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Abstract
Two kinds of phase stabilization mechanism are discussed and compared: the first is characteristic of the 
formation of bulk amorphous alloys, in which the high supercooling ability of multicomponent liquids is 
responsible for the glassy phase stabilization. Here the hindered nucleation of crystalline phases is the center 
phenomenon. The origin of this hindering is the slowing atomic mobility in the supercooling melt. In contrast 
the melt supercooling is negligible during the high entropy alloy formation. It is believed that stability of the 
crystalline single fcc phase is the consequence of the characteristic of high configurational entropy at high 
temperatures. However, the significance of this entropy-dominated stabilization is overestimated in several 
references. It has been concluded that transition metal contraction (arising from the d electron participation 
in the overall bonding state) does also contribute to the high temperature stability of fcc single phase in the 
high entropy alloys.
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1. Introduction
During the past few decades of metal physics 

(1980 -2020) the non-equilibrium metallic sys-
tems have become the center of interest. Two im-
portant magnetic properties: the excellent high 
frequency magnetic permeability and, the high 
saturation induction [1] are successfully unified 
in the glassy alloys, resulting in the development 
of new types of amorphous alloy transformers 
and motors with reduced power loss, and several 
types of other inductive elements [2, 3]. Recently, 
scientific interest has turned towards two groups 
of materials: the bulk amorphous alloys (BMGs) 
and the high entropy alloys (HEAs), as these 
group of materials promise a breakthrough in the 
improvement of high temperature mechanical 
properties [4]. The bulk amorphous alloys with 

high glass forming ability and high phase stabil-
ity [4] exhibit some similarity to the high entropy 
alloys [5]: both groups of alloys consist of several 
chemical elements. The numerous components 
play a dominant role in the phase stabilization of 
these materials.

In this paper we point to the significance of the 
strength of individual chemical bonds in the re-
tardation of atomic diffusivity towards the fully 
thermodynamic equilibrium structure.

2. Results and discussion

2.1. Similarity and difference in the forma-
tion mechanism of BMGs and HEAs 

Both BMGs and HEAs are formed from a liquid 
state consisting of several chemical components. 
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The main difference between them is the degree 
of melt supercooling ability. The difference be-
tween the supercooling results in fundamentally 
different solidified structures, i.e., the supercool-
ing is a central phenomenon from the point of 
view of solidified structure.

Bulk Metallic Glasses (BMG) is a class of mul-
ti-component metallic materials, at which crystal-
lization is kinetically suppressed by a number of 
factors such as atomic diameter difference, high 
natural supercooling, negative heat of constitu-
ent elements mixing, etc. Material systems with 
high Glass-Forming Ability (GFA) are thermody-
namically unstable, and then subsequent heating 
(„turning on” of diffusion) may cause their crys-
tallization.

On the other hand, High Entropy Alloys (HEA) 
exist in single-phase solid solution, the crystalline 
state characterized by high configurational entro-
py. They just have a strong thermodynamically 
dictated tendency to avoid formation of ordered 
solid solutions as well as inter-metallic com-
pounds. The main term which is responsible for 
their stability is the entropy term, so their heating 
improves their stability.

The supercooling phenomena is illustrated in 
the Figure 1 where the entropy change is depict-
ed during the cooling of two liquid types. BMGs 
and HEAs basically differ from the point of view 
of their supercooling ability, hence also the tem-
perature range of thermodynamic stability of the 
resulting solid phases also differ. When the single 
component liquid is cooled, at Tm (equilibrium 
melting point) the liquid starts to crystallize, and 
crystallization finishes at the same temperature, 
so a supercooled state does not appear prior to 
and during crystallization. In this case the total 
free enthalpy change is identical to the entropy 
change. Nevertheless, the liquid-crystalline trans-
formation can also happen at significantly lower 
temperatures between Tm and TK where TK is the 
Kauzmann-temperature, which is the limit of su-
percooling. In this temperature range non-equi-
librium solidification occurs, so the resulting 
structure is metastable.

It has also been pointed out that the supercool-
ing ability of high entropy alloys in liquid is neg-
ligible.

Compared to the liquids of HEAs, the BMGs are 
able to deeply super-cool. The entropy of liquid 
within this range approaches the solid phase, and 
at Tk the entropy of the two phases will be identi-
cal (Figure 1).

The degree of supercooling-ability exhibits a 
great variety in liquids. This phenomenon can 
be described successfully by the temperature 
dependence of viscosity. The kinetic aspects 
in submicroscopic scale is represented by the 
change of atomic mobility during supercooling: 
The key concept is the time-scale of elementary 
atomic motions, which increases as the temper-
ature of liquid decreases, being described by the 
Stokes-Einstein equation: 

	 (1)

It expresses phenomenological coupling be-
tween displacements in atomic level and viscosi-
ty, which can be derived from macroscopic meas-
urements (A = constant, k = Boltzmann constant, T 
= absolute temperature, λ and l = molecular level 
distances , η = viscosity). 

The frequency of elementary step of atomic mo-
tion is the vicinity of melting point (around 10‑13  
sec), prolonged residence time (preferential con-
tacts) between hetero-atoms is not developed, so 
the components distribution is nearly random.

The characteristic of temperature dependence 
of viscosity η(T) is used for the description of 
dynamic phenomena during the process of su-
per-cooling. Two basic type of T-dependence are 
known (i.e. two liquid types exist from this point 
of view (see Figure 2):

Figure 1. The temperature dependence of entropy 
in the liquid and crystalline phases: the 
meaning of Kauzmann temperature. [6]
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–– Arrhenius type: 
η = A · exp[E/(T – T0)] (strong liquid),	     (2) 
with high GFAm,

–– Vogel–Fulcher type: 
η = η0 · exp[B/(T – T0)]) (fragile liquid)	     (3) 
with low GFAm.

It is believed that Arrhenius functionality with 
single activation energy represents single mo-
tion type in the elementary atomic scale over the 
whole range of supercooling (strong liquids with 
high glass forming ability) This high glass form-
ing ability is pronounced in the formation of bulk 
amorphous alloys. (strong liquids in Figure 2).

In contrast, when two or more motion types co-
exist and one of them is dominant within a given 
temperature range, such liquids are termed as 
„fragile” liquids. The glass forming ability is low 
in these liquid types. The temperature depend-
ence of viscosity of these liquid types is also illus-
trated in Figure 2.

From Figures 2 and 3 is clear that the majori-
ty of „strong liquids” are multicomponent alloys, 
in which the strong covalent bond is dominant 
between the components (oxide glasses or, mul-
ticomponent alloys, with tendency towards inter-
metallic compound formation in the solid state).

The majority of bulk metallic glasses are formed 
from Arrhenius-type melts. In Figure 3 different 

liquids are collected exhibiting the transition 
between the strong and fragile liquids. All of 
the liquids are Arrhenius-type at low tempera-
ture range. Though, at higher temperatures (be-
yond Tg) increasing deviation is observed, which 
strongly correlates with their glass forming abil-
ity. In Figure 4 the glass forming ability (the crit-
ical cooling rate, Rc) and the resulting maximum 
of amorphous sample thickness are compared for 

Figure 2. The comparison of η(T) for “strong and “fragile” glass forming liquids. [7]

Figure 3. The viscosity temperature dependence for 
various glassforming ability liquids. [8]
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2.2. Cluster formation in the glass-forming 
supercooled liquids 

The interpretation of glass forming ability is in 
close connection with the cluster formation ten-
dency in liquids [10, 11]. It is supposed that clus-
ter formation in the supercooled melts represents 
kinetic hindering to the formation of crystalline 
nuclei. The clusters, which are associated groups 
of atoms, are considered as a molecule described 
with AjBj formula, but with a flexible structure in 
which the atomic distances between the unlike at-
oms are nearly constant, but the bonding angle is 
variable over a wide range.

According to the regular solution model con-
ception [12]. such liquid types, the entire mixing 
enthalpy of alloy formation (ΔH, which can be 
directly determined, by calorimetry), consists of 
two terms: ΔHreg which is due to the preferential 
interaction between the hetero-atoms (compo-
nents), and  arising from the interaction be-
tween the atoms within the associates. This term 
represents the extra stabilization of the melt, 
compared to the regular solution model. This con-
sideration leads to the formation of associates, ac-
cording to (4). 

 	 (4)

In the first approximation, the structure of su-
percooled glass-forming melt can be described 
as a flexible assembly of associates and the re-
maining components are distributed randomly. 
The amorphous alloys can be regarded as a clus-
ter assemble, in which the predominantly com-
pound-like bonding state is cumulated  [13]. The 
local bonding state hinders the diffusion leading 
to the formation of critical crystalline nuclei. The 
cluster level chemical short range order is devel-
oped at sufficient supercooling [14, 15]. As the 
cooling proceeds, approaching the ≈ 2/3 Tm (jum-
ming temperature, initial temperature of cluster 
formation) [9], the local composition (TM/M ratio) 
in compound-like associates is close to that in 
metastable inter-metallic compound and the lo-
cal bonding strength between the hetero-atoms is 
higher. So the translation mobility is lower with-
in the clusters, the time-scale of relaxation inside 
these covalent-like environments and in the re-
mainder volume of liquid is different.

In conclusion, in the bulk amorphous alloys, 
which exhibit significant kinetic and thermal 
stability, the extended clusterization is responsi-
ble for the stabilization of amorphous state, due 
to the local diffusion break down of atoms, hin-

Figure 4. Critical cooling rate and the resulting sam-
ple thickness (tmax, Smax) for several bulk 
glassy alloys versus the reduced (Tg/Tm) (a) or 
ΔTx=Tx- Tg (b). [9]

a)

b)

various bulk amorphous alloys, and soft magnetic 
amorphous ribbons (produced by rapid solidifica-
tion).

Compared to the bulk metallic glasses, the glass 
forming ability for traditional glassy soft magnet-
ic alloys is low, therefore the necessary critical 
cooling rate is high (Rc (K/s) is ≈ 105) (see Fig-
ure 4). 
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dering the critical nuclei formation of crystalline 
phases.

2.3. The formation mechanism and stability 
of high entropy alloys (HEA) 

The study of HEA began in 2004. The reason for 
scientific interest is their high mechanical stabil-
ity in high temperature ranges coupled with ex-
cellent corrosion resistivity. HEAs are also formed 
from liquid, but their formation does not require 
a special processing technique. Their denomina-
tion originates from the numerous components: 
the alloys consist of at least five “principal ele-
ments” which should have a concentration be-
tween 5 35 at%. Besides the principal elements 
HEA can also contain “minor elements” each be-
low 5 at%. It is believed that high stability origi-
nates from the high mixing entropy at high tem-
peratures: 

 	 (5)

where xi is the mole fraction of its component. 
In contrast to the bulk amorphous alloys, the 

HEA are stabilized by configuration entropy at 
high temperatures. According to G =H-TS, (where 
G is the Gibbs free energy, H is enthalpy, T is tem-
perature, S is entropy) the competition between 
enthalpy and entropy S determines the phase 
relation. Hence S can be a stabilizing factor, pro-
vided the temperature is sufficiently high. For 
example, in Co-Cr-Fe-Mn-Ni alloys (which is the 
best known composition) Ni, Fe, and Co exert a 
stabilizing effect to the fcc structure, while the 
opposite structure (bcc) is exerted by Cr and Mn. 

The mechanism of the resulting preferred high 
temperature phase stabilization governed by the 
high entropy is not fully verified yet  [16]. 

Therefore, further activity, directed at a deeper 
understanding of phase relation, mainly the con-
ditions of single fcc-phase stabilization, is on-go-
ing. Recently, some research work has turned to 
the application of basic metallurgical principles 
defined earlier by Hume-Rothery [17]. It is sur-
prising, that no correlation is found between the 
formation enthalpy and the temperature range of 
the fcc phase stability.

When compared with the ionization energy in 
the elements of periodic system, (including the s, 
p, and d electrons) it was found, that ionization 
energy for the d-electrons is the highest (Fig-
ure 5). This means that the bonding strength of 
d-electrons in the electron band is the highest. 
Therefore, attractive force between the core and 
electrons increases, resulting a net contraction of 
atomic radii.

As a consequence, specially compact, high den-
sity structures are developed in the HEAs, when 
the majority of components are transition met-
als. In this case, the participation of d-electrons is 
dominant in the valence band. One can suppose 
therefore that the well-known principle of transi-
tion metal contraction can also participate in the 
development of dense, random (fcc) structure, 
when the crystallization from liquid has started. 
As Figure 6 shows, the atomic radii gradually de-
crease with the increasing number of 3d, 4d, and 
5d -electrons in the valence band. We can suppose 
therefore that simultaneous participation of Fe, 

Figure 5. AThe energy level (ionization energy) of s,p 
and d electrons versus the position in the pe-
riodic table. [18]

Figure 6. The change of atomic radius versus the in-
creasing number of d-electrons in the valence 
band in the transition elements. [19]
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Co, Ni principal elements enhance the develop-
ment of the densest (fcc) structure, therefore, no 
significant supercooling is required for the crit-
ical nuclei formation of fcc solid phases i.e., the 
stabilization of single phase in wide temperature 
range.

In spite of the dense structure (which is a dis-
ordered solid solution) characteristic of the tran-
sition metals, the chemical interaction between 
the neighbouring TM atoms is not excluded. This 
interaction does not necessarily result in the for-
mation of inter-metallic compound. This can also 
manifest as a net local charge shift between var-
ious neighbouring atoms, as proposed by Miede-
ma  [20], according to (6):

	 (6)

ΔZa charge shift happens between the neigh-
bouring atoms which is determined by the elec-
tro-negativity difference between the neighbour-
ing atoms, ΔΦ is the difference (work function) 
ionization potential, which express the elec-
tro-negativity difference between two metal com-
ponents in solid solution, ca is the concentration 
of the atom a.

3. Conclusions
Two alloy systems, the BMGs and the single 

phase HEAs are compared from the point of view 
of their formation mechanism and their phase 
stability.

Both alloy systems are formed from liquids, con-
taining more than five components. 

Though both alloy systems are multicomponent, 
the spectra of components exhibit significant dif-
ferences in their chemical properties: while the 
BMGs consist of various type of metal as well as 
metalloids, the main components of HEAs are 
predominantly transition metals.

While the BMGs are formed from deeply un-
der-cooled liquids, the HEAs solidify in single 
phase crystalline solid solutions without melt 
supercooling. This single fcc phase disorder solid 
solutions fulfilled the high entropy requirement.

While the glassy state in BMGs is stabilized by 
the extended cluster formation, induced by the 
strong bonding between the metallic and metal-
loid components, the stability of HEA originates 
rather from the strong bonding character of 
d-electrons due to the dominant participation of 
d-electrons in the band structure, and resulting 
dense atomic distribution. 

The stability in both systems arises from the 
local bonding stability between the components 

(localized covalent-like bonding within the in-
dividual clusters). In the case of HEA the strong 
d-electron-bonding between the atoms of princi-
pal elements, results in a dense packing structure.
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