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SEMI-EMPIRICAL KINETIC MODEL
FOR PHASE SELECTION IN RAPIDLY SOLIDIFIED
MULTICOMPONENT CONCENTRATED ALLOYS

1. Introduction

A semi-empirical kinetic model is formulated for phase selection in multicomponent concen-
trated alloys under rapid-solidification conditions. The proposed approach is based on the criti-
cal cooling rate required to suppress competing crystallization pathways and combines topology-
dependent ranking of crystallization pathways leading to BCC-, FCC-, and HCP-like structures
with a correction accounting for glass-forming ability. The model includes a topology-dependent
correction to the effective melt viscosity and a continuous glass-forming ability correction fac-
tor based on mixing enthalpy, excess entropy, and atomic-size mismatch. Comparison with
experimental and computational data shows that the proposed kinetic phase-selection criterion
identifies cases in which the kinetically preferred lattice type differs from that predicted by the
valence electron concentration criterion, describes kinetic suppression of phase separation, and
reveals competitive multiphase crystallization. The model also distinguishes between alloys with
high and low glass-forming ability. The proposed model enables evaluation of kinetic compe-
tition between crystallization pathways and identification of the probable kinetically dominant
pathway in rapidly solidified multicomponent alloys.

Keywords: multicomponent concentrated alloys, high-entropy alloys, rapid solidification,
critical cooling rate, phase selection, melt viscosity, glass-forming ability, kinetic model.

sitional concept, namely high configurational entropy,
compositional complexity, or the presence of several

Multicomponent concentrated alloys form a broad
family of metallic systems described by closely related
and partly overlapping terms, including high-entropy
alloys (HEASs), complex concentrated alloys (CCAs),
and multi-principal-element alloys (MPEAs). These
terms emphasize different aspects of the same compo-
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principal elements. In such systems, phase formation
and properties are governed by chemical, topolog-
ical, electronic, and kinetic factors. Stimulated by
the pioneering works of Yeh et al. [1] and Cantor et
al. [2], this compositional design strategy has trans-
formed modern physical metallurgy by shifting alloy
design from single-principal-element systems to com-
positions containing several principal elements and
by opening new possibilities for controlling phase for-
mation, structure—property relationships, functional
behavior, and applications [3-5].

The growing interest in these materials is asso-
ciated with their ability to combine high strength,
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hardness, thermal stability, wear and corrosion resis-
tance, and, in selected systems, functional properties
such as superconductivity, shape-memory behavior,
or enhanced radiation tolerance [6-10]. At the same
time, the enormous compositional space of multicom-
ponent alloys has stimulated the development of data-
driven and machine-learning approaches for acceler-
ated materials discovery [11].

Multicomponent concentrated alloys can be pro-
duced by various processing routes, including arc
melting, powder metallurgy, mechanical alloying,
additive manufacturing, thin-film deposition, and
rapid solidification techniques. Among these meth-
ods, rapid quenching, laser alloying, and thin-film de-
position are especially important because they impose
strongly nonequilibrium solidification or growth con-
ditions. In rapid quenching and laser alloying, cooling
rates may exceed 10* K/s, whereas thin-film depo-
sition additionally restricts atomic diffusion through
nanoscale growth geometry and high heat extrac-
tion rates. Under such conditions, diffusional par-
titioning can be suppressed, the microstructure is
refined, and metastable solid solutions, nanocrys-
talline structures, or amorphous states may form [12—
17]. Such effects were observed, for example, in splat-
quenched CoCrg gCug g4FeNi and in metastable Co—
Cr-Fe-Mn-Ni high-entropy alloy thin films, where
rapid cooling or nonequilibrium deposition changed
the structural state and physical properties of the al-
loys [13,14]. Therefore, these nonequilibrium process-
ing routes represent not only technological methods
for obtaining improved properties, but also physical
regimes in which phase selection must be treated as
a kinetic rather than purely equilibrium problem.

Numerous empirical and semi-empirical criteria
have been proposed to rationalize phase formation
in these systems. Most of them are based on static
parameters, including the valence electron concen-
tration, the enthalpy and entropy of mixing, the
atomic size mismatch, electronegativity differences,
and related thermodynamic or topological parame-
ters [6, 7, 18]. These criteria are useful under near-
equilibrium conditions, but their predictive capability
becomes limited when alloys are produced by rapid
solidification.

Under rapid cooling, where effective cooling rates
may reach or exceed 10 K/s, phase selection is
governed not only by thermodynamic stability, but
also by kinetic competition between alternative nu-
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cleation and growth pathways. The first phase to ap-
pear may therefore be not the equilibrium phase, but
the structure with the lowest effective kinetic barrier
for nucleation. A kinetic description is consequently
required to account for atomic mobility, melt viscos-
ity, incubation time, and the finite time available for
crystallization.

Classical nucleation models provide the physical
basis for such an approach, but their direct appli-
cation to multicomponent concentrated alloys is lim-
ited by the lack of reliable data on interfacial ener-
gies, wetting angles, diffusion coeflicients, and nucle-
ation site characteristics. A more practical route is
based on the critical cooling rate required to sup-
press crystallization. The model of Takeuchi and In-
oue relates this quantity to the thermodynamic sta-
bility of the liquid phase and the effective viscosity of
the melt [19,20]. However, its application to complex
concentrated alloys requires a consistent treatment
of topology-dependent viscosity and glass-forming
ability.

In previous studies, the thermodynamic, electronic,
atomic-size, and topological parameters of the inves-
tigated alloy systems were systematically evaluated
and compared with experimentally observed phase
constitutions [12]. These experimental and parameter
datasets provide the quantitative basis for the present
work, in which the critical cooling rates for competing
BCC-, FCC-, and HCP-like crystallization pathways
are evaluated within a regularized semi-empirical ki-
netic model. The present study focuses on the physi-
cal basis, mathematical regularization, glass-forming
ability correction, and applicability limits of the pro-
posed phase-selection criterion.

The objective of this work is to formulate a semi-
empirical kinetic model for predicting phase forma-
tion in rapidly solidified multicomponent concen-
trated alloys, with particular emphasis on the regular-
ization of the BCC topological multiplier, the incor-
poration of a glass-forming ability correction, and the
applicability limits of the resulting phase-selection
criterion.

The proposed approach is not intended to replace
CALPHAD calculations, atomistic simulations, or ex-
perimental phase analysis. It is designed for prelimi-
nary evaluation of kinetic phase competition in chem-
ically complex melts, for which complete information
on interfacial energies, diffusion coefficients, wetting
conditions, and nucleation-site characteristics is usu-
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ally unavailable. In this sense, the model can be used
to identify probable kinetically dominant crystalliza-
tion pathways under rapid solidification conditions.

2. Model Formulation

The prediction of phase formation in multicompo-
nent concentrated alloys under nonequilibrium solid-
ification requires a model that consistently combines
thermodynamic driving forces with kinetic limita-
tions. Conventional empirical criteria provide useful
estimates of phase stability under near-equilibrium
conditions, but they inherently neglect atomic mo-
bility and the time-dependent nature of phase trans-
formations. To overcome these limitations, a predic-
tive model for rapidly solidified multicomponent al-
loys must combine thermodynamic parameters with
kinetic parameters that remain calculable for chemi-
cally complex systems.

2.1. Critical cooling rate
and topology-dependent viscosity

A fundamental description of crystallization in un-
dercooled melts is provided by classical nucleation
theory. In kinetic formalisms developed for homoge-
neous and heterogeneous nucleation, the character-
istic incubation time is controlled by melt viscosity,
diffusional mobility, thermodynamic driving force, in-
terfacial conditions, and the degree of undercooling
[21-23]. For high-entropy alloys, a kinetic approach
to phase prediction was developed by Chattopad-
hyay et al. [25], who considered competition between
FCC-, BCC-, and HCP-like crystallization pathways
using melt viscosity and structural information. At
the same time, the non-steady-state nucleation ap-
proach of Girzhon, Smolyakov, and Yemelianchenko
[16, 17, 24] explicitly treats heterogeneous nucleation
under rapid-cooling conditions.

In real rapid-solidification experiments, several nu-
cleation mechanisms may coexist, including heteroge-
neous nucleation at the melt—substrate interface, nu-
cleation on internal catalytic sites, and homogeneous
nucleation in the melt volume at sufficiently large un-
dercooling. Therefore, in the present work, as in the
Takeuchi-Inoue model [19], no specific microscopic
nucleation mechanism is prescribed. Instead, the ki-
netic competition is characterized using an effective
macroscopic parameter, namely the critical cooling
rate required to suppress the corresponding crystal-
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lization pathway. In the model of Takeuchi and Inoue,
the critical cooling rate is related to the thermody-
namic stability of the liquid phase and the effective
viscosity of the melt [19]:

AGmix
eXp( BT ) (1)

where Z is a dimensionless empirical constant, kg is
the Boltzmann constant, T, is the melting temper-
ature, a is the average interatomic distance, n(Ty,)
is the dynamic viscosity at T,,, R is the universal
gas constant, AGpnix is the Gibbs free energy of mix-
ing, and T is the temperature used in the thermo-
dynamic correction to the kinetic prefactor. The pre-
exponential factor describes the kinetic contribution
through viscosity-dependent atomic mobility near the
melting temperature, whereas the exponential term
accounts for the thermodynamic stabilization of the
liquid state due to mixing.

For practical application to multicomponent alloys,
the Gibbs free energy of mixing is expressed as

ksT2

c = Z
R a377(Tm)

A(;mix = AI{mix - TmASresv (2)

where AH i, is the enthalpy of mixing and AS,es
is the residual entropy contribution. In the present
model, this entropy term is expressed as

ASres = ASmix + AS:rsa (3)

where ASpix is the ideal configurational entropy of
mixing, whereas AS,; is the negative excess-entropy
contribution associated with non-ideal atomic pack-
ing and atomic-size mismatch. Other entropy contri-
butions are generally unavailable for most multicom-
ponent melts and are not separated explicitly in the
present semi-empirical treatment. Their averaged im-
pact is partially taken into account by calibration
coefficients.

The central quantity controlling the kinetic pre-
exponential factor is the melt viscosity 1(Ty,). Ex-
perimental studies of Cu-based binary subsystems of
the Bi-Cu—Ga—Sn—Pb high-entropy alloy have shown
that viscosity is a structure-sensitive property of mul-
ticomponent metallic melts and that negative mixing
entropy values can indicate structural ordering in the
liquid state [26]. In chemically complex alloys, the ef-
fective viscosity is therefore not only a function of
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temperature and composition but may also be sensi-
tive to the local atomic topology that precedes crys-
tallization. Following the kinetic interpretation pro-
posed by Chattopadhyay et al. [25], the undercooled
melt is assumed to contain short-range structural
fluctuations associated with competing FCC-, BCC-,
and HCP-like crystallization pathways. To estimate
the corresponding effective viscosity, a modified rela-
tion based on the approach of Budai et al. [27] was
used:

hN.
0(T) = P(or) 7= exp[,(T)). (4)
alloy
- V., 0.155 A Hypix
v, (T) = ; ¢ilnn; +1n (hNC) - AT . ()

Here h is the Planck constant, Na is the Avogadro
constant, Vaioy is the molar volume of the alloy, c;
is the atomic fraction of the i-th element, n; is the
viscosity of the individual element, V, is the unit-cell
volume of the candidate crystal structure, N, is the
effective number of atoms in this cell, and P(dr) is
the topology-dependent multiplier.

The molar volume of the alloy was calculated from
the molar volumes of the constituent elements using
the rule of mixtures,

Valloy = Z ci‘/iv (6)
i=1

where V; is the molar volume of the i-th element. The
volume V. was determined using the hard-sphere ge-
ometric approximation,

Ve=p7, (7)

where 7 is the composition-averaged atomic ra-
dius and p is a structure-dependent geometric con-
stant. To justify the numerical values of p, the re-
lationship between the cell volume, the number of
atoms in the cell, and the atomic packing factor e
can be written as

N, (47 /3)7

Ve= (8)

Equating the two expressions gives p = 47 N./(3e).
For the BCC lattice, N, = 2 and € ~ 0.68, giv-
ing p ~ 12.32. For the FCC lattice, N. = 4 and
€ ~ 0.74, giving p ~ 22.63. For the HCP lattice, the
present formulation uses the full conventional hexag-
onal cell, i.e. a full hexagonal prism containing six
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atoms. In this convention, N, = 6 and € ~ 0.74, giv-
ing p ~ 33.94. This convention is equivalent to us-
ing the primitive HCP cell with N, = 2 and p ~
~ 11.31, because the viscosity expression contains the
ratio V./N..

To ensure the applicability of the kinetic model
to non-equiatomic concentrated alloys, the atomic-
size variation parameter was written in the mole-
fraction-weighted form. This quantity is mathemat-
ically equivalent to the classical atomic-size mis-
match parameter ér widely used in high-entropy alloy
physics:

or = lzn: C; (1 — 7)2]1/2, 7=

i=1

CiTi, (9)
=1

where r; is the atomic radius of the i-th element and
¢; is its atomic fraction. This formulation accounts
for the proportional contribution of both principal el-
ements and minor alloying additions to the overall
topological distortion of atomic packing and connects
the kinetic model with conventional static parameters
of atomic-size mismatch.

The individual elemental viscosities 7;(T) were
evaluated using the Arrhenius approximation. Al-
though the Vogel-Fulcher-Tammann relation is more
appropriate for describing the strongly non-linear vis-
cosity increase in deeply undercooled glass-forming
liquids, the Arrhenius form provides a practical es-
timate of the baseline elemental mobility near the
melting temperature. In the present semi-empirical
model, additional kinetic slowdown associated with
atomic-size mismatch and structural frustration pro-
moting glass formation is introduced through the
topology-dependent multiplier P(dr) and the glass-
forming ability correction factor.

The multiplier P(dr) accounts for differences in
atomic packing efficiency and local structural or-
der for competing crystal lattices. For closely packed
structures, such as face-centered cubic and hexago-
nal close-packed lattices, the topological multiplier is
defined as a linear function,

PFCC/HCP((ST) =1+ ENC(ST. (10)

Here € is the atomic packing factor of the corre-
sponding lattice. In the present formulation, ¢ = 0.74
for FCC and HCP structures, while N, = 4 for FCC
and N, = 6 for HCP. The use of N, = 6 for HCP
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corresponds to the full conventional hexagonal prism
considered in the topological multiplier.

For the less densely packed BCC structure, the
formulation used in earlier kinetic approaches is
piecewise-defined:

N,
Pooc =1+ edrc, 0 < or < 0.06, (11)
Pgcc =1+ eNbr, 6r > 0.06, (12)
where ¢ = 0.68 and N, = 2 for the BCC lat-

tice. This piecewise form reflects the assumption that
the kinetic preference for BCC-like ordering changes
when atomic-size dispersion exceeds a critical thresh-
old. However, the abrupt transition between two an-
alytical branches produces a nonphysical jump in the
calculated topological multiplier and, consequently,
in the effective viscosity.

Since the critical cooling rate depends sensitively
on viscosity, this discontinuity can generate artificial
jumps in the calculated R, values and may distort the
predicted phase ranking when BCC, FCC, and HCP
pathways have close kinetic priorities. To remove this
artifact, the discontinuous switch between the two
BCC branches is replaced by a continuous weighted
interpolation.

The transition region was shifted to ér =~ 0.05
to provide smooth matching of the low- and high-
mismatch regions before reaching the critical region
near 6r ~ 0.06. The weighting functions are defi-
ned as

Wi (ér) = %[1 — tanh (500(dr — 0.05))], (13)

1
W (6r) = 5[1 + tanh (500(0r — 0.05))]. (14)
The function W;(dr) gives the weight of the low
atomic-size-mismatch region, whereas Wy (0r) gives
the weight of the high atomic-size-mismatch re-
gion. These functions satisfy

Wl((ST) + Wh(ér) =1, (15)

which ensures a continuous weighted matching of the
two limiting analytical branches. The resulting con-
tinuous BCC topological multiplier is written as

.25 x 107°
Paoc(dr) = Wi(or) [18.61 <<57“ + 65(;20)} +

+ Wi (67)(0.895 + 0.157). (16)
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The coefficients in the regularized BCC multi-
plier were selected by numerical parametric test-
ing to ensure continuity, boundedness, and stable
viscosity calculations in the transition region. They
are not treated as new universal physical constants,
but as semi-empirical regularization parameters that
preserve the limiting behavior of the two original
BCC branches while removing the nonphysical dis-
continuity. This expression should be regarded as
a regularized interpolation between the two limit-
ing BCC branches. The hyperbolic-tangent weight-
ing functions provide a compact monotonic transition
with controllable width and preserve the asymptotic
behavior of the original branches outside the transi-
tion region. As a result, the calculation of the effective
viscosity is stabilized, and differences in the calcu-
lated critical cooling rates originate from the thermo-
dynamic and topological characteristics of the alloy
rather than from a discontinuity in the mathematical
representation.

2.2. Glass-forming ability
correction and phase-selection criterion

The topology-dependent viscosity correction stabi-
lizes the relative assessment of competing crystalline
pathways. However, the original macroscopic critical-
cooling-rate model may still yield overly optimistic,
i.e. underestimated, values of R, for alloys with in-
trinsically low glass-forming ability. This limitation
arises because the thermodynamic exponential term
does not fully capture the threshold character of
empirical glass-forming rules. For example, an alloy
with a slightly negative enthalpy of mixing may for-
mally exhibit a reduced calculated R, although such
a composition may still be difficult to amorphize
experimentally.

To account for this effect, a glass-forming ability
correction factor Fgra is introduced. The correction
is based on a continuous glass-forming ability index,
GFALdex, which combines three smooth threshold
scores describing the influence of mixing enthalpy, ex-
cess entropy, and atomic-size mismatch:

1
= 1 -
Scorey 1 + exp[—kz (AHmix — Ho)]’
1
SCOI'GS o 1+ eXP[k‘S(Ast/R + SO)] ’ (17)
e 1
coreq = - T exp[ka(or — o9
817
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Here Scorey reflects the requirement of sufficiently
negative mixing enthalpy, Scoreg describes the con-
tribution of non-ideal packing through the normal-
ized excess entropy, and Score; accounts directly
for atomic-size mismatch. The characteristic thresh-
old values corresponding to the midpoints of the
smooth threshold transitions are Hy = —15 kJ/mol,
So = 0.1, and 69 = 0.08, while ky = 1 mol/k]J
and kg = kg = 100 determine the sharpness of
these transitions. These threshold values are consis-
tent with empirical parameters commonly used to dis-
tinguish solid-solution, intermetallic, and amorphous-
forming tendencies in multicomponent metallic sys-
tems [18, 20, 30, 31].

The three scores are combined multiplicatively,
(18)

The multiplicative form ensures that a high
GFAji,dex is obtained only when the enthalpic, entro-
pic, and atomic-size conditions favorable for glass for-
mation are satisfied simultaneously. Thus, GFA;,qex
approaches unity only for alloys in which all three
contributions support amorphization. The final cor-
rection factor is defined as
P(lfGFAindex)

max )

GFA;,gex = Scorey Scoreg Scorey.

(19)
where Ppax = 30 defines the upper limit of the cor-
rection multiplier. This value was selected to keep
the limiting calculated critical cooling rates in the
range characteristic of metallic systems with low
glass-forming ability, including pure transition metals
such as Ni. When GFA; qex — 1, the correction ap-
proaches unity, corresponding to high glass-forming
ability. When GFAj,qex — 0, the calculated critical
cooling rate is increased, reflecting the higher cooling
rate required to suppress crystallization in alloys with
low glass-forming ability.

By combining the topology-dependent viscosity
correction and the glass-forming ability correction
factor, the final semi-empirical expression for the crit-
ical cooling rate is written as

Fopa =

R, = ztmln (®)F, (20)
c — a377<Tm) Xp GFA?
A]:Imix - TmASmix TmAst
P = . 21
bil Rl + fa RTor (21)

Here Tiof = 300 K is used as a reference temper-
ature corresponding approximately to the final tem-
perature of the samples after cooling to room tem-
perature and serves to normalize the thermodynamic
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correction terms. The kinetic prefactor remains con-
trolled by T, and n(T;,). f1 = 0.55 and fo = 2.0 are
calibration coefficients that scale the thermodynamic
contribution and the packing-related excess-entropy
correction in the exponent, while Z ~ 2 x 1076 is the
empirical prefactor [19]. The melting temperature of
the alloy is evaluated using the rule of mixtures,

n
Tm = § CiTm,ia
=1

where T, ; is the melting temperature of the i-th
component. The effective viscosity 7(T,,) is calcu-
lated using the topology-dependent multiplier corre-
sponding to the candidate lattice.

The numerical calculations were performed using
tabulated elemental properties, viscosity data, and bi-
nary interaction parameters from the literature. Mel-
ting temperatures, molar volumes, atomic radii, and
related elemental constants were taken from [6, 28].
Elemental viscosities and their temperature depen-
dences were evaluated using the data reported by
Battezzati and Greer [29] and in the Smithells refer-
ence data [28]. Atomic-size and mixing-enthalpy pa-
rameters used in the glass-forming ability correction
were based on the tabulations and empirical crite-
ria of Takeuchi and Inoue [20], together with general
phase-stability data summarized for multicomponent
concentrated alloys by Miracle and Senkov [6].

For a given alloy composition, the critical cooling
rate is calculated separately for the competing BCC-,
FCC-, and, where relevant, HCP-like crystallization
pathways. The crystallization pathway with the high-
est calculated value of R, is identified as kinetically
dominant. This interpretation follows from the phys-
ical meaning of R.: a higher cooling rate is required
to suppress a crystallization pathway associated with
more rapid nucleation and growth under the same
thermal conditions.

The criterion differs from equilibrium phase-sta-
bility rules. Static thermodynamic or electronic pa-
rameters identify phases favored under equilibrium or
near-equilibrium conditions, whereas the present ki-
netic criterion identifies the structure that is most dif-
ficult to suppress during rapid heat extraction. The-
refore, a metastable phase may become dominant if
it has the lowest effective kinetic barrier at the nucle-
ation stage.

Close R, values for different candidate structures
indicate strong kinetic competition. In such cases,

(22)
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small variations in local composition, thermal gra-
dient, cooling rate, or nucleation-site distribution
may change the crystallization sequence, leading to
multiphase or structurally heterogeneous solidifica-
tion. Conversely, if the imposed cooling rate exceeds
the critical cooling rates of all crystalline pathways,
crystallization may be suppressed and an amorphous
state may form, provided that the alloy also satisfies
the glass-forming requirements.

The model is intended primarily for evaluating ki-
netic competition between BCC-; FCC-, and HCP-
like crystallization pathways leading to simple solid-
solution structures. In its present form, the model
does not explicitly account for the formation of in-
termetallic compounds with complex crystal struc-
tures that are not derivatives of BCC or FCC lat-
tices, such as topologically close-packed Laves phases
or o phases. Therefore, the predicted dominance of a
given crystalline pathway should be interpreted as the
kinetic preference for the corresponding simple lat-
tice during the early stage of crystallization, rather
than as a complete description of the final phase
constitution.

3. Results and Discussion

3.1. Comparison with experimental
and computational data

To test the model, its predictions were compared with
experimental and computational data obtained in our
previous studies of rapidly solidified and thin-film
multicomponent alloys [12-14, 32, 33|. The selected
examples illustrate changes in the lattice type ex-
pected from the valence electron concentration (VEC)
criterion, kinetic suppression of phase separation, and
competitive multiphase crystallization.

For each selected composition, the calculated crit-
ical cooling rates of the candidate BCC-, FCC-,
and, where applicable, HCP-like pathways were com-
pared using the kinetic selection criterion formulated
above. The crystallization pathway with the high-
est value of R, was treated as kinetically dominant,
whereas close R, values were interpreted as an indi-
cation of competitive crystallization.

The first example concerns the competition be-
tween static electronic criteria and kinetic phase rank-
ing. The VEC criterion is one of the most widely
used parameters for estimating lattice preference in
multicomponent alloys. In many systems based on

ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 10

transition metals, high VEC values are associated
with FCC stabilization, whereas lower VEC values
favor BCC-like structures. However, this criterion
is essentially equilibrium-oriented and does not ex-
plicitly account for kinetic limitations during rapid
solidification.

This limitation is illustrated by comparing the
baseline CuFeMnNi alloy with the Al- and Si-
containing alloy Alg 5CuFeNiSig o5. For CuFeMnNi,
the calculated VEC is 9.0, which is consistent with the
conventional expectation of FCC stabilization. The
kinetic model gives RECC = 5.786 x 10° K/s and
RBCC = 3,57 x 10® K/s, indicating FCC kinetic dom-
inance. This agrees with the experimentally observed
FCC single-phase state in rapidly quenched samples.

A different  behavior is  observed  for
Al 5CuFeNiSig o5. Its VEC value is 8.4, which still
lies in the nominal FCC-favored range. However, the
calculated critical cooling rate for the BCC pathway,
RBCC = 3.89 x 107 K/s, exceeds the FCC value,
RYCC = 3.344x107 K /5. Thus, the kinetic model pre-
dicts a departure from the lattice preference expec-
ted on the basis of the VEC criterion. This result can
be attributed to the combined topological influence
of Al and Si, which modifies the atomic size distri-
bution and changes the effective viscosity associated
with different local structural arrangements.

The experimental phase constitution of rapidly
quenched Aly sCuFeNiSig o5 contains both FCC and
BCC-related phases. The presence of the BCC frac-
tion is therefore consistent with the predicted ki-
netic preference for the BCC-like crystallization path-
way. This comparison shows that, in alloys contain-
ing strong topological modifiers, kinetic accessibility
at the nucleation stage may override the lattice pref-
erence inferred from VEC alone.

A second group of examples concerns alloys in
which positive mixing enthalpies promote phase sepa-
ration. In multicomponent alloys containing element
pairs such as Cu—Fe and Cu—Cr, equilibrium or near-
equilibrium solidification commonly promotes chemi-
cal partitioning and secondary-phase formation. Un-
der rapid solidification, the extent to which this ten-
dency can be suppressed depends on the balance be-
tween nucleation kinetics and the available time for
diffusion.

This behavior 1is illustrated by the Fe-rich
alloy Fe;CrCuNiMnSi and the Cu-rich alloy
Cu;sCrFeMnNiSi. For Fe;CrCuNiMnSi, macroscopic
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segregation is observed during slow cooling. The
kinetic model gives RECC = 2.124 x 107 K/s and
RBCC = 1.387 x 107 K/s, indicating FCC kinetic
dominance. After splat quenching, the alloy forms
a supersaturated FCC solid solution with a lattice
parameter a = 0.3615 nm. This behavior is consistent
with kinetic suppression of phase separation: rapid
cooling suppresses macroscopic chemical partitioning
and limits the growth of equilibrium secondary
phases.

For CusCrFeMnNiSi, the calculated values are
higher and close to each other: RFCC = 1.271 x
x 10% K/s and RECC = 8.406 x 10" K/s. The FCC
pathway remains kinetically favored, but the BCC-
related pathway is sufficiently competitive. This near
competition corresponds to the experimentally ob-
served multiphase structure of the rapidly quenched
alloy, which contains an FCC matrix with a =
= 0.3649 nm together with BCC-related precipitates
represented by two B2-type phases with lattice pa-
rameters a = 0.2889 nm and a = 0.2823 nm.

The comparison between these two systems demon-
strates the practical limit of kinetic suppression of
phase separation. When one crystallization pathway
is clearly dominant, rapid solidification can stabi-
lize a supersaturated solid solution even in alloys
with a thermodynamic tendency toward phase sep-
aration. When competing pathways have comparable
critical cooling rates, residual chemical driving forces
and local compositional fluctuations can still promote
secondary-phase formation. In this regime, the model
should be interpreted as identifying the likelihood
of competitive solidification rather than predicting a
strictly single-phase state.

3.2. Glass formation and model limitations

The next group concerns alloys located near the
boundary between glass formation and crystalliza-
tion. These systems are useful for evaluating the role
of the glass-forming ability correction because they
contain elements commonly associated with amor-
phization, while their actual behavior depends on the
balance between thermodynamic frustration, atomic
size mismatch, and local chemical affinity.

The Nb—containing alloy FQCO().854Nb0A146NiB0_7Si0.
represents a composition with thermodynamic and
topological characteristics strongly favoring glass for-
mation. The large atomic size mismatch introduced
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by Nb, combined with the presence of B and Si,
increases packing frustration and enhances the al-
loy’s glass-forming ability. In the model, these effects
lead to a high value of GFAj,qex and, consequently,
to a correction factor Fgpa close to unity. The
calculated critical cooling rate is low, R, ~ 3.854 x
x 102 K/s, which is consistent with the experimen-
tally observed formation of an amorphous phase
after rapid solidification.

A contrasting behavior is observed when Nb is re-
placed by Be in FeCoNiBg 7Sig.3Be. Although this al-
loy also contains B and Si, the substitution changes
the balance of thermodynamic and topological fac-
tors. The glass-forming ability index decreases, and
the correction factor increases accordingly. As a re-
sult, the critical cooling rate for the dominant crys-
talline pathway rises to R. ~ 1.04 x 10* K/s. Ex-
perimentally, the rapidly quenched alloy crystallizes
into a BCC-related ordered B2 phase accompanied
by secondary borides. Thus, the model captures the
trend that the Be-containing alloy is a weaker glass
former than the Nb-containing composition.

This example also illustrates an important limi-
tation of the macroscopic approach. The model de-
scribes crystallization through averaged thermody-
namic, topological, and viscosity-related quantities.
It does not explicitly account for chemically spe-
cific short-range-order clusters in the liquid. In sys-
tems with strong local chemical affinity, such clusters
may act as effective precursors for ordered phases or
borides, reducing the effective nucleation barrier be-
yond what is captured by the macroscopic viscosity-
based description.

An additional test of the kinetic ranking is pro-
vided by atomistic molecular dynamics simulations
of the earliest stages of structural ordering during
thin-film deposition. Such simulations provide direct
information about transient nuclei and local ordering
processes under strongly nonequilibrium conditions,
where experimental identification of the first crystal-
lization events is extremely difficult. To examine the
robustness of the kinetic approach, two different thin-
film deposition cases were considered.

The first case concerns the equiatomic AlICoCuFeNi
alloy, for which the prediction based on the va-
lence electron concentration criterion differs from the
nonequilibrium structural ordering observed during
deposition. According to the conventional VEC crite-
rion, this alloy has VEC = 8.2, which suggests FCC
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stabilization. However, the kinetic model predicts a
different ordering sequence. The calculated critical
cooling rate for the BCC-like pathway is RECC =
=4.69 x 10" K /s, whereas for the FCC-like pathway
it is lower, RECC = 3.96 x 107 K/s. Thus, the macro-
scopic model predicts BCC kinetic priority at the ear-
liest stage of ordering.

This prediction is consistent with atomistic molec-
ular dynamics simulations of ultra-rapid nonequilib-
rium growth during the deposition of AlCoCuFeNi
thin films [32]. The simulations show that the initial
stages of film growth are characterized by the pref-
erential formation of BCC-like clusters at the sub-
strate interface. As deposition proceeds and the film
thickness increases, accumulated local stresses and
chemical-size distortions promote partial structural
rearrangement. As a result, the growing film evolves
toward a heterogeneous multiphase state containing
highly faulted FCC- and HCP-like regions together
with retained BCC-like domains.

The second case examines dynamic compositional
effects during deposition of the equiatomic CoCr-
FeMnNi alloy onto an Al substrate [33]. For the nom-
inal CoCrFeMnNi composition, both conventional
static criteria and the present kinetic model pre-
dict FCC dominance. However, molecular dynamics
simulations indicate that the first nanolayers of the
growing film can crystallize into a BCC-like struc-
ture. This apparent contradiction is resolved when
local compositional changes near the substrate are
taken into account. During the initial deposition
stage, Al atoms from the substrate diffuse into the
growing film, locally increasing the Al concentra-
tion. Recalculation of the kinetic parameters for this
Al-enriched local composition leads to a pronounced
increase in R2€C and gives the BCC-like pathway a
transient kinetic priority. As the film becomes thicker
and the Al concentration decreases toward the nomi-
nal CoCrFeMnNi composition, the kinetic preference
shifts back toward the FCC-like pathway.

The agreement between the macroscopic kinetic
ranking and the atomistically observed ordering se-
quences in both fixed-composition and dynamically
changing local-composition cases supports the cen-
tral assumption of the present model. Under strongly
nonequilibrium conditions, the first structural state
to appear is governed by kinetic priority at the nucle-
ation stage rather than by equilibrium lattice prefer-
ence alone. The atomistic results also show that the
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proposed macroscopic model is sensitive to the lo-
cal chemical environment and can be used to iden-
tify the dominant early crystallization pathway, pro-
vided that the relevant local composition is used in
the calculation.

Taken together, the selected examples show that
the model is most reliable when used to evaluate ki-
netic competition between BCC-, FCC-, and HCP-
like crystallization pathways leading to simple solid-
solution structures during the early stages of solidifi-
cation. Its predictions should therefore be interpreted
primarily in terms of BCC-, FCC-, or HCP-like crys-
tallization pathways. In its present form, the model
does not explicitly describe chemical partitioning,
long-range diffusion, chemically specific short-range
order, or the formation of intermetallic compounds
with complex crystal structures that are not deriva-
tives of BCC or FCC lattices, such as topologically
close-packed Laves and o phases.

These limitations define the scope of the proposed
approach. The model is intended to evaluate kinetic
phase-selection tendencies during the early stages of
crystallization under rapid-cooling conditions. In sys-
tems where local chemical affinity strongly affects
phase selection, further development of the model
should include parameters describing chemical short-
range order, phase-specific partitioning, and nucle-
ation involving locally chemically or structurally or-
dered regions.

4. Conclusions

A semi-empirical kinetic model for predicting phase
selection in rapidly solidified multicomponent con-
centrated alloys has been formulated. In contrast to
static thermodynamic and electronic criteria, the pro-
posed approach treats phase formation as a kinetic
competition between alternative crystallization path-
ways. The critical cooling rate is used as a quan-
titative criterion for ranking the kinetic priority of
competing BCC-, FCC-, and HCP-like crystallization
pathways.

A distinctive feature of the model is the incorpora-
tion of a topology-dependent viscosity correction into
the critical-cooling-rate criterion. This correction ac-
counts for differences in local atomic packing associ-
ated with different simple lattice types. To avoid the
nonphysical discontinuity produced by the conven-
tional piecewise BCC topological multiplier near the
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critical atomic-size-mismatch threshold, a smoothed
BCC multiplier based on hyperbolic-tangent weight-
ing functions was introduced. The proposed regu-
larization stabilizes the calculated viscosity and re-
duces artificial jumps in the predicted critical coo-
ling rates.

An additional original aspect of the model is the
glass-forming ability correction factor Fgpa based
on the index GFA;,qex. This correction reflects the
fact that efficient amorphization requires simultane-
ous thermodynamic and topological frustration. The
use of smooth threshold score functions provides a
continuous transition between alloys with low and
high glass-forming ability and prevents underestima-
tion of the critical cooling rate for weak glass-for-
ming alloys.

Comparison with previously published experimen-
tal and computational data shows that the model
reproduces the main phase-selection trends observed
under rapid quenching and nonequilibrium thin-film
deposition. These trends include changes in the lat-
tice type expected from the valence electron concen-
tration criterion, kinetic suppression of phase sep-
aration in systems with positive mixing enthalpies,
competitive multiphase crystallization, and the dif-
ferent behavior of alloys with high and low glass-for-
ming ability.

The proposed model enables preliminary evalua-
tion of which BCC-, FCC-, or HCP-like crystalline
states are kinetically favored during the early stages
of solidification. It should therefore be interpreted as
an approach for identifying early crystallization ten-
dencies rather than as a complete description of the
final phase constitution. When chemical partitioning,
short-range order, or complex intermetallic phases
play an important role, the model results should be
complemented by thermodynamic, atomistic, or ex-
perimental analysis.
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HAIIIBEMIIIPUYHA KIHETUYHA MO/IEJIb
®A30BOI CEJIEKLII ¥ HIBUJIKO3ATAPTOBAHUX
BATATOKOMIIOHEHTHIX KOHIIEHTPOBAHIX
CIIJIABAX

CdopMmynpoBaHO HaIiBeMIipUYHY KiHETHUIHY MOmeab (a3oBOI
ceJiekIlil B 6araTOKOMIIOHEHTHUX KOHIIEHTPOBAHHUX CILJIaBaX 3a
YMOB IIBUJKOIO TBEPiHHS. 3alpPOIOHOBAHUI MiAXix IPYHTYE-
ThCsI HA KPUTUYHIN IIBUIKOCTI OXOJIOJ>KEHHS, HEOOXIAHIN 1115t
MIPUTHIYEeHHs] KOHKYPYIOYUX NUISAXIB KpPHUCTaJIi3allil, i 0€IHy€e
TOIIOJIOTIYHO 3aJIe’KHE PAHXKYBAHHA IIIAXIB KPUCTATII3AIT, 1110
BeayThb 1o yrBopenus OLIK-, T'IIK- ta I'IIY-noai6uux crpy-
KTyp (THIIB KpHUCTaJidHOI I'DaTKu), i3 MONpaBKOIO Ha 37a-
THiCTHL A0 amopdizaril. Moje/ib BKJIIOYAE TOIOJIOTIYHO 3aJjie-
JKHY IIONPABKY 10 €(dEeKTUBHOI B’SI3KOCTI PO3ILIAaBY Ta HeIe-
PEPBHUI KOPUT'YBaJIbHUN MHOXKHUK 3/I[aTHOCTI 710 amopdizarril,
1[I0 BPAXOBY€ €HTAJIBINIO 3MilllyBaHHS, HAJJIUIIKOBY €HTPOIIIO
i1 aTOMHO-pO3MipHy HeBinmnosiguicTs. IlopiBHsIHHA 3 ekcnepu-
MEHTAJIbHIMU Ta PO3PAXyHKOBUMU JAHUMHU IIOKA3ye€, L0 3a-
MIPOIIOHOBAHUN KiHETUYIHUI KpUTEPiil dhas30Bol cesieKIlil He JIiu-
1€ BU3HAYAE BUIAJKHU, KOJIM KIHETUYHO IE€PEBAXKHUI TUII I'Da-
TKU BIJIPI3HAETHCS Bijl IPOrHO30BAHOI'O 33 KPUTEPIEM KOHIICH-
Tparllil BAJIEHTHUX €JIEKTPOHIB, & i YCIIIIHO OIHCY€ KiHETUYHE
npurHiveHHs (pa3oBOro po3iapyBaHHs Ta BUSBJISE KOHKYPEH-
THy GararodasHy kpucragaizarniio. Mogeab TakoXK mgae 3Mory
PO3PI3HATHU CIIJIABU 3 BUCOKOIO Ta HU3BbKOIO 3/IATHICTIO 10 aMOP-
dizanil. 3ampornoHoBaHa MOJENb A€ 3MOT'y OI[IHIOBATH KiHETH-
YHY KOHKYPEHIII0 Mi>K IIJIIXaMU KPHCTaIi3allil Ta BU3HAYATU
WMOBIpHMII KiHETUYHO JOMIHYIOYMI HUIAX Y IIBHIKO3arapTo-
BaHUX 0AraTOKOMIIOHEHTHHUX CILIABaX.

Katwwoei cao6a: 6araTOKOMIIOHEHTHI KOHIIEHTPOBAaHI CILIa-
BU, BUCOKOEHTPOIIIMHI CIJIaBU, IIBUIKE TBEP/IHHS, KPDUTUIHA
MIBUAKICTH OXOJIOIXKEeHHsI, (pa30Ba CeJIeKIlisl, B’ I3KiCTh pO3ILjia-
BY, 3/IaTHICTh 710 amopdizariil, KIHEeTHYIHa MO/IEb.
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