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AMORPHOUS ALLOYS AS A PROMISING
CLASS OF FUNCTIONAL MATERIALS.

Pt. 1: Manufacturing Methods, Structure,
Physical and Mechanical Properties

The paper considers a special class of structural materialssamorphous alloys. Unlike
crystalline alloys, there is no translation symmetry in the arrangement of atoms in
amorphous alloys, which have only short-range atomic order. As demonstrated, the
primary experimental techniques for confirming the formation of an amorphous struc-
ture are X-ray diffraction analysis (XRD) and differential scanning calorimetry (DSC).
The effects of the manufacturing processes, structural relaxation, and solidification
on the mechanical properties of amorphous alloys are discussed. The differences in
the deformation processes between crystalline and amorphous alloys are considered.
Deformation of crystalline alloys occurs due to dislocation sliding, whereas amorphous
alloys are deformed due to the local rearrangement of atoms that requires significantly
higher energies or stresses. As shown, three main types of crystallisation processes
can occur, depending on the chemical composition of an amorphous alloy. The first one
is polymorphic crystallization, when an amorphous alloy is transformed into a super-
saturated solid solution, a metastable or stable crystalline phase without changing its
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composition. In the second case, two crystalline phases are formed simultaneously due
to the eutectic reaction. The third type corresponds to primary crystallization, when
stable or metastable phase is formed at the first stage.

Keywords: amorphous alloy, metallic glass, cooling rate, short-range atomic order,
mechanical properties.

1. Main Techniques for Manufacturing Amorphous Metal Alloys (AMAs)

For the first time, amorphous alloys were manufactured by quenching
from vapour and electrodeposition in the 50s of the last century [1], and
in 1960, Klement and co-authors reported that they produced amorphous
metal by quenching from melt [2]. Even today, the issue of manufacturing
amorphous materials remains relevant [3—7]. According to Ref. [8], the
progress of science is always closely linked to technological breakthroughs,
and this applies to the metallic glass production (Fig. 1).

One of the most promising ways to produce metal alloys in a metastab-
le state with various deviations from equilibrium, up to those with a non-
crystalline structure, is ultra-rapid cooling (URC) of the melt. The super-
cooling necessary to prevent nucleation and growth of crystallites is
achieved by very rapid cooling of the melt: V< (critical cooling rate) is
about from 10%° to 102 K/s for pure metals, and 10°K/s for metal alloys [9].

Metal glass is mainly produced by cooling the melt at a relatively high
rate to avoid crystallization during solidification [8]. Therefore, from a
structural viewpoint, metallic glasses are often considered as frozen me-
tallic liquids. The process of melt quenching and conditions of glass for-
mation are schematically shown in the time-temperature-transformation
(TTT) diagram (Fig. 2). According to it, cooling rates of the order of
~10°-10% K/s are usually needed to form fully amorphous structures in
binary alloy systems. Simply put, the atoms in the melt do not have enough
time to arrange into a crystal lattice under these conditions, so the disor-
dered atomic structure of the melt is preserved at lower temperatures.

Various URC techniques developed to date are distinguished by the
method of forming the liquid metal in contact with the heat sink
(discretesdispersion or local melting, or continuousscasting), by the type
of cooling medium (gas, liquid, or solid) and location of this medium (sin-
gle, double or multilateral cooling). These techniques make it possible to
produce rapid-quenched materials in the form of films, powders, fibres,
ribbons, chips or coatings, i.e., objects that are small at least in one linear
dimension [10, 11]. Besides, there is a separate, relatively new class of
materials: bulk metal glasses (BMGs) [12, 13].

The most common technique to produce rapid-quenched, in particular
amorphous, materials is cooling of a continuous melt jet on the outer sur-
face of a rotating disk, the so-called melt spinning (Chill Block Melt
Spinning, or CBMS) [14].
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Fig. 1. The development of MG and BMG research is largely associated with advances
in their manufacturing techniques [8]

T, K
Fig. 2. Time—temperature
L. transformation (TTT) cur-
T Liquid @ ves for formation of metal-
" N = 7 lic glasses (MGs) and bulk
tabilization of 3
'i% \\ supertooled liquid metallic glasses (BMGs) [8]
G — :
3\ 4
=l € N .
Bl N The main feature of
T, ‘,‘ 2 e this technique is the abi-
5 3 . .
\ >10° K/s % N <10°K/s | lity to form a continu-
\ . .
| Metallic Glass Bulk Me%llic Glass ous ribbon whose width
Y MG) , (BMG) is determined only by
10°® 10" 102 10° 102 10* technological parame-

Elapsed Time, s

ters, and high produc-

tivity. The maximum

achievable cooling rate during melt spinning is estimated as 105 K/s [14].
There are two types of the above technique, which differ in the way,

in which the melt is fed to the surface of the quenching disk: cylindrical
free jet (free jet melt spinning—FJMS), and planar flow (planar flow cast-
ing—PFC) with a significantly reduced distance between the nozzle edge
and cooling surface. The maximum width of the tape in the former case
does not exceed =5 mm, whereas in the latter case, it has no fundamental
limitations. The geometry, structure and other characteristics of the re-
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sulting ribbons are determined by the spinning parameters. The most im-
portant parameters are the following: melt temperature; jet shape, cross
section, incidence angle and speed; material, temperature, spinning speed
and surface condition of the cooling disk; distance between the nozzle and
the cooling surface; composition and pressure of the ambient gas environ-
ment [15].

An increase in the melt temperature before pouring T, can affect cool-
ing rate V_, in different ways: on the one hand, overheating of the melt
somewhat reduces this rate due to local heating of the cooling surface (a
difference in T, by 100 K changes V, by 5=7% [16]); on the other hand,
the melt spreads into a thinner ribbon due to lower viscosity and surface
tension, which leads to an increase in V. According to Ref. [14], a rela-
tively high melt viscosity before casting contributes to the production of
thicker amorphous ribbons of improved quality, but there is no consensus
on the value of optimal melt overheating before casting [14].

2. Features of Structure, Physical and Mechanical Properties of AMAs

The structural state of amorphous metal alloys, unlike crystalline ones, is
characterized by the absence of translation symmetry in the arrangement
of atoms, and the presence of only the short-range atomic order [1T7].
However, the authors of Ref. [18] note that despite amorphous alloys hav-
ing a disordered atomic structure, it is difficult to determine their elec-
tronic structure; a large amount of experimental research has shown that
their non-periodic structure is not completely random. Some clear signs of
atomic layering are observed already at the distance of the third closest
neighbour.

According to the literature [19], X-ray phase analysis (XRD) and dif-
ferential scanning calorimetry (DSC) are most often used to reveal an
amorphous structure (Fig. 3). When XRD technique is used, the presence
of a broad diffuse (halo-type) peak without sharp peaks is often considered
evidence of the presence of an amorphous/glassy phase (Fig. 3, a). This
peak can shift to smaller or larger angles, depending on the average dis-
tance of the first neighbour atom in a random arrangement of atoms. A
DSC curve for an amorphous/glassy alloy allows measuring such thermal
parameters as T,, T,, and DT,. In the DSC curve of a typical glassy alloy
shown in Fig. 3, b, the supercooled liquid region with endothermic reac-
tion first appears when heating from the room temperature. The tempera-
ture of starting this endothermic reaction corresponds to the glass-transi-
tion temperature T,. With further heating, crystallization occurs with a
large exothermic peak; the temperature of the exothermic peak onset cor-
responds to the crystallization temperature T,.

It should also be noted that, according to Ref. [19], there is a differ-
ence in the behaviour between crystalline, amorphous, and glassy alloys
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Fig. 3. Typical X-ray diffraction pattern (a) [20] and DSC curve (b) [19] for amor-
phous alloy

during transformations upon heating. In the temperature range from
room temperature to the melting point T, the following transformations
occur: only melting for a crystalline alloy; in an amorphous alloy, first,
the transition to the crystalline state at the crystallization temperature T,
(Fig. 3, b), and then, melting at T,; in a metallic glass, first, the transi-
tion into the supercooled liquid state at the glass-transition temperature
T, (Fig. 3, b), then, crystallization at T,, and finally melting at T,. The
amorphous alloys and metallic glasses are distinguished by the transition
into the supercooled liquid state, which is inherent in metallic glasses.

In the case of multicomponent systems, the concept of short-range
order includes not only the spatial arrangement of atoms regardless of
their sort (topological or configurational short-range order), but also the
ordered arrangement of atoms of different types, i.e., chemical or compo-
sitional short-range order.

The short-range atomic order in AMAs is geometrically represented
using various models, which are covered in detail in the literature [21-24].

The criterion for the applicability of a particular model is usually good
agreement between calculated and experimental values of radial distribu-
tion functions (RDFs) of atoms. Since this condition is necessary, but not
sufficient for unambiguous conclusions about the adequacy of the model
to describe the real structure, there are various models of the AMA struc-
tures (e.g., random close packing of spheres [25, 26], microcrystalline
[27], cluster [28, 29], polycluster [30], relaxation [31], and others), which
have different degrees of approximation of certain parameters to the
real structures.
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Fig. 4. Schematic illustrations of atom arrangements in a crystal-
line alloy and an amorphous/glassy alloy with their structural
features [19]

Most of the experimental results on the atomic structure of AMAs can
be explained within the framework of the concepts of the existence of
structural and concentration inhomogeneities, the formation of atomic na-
nogroups that differ in packing types and the ratio of atoms of different
types.

For two-component amorphous Fe—B alloys, A.V. Romanova et al. [32,
33] showed that the short-range atomic order is well described by a two-
structure model, according to which there are microgroups of two types
with different topological and compositional short-range order. The main
type that determines the parameters of the structural factor and RDF is
microgroups (clusters) of Fe atoms with a low content of B atoms and with
close packing. In other clusters, B atoms have an ordered arrangement
relative to Fe atoms, and the concentration of the former atoms is much
higher than the average one for the alloy; these clusters are characterized
by a strong interaction of atoms of different types, which is typical for
borides (chemical short-range order) [33].

Direct evidence for the existence of clusters of these two types was
obtained due to the study of the microstructure of amorphous Fe, B, alloy
[34], as well as due to neutron diffraction studies of Fey,B,, alloy [35].

As shown in Ref. [32], the atomic structure of amorphous alloys, in
particular Fe—B and others, is very similar to the structure of melts of the
corresponding concentrations, and this is an additional argument in fa-
vour of the fact that the amorphous state can be considered as a supervis-
cous melt.

As mentioned above, amorphous alloys have a random arrangement of
atoms, similar to a liquid, so their properties are fundamentally different
from those of crystalline alloys. Figure 4 shows the arrangement of atoms
in crystalline alloy and amorphous alloy/metallic glass [19].
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Fig. 6. Schematic diagram of atomic structure changes upon deformation of crystalline
and amorphous solids under stress [41]

As seen in Fig. 4, a conventional crystalline alloy has a crystal lattice
and is polycrystalline with a lot of grains and defects such as grain bound-
aries, segregations, vacancies, dislocations, eftc. Due to a crystal lattice
and microstructure, crystalline alloys have high electrical conductivity,
high thermal conductivity, they are plastically deformable. On the other
hand, amorphous alloys have a random arrangement of atoms similar to
liquids, without a crystal lattice and grains. The electrical conductivity of
amorphous alloys is an order of magnitude lower than that of crystalline
alloys due to the random arrangement of atoms, which prevents the free
movement of electrons. However, amorphous alloys have outstanding me-
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chanical, electrochemical and magnetic properties due to the absence of
dislocations and grain boundaries [36, 37]. In particular, AMAs have high
strength (yield strength up to 4500 MPa) and hardness (HV = 3.2 UTS)
[38] combined with sufficient ductility and abrasive wear resistance [39].
According to Ref. [36], the disordered structure of AMAs causes the fol-
lowing properties: high specific electrical resistance at low, and even
sometimes negative (in °C), temperatures and thermal coefficient; high
magnetic permeability; low coercive force (of about 0.01 A/m).

Almost all AMAs have high corrosion resistance in aggressive envi-
ronments (Fig. 5), and some of them (e.g., Fe-based AMAs [40]) have high
catalytic activity in various types of chemical reactions [39].

According to Ref. [19], since amorphous alloys and metallic glasses
have a random arrangement of atoms, they are unstable (non-equilibrium)
and have higher internal energy as compared to crystalline alloys.
Therefore, amorphous alloys and metal glasses can corrode in an aggres-
sive environment at the initial stages of the corrosion process. Nevertheless,
a new passive surface film forms after the surface layer dissolves.
Amorphous alloys and metallic glasses do not contain any defects such as
grain boundaries, dislocations and second-phase inclusions; so, this newly
formed passive surface film is very homogeneous and protective. That is
why they have high corrosion resistance (see Fig. 5).

The differences in deformation processes in crystalline and amorphous
alloys were discussed in Refs. [18, 41] (Fiig. 6). The deformation of crys-
talline alloys occurs due to dislocation sliding, whereas amorphous alloys
deform due to local atomic rearrangements. Therefore, the deformation of
amorphous alloys requires significantly higher energies or stresses as com-
pared to crystalline ones.

3. Relaxation of the Atomic Structure
of Amorphous Alloys during Heating

Heating of amorphous alloys to temperatures below T, increases the mobil-
ity of atoms, which tend to transit to more energetically favourable states.
The transition of atoms to more equilibrium configurational states is con-
sidered structural relaxation (SR) [42]. Therefore, structural relaxation is
not the initial stage of crystallization, but is a process that leads to a more
stable amorphous state.

Homogeneous relaxation, more commonly called structural relaxation,
occurs homogeneously throughout the sample and preserves amorphous
structure. During SR, the short-range order changes, which are usually
accompanied by only a slight decrease in glass disequilibrium. Unstable
atomic configurations arising at the moment of amorphization during the
quenching transform into stable configurations due to small displacements
of atoms. As a result, the amorphous matrix becomes more compact due to
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partial annihilation and removal of excess free volume. It is essential that
the displacements of atoms during structural relaxation are smaller than
the interatomic distances, and these displacements occur in local zones.
The SR process changes a number of physical properties of amorphous al-
loys [43]: heat capacity, density, electrical resistance, internal friction,
elastic properties, hardness, corrosion resistance, magnetic characteristics
(Curie temperature changes and magnetic anisotropy appears), etc.

Some models have been proposed to describe SR, which can be divided
into two groups: (i) AES (activation energy spectrum) models; (ii) the
model of van den Beukel et al.

The first model assumes that SR is caused by local rearrangements of
atoms in an amorphous material, which occur with different relaxation
times (activation energies). The basics of the model were applied [44—46]
to relaxation processes in glasses. It is assumed that the distribution of
activation energies of these processes has a continuous smooth spectrum.
The rate of change of a physical property is proportional to the rate of
change of the density of ‘kinetic processes’.

The second model [47, 48] uses the approach to describing SR based on
the short-range order classification proposed by T. Egami [49]. It is as-
sumed that compositional (chemical) short-range ordering occurs at the
first stage of relaxation. This contribution is well described by the AES
model and is a reversible process that has the activation energy spectrum
from 150 to 250 kJ/mol. Chemical ordering is quite transient, and after
its completion, topological short-range ordering becomes decisive. Chemical
ordering is a rather fast process; after its completion, topological short-
range order becomes a determining factor.

The topological relaxation is described by the free volume model of
F. Spaepen [50-52] with activation energy of about 250 kdJ/mole; it is an
irreversible process. It should be emphasized that, according to the basic
idea of Spaepen’s model, the heterogeneity of the glass structure causes
the formation of zones with excess free volume relative to the ‘ideal struc-
ture’, which act as ‘relaxation centres’. In these zones, thermally activat-
ed motion of atoms is possible, which causes redistribution of the free
volume inside the material, as well as its partial migration to the free
surface.

Besides the abovementioned ones, models of the activation energy
spectrum are also frequently used. The model of directed structural re-
laxation, i.e., relaxation driven by external stress, is considered the most
promising [53, 54].

Nevertheless, changes in most physical properties of AMAs during an-
nealing have been studied in detail and described both within the model of
‘topological and chemical ordering’ proposed by van den Beukel [55-57],
and within the model of the activation energy spectrum [58, 59].
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4. Free Volume and Annealing Embrittlement

A characteristic structural feature of all amorphous alloys is the presence
of free volume (FV), since the density of an alloy in the amorphous state
is always lower as compared to the crystalline state. The free volume mod-
el can provide a fairly clear picture of all stages of structural relaxation
and the mechanism of plastic deformation of AMAs [60]. The authors note
that free volumes (F'Vs) are low-density zones, which have a certain size
distribution (from fractions of an atomic diameter to hundreds of nanome-
tres). FV size depends on the manufacturing conditions, composition, heat
treatment and a number of other factors. Within the framework of this
model, it is possible to trace experimentally the evolution of FV zones,
starting from their origin in low-density regions in the melt by transform-
ing their shape and redistribution across the thickness of the amorphous
ribbon during melt quenching, and ending with changes in the morphology
and size distribution of these defects under various external impacts. It
should be noted that, given the continuous distribution of sizes of the FV
zones, different fractions of these defects have significantly different ac-
tivation energies and migration mechanisms.

Let us briefly discuss the experimental evidence for the presence of
free volume in AMAs. As known [61], the density of an AMA is seve-
ral percent lower than that of crystalline alloys of the same chemical com-
position. At the stage of structural relaxation, the amorphous matrix is
compacted due to the partial vanishing (annihilation) and removal of ex-
cessive FV.

Small-angle X-ray scattering experiments revealed in amorphous al-
loys regions with electron density fluctuations ranging from several nano-
metres to several hundred nanometres [62]. The parameters of these re-
gions changed under the impact of surfactants, as well as during struc-
tural relaxation processes, which allows suggesting that the free volume
zones are the main scattering centres. It was also found [62] that these
zones play an important role in the formation of microcracks under me-
chanical stresses.

There are nanosized and submicroscopic pores corresponding to the
free volume zones of a certain fraction [60]. The volume density of submi-
croscopic pores increases especially at the stage of fixed dilatometric com-
paction, when FV most intensively migrates from the amorphous matrix
not only to the outer but also to the inner free surfaces.

In the study of submicroscopic crystalline Fe-based alloys produced by
quenching from the liquid state, a very high density of prismatic disloca-
tion loops and submicroscopic pores (10°-10!' mm—) was observed [60].
The only difference between rapidly quenched crystalline alloys and the
amorphous ones is that the volume density of FV in the amorphous state
is two orders of magnitude higher than that in the crystalline one.
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In general, FVs can be divided into excessive and structurally deter-
mined. Removal of excessive FVs does not change the symmetry and topo-
logical characteristics of the amorphous state. This most mobile compo-
nent of free volume is responsible for the changes in the structure, physi-
cal and mechanical properties of amorphous alloys at the SR stage [63].
The structurally determined free volume is an element of the structure, a
part of atomic complexes that determine the topological and compositional
characteristics of the amorphous state.

In Ref. [64], the shape of the free volume zones and the features of
their distribution in cross cross-section of amorphous ribbons were deter-
mined through small-angle X-ray scattering (SAXS). The interpretation of
SAXS data still does not look unambiguous, since several sources of scat-
tering are possible: microscopic discontinuities, particles of other phases,
zones enriched with an alloying element or those with an increased level of
internal stresses. In this regard, a physical parameter of external impact
was introduced, which permitted unambiguously linking the parameters
of SAXS with the characteristics of certain heterogeneities. Such a param-
eter in Ref. [64] was external hydrostatic pressure, which can effectively
reduce the porosity of a wide range of materials [65—67]. As a rule, appli-
cation of external hydrostatic pressure leads to a decrease in the average
size of pores at their unchanged total concentration. The decrease in the
SAXS intensity after applying hydrostatic pressure to AMAs is associated
only with the reduced size of those zones, which cause SAXS. No change
in the concentration and electron density of scattering inhomogeneities is
observed. According to Ref. [68], when only the size of inhomogeneities
changes, a certain relation between the change in their size (D) and the
change in scattering intensity (/) should be fulfilled. In Ref. [69], this re-
lation is also reported. For the CoyFe,,Si;;B,, alloy, it was found that ex-
posure at a pressure of 1 GPa for 10 s led to a decrease in D’ by 1.73 times,
and the scattering intensity decreased by 1.8 times. These estimates con-
firm that the scattering inhomogeneities are voids. Under the assumption
that the observed inhomogeneities are micropores, their volume fraction
was estimated. The authors of Ref. [64] observed a significant decrease in
the size of the scattering centres after 3 ym thick layers were removed
from each side of an amorphous ribbon by electrolytic etching. This indi-
cated a heterogeneous distribution of micropores by size: larger micropo-
res (scattering areas) were concentrated in the surface layers of the rib-
bon, and smaller ones in the middle layers. Based on the results of SAXS
studies, it was concluded that ellipsoidal submicroscopic discontinuities
with dimensions of 20—-100 nm, heterogeneously distributed over the rib-
bon cross-section, were present in the AMAs.

Besides, as found out, the high-pressure treatment increased the tem-
perature of annealing embrittlement, i.e., the temperature of the ductile-
brittle transition, of amorphous Co- or Fe-based alloys. This effect is ob-
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Fig. 7. Typical dependence of room tempera- g
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sing melt temperature. The effective quenching rate is responsible for the
actual total number of ‘frozen’ defects, and for the shift in the distribu-
tion towards their finer sizes, as the effective melt cooling rate increases.

In Ref. [T1], a structural model of ‘annealing embrittlement of amor-
phous alloys’ was first formulated, which took into account the fact that
the fracture type changed after annealing above a certain critical tempera-
ture. This change was associated with the facilitation of brittle crack nu-
cleation on micropores of relaxation origin, which appeared because of the
coagulation of zones with excessive FV. Each amorphous alloy with a cer-
tain size distribution of the FV regions has a certain critical temperature
of the ductile—brittle transition (7), which leads to the appearance of a
sufficient number of pores of a critical size, that cause microfracture.

One of the features of AMAs is their high ductility under compression
and bending [72]. However, ductility abruptly drops after annealing at
temperatures, at which no signs of crystallization are yet observed [73].
On the example of amorphous alloys of the Fe—B system (Fig. 7), it was
shown that heating in the amorphous state stability region below the tem-
perature Ty caused complete or partial embrittlement at room temperature.

As shown in Ref. [74], T coincides with the temperature interval,
within which the most active relaxation processes occur; these processes
lead to a noticeable compaction of the amorphous structure.

Two types of models have been proposed to explain the nature of the
annealing embrittlement of amorphous alloys:

1. the ‘segregation’ model [75], which explains the embrittlement by
the formation of segregations of metal atoms in some zones of the amor-
phous matrix;

2. the ‘crystalline’ model [76] relates the embrittlement to the forma-
tion of a noticeable long-range order or some crystalline phases in the
amorphous matrix.
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Each of the above models is based on an indirect experimental data-
base, but none of them is consistent with all the experimental results cur-
rently available. For example, the segregation model is not able to describe
properly the ductile—brittle transition in amorphous metal-metal alloys.
The crystalline model does not agree with experimental data, which show
that T, decreases sharply, when small amounts of surfactants are added to
the alloy. As a rule, the conclusion about the adequacy of any of these
models is ‘structureless’, i.e., they are not based on a detailed considera-
tion of the variations of structural features of plastic flow and fracture
that occur upon the transition through T,.

Discussing the experimental results, some authors [77, 78] suggested
that the ductile—brittle transition is associated with the structural relaxation
of the amorphous state. However, no real mechanism based on the physics
of plastic deformation and cracking has yet been proposed to explain how
structural relaxation would lead to crucial brittleness of amorphous alloys.

Based on general ideas about the nature of the brittle state, two pos-
sible processes [73] should be distinguished, which can lead to the loss of
macroscopic ductility of AMAs due to thermal effects. These processes are
the reduced susceptibility of the material to plastic flow and easier crack
formation and growth. However, the susceptibility of AMAs to plastic de-
formation remains practically unchanged after annealing above T,.
Therefore, the phenomenon of annealing embrittlement of amorphous al-
loys is caused not by inhibition of plastic flow, but by facilitating fracture
processes.

For determining the nature of the processes that underlie the fracture
mechanics of amorphous alloys and play an important role in the anneal-
ing embrittlement, a series of works by H. Kimura and T. Masumoto [79,
80] were important. They used the criterion of local fracture under ten-
sion, which was able to describe the mechanics of the ductile-brittle transi-
tion in amorphous alloys. Using the Pd ,Cu,Si,; alloy as an example, they
showed that the loss of AMA ductility after annealing could be explained
by a decreased stress needed for microfracture, rather than by sliding hin-
dering. Thus, the ductile—brittle transition during annealing can be ex-
plained by a decrease in the microfracture stress below the maximum val-
ue of the yield strength in the longitudinal direction. Using the fracture
criterion proposed by H. Kimura and T. Masumoto, it can be concluded
that the annealing embrittlement of AMAs is associated with the facilita-
tion of the fracture process, rather than with the complication of plastic
flow. Obviously, the stress needed for fracture at the microscopic level
becomes the most important physical parameter characterizing the suscep-
tibility of amorphous alloys to brittle fracture. The stress needed for frac-
ture at the microscopic level is a structurally sensitive characteristic of
the material, which tends to decrease sharply under thermal impact that
leads to the annealing embrittlement [81].
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Besides the above processes, several more structural relaxation pro-
cesses have been experimentally found out, which lead to a change in the
fracture mechanism and, accordingly, to a sharp decrease in the stresses
needed for fracture at the microscopic level under certain thermal im-
pacts.

Amorphous alloys produced by the spraying technique have increased
porosity and significantly lower T values compared to the same alloys
produced by melt quenching [82].

The parameters of alloy production by melt quenching have a signifi-
cant impact on both the ductility in the initial state and the T, value. A
thicker ribbon, which corresponds to a lower melt quenching rate, has a
lower T value. As the melt quenching rate increases (and the ribbon thick-
ness decreases), Ty rises [83]. In the phenomenon of annealing embrittle-
ment, the excess free volume and its evolution under thermal impacts
upon the amorphous structure play a determining role [87].

F. Spaepen and D. Turnbull suggested [85] that in AMAs without a
crystal lattice, dilatation (in particular, tension) contributes to the forma-
tion of excess free volume at the crack tip. This leads to a slight increase
in the volume of the shear transformation zone, which may be related to
the free volume relaxation [86]. In the free volume model, the deformation
occurs by atomic movement due to FV diffusion. For plastic deformation
to occur in a sample under specified conditions (applied stress, tempera-
ture, etc.), there should be a sufficient amount of FV capable of migration.
Thus, within the framework of this model, the stress concentration at the
crack tip acts as a kind of free volume source that plays the role of disloca-
tions in a crystal.

Since free volume is difficult to measure quantitatively, it is usually
estimated by measuring the viscosity of the system. Viscosity allows rela-
ting the flow rate ¢ to the local stress ¢ within the framework of Newton’s

equation:
€=0o/3r. (1)
Within the framework of Spaepen’s model describing deformation due

to free volume migration, the viscosity of AMAs below the glass-transi-
tion temperature T, is given as [50]

n = kT /vb*{exp(-8V"/V,) exp[AG,, /(kT)]} , (2)

where, instead of the probability of finding a vacancy next to an atom, the
probability of finding a cavity or free volume of size V" is used. This prob-
ability is expressed as exp(—dV"/V)) [85], where d is the geometric factor of
order one.

Wu and Speipen made an important assumption [87] that the tempera-
ture of the ductile-brittle transition (not necessarily the annealing embrit-
tlement) in the amorphous Fe,, ;B 4 ,Si, ,C, ; alloy was associated with some
critical V, value and, thus, with a critical value of n. In the absence of
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vacancies, the decrease in the free volume in the equilibrium state can be
considered as a consequence of thermal expansion: V, = a(T - T,).

The concentration of free volume V, at the test temperature is deter-
mined by the following relationship:

V,= AV, — AV, — AV, — a(T - T,), (3)

where DV is the stress-induced change in free volume; DV, is the fraction
of free volume frozen upon quenching; DV, is the change in free volume
during annealing.

Thus, both annealing and lowering the test temperature reduce V, and
increase m, increasing the critical stress of the onset of plastic flow.

In Ref. [88], this approach was complemented by the assumption about
the development of zones enriched with metalloid. According to the au-
thor, the development of such zones should form regions in the amorphous
matrix where the amount of free volume is much smaller than the average
for the entire alloy; these regions cause embrittlement during annealing.
In Ref. [89], on the example of alloys based on the Cu—Zr system, it was
also shown that the main reason for the embrittlement of samples was a
decrease in the free volume. According to the authors, it is possible to in-
crease the ductility of embrittled samples by annealing above T, followed
by quenching, which leads to the recovery of free volume.

Crack initiation in a region of reduced density (at a micropore in the
extreme case) can be easily predicted on the basis of the model developed
in Ref. [90]. The authors of Ref. [90] showed that a region with a reduced
elastic modulus can produce a brittle crack when a shear band interacts
with a boundary, which separates regions with different moduli. According
to this work, when the difference in moduli in neighbouring regions be-
comes four times, the initiation of a brittle crack becomes spontaneous
under external load. Since the free volume region can evolve into a submi-
croscopic pore at the stage of free volume annihilation, there comes a
critical moment when the discontinuity can initiate a crack. The situation
can be aggravated by the fact that impurities can segregate at the inter-
face between regions with different densities (and hence different elastic
moduli), which reduces the surface energy.

The possibility of diffusion processes under stresses that lead to the
disappearance of micropores directly follows from theoretical studies [91]:
coarser micropores should disappear at a higher rate than finer micropo-
res because of their filling due to self-diffusion. Besides, it was concluded
in Ref. [92] that the free volume is not capable of instant redistribution
and requires some time to achieve a new equilibrium distribution, which
would lead to the equalization of microstresses over the volume of the
amorphous matrix.
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5. Thermal Stability and Crystallization of Amorphous Alloys

The study of thermal stability (TS) of AMAs under the impact of external
factors and crystallization is of considerable scientific interest. In AMAs,
the consistent patterns of crystal nucleation and growth under conditions
of extremely non-equilibrium crystallization can be more clearly estab-
lished as compared to melts. Understanding these processes is also impor-
tant for the application aspect, since resistance to the onset of crystalliza-
tion, which leads to a sharp irreversible change in properties, mainly de-
termines the thermal stability and, accordingly, the limits of AMAs’ ap-
plicability.

According to the modern classification, certain types of crystalliza-
tion reactions can take place, depending on the chemical composition of an
amorphous alloy:

« polymorphic crystallization: an amorphous alloy transforms into a
supersaturated solid solution, metastable or stable crystalline phase with-
out changing its composition [93, 94];

. eutectic crystallization: two crystalline phases form simultaneously
[95];

. primary crystallization: one stable or metastable phase forms at the
first stage [96].

The type of reaction that takes place in a particular case is determined
by both the thermodynamic driving force and the activation barrier, and
hence their kinetics. Since long-range diffusion is involved in the latter
type of abovementioned reactions, the rate of crystallite growth decreases
over time. As shown in [97], the radius of primary crystals a-Fe in the

Fe,B,, alloy depended parabolically on the annealing time (7 o JDt,
where D is the diffusion coefficient), i.e., growth in this case is controlled
by bulk diffusion.

As mentioned above, structural relaxation processes become noticeable
when an AMA is heated and the mobility of atoms increases, which leads
to a decrease in free energy.

Upon further heating and the transition to more realistic conditions of
long-range diffusion of atoms, crystallization processes develop nucleation
and growth of crystallites of one or several phases, which leads to sharp
changes in all structural parameters and properties of an AMA [98].

The temperature of crystallization onset (Ty) is not a thermodynamic
constant for an amorphous alloy [99—101]. This temperature depends pri-
marily on the heating rate, as well as on a number of other factors, such
as the quenching method and conditions, thermal history of the amor-
phous alloy, etc., which determine the structural state of quenched AMAs
[102]. On the example of an alloy of the Fe-B—Si—P-Cu system, the au-
thors of Ref. [101] showed that an increase in the heating rate from 5 to
40 °C/min led to a T rise by 35 °C. Therefore, it is hardly correct to use
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this parameter directly as a measure of the thermal stability of AMAs.
Another physical parameter is often considered in this relation—the glass
transition temperature (7,). Although this temperature is lower than T,
it also depends on the heating rate and cannot always be experimentally
determined [19]. Values related to T, are also used, for example, the crite-
rion of relative stability DT, = T, — T,, which characterizes the stability of
amorphous phases with the same alloy viscosities [103], or the reduced glass
transition temperature T,, = T,/T, [104] (for most amorphous alloys, this
ratio is within 0.5-0.6 [98]). When AMAs are considered as superviscous
frozen melts, it seems more correct to evaluate their thermal stability by the
reduced temperature of the crystallization onset T',/T,. Such an estimate
allows comparing the thermal stability of various alloys, which is under-
stood as the probability of preserving the amorphous state at the same
supercooling below the liquidus temperature, and is quite convenient in prac-
tice. In this case, the Ty values can be easily determined during continu-
ous heating of an amorphous alloy at a constant rate (V, =dT/dt = const).

To explain the dependence of the thermal stability of amorphous al-
loys on their composition, as well as to predict this dependence, empirical
criteria based mainly on thermodynamic, crystallographic, or electronic
factors were proposed [105].

For metal-metalloid systems, it was emphasized that TS is maximal at
compositions close to the eutectic concentrations [106]. The strong inter-
action of the metal and metalloid atoms (as well as the base and alloying
metals in transition metal-based AMAs) manifests itself in a large nega-
tive mixing enthalpy and contributes to an increase in the reduced tem-
perature of the glass transition T,, [101]. Significantly smaller metal at-
oms contribute to the stabilization of the structure of the dense random
packing of AMAs by occupying interstitial sites [107]. For example, in
amorphous alloys of the (Fe, Ni)-M—Si—B system, the temperature of the
onset of crystallization increases if the atomic radius of the M element is
larger than that of the base metal, and decreases, if it is smaller [108]. An
increase in Ty in similar alloys was observed [109] as the negative differ-
ence between the charges of the atoms of alloying and base metals in-
creased. Considering an amorphous alloy as a solid with almost free elec-
trons, S.R. Nagel and Y. Tauk [110] showed that the most stable state
corresponds to the minimum density of states at the Fermi level. As a
consequence of this assumption, the temperature coefficient of electrical
resistance of amorphous alloys of compositions that meet this criterion is
negative. The analysis of literature data [14] shows that the above criteria
adequately describe the experimentally observed patterns, at least for al-
loys that are close in chemical nature.

The formation of certain crystalline phases during the crystallization
of AMAs is determined not only by their thermodynamic parameters, but
also by the activation energy of the corresponding processes. Since this
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energy is usually lower in the case of the formation of metastable phases
than stable phases (those indicated in equilibrium diagrams), the crystal-
lization in many amorphous alloys goes through the stage of formation of
metastable phases, which then transform into stable phases [14].

In Ref. [14], on the example of alloys of the (Fe, Ni, Co)—B system, it
was shown that up to a certain annealing temperature the number of nu-
clei per unit volume did not depend on the temperature and exposure time.
This indicated that the nuclei were already present in the quenched alloy.
Since there are ordered zones (pre-nuclei) in the quenched melt with a
temperature-dependent size distribution, the coarser ones and then the
finer ones become stable during URC through the T, —T, interval, as their
sizes become larger than the critical one with DT increasing. Thus, the
quenched alloy can already contain so-called ‘frozen’ centres, or quenched
nuclei, which can grow when heated to relatively low temperatures, when
thermally activated formation of new nuclei is not yet possible for kinetic
reasons. This was also shown in Ref. [111], where the dependence of the
volume concentration of nuclei on the quenching rate was determined.
According to experimental estimates, the density of nuclei can reach
=~ 10%! m3, depending on the alloy composition and quenching rate [98].
Based on the fact that such a high density of heterogeneous nucleation
sites is physically unlikely, it is believed that such values of density of
nuclei may indicate homogeneous crystallization.

Heat treatment before quenching determines the initial melt struc-
ture. The quenching rate determines the degree of nonequilibrium of the
resulting structure of the quenched alloy and the possibility of crystalliza-
tion during quenching. As a result, the amorphous alloy can contain dif-
ferent concentrations of the described ‘frozen’ centres, as well as free
volume and so on.

Features of the heating modes of amorphous alloys for studying their
crystallization can also significantly affect the results obtained. In par-
ticular, the structural relaxation processes described above can occur dur-
ing the heating of the sample to the annealing temperature, especially at
high temperatures; these processes significantly change such material
characteristics as atomic mobility, free energy, etc. [14].

The kinetics of isothermal crystallization of amorphous alloys is
described using the Johnson—Mehl-Avrami expression in the general form
[112]:

X(t) =1 - exp[-K(t - ty)n], (4)

where n is the Avrami exponent, which is determined by the mechanisms
of nucleation and morphology of crystal growth (according to theoretical
concepts, it is in the range 1.5—4); t,is the incubation time; K is the reac-
tion rate constant for which the Arrhenius law is assumed valid [112]:

K = K exp(-E,/RT). (5)
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In the last expression, E, is the effective activation energy of the en-
tire crystallization process. Double logarithmization of Eq. (4) allows
transforming it [112] into

In[-In(1 - X)] = nlnt + const, (6)

so, it can be seen that linearization of the experimental kinetic curve in
the co-ordinates In[-In(1 —X)] and Int makes it possible to determine n for
each section of this dependence. Although knowing only the value of n,
especially taking into account the above, does not allow unambiguous de-
termination of the crystallization mechanism.

The assumption of the validity of the Arrhenius temperature depen-
dence for describing the processes of nucleation and growth during the
crystallization of amorphous alloys is also the basis for the analysis of this
transformation under non-isothermal conditions, which is generally ac-
cepted to date [113].

The increase in the temperature of the onset of crystallization of
amorphous alloys with increasing heating rate allows determining the val-
ue of the total activation energy of the crystallization following the
Kissinger’s equation [113]:

In(V,/T?»]=-E/RT_+C, )

where T, is the temperature of some characteristic moment of the process
(most often, either the temperature of the crystallization start Ty, or the
temperature of the maximum rate of transformation (for thermoanalytical
methods)).

The validity of using Eq. (7) to describe the non-isothermal crystalli-
zation of amorphous alloys has been analysed and confirmed by many re-
searchers with some assumptions [114, 115].

6. Conclusions

It is determined that the characteristic structural feature of all amor-
phous alloys is the presence of free volume (FV) in them, since the density
of the alloy in the amorphous state is always lower than in the crystalline
state. Free volumes (FVs) are the low-density zones characterized by a cer-
tain size distribution (from fractions of an atomic diameter to hundreds of
nanometres) which depends on the conditions of production, composition,
heat treatment and a number of other factors.

Alloys in the amorphous state, due to the absence of translational
symmetry (long-range order) and, accordingly, stacking faults, have bet-
ter properties than in the crystalline state: high strength and hardness
combined with high ductility; high corrosion and abrasive wear resistance;
high specific electrical resistance at low, and even sometimes negative (in
°C), temperatures and thermal coefficient; high magnetic permeability;
low coercive force.
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AMOP®HI CILJIABU SIK ITEPCIIEKTUBHUI
KJIAC ®YHKIIOHAJIBHUX MATEPIAJIIB.
Y. 1: MeToxu BUTOTOBJIEHHS, CTPYKTYpa, (hisMKO-MeXaHiUHi BJIaCTUBOCTL

VY craTTi po3ragHYTO 0COOJIUBUI KJaac KOHCTPYKIINHUX MaTepiaiiB — amMopdHi craBu.
CTpyKTypHUIl cTaH aMOpHUX MeTaJeBUX CILIABiB (Ha BigMiHy Bij KpucramiuHuX) Xa-
PakTepusyeThCA BiCYTHICTIO TpaHCAAIIHOI cuMeTpii B posTalryBaHHiI aTOMiB i HaAB-
HicTIO Jimine OGJM3BKOT0 aTOMHOIO MOpAAKy. IlokasaHo, IO OCHOBHUMU €KCIIePUMEH-
TaJbHUMU METOJAaMU IiTBEePAKeHHs YTBOPEHHA aMOP(MHOI CTPYKTYPU € PEHTIeHiBChbKUT
dazoBuit ananis (XRD) ta nudepenniiina ckanyBaabHa Kamopumerpia (DSC). Oxapakre-
PHB0BaHO OCOOJIMBOCTI BILIMBY YMOB OJIePsKaHHs, CTPYKTYPHOI pejakcaiii Ta KpucTaJi-
3alrii Ha MexaHiuHi BilacTUBOCTI aMOp(hHUX CIJIaBiB. 3a3HAUeHO HASABHI BigMiHHOCTI y
mporecax gxedopmariii MisKk KpucramiuHuMu Ta amophHMMHU ciuiaBamu. [Hedopmaris
KPUCTAJTIYHUX CILJIaBiB BiOyBa€ThbCsA 3aBAAKM KOB3aHHIO AUCJIOKAIlill, TOAi AK y amMopd-
HUX CILIaBax Ie¥l IpoIlec IMPOXOIAUTH 3a JOIIOMOTIOI0 JIOKAJbHOI aToMapHoi mepe0ynoBH,
TOMY BiH i moTpebye icToTHO 6inbIoi eHeprii abo HaNpy:KeHHA. BusHaueHo, 110 3aJeKHO
Bif ximMiuHOTO CKJIamy aMOp(HOTO CILIaBY MOMKYTh OyTU peasi3soBaHi TPU OCHOBHiI THUIIU
peakiii kpucramnisarii. Ilepmuit Tun — moJsriMmopdHA Kpucrasisaiisa, 3a AK0ol aMophHUNA
criaB 0e3 3MiHUM CKJIaLy HEePEeXOAUTh y HePecUudYeHUi TBepAUil PO3UYUH, MeTacTabiIbHY
abo crabinbHy Kpucragiuny dasy. [pyruit — aBi KpucranaiuHi (asu yTBOPIOIOTHCA OJHO-
YacHO 3a €BTEKTUUYHHUM MexaHidamMoM. TpeTboMy THUIY BiflIOBijae mepBUHHA KpuHCTasisa-
i, 3a AKOI Ha MepIIiii cTafil yTBOPIOEThHCA OgHA cTabisbHa abo MeTacrabisibHa (dasa.

Karouori caoBa: amopdHUii criias, MeTajeBe CKJIO, MIBUAKICTh OXOJIOMKEeHHA, OIU3bKUIT
aTOMHUI TOPAMOK, MeXaHiuHi BJIaCTUBOCTI.
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