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*
The estimation method of the melt critical cooling rate u_  at which the nucleation processes are completely
suppressed and fixed truly amorphous structure that does not contain "quenched nuclei" crystalline phase, is

suggested. The calculations of u * values were performed for materias with significantly different glass forming

ability: pure metas (Al, Ni),

aloy FegB, and the bulk amorphized aloys (MgeCuxsYye and

Zr415Ti138CU12NigoBex 5). It is shown that to prevent the crystallization in the pure metals melts are necessary

*
cooling rates ~ 10" - 10™ K-s™. Applied to the bulk amorphized aloys u_. values are decreased up to
~ 10*K-s? that indicates the principal possibility of truly amorphous states obtaining in the products of rapid

guenching with the cross sections to about ~ 130 um.

Key words. quenching from aliquid state, melt cooling rate, truly amorphous state, nucleation frequency.
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I ntr oduction

According to modern physical conceptions based on
the results of the experimental [1 - 3] and theoretical [4 -
6] investigations, metalic glasses (MG) obtained by
rapid quenching of melts are not amorphous materials in
the drict sense of the word. According to the
classification proposed by Glezer A.M. [7] they have an
amorphous-nanocrystalline structure which consigs of a
glassy matrix with inclusons of so-called "quenched
nuclei". It follows that in manufacturing of MG
predominantly suppresses the processes of crystals
growth while the action of nucleation mechanism does
not ceases. Contrariwise, in the literature there are some
publications [3, 8, 9], which reported obtaining truly
amorphous structures without quenched nucle.

Thus, the data presented in the modern literature
does not provide an unambiguous answer to the question
about the possibility of complete suppression of
crystallization processes in the rapid quenching products.
This shows the relevance of specially designed studies of
atruly amorphous material s obtaining problem.

In this paper the algorithm for design-theoretical
analysis of the conditions of formation of amorphous
structures without nanoscale inclusions of the crystalline
phase, by which we obtain estimates of the critica
cooling rate which causing complete suppression of
nucleation processes, for materials with significantly
different glass-forming ability.
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|. Characteristics of used model

The physical model of complete suppression of
crystallization construct based on the condition that

during the melt cooling from the melting point T, to the
glass trangtion temperature Ty in the unit of volumeis

formed less than one crystal nucleus. In the formalized

form this condition was represented by the relation:
1 Tm

o I(T)dT <1

Tg

where uf is the critica cooling rate of the melt

(congtant for a given materia); | (T) is the homogeneous

nuclegtion rate.

The temperature dependences |1(T) set by the
equations of the classical theory of crystallization [10]
taking into account the effect of non-stationary size
distribution of heterophase fluctuations [11].

In the result a final inequation by the instrumentality of

*
u_

D)

*
u were obtained:

which defines the value of
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where N, is the number of atoms per unit volume;D —

u.
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diffusion coefficient of the atoms at the interphase
boundary; a, — interphase boundary thickness (atomic
diameter); k — Boltzmann congtant; V,, is the molar
volume; h — dynamic viscosity of the melt; R is the gas
constant; s — the specific free energy of the interface
crystal-melt; DGy, is the molar free-energy difference of
theliquid and crystal phases.

Calculations were carried out for materials with
different glass-forming ability: pure metals Al, Ni, one of
which (Ni) is fixed in the amorphous state at extremely
high (~ 10 K-c?) cooling rates of melt, alloy FesBao,
characterized by midrange of glass-forming ability [12],
and aso well-known bulk amorphized alloys
MJssClysY 10 @Nd Zry 2 Ti38CU125Ni0Bes, 5 [13, 14].

As is seen from the relation (2), the value of the
integrand expression is determined substantidly by the
temperature dependences of three parameters. the
diffuson coefficient D, the energy stimulus of
crystallization DGy, and melt viscosity h.

The diffusion coefficient was determined by the
previousdy calculated values of viscosity using the
Stokes-Einstein equation:

kT
D=——
3pagh
In its turn, the temperature dependences of the viscosity

were approximated by the empirical equation of Voge-
Fulcher-Tamman [15]:

3

8

& B C
h(T) = Aexp x 4
T-Tog
where A, B, T, - constants depending on the nature of a
material.
Calculating details of the temperature dependences
h(T) and DG, (T)for pure metas are given in the

paper [16]. For aloy FegB,y the dependencel (T) was
estimated by the ratio proposed in [12]. For Mg- and Zr-
based bulk glass-forming alloys we used the dependences
of supercooled melts viscosity presented in [13] and [17]
and experimental data [13, 18] allowing to calculate the
valuesDG,(T) . The specific free energy of the interface

crystal-melt o for all of the materiads was evaluated
according to the method of [19].

II. Resultsand analysis

The results of the setlement analysis are
summarized in the table. It can be seen that the selected
for investigation materials are characterized by

essentially different values of the critical cooling rate uf

causing suppression of nucleation. For pure metas
analyzable parameter is ~10"-10"K-s® which
corresponds to a critical thickness of the rapidly
guenched fails I* ~(4-9)-10° nm [20]. Listed values of
the melt cooling rates and layer thicknesses can not be

achieved by the modern methods of rapid quenching
indicating the impossibility of obtaining observable
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metalsin atruly amorphous state.
For alloy FegpBy an action of homogeneous
nucleation mechanism is terminated at melt cooling rate

of theu. ~510°K-st (I* ~ 0,88 nm). Similar values

u- and | liesat thelimit of possibility of the traditional

methods of quenching from the liquid state. Hence,
guaranteed obtaining of rapidly cooled samples of alloy
FegoB2o not containing "quenched nucle” is low-
probability.

As can be seen from the table, during quenching
from the liquid state of Mg- and Zr-based aloys which
are inclined to the formation of bulk metalic glasses,
truly amorphous structures fixed at a relatively small
values of the critical cooling rate of ~ 10" and 3-10* K-s?,
i.e. in the layers with thickness of ~4 and ~ 125 mm,
respectively. These results lead to the conclusion that the
principal possibility of experimenta verification of the
effect of the complete suppression of homogeneous
nucleation processes during rapid cooling of easily glass-
forming aloys MgssCUzsY 10 and
Zr42Ti138CU125Ni10BE; 5.

The tabular data analysis shows that one of the
reasons for significant differences for critical speeds of
rapid quenching of materials are very high maximum
values of gtationary nucleation frequency for pure metals

(1™ = 10* - 10 m®s?"), which are achieved at the

deep reduced supercoolings of melt (DTr0 ~ 0,44 - 0,49).
With increasing of glass-forming ability of the material,

parameters I(r)nax and DTrO are decreased, reaching

values of ~ 4.3140"" — 1.26x0' and ~ 0.33 and 0.29 for
alloys MgssCuzsY 10 and Zr4; 5 Ti138CU125Ni10BE 5.

Transformation of dependences identified by
calculations leads to the fact that at a given rate of QLS
time of the met cooling from the material melting
temperature to temperature of sationary nucleation
maximum, and also number of crystallization centers
formed during this time decreased and thus increases the
probability of complete suppression of nucleation
processes.

and DTC

important criterion for propensity of meltsto form atruly
amorphous structures are sensitivity of nucleation
kinetics to the regime of melt cooling. To illustrate the
effect of these criteria specifying different cooling rates
of melts the non-stationary frequency nucleation from the
reduced supercooling was calculated and compared with

graphs 15(DTy) (figs. 1-3). It can be seen that the

Besides parameters I(r)nax are an

presented series of dependencies | (DT,) possesses
qualitatively similar dome-like character, but differ by
significantly lower maximum values of nucleation
frequency for easily glassforming Zr-based alloy.
Furthermore, for this aloy calculated curves |(DT,)
exhibits a higher sensitivity to cooling conditions than
similar dependence for Al (fig. 1) and alloy FegoByo (fig.
2). Indeed, as can be seen from fig. 3, an evident
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Fig. 1. Dependences of stationary nucleation (dotted line) and nonstationary nucleation (solid lines) frequency
from the reduced supercooling for pure Al at various cooling rates (K>s™): 10™ (a); 10* (b); 10* (c);
10" (d); 1.540™ (e)
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Fig. 2. Dependences of stationary nucleation (dotted line) and nonstationary nucleation (solid lines) frequency
from the reduced supercooling for alloy FesoBy at various cooling rates (K>s?): 10° (a); 108 (b); 10'° (c); 510" (d)

decrease of the maximum values of the nucleation
frequency and shift of the maximum of

| (DT, ) dependence towards lower values DT, observed

even at cooling rates uf ~ 10° K's*. At the same time
dependencies | (DT, ) for alloy FegBy undergo similar

changes at cooling rates u- =~ 10° kst (fig. 2), and at
guenching of the molten aluminum nucleation processes
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start to slow down only at extremely high values of uf
102 K-¢* (fig. 1).

The described changes of nucleation processes
kinetics leads to a dgnificant reduction of the
dependences | (DT, ) maximum with increasing of the
melt cooling rate. For example, at critical regimes of
rapid quenching the maximum values of non-stationary
nucleation frequency reduced in comparison with the
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Fig. 3. Dependences of stationary nucleation (dotted ling) and nonstationary nucleation (solid lines) frequency from
the reduced supercooling for alloy Zrs; »Ti13sCuUs2sNigBey 5 a various cooling rates (K»s™):
10° (a); 10° (b); 10* (c); 3.340" (d)

Table
The calculated values of the nucleation frequency and the critical cooling rate for investigated materials
* max max *
Ne Material u., Fom | to | proamay | au., | pr 1M
1 ' 3 1 0 3 .1
Ks m>-s m>-s

1 |Al 1.540" | 4.1:10™ | 4.140% 0.44 2.040" 0.26

2 | Ni 5.040% | 9.510™ | 3.840* 0.49 2.6740% 0.26

3 | FesBuo 4810 | 88107 | 1.840% 0.39 1.2630° 0.22

4 | MgesClbsY 1o 1.1-10° | 410° | 4.320Y 0.33 7.6:10° 0.21

5 | ZraoTizssCliosNizoBerns | 3.3-10° | 125:10° | 1.310% 0.29 2.2:10° 0.20

max .

velueof I about 25 orders of magnitude for Al, 14
orders for alloy FeyByo and 7 orders of magnitude for Conclusions

aloy Zra; 5 Ti138CuUs25Ni0Bey 5 (table).
Despite this, the observable pure metals retain a high
nucleating ability which explains the high level of the

corresponding values uf . Conversdly, the maximum of

I (DT;) dependences for aloys MgesCuxsYie and
Zr412Ti138CU125Ni10Bexs 5 is reduced to values of about ~
10° — 10° m™ s which creates a real conditions for the
complete suppression of crystallization under quenching
from theliquid state conditions.

1. An agorithm for estimation of the metal melts

critical cooling rate u. which providing nucleation
processes suppression and fixing of truly amorphous
structures without inclusions of "quenched nuclei" of
crystalline phases.

2. By calculations is ascertained that for complete
prevention of crystallization in pure metal melts are
necessary cooling rates of ~ 10" — 10 K>s* which can
not be achieved by known methods of quenching from
the melt. When using the bulk amorphized aloys the
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values u. are reduced up to ~330*Kx?* which
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Jucenxo O.b. - noktop (i3UKO-MaTeMaTHYHHUX HAyK,

indicates about the pri_nci pled possibility of_ obtai ning a JIOLEHT, 3aBifyBau Kadeapn (i3HKH KOHIEHCOBAHOTO
truly amorphous states in the products of rapid quenching crany;
with the cross sections up to ~ 130 pum. 3azopynvko I1.B. - acmipant kadenpu  Disuku
3. The main factors that increase the tendency of KOHJICHCOBAHOT'O CTAHY,
alloys to absolute amorphization are relatively low Kaninina T.B. - crapmmii Buknagau kadenpu (isuku
(1g™ <10®m®s") values of dationary nucleation KOH/ICHCOBAHOI'O CTaHy,
Kazanuyeea TI'.O. - acmipant xadeapu izuku

frequency and pronounced tendency of nucleation

processes slowing with the growth of melt cooling rate. KOHACHCOBAHOTO CTaHy.
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YMOBM NPUTHIYeHHS POLECIB 3aPOIKeHHS KPUCTAJIB NIPH
3arapTyBaHHI 3 PiAKOro cTaHy
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*
3arporoHOBaHO METOIMKY OL[IHKHA KPUTHYHOI IIBUIKOCTI OXOJIO/KEHHS PO3IUIaBiB U_ , IIPH SKil IOBHICTIO

NPUTHIYYIOTBCS NIPOLECH 3apOAKOYTBOPEHHA Ta (iKCyeTbCs ICTMHHO aMop(dHa CTPYKTypa, LIO HE MICTHTb
*
"3arapToBaHuX 3apozKiB" kpucraniuHoi (asu. Po3paxyHku 3HaueHb U_ IIPOBEIECHO Ul MaTepiallB i3 CYITEBO
BIZIMIHHOIO CXMJIBHICTIO 110 cKioyrBopeHHs: umctux wmetaniB (Al, Ni), cruiaBa FegByy Ta cruasis, mio
yrBoprotoTh MacuBHi MeTaneBi crekna  (MJesClpsY 1o U Zrg 2 Ti138CUsNijoBEys). TlokaszaHo, 1mo mist
3anobiraHHs KpUCcTallizalii y po3iaBax YUCTHX METalliB HeOOXiJHI IIBUIKOCTI OXOIO/DKEHHS ~ 108 - 10" K-c™.
*
. 4 -1 .

CTOCOBHO JI0 CIUIAaBIB, 110 JIETKO CKIIYIOThCS, 3Ha4€HHS U_  3MeHIIytoThes ax 1o ~ 3-10" K-¢™, mo cBiguuts npo
[PUHIUIIOBY MOMJIMBICTh OTPUMAHHS iCTHHHO aMOp(GHMX MaTepialiB B NPOAYKTAaX ILIBHUIKOrO 3arapTyBaHH:I
neperuHamu 10 ~ 130 MKM.

KurouoBi ciioBa: 3arapTyBaHHS 3 PiIIKOrO CTaHy, MIBUIKICTH OXOJIO/UKCHHs PO3IUIABY, ICTUHHO aMOpQHi
CTPYKTYpH, 4aCTOTa 3apOIKOYTBOPEHHSI.
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