the transformation (x, ~0,99 or T, =T )).

The parameters I, Re, u, included in Eq. (1) were determined by the formulas of the
classical theory of crystallization [14, 15] for the mechanisms of homogeneous nucleation
and normal growth of crystals. All the details of the calculations of the critical parameters
I.,vc reflecting the conditions for the formation of the metallic glasses structure are
givenin[9, 11].

The calculation analysis of the conditions for complete crystallization suppression
was carried out on the basis that amorphous structures devoid of «quenching nuclei» can
be obtained only in layers with a thickness I<Ic, the cooling rate of which exceeds the
critical levelv. . Therefore, in the second block of calculations, for different values of

I<I¢, the number of crystallization centers N that are formed during the passage of the
temperature interval T, —T, in a given volume V =S-1 was determined, where

S =10"*m? is the surface area of the samples used in structural studies. Calculations were
carried out according to the ratio:

NY =s-|f[u(T)]‘1|(r)dT. )

The temperature dependences of the nucleation frequency 1(7) were calculated by
the method [16] taking into account the nonstationary character of the size distribution of
heterophase fluctuations under conditions of rapid cooling of the melt:

I(T)=1,(T)exp(—z/t), 3

1,(T) = Ny D(T)exp|-162v26° 1[3AG2 (T) -k, T |} a9, (4)
=262 [D(T)AG2(T)), )

t= J.[U(T)]*ldT : (6)

where |l — is the stationary nucleation frequency; = — is the time to establish a stationary
size distribution of subcritical nuclei; t — is the cooling time of the melt from T to T; Ny —
is the number of atoms per unit volume; D — is the diffusion coefficient of atoms at the
melt-crystal interface; ao — is the thickness of the interface (atomic diameter); Vi — is the
molar volume; o — is the specific free energy of the crystal surface; AGm — is the
difference between the molar free energies of the liquid and crystalline phases; kp —
Boltzmann constant.

The D value was expressed in terms of the dynamic viscosity of the melt  using the
Stokes-Einstein relation:

D(T) =k, T /[37 20 -(T)]. Y
Taking into account relations (3) — (7), equation (2) was transformed to the form:

T -1

NY =51 [T/ o) kz/(me;m)]-ex{— w/ (rac?(n)[ () dT]dT . ®
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where
k, = Ny k, /(37 -a3), ©)
k, =162V.25° I(3K,) , (10)
k, =37%a,-Via?Ik,. (11)

As a criterion for the tendency of materials to suppress the nucleation process, we
considered the critical thickness of the layers Ié, which ensures the fulfillment of the

inequality N <1. The corresponding value of the critical cooling rate o, was
determined by joint analysis of the dependences o(T) and I(T), giving to the parameter

ve the values of the function o(T) at the temperature of the maximum nucleation

frequency.
The magnitude of the thermodynamic stimulus of crystallization AGn(7) for the Mg-
alloy was calculated by the ratio:

T T,

m m

T T
AG,(T)=AH,, ~AT/Tm + [ac, (TET =T [(ac, (1)/T")dT" (12)

where ACp is the difference in the specific heat capacities of the liquid and crystalline
phases.

In this case, we used the experimental values AH»=8,65-10% J/mol, T = 780K and
the temperature dependence ACy(T) from [3]:

AC,(T)=17,52-10° +18-10° - T*-102-10° - T%. (13)

For the Zr-based alloy, the AGn(7) values were determined using the empirical
relation given in [4]:

AG,(T)=158-10* -7,97-T —4,09-10° - T*-7,76-10° . T? +346-10° .T? (14)

The values of the viscosity of supercooled melts for the compositions MgesCuzsY 10
and Zrs12Ti138Cu13sNi1oBez s were determined using the experimental dependences n(T)
from [3] and [17], respectively.

The specific free energy of the interface between the crystalline phase and the melt ¢
was considered independent of temperature and was estimated according to the procedure
described in [18].

3. Conditions for the formation of metallic glasses
In accordance with the supplied tasks, in the first block of model calculations for the
investigated alloys, the critical parameters lc, vc, which ensure the fulfillment of the

condition x, ~1072, were determined. The primary results of the calculations were
obtained in the form of graphs of the time change of temperature and the converted
volume fraction for melt layers of different thicknesses. As an example, Fig. 1 shows the
dependences T(t) and x(t) for the MgssCuzsY10 alloy.

A cooperative analysis of the presented temperature and kinetic curves allows us to
conclude that crystallization in relatively thin layers (1 =3-10"* m) does not significantly
affect the course of the dependence T(t), which demonstrates continuous cooling of the
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melt. This means that the value of the released latent heat of transformation is negligible
in comparison with the heat flux removed from the melt to the quenching block. The end
result of such a thermal regime is the glassy solidification of the supercooled melt at
temperature T, with the formation of a metallic glass structure consisting of an
amorphous matrix and inclusions of "quenched nuclei”. For the example under
consideration, the volume fraction of crystallization centers does not exceed ~1072, and
their number per unit volume and average dimensions are 2.7-10** m and 6.2-107 m,
respectively.

The dependences T(t) and x(t) for Mg-alloy layers with a thickness of 1 = 1.2:102
m also have a fundamentally different character (dashed curves in Fig. 1). As can be seen,
at different stages of the process, the solidification of the melt occurs under different
thermal conditions. At the initial stage, the ratio of the heat flux released to the substrate
is added in favor of the latter, whereupon the layer temperature decreases. However,

when the volume fraction of the crystalline phase x~107% is reached, the flow of the
latent heat of transformation becomes dominant, which leads to the appearance of a
recalescent section in the dependence T(t).
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Fig. 1. Calculated dependences T(t) and x(t) for MgesCuzsY 10 alloy solidifying layers with a thickness of
1=3103m(1,2) and | =1.2-102 m (1°, 2°)

In turn, the qualitative change in the temperature regime of the partially crystallized
layer from cooling to heating is accompanied by an abrupt decrease in the nucleation
frequency to such low values at which the formation of new crystallization centers ceases.
In this case, the crystal growth rate decreases insignificantly. As a result of the observed
changes in the kinetic parameters of I, u at the final stage of solidification, crystallization
occurs exclusively through the growth of previously formed centers, which causes a
roughening of the microstructure. Under the influence of the considered thermal regime,

completely crystallized structures (x, ~0,99 ) with an average crystal size R, ~5-10° m
are formed. Similar features of thermal regimes and crystallization kinetics were also
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revealed by calculations for conventionally “thin” and “thick” layers of a zirconium-
based alloy.

In order to determine the critical values of the thickness I, of the melt layers and
the corresponding cooling rate v at which structures of metallic glasses are formed in
the alloys under study, the final value of the crystallized volume fraction x, was
calculated for layers of different thicknesses, and then the dependences x, (1) shown in
Fig. 2 were plotted.

In the analyzed figure, the dotted line shows a value x, =102 that is commensurate
with the sensitivity of the X-ray phase analysis and, therefore, is not detected in the X-ray
diffraction patterns. The values of the critical parameter |, were determined from the
points of intersection of the dependencies x,(I) with the dashed line. The corresponding
critical cooling rates v, were calculated using the relations Igv = f(lgl) proposed in
[19] for three intervals of | values, each of which belongs to a certain group of QLS

methods: | < 20 pm — the «shot» method; | < (20-100) microns — methods of rapid
cooling of melts on moving heat-conducting substrates; |> 100 um — mold casting
methods.

g/
Fig. 2. Dependences of the final crystallized volume fraction xe on the layer thickness of the studied
alloys: 1 - MgesCuzsYio, 2 - Zra12Ti1ssCui25Ni0Bez2s. The dark symbols mark the experimental
estimates of the parameter lc.

The found values of the parameters | ,v. agree with the known experimental estimates

of the critical thickness and cooling rate of the layers of the MgesCuzsYio and
Zra2Ti138CuU13sNioBexs melts, which ensure the formation of the metallic glasses
structure (Fig. 2, Table 1). The achieved correlation between the calculated and
experimental data indicates the adequacy of the used mathematical model and the
correctness of the results obtained with its help.

4. Conditions of for truly amorphous structures fixation

In the second block of calculations, the fundamental possibility and conditions of
obtaining single-phase amorphous structures in the alloys under study were studied. As

noted above, the quantitative criterion for the formation of TAS is the inequality N <1,
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which means that during the cooling of the melt from 7:, to Ty, not a single crystallization
center is formed in the volume of rapidly quenched samples. To solve this problem, we
calculated the cooling curves T(t) and graphs of the change with time in the number of

crystalline nuclei arising in a given volume NV (t)

According to obtained calculated data, which are graphically presented in Fig. 3 for
Zr-alloy layers of different thicknesses I<lc, the formation of QLS products is carried out
under conditions of a continuous decrease in temperature. It was found that the processes
of crystal nucleation begin at deep supercooling of the melt (AT, ~0,2) and practically

ends at temperatures T,, close to T, (T,, =T, + (40 —90)K ). Comparative analysis of the

final values of the number of crystallization centers N formed in the alloys under study

shows that, firstly, as | decreases, the value N significantly decreases, and, secondly,

for the Zr-based alloy at the identical values of | it is considerably less than for Mg-alloy.
The latter result indicates a higher predisposition of the Zr-alloy to complete suppression
of crystallization processes with fixation of a truly amorphous state.
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Fig. 3. Calculated dependences T(t) (1, 1°) and NV(t) (2, 2°) for layers of Zrs12Ti138Cui25NioBez2s alloy
with thickness I<Ic : 103 m (1, 2) and 5-103 m (1°, 2°)
In order to verify this conclusion, the dependences NY (1) were calculated by
varying the thickness of the melt layers in the range from Ic(xe zlo’z) to Ié(NQ’ zl).

The corresponding results are summarized in Fig. 4.
The dashed straight line in the lower part of the figure corresponds to the value

NY =1, and the points of its intersection with the graphs N (1) correspond to the values
of the critical thickness of the melt layers I at which the action of the crystal nucleation
mechanism is suppressed. It can be seen that both studied alloys exhibit a tendency to
complete suppression of crystallization at the values of 1 =10 um for the Mg-based alloy
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and 12 =550 um for the Zr-alloy. Such thicknesses of the melt layers correspond to the

values of the critical cooling rates vg equal to 1,3-10” K/s and 2,7-10° K/s (Table 1).
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Fig. 4. Dependences of number of crystals N;/ which are formed in given volume during cooling from
Tm to Tg, on layer thickness I<lc, for alloys based on Mg (1) and Zr (2)

Table 1

Critical values of parameters which provides the formation of conditionally and truly

amorphous structures in QLS-products

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

Allo
Y e 1% Ve P e vg
4-10°[20
MgesCuizsY 10 74103 7.103[[3]] 34 |50[20]| 10 | 13107
1,0
: - 3 3 [20] 3
Zru12TisgsCusssNisoBezas | 50-10° | 50-10°[20] | 13 | gl | 550 | 2,710
[21]

The obtained results of the computational analysis allow us to conclude that the
MgssCuzsY10 alloy can be transformed into an amorphous state without inclusions of

«frozen-in crystallization centers» by the method of melt spinning,
Zr15Ti138Cu12sNioBex s alloy — by injection molding into a metal mold.

and the

5. Analysis of the factors controlling the tendency of materials to complete
suppressing of crystallization processes

In accordance with the condition N! <1, the tendency of materials to form truly
amorphous structures is determined by the nucleation kinetics, which indicates the need
for a detailed analysis of the influence of compositional and technological factors on the
frequency of formation of crystallization centers in a supercooled melt. For this purpose,
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by using Egs. (3) — (6), we calculated the dependences of the frequencies of stationary Io
and nonstationary | crystal nucleation on the reduced supercooling of the melts AT, (Fig.

5). The dependences 1(AT,) were calculated for different cooling ratesv <uv,. .
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Fig. 5. Dependences of the frequency of stationary lo (dashed line) and nonstationary I (solid lines)
nucleation on reduced supercooling AT for MgesCuzsY10 (&) 1 Zra1.2Ti138Cu125Ni10Bezzs (b) alloys
guenched from the liquid state with cooling rates v > vc (K/s): 1-33,6;2—-977; 3-4,7-10% 4-1,3-107
;1°-1.3; 2’ -64,4;3-9,8-10% 4-2,7-10°

As can be seen from the graphs I(AT,), the maximum values of the stationary

nucleation frequency 1™ and the corresponding supercooling of melts AT,™® in alloys

based on Mg and Zr are differ significantly. For Mg-alloy, these parameters are ~ 5-10%
m=-s and 0.33, and for an alloy based on Zr ~ 1,4-10° m=-s and 0.29. Comparing the

given values 15, it can be concluded that one of the reasons providing the advantages

of the Zr alloy with respect to the tendency to noncrystalline solidification is the lower
level of the maximum frequency of stationary nucleation. It is also important that the

maximum of dependence 1,(AT, ) is achieved at a lower value AT[™ . This shortens the
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duration of the high-rate nucleation period and further enhances the glass-forming ability
of the alloy. However, according to the obtained calculating data, even a combination of

relatively low parameter values 1,®and AT,"™ does not provide the fixation of a truly
amorphous state in the Zrs2TiizsCui25NieBezs alloy under conditions close to
equilibrium (at v 0,1 K/s).

In addition to the value of 15" and A7, another factor that controls the tendency
of materials to completely suppress crystallization is the susceptibility of the crystal
nucleation Kinetics to the dynamic regime of the QLS. This is evidenced by the calculated
changes in the dependences 1(AT,) corresponding to different cooling rates. As can be
seen from Fig. 5, with increasingv , there is a decrease in the maximum values of the
nonstationary nucleation frequency and a displacement of the graphs 1(AT,) towards the
region of lower supercoolings.

For evidentness and the possibility of a quantitative estimation of the noted
transformations of the graphs 1(AT), Fig. 6 shows the dependences of the analyzed

parameters 1™ and AT,™® on the cooling rate of the melts.
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Fig. 6. Dependences of the maximum values of the nonstationary nucleation frequency (dark symbols)
and the corresponding reduced supercoolings (light symbols) on the cooling rate for MgesCuzsY10 (®,0)
and Zr412Ti138Cu13sNiwoBezs (A, A) alloys

It can be seen that with an increase in the QLS rate, the absolute values of the
maxima of the nonstationary nucleation frequency for the Mg-alloy decreases by
approximately 6 orders of magnitude, and the corresponding values of the reduced
supercooling decreases in the range of 0.33 — 0.23. The effect of complete suppression of

crystallization is achieved in layers cooled at a rate of v; =13-10" K/s at values of
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™ =3.10"m® s and AT™ =0,23. In the layers of the Zr-based alloy, the
acceleration of the QLS process is accompanied by a decreasing in the maximum values
of 1 by ~ 1.5 orders of magnitude, and the parameter A7™ from 0.29 to 0.255. In this

case, the numerical values 1™ are significantly inferior to those for the Mg-alloy. This
increases the glass-forming ability of the Zr4i12Ti138CU125Ni10Beszs alloy and provides a

real possibility of suppressing the nucleation processes at a cooling rate v;. =2,7-10°K/s.

6. Conclusions

1. Using the algorithm for the coordinated numerical solution of the equations of
thermal conductivity and crystallization Kinetics for bulk-amorphizing alloys
M965CU25Y10 and ZI’41,2Ti13,8CU12,5NiloBezz,s, the calculated values of the critical thickness
. and cooling rate v. of the melt layers are obtained. At such parameters a

conditionally amorphous structure with inclusions of «quenching nuclei», typical for
metallic glasses, is formed. Correlation of the results of the computational analysis with
the corresponding experimental data has been achieved.

2. Based on the results of the analysis of the dependences of the number of
crystallization centers formed in a given volume during the cooling time from 7', to T,

it is shown that in real conditions of the QLS the criterion of complete suppression of
crystallization is fulfilled at the following values of the critical parameters: I¢ =10 um,

ve =2,7-10°K/s for an alloy based on Zr; 15 =550 um, vg =1.3-107 K/s for Mg-alloy.

3. It has been established that in terms of the degree of influence on the tendency of
melts to complete suppression of crystallization, the dominant factor is the tendency to
slow down the processes of crystal nucleation with an increase in the cooling rate, which
appears itself against the background of relatively low (<10 m=3-s1) values of the
stationary nucleation frequency.
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