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Abstract: This work is devoted to a brief overview of the structure and properties of
amorphous-nanocrystalline metallic alloys. It presents the current state of studies of the structure
evolution of amorphous alloys and the formation of nanoglasses and nanocrystals in metallic glasses.
Structural changes occurring during heating and deformation are considered. The transformation
of a homogeneous amorphous phase into a heterogeneous phase, the dependence of the scale
of inhomogeneities on the component composition, and the conditions of external influences are
considered. The crystallization processes of the amorphous phase, such as the homogeneous and
heterogeneous nucleation of crystals, are considered. Particular attention is paid to a volume mismatch
compensation on the crystallization processes. The effect of changes in the amorphous structure on
the forming crystalline structure is shown. The mechanical properties in the structure in and around
shear bands are discussed. The possibility of controlling the structure of fully or partially crystallized
samples is analyzed for creating new materials with the required physical properties.
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1. Introduction

Metallic alloys in an amorphous state (amorphous alloys or metallic glasses) were obtained for
the first time by rapid melt quenching in 1960 [1]. The new material was of great interest, since it was
determined at once that the properties of alloys in an amorphous state differ from those of crystalline
materials of the same composition (for example, see [2]). Although many years have passed, interest in
amorphous alloys persists. So far, there have not been any reliable models of an amorphous structure.
There are a number of questions related to evolution of its structure and properties, as well as the
possibility of obtaining nanocrystalline materials by thermal and deformation action on amorphous
alloys. The properties of nanocrystalline materials and composite amorphous-nanocrystalline materials
also differ from those of amorphous and traditional crystalline materials. Depending on chemical
composition, nanocrystalline metallic materials are characterized by good plasticity and high viscosity,
high strength and hardness, low moduli of elasticity, higher diffusion coefficients, as well as larger
values of thermal expansion coefficient and better magnetic properties as compared with traditional
crystalline materials [3–6]. Partially crystalline alloys containing nanocrystals have hysteresis magnetic
properties at the level of the best crystalline and amorphous alloys; at the same time, they have
high saturation induction comparable to that of the best high-silicon electrical steel. Light Al-based
amorphous-nanocrystalline alloys have high strength, with the values of yield strength able to reach
1.6 GPa [7] at good plasticity.

This review analyzes changes in the structure of the amorphous phase from preparation to
the initial stages of crystallization. The transformation of a homogeneous amorphous phase into a
heterogeneous phase, the dependence of the scale of inhomogeneities on the component composition,
and the conditions of external influences are considered. The effect of changes in the amorphous
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structure on the forming crystalline structure is shown. The crystallization processes of the amorphous
phase, such as the homogeneous and heterogeneous nucleation of crystals, are considered. Particular
attention is paid to an important feature of the processes of crystal formation in the amorphous phase,
namely, compensation for volume mismatch. In the study of crystallization of metal glasses, this
issue is usually not given sufficient attention. Meanwhile, the way of compensating for the volume
mismatch has a decisive influence on the forming crystalline structure. When crystals form in the
liquid phase (melt solidification), the difference in the specific volume of the liquid and solid phases is
quickly compensated due to the high mobility of atoms at high temperatures. In the amorphous phase,
such a process is hampered due to significantly lower diffusion coefficients at room temperature or
crystallization temperature, which does not exceed 500 ◦C for most amorphous alloys, that is noticeably
lower than the melting temperature. As will be shown below, in this case, volume mismatch can be
compensated by changing the sequence of formation of crystalline phases, changing the morphology of
the crystals formed, the formation of nanocrystals with subsequent recrystallization, or the formation
of pores. Data on the influence of thermal or deformation effects on the parameters of the crystal
structure are presented. The effect of plastic deformation on the formation of nanocrystals and the
features of the mechanical properties of the amorphous phase near the zones of plastic deformation
localization are shown. In conclusion, there is evidence of the possibility of restoring the amorphous
structure using the cryogenic cycling method.

Studies of the structure and crystallization processes of metal glasses were carried out on a lot of
systems. The main attention in this review is focused on the alloys of such compositions in which the
above features are most clearly manifested.

2. Structural Changes Occurring during Heating and Deformation

An amorphous state is unstable, and the amorphous phase decays with the formation of the
crystalline phases under heat treatment. In a number of cases, transformation of the structure is more
complex, and the structure changes of the amorphous phase are observed before the crystallization
onset: separation to regions differing in the chemical composition and short-range order. At the same
time, a heterogeneous, amorphous structure is formed. The formed amorphous regions generally do
not have a sharp interface, the transition may exhibit peculiarities of spinodal decomposition [8,9].
Structure changes in metallic glasses before the crystallization onset were discovered in a large number
of alloys [10–18]. A lot of works [19–26] are devoted to the study of the separation of the amorphous
phase and heterogeneous amorphous structure formation.

A heterogeneous amorphous structure can be observed both in an initial state immediately after
melt quenching and after various external actions: heat treatment, deformation, irradiation, and others.
For example, as-prepared amorphous Pd-Au-Si alloy is uniform, but regions differing in the chemical
composition were formed in the sample after annealing at 400 ◦C [10]. In amorphous (Mo0.6Ru0.4)100-xBx

such regions were revealed before the crystallization onset [15], and in amorphous Fe67Co18B14Si1
alloy having a uniform amorphous structure after the quenching, heating to 400–600 K resulted in the
formation of regions enriched with boron and regions with Fe–Co composition [16]. Of course, regions
with different chemical compositions are characterized by different radii of the first coordination sphere
(different shortest distances between the atoms) and, correspondingly, different short-range order.
Thus, short-range order in the amorphous phase, of course, depends on the chemical composition, and
it changes with the composition change. An amorphous structure can change significantly with the
change in the component concentration; for example, the structure of amorphous (Zr0.667Ni0.333)1-xBx

alloy changes with boron concentration change from 0 to 25 at.% [12]. It was shown that short range
order type changes when x ≈ 0.05. In Fe-Zr system, the phase diagram of which contains two eutectic
regions (at 10 and 76 at.% of Zr), the formation of the amorphous phases is possible near each of the
eutectic points. Naturally, the amorphous Fe-based phase and amorphous Zr-based phase will differ
from each other in the radius of the first coordination sphere and short-range order.
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The amorphous phase structure can change significantly not only under heating, but under
deformation. Structure changes under deformation action were discovered at the beginning of the
investigation of amorphous alloys. In [27], it was found out that under rolling of amorphous Pd80Si20

alloys, a shift of the first peak of the structure factor towards smaller angles occurs, which indicates
a change in the radius of the first coordination sphere. The studies showed also that the plastic
deformation of metallic glasses at low temperatures and moderate loads is strongly localized, occurring
in narrow regions, with shear bands, almost not affecting the main part of the amorphous phase. In
these bands the structure, of course, should change.

Notably, in another group of works [28–30], the authors of which showed by the example of
amorphous Zr-based alloys that in the absence of plastic deformation, tension leads to the change
of a distance between the atoms, with these changes depending on the applied stress orientation.
Amorphous Zr-based alloys become brittle and hardly undergo plastic deformation, that is why
the mentioned works considered the region of elastic deformation only. Later the investigations of
structure changes under plastic deformation were carried out for Pd40Ni40P20 alloy. The authors
of [31] found out that after rolling deformation the amorphous alloy structure becomes anisotropic:
after deformation, the distance between the atoms along the rolling direction increases, while that
in a perpendicular direction almost does not change. The observed effect decreases with time. The
structure change is accompanied by a decrease in the transverse sound velocity in the deformed
samples compared with the initial samples. All the obtained results [28–31] are an evidence of the
elliptical nature of the first coordination “sphere” in the deformed samples. Based on the studies
carried out using X-ray radiation with different wavelengths [31], it was also discovered that the
structure changes are more pronounced in a subsurface region of the sample where deformation is
maximum. Thus, the structure of the deformed samples may differ in cross-section. Structure changes
during deformation were observed also under the use of small-angle X-ray scattering. Thus, for
example, in Pd80Si20 alloy, deformation of 20% resulted in a significant increase in the intensity of
small-angle scattering [32], and in Fe40Ni40P14B6 alloy [33], the existing inhomogeneities with a size of
32 Å increased up to 35 Å after 2-h annealing at 100 ◦C. Changes in the amorphous phase structure
bring changes in the physical properties: the Curie temperature increase [34] or there is an emergence of
two Curie temperature values (in the case of separation of the amorphous phase and formation of areas
differing in the chemical composition and type of short-range order [35]), embrittlement [36,37], etc.

3. Formation of Nanoglasses

As was shown, both heat treatment and deformation can result in the formation of a heterogeneous
amorphous structure. In recent years, the term “nanoglasses” has been used to describe a heterogeneous
amorphous structure. Although, as stated above, a heterogeneous amorphous structure was observed
in a number of systems by a lot of researchers, the term “nanoglass” was introduced in the work by
Gleiter [38] quite recently. Today nanoglasses are the particular focus in world scientific literature.
These materials, which differ from homogeneous amorphous, and nanocrystalline materials in the
structure, can display unique functional properties: mechanical, magnetic, catalytic, and others.

For the first time nanoglasses were synthesized as a bulk sample by consolidation of amorphous
powders under pressure. However, the samples obtained by this method had small geometric sizes,
and under their obtaining it was extremely difficult to avoid oxidation of the surface of amorphous
nanoparticles and formation of micropores embrittling the samples. Action on an amorphous alloy
obtained by melt quenching in the form of a ribbon, can be used as an alternative method of obtaining
nanoglasses. The method of obtaining metallic glasses by melt quenching onto a moving substrate
is one of the main methods of obtaining. Thereby ribbons with a thickness of 10–50 µm, width of
several millimeters to tens of centimeters, and length of several meters are formed. Such alloys have
significantly large sizes for both investigation of the structure and properties and use in industry. As
stated above, heterogeneity regions resulting in a nanoglass state can be formed in the amorphous
phase under different actions: heat treatment of different types, deformation (rolling, hydrostatic, and
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quasi-hydrostatic compression, high-pressure torsion, and others) at different temperatures, and irradiation.
The separation of the amorphous phase can occur at different scales. Thus, for example, the heating of
metallic Zr40Ti10Cu50 glass before the onset of crystallization results in the separation of an amorphous
matrix at the scale of about several nanometers [39], which subsequently results in the formation of a
composite amorphous–nanocrystalline structure with an extremely small grain size (2–5 nm). At the
same time, the separation scale is significantly larger in a number of other systems. It was found that,
in the Fe90Zr10 alloy [9], long-term low-temperature annealing (at a temperature of 100 ◦C) leads to the
decomposition of the amorphous phase with the size of the heterogeneity regions of about 25 nm. In
the annealed Ni70Mo10P20 alloy [17], heterogeneities sized of about 30 nm are formed below the glass
transition temperature; and in Ni70Mo10B20 metallic glass [40] after annealing above the glass transition
temperature, regions of an amorphous phase of different compositions up to 50 nm in size are formed.

The irradiation of amorphous alloys, for example, by fast neutrons, can also lead to the formation of
an inhomogeneous amorphous structure consisting of regions and different short-range orders. When
the amorphous Pd80Si20 alloy was irradiated with fast neutrons with a dose of 5 × 1020 neutrons/cm2,
the formation of structural inhomogeneities was observed, which are clusters with increased electron
density, surrounded by boundary regions with a reduced electron density. The diameter of the
clusters together with the shell was 10–20 Å [41]. Irradiation can lead not only to the formation of
inhomogeneities, but also to their reduction. For example, amorphous alloys (Mo60Ru40)82B18 and
Fe40Ni40P14B6 became brittle after isothermal annealing, which is associated with the formation of
inhomogeneities. After irradiation, the plasticity returned to its original value.

The peculiarities of structure and properties of nanoglasses are being investigated in alloys of
different compositions [42–47].

4. Processes of Crystallization of Amorphous Alloys

Both homogeneous amorphous alloys and nanocrystals crystallize at an increase in the temperature,
with the parameters of the formed structure (morphology, phase composition, sizes of structural
components, etc.) depending on both heat treatment conditions and sample history.

Crystallization of amorphous (Ni70Mo30)90B10 alloy [48] is an example of the typical transformation
from an amorphous to a nanocrystalline state. Figure 1 illustrates bright-field (a) and dark-field (b)
images of the microstructure of (Ni70Mo30)90B10 sample which was annealed for 144 h at 873 K. One
can see that the nanocrystals nucleate uniformly over the sample and are randomly distributed over an
amorphous matrix. An average nanocrystal size is 16 nm. Figure 2 shows a high-resolution image
of the structure of (Ni65Mo35)90B10 alloy sample annealed at 873 K for 72 h. A characteristic feature
of the nanocrystal arrangement in an amorphous matrix is that the nanocrystals do not have regions
contacting with each other. The crystals are isolated from each other by the regions of an amorphous
matrix. The minimum thickness of a layer of the amorphous phase between the nanocrystals is ~2 nm.
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Figure 1. (a) Bright-field and (b) dark-field electron microscope images of the microstructure of
(Ni70Mo30)90B10 sample after annealing at 873 K for 144 h.
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The fraction of the crystalline phase increases gradually during heat treatment. The formed
nanocrystals are a solid solution of Mo in Ni. A nanocrystal size is several nanometers. As annealing
duration increases, the grain size increases insignificantly, and then almost does not change. The
composition of regions of the amorphous matrix changes at that; it gets enriched with components which
are insoluble or have limited solubility in nanocrystals (Mo, B). A composition change of the amorphous
phase leads to a change in its crystallization temperature, which results in the completion of nanocrystal
growth. Such component redistribution resulting in a composition change in intercrystalline regions of
the amorphous phase was observed in alloys of other compositions (Fe-Zr-B, Fe-Si-B-Cu-Nb) [49,50].
In some cases, the dependence of nanocrystal size on the distance from the surface was observed
under the crystallization of the ribbons of amorphous alloys [51]. Thus, for example, in the subsurface
regions of the above mentioned (Ni70Mo30)90B10 alloy annealed for 72 h at 873 K, an average size of the
nanocrystalline phase grains is 20 nm and decreases to 17 nm at a depth of about 8 µm. The revealed
difference in the size of nanocrystals (and their lattice parameter) along the sample depth is related to
different chemical compositions of the subsurface and deep regions of the alloy.

A nanocrystalline alloy is two-phase; the structure consists of an amorphous matrix and
nanocrystals uniformly distributed over the matrix, which have no direct contact with each other. The
detailed studies of crystallization processes of amorphous alloys of Ni-Mo-B system [52,53] showed
that the lattice parameters of nanocrystals with the fcc lattice in this system change depending on the
isothermal annealing duration. The analysis of changes occurring demonstrated that, under primary
crystallization, the composition of formed crystals differs from matrix composition, the composition of
the remaining amorphous phase changes as crystallization proceeds. In the case of the alloys under
study, the amorphous phase gets enriched with a refractory component. On the other hand, the
composition of the crystals precipitated during annealing also undergoes some changes. Changes in
the nanocrystal composition lead to changes in the lattice parameters. The dissolution of Mo in Ni
leads to an increase in the lattice parameter of a solid solution, and dissolution of B leads to its decrease.
As is well known [54], at 873 K the equilibrium concentration of Mo in Ni is 17 at.%, and that of B is
less than 1 at.%. At the moment of formation, nanocrystals are a supersaturated solid solution of Mo
and B in Ni. Under isothermal exposure, codiffusion of Mo and B from nanocrystals occurs as grains
grow. Due to different chemical compositions of initial alloys at the initial moment, the compositions
of nanocrystals in the alloys also turn to be different. Different values of supersaturation of solid
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solution nanocrystals with Mo and B result in different values of the lattice parameter, starting with
exposure for 5 h. The maximum value of the lattice parameter is observed in the case of the highest
content of Mo in (Ni65Mo35)90B10 alloy and the minimum content of B in (Ni70Mo30)95B5 alloy. At an
increase in the concentration of B in (Ni70Mo30)90B10 alloy as compared with (Ni70Mo30)95B5 alloy
or a decrease in the concentration of Mo in (Ni70Mo30)90B10 alloy as compared with (Ni65Mo35)90B10

alloy, nanocrystals are formed with a low value of the lattice parameter. The codiffusion of Mo and
B into the surrounding matrix occurs under annealing. Loss of the highest amount of Mo (together
with B) from the nanocrystals in (Ni65Mo35)90B10 alloy (as compared with other alloys) leads to an
insignificant decrease in the lattice parameter. Since a lower amount of Mo leaves from the nanocrystals
in (Ni70Mo30)90B10 alloy, one should expect the lattice parameter to increase due to B diffusion into the
amorphous matrix, occurring at the same time, which is observed in the experiment.

The formed nanocrystalline structure in the above alloys has high thermal stability. The analysis
carried out demonstrated that the nanocrystalline structure exists until the nanocrystals are isolated
from each other by the amorphous phase. As previously stated, the amorphous matrix is enriched
with B and a refractory component (Mo) and has an increased stability as compared with that of the
amorphous phase of an initial composition. As soon as the amorphous matrix between the crystals
disappears, they begin to grow rapidly. Such a case is shown in Figures 3 and 4. Figure 3 displays
bright-field (a) and dark-field (b) images of a large crystal. Figure 4 demonstrates a high-resolution
electron microscope image of the crystals contacting with each other. One can see that in this case the
boundary is a region with a thickness of several Å, which divides two adjacent crystals. An arrow
marks the region of a direct contact of the nanocrystals with each other.
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5. Heterogeneous Nucleation

Another group of nanocrystalline alloys under the most extensive study is light Al-based alloys.
These alloys are light high-strength materials, which opens up extensive possibilities of their practical
application. These alloys also crystallize by the nucleation and growth mechanism, and nanocrystals are
formed by the primary crystallization reaction. Nanocrystal growth under the primary crystallization
was investigated in a number of works, and it was shown, for example, for alloys of Al-Ni-Ce
system [55] that it is diffusion-controlled. In literature, there are controversial data on the mechanisms
of nanocrystal nucleation. There are literature data [56] stating that the process of Al nanocrystal
nucleation is homogeneous. According to [57], this process is heterogeneous.

It is known that the homogeneous crystallization related to the fluctuation nucleation of nuclei
with a critical size can take place only above the glass transition temperature Tg. At T < Tg, the viscosity
of an amorphous phase is too high for such fluctuations, and nucleation can occur by heterogeneous
mechanism only [58]. In light metallic glasses, it is difficult to define in which temperature range relative
to Tg the process of nucleation occurs since the value of Tg in these alloys is unknown. Consequently,
it is impossible to conclude correctly on the nucleation mechanism, based on the temperature range of
the transformation.

To conclude reliably on the mechanism of nucleation under nanocrystallization, the data
on nanocrystal distribution over size under different durations of isothermal exposure and the
corresponding analysis of the distribution are required. This issue was studied in most details for
alloys of Al86Ni11Yb3 system [59]. As a result of primary crystallization, a structure is formed in an
alloy, which consists of an amorphous matrix containing Al fcc crystals randomly distributed over it.
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Al fcc crystals have a size of several nanometers. An example of this structure is shown in Figure 5. Al
nanocrystals are generally isolated by the amorphous matrix from each other.

Metals 2020, 10, 358  8  of  35 

 

Al fcc crystals have a size of several nanometers. An example of this structure is shown in Figure 5. 

Al nanocrystals are generally isolated by the amorphous matrix from each other. 

A change in the average nanocrystal size measured by dark‐field electron microscope images 

depending on the exposure duration is presented in Figure 6. The average size changes from 8 nm 

(under exposure for 5 min) to 12 nm (under exposure for 60 min). As one can see, the sharpest changes 

in the average nanocrystal size occur at initial transformation stages. The experimentally obtained 

nanocrystal distributions over size for exposures for 5 and 15 min are illustrated in Figure 7. Note 

that the fraction of the smallest crystals may be too low due to difficulty of the observation. This is 

particularly  important for the obtained distribution over size under exposure for 5 min, when the 

distribution is shifted towards the region of small sizes. 

   
(a)  (b) 

Figure 5. Microstructure of Al86Ni11Yb3 sample after annealing at 473 K for 30 min: (a) bright‐field 

and (b) dark‐field images. 

 

Figure  6. Dependence  of  an  average  nanocrystal  size  (triangles)  and  fraction  of  the  nanocrystals 

(asterisks) on  the duration of  annealing  at  473 K  for Al86Ni11Yb3  sample  [59]  [reproduced  from 

Physics of The Solid State 2001, 43, 2003 with permission from Pleiadis Publishing, 2020]. 

Figure 5. Microstructure of Al86Ni11Yb3 sample after annealing at 473 K for 30 min: (a) bright-field
and (b) dark-field images.

A change in the average nanocrystal size measured by dark-field electron microscope images
depending on the exposure duration is presented in Figure 6. The average size changes from 8 nm
(under exposure for 5 min) to 12 nm (under exposure for 60 min). As one can see, the sharpest changes
in the average nanocrystal size occur at initial transformation stages. The experimentally obtained
nanocrystal distributions over size for exposures for 5 and 15 min are illustrated in Figure 7. Note
that the fraction of the smallest crystals may be too low due to difficulty of the observation. This is
particularly important for the obtained distribution over size under exposure for 5 min, when the
distribution is shifted towards the region of small sizes.
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The obtained experimental distributions of nanocrystals over size have some specific features. To
analyze the features, let us consider theoretically possible crystal distributions over size and compare
them with those observed experimentally. Figure 8 shows all the possible size distributions of crystals,
which crystallize by the nucleation and growth mechanisms, for homogeneous and heterogeneous
nucleation [60].

If one compares these distributions with those observed experimentally, it is clear that
heterogeneous nucleation with a latent period takes place in the alloys under study. This is indicated
by the following:

• the absence of small crystals in the distribution under exposure for 15 min;
• a significant decrease in the region of small sizes under exposure for 5 min;
• a gradual decrease in the large particle fraction (the right branch of the distribution), which is

typical for the nonstationary rate of nucleation of the nanocrystals (with the latent period).

Thus, at the annealing beginning, there is a time period (τ), during which the stationary distribution
of subcritical nuclei over size is reached that corresponds to classical theory. According to [61], in this
case, the time-dependent rate of nucleus formation I(t) is determined by the equation

I(t) = Ist{1 + 2
∑

(−1)nexp[−n2(t/τ)]} (1)
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where the summation is performed over n in the range between 1 and ∞, τ is the latent period
which increases sharply with decreasing temperature, and Ist is the nucleation rate under stationary
conditions, which in turn is described by the equation

Ist = I0·exp(−L∆Gc /RT)·exp(−QN/RT) (2)

where L is the Loschmidt number, QN is the activation energy of transfer of an atom through the
crystallization front surface, ∆Gc is the free energy necessary for the formation of a critical nucleus.
Equation (2) is an approximate solution of the Fokker–Planck equation which was obtained for the first
time in [62].

At strong supercooling, the value of ∆Gc is very low, then

Ist = I0 exp( −QN/RT). (3)

Let us examine the growth of the formed nanocrystals. Since, in the case under consideration, the
concentration gradient of other alloy components arises in the amorphous matrix in front of growing
Al nanocrystals, the matrix gets enriched with Ni and Yb, the atoms of which diffuse over larger
distances. Then, the growth rate of the formed crystals decreases with annealing duration. At the
same time, it is known [58] that under primary crystallization, the radius of the growing crystals
depends parabolically on the duration of isothermal exposure. In our case, the growth of the crystals is
determined by the bulk diffusion of Ni and Yb components in the amorphous matrix

R = α (Dt)0.5 (4)

where D is the bulk diffusion coefficient, t is the time of isothermal exposure, R is the radius of a
growing crystal, and α is the dimensionless parameter of an order of unity. Meanwhile, we consider
the parameter α to be independent of the fraction of the crystalline phase.

This time dependence of the crystal size results in that nanocrystal distribution over size in the
case of heterogeneous nucleation becomes narrower with time. Thus, for the distribution shown in
Figure 7a the dispersion was 15.76 nm2, and for that presented in Figure 7b it was 4.96 nm2. In principle,
the Ostwald coalescence described by the Lifshitz–Slyozov theory [63] can also lead to narrowing of
the histograms of nanocrystal distribution over size and shift it.

In order to specify the heterogeneous mechanism of nanocrystal nucleation and growth during
isothermal exposure, it is necessary to perform computer calculations and plot the histograms of
nanocrystal distribution over size for heterogeneous nucleation and diffusion-controlled growth with
the purpose of comparing them with the experimental data.

To carry out these calculations using Equations (1)–(4), it is necessary to know the
following parameters:

N0, which is the number of nuclei, limited under heterogeneous crystallization;
τ, which is the latent period (duration of the nonstationary stage);
Ist, which is the rate of nucleation under stationary conditions;
I0, which is the constant determining the stationary rate of nucleus formation, and
QN, which is the activation energy of transfer of an atom through the crystallization front surface.
The value of I0 can be considered to be 3 × 1030 m s−1; such a value is typical of the nucleation

of Al nanocrystals in alloys of Al-Ni-REM systems [56]. The value of N0 can be calculated from the
experimental data as follows. Under exposures for more than 30 min, the fraction of the crystallize
phase does not significantly change (it is about 0.23). An average size of the nanocrystals is about
12 nm. Then, the number of nanocrystals, N0 (by assuming that all the regions of heterogeneous
nucleation are implemented and by neglecting the possible nanocrystal coalescence), will be about
2 × 1023 m−3. Such an estimate agrees well with the known literature data. Thus, in [56], it is
reported that under nanocrystallization N0 can reach 1025 m−3. According to [64], in order to estimate
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nanocrystal distribution over size it is necessary to divide the time of isothermal exposure into short
time intervals ∆t and to calculate the number of nanocrystals crystallized during each interval ∆t.
Then, for heterogeneous crystallization at the limited number N0 of active nuclei

Ni = I (t)(1 − xi−1)(1 − N0
−1
∑

Nj)∆t, (5)

where the summation is performed over j in the range between 1 and i at
∑

Nj ≤ N0; Ni = 0 for all the
other values of i. xi is the volume fraction of a material crystallized during the time interval ∆t by the
mechanism of primary crystallization (R = (Dt)1/2):

xi ≈ D3/2
∑

Nj {∆t(i + 1 − j)}3/2, (6)

where the summation is performed over j in the range between 1 and i.
The shape and location of the theoretical curve on the axes of size distribution depend on the

values of the parameters substituted into the formulas. The correction of the parameters QN and τ and
the diffusion coefficient (D) enables the best approximation of the theoretical curve to the distribution
obtained experimentally.
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Figure 8. Histograms of the grain distribution over size for (a,b) homogeneous and (c,d,e) heterogeneous
nucleation; (b,e) cases of nonstationary nucleation [59]. [reproduced from Physics of The Solid State
2001, 43, 2003 with permission from Pleiadis Publishing, 2020].

The two experimental curves of nanocrystal distribution over size for Al86Ni11Yb3 alloy, presented
above, should be compared with those calculated theoretically. When estimating both histograms,
one should use the same crystallization parameters. A change in their shape and location should be
related to the different process durations (5 and 15 min) only. This requirement is rather rigid. It
was shown that both experimental curves can correspond quite well to the theoretical ones at the
same values of QN and τ, but different diffusion coefficients D (Figure 9). For good correspondence
of the curves, the diffusion coefficient D should diminish with a rise in the exposure time (and,
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correspondingly, in the fraction of the formed crystalline phase). A decrease in D under primary
crystallization of amorphous alloys is rather usual at in increase in the crystallized material fraction [58].
The same phenomenon is apparently observed in the case under consideration. From the comparison
of calculated and experimental data it follows that at 473 K the effective coefficient of diffusion of Ni
and Yb in amorphous Al86Ni11Yb3 alloy is 1.4 × 10−19 m2s−1, and the latent period is 150 s. Since
usually the diffusion coefficient of Ni is significantly higher than that of Yb, one may suppose that it
is the Yb removal rate from growing crystal that limits the nanocrystal growth. Then, the obtained
diffusion coefficient value is related to Yb diffusion. The value of Yb diffusion coefficient which is
1.4 × 10−19 m2s−1 at 473 K seems to be rather realistic. If one compares it with the available data on the
diffusion coefficients of rare-earth metals in Al-based alloys, their similarity should be noted. Thus, the
diffusion coefficient of Y in Al88Fe7Y5 alloy is 9 × 10−20 m2s−1 at 518 K [65]. This value was obtained
using the Frank approach, where it is assumed that the parameter α in the equation R = α (Dt)0.5 is 1.5.
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shown with rhombi [59].

Note that Hono et al. [66] detected a rise in the Ce concentration in front of growing Al nanocrystals
under the crystallization of alloys of Al-Ni-Ce systems, while Ni was distributed uniformly over
the amorphous phase. Considering the similarity of the properties of Ce and Yb atoms, the above
assumption on the ratio of the diffusion coefficients of Ni and Yb elements seems to be rather reasonable.

Another difference between the experimental and calculated distributions over size is, as one
can clearly see in Figure 9, a “tail” of large particles presented in the experimental histograms. The
existance of larger particles is probably related to the presence of a small amount of the so-called
“frozen-in crystallization centers” in as-prepared alloy. The formation of crystals is facilitated in this
case. The particles grow earlier (up to the completion of the latent period of attaining the stationary
distribution of subcritical nuclei over size) and reach larger sizes. The particles grow earlier (by the end
of the latent period of reaching the stationary distribution of subcritical nuclei) and grow to larger sizes.

When calculating above, it was assumed that the parameter α in the equation R = α (Dt)0.5

determines the time dependence of the radius of a growing crystal under primary crystallization,
independently of the composition of the residual amorphous matrix. Therefore, when it turned out
that the rate of crystal growth decreases with time more sharply than it follows from the dependence
R = α (Dt)0.5, an agreement between the calculations and the experiment was reached by decreasing the
diffusion coefficient with the process duration. However, it seems to be expedient to consider another
approach which relates a more significant than it follows from the equation R = α (Dt)0.5 decrease in
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the growth rate with time to a decrease in the driving force of the process. If one takes into account a
change in the matrix composition, according to the Ham’s approach [67] the time dependence of the
size will be determined as

R(t) = [2(Cm − C(t))/Cm − Cp]1/2 (D t)1/2 (7)

where Cm and Cp are the concentration of a redistributed component in an amorphous matrix and
precipitate at the interface; C(t) = C0/1 − x(t) is the concentration of a component in an amorphous
matrix the time t after the process onset.

Ham’s model considers a sequence of the identical particles; the initial sizes of a growing particle
are negligibly small, the concentration of an admixture (alloying element) in a matrix near the particle
is constant along the entire interface, at the interface the condition of diffusion equilibrium is satisfied,
and an average size of the particle is about a half of the distance between the particles at the moment
of reaction completion (i.e., at their maximum quantity). In [68], an expression was obtained which
relates Cm, C(t), Cp, t, and R0 to each other, where R0 is the distance between the particle centers.

(D t /(R0)2) [(C0 − Cm)/ (Cm −Cp)]1/3 = (1/6) ln [(u2 + u + 1)/(u2
− 2u + 1)] −

(1/3)1/2 tan−1 [(2u + 1)/31/2],
(8)

where u3 = 1 − C(t)/C0.
When obtaining this expression, it was assumed that C(t = 0) = C0, the initial radius of a particle

is zero.
The essence of this consideration is that at an early crystallization stage the enrichment of a matrix

is low due to the concentration redistribution, (C(t) ≈ C0) and R ~ (Dt)1/2. At times corresponding to the
final stages of the reaction, an average matrix composition approaches Cm and dR/dt→ 0. The rate of
precipitate growth converges to zero since the driving force of the precipitate process converges to zero.
Taking into account the concentration dependence of the parameter α, the dependences of an average
size of Al nanocrystals in Al86Ni11Yb3 alloy were calculated. N0 was 2 × 1023, D = 1 × 10−19 m2 s−1,
x(t), the fraction of a crystallized material, was determined. The obtained results are demonstrated
in Figure 9, where the results of the calculations based on Ham’s approach are marked with a solid
line and the experimental points are shown as rhombi. It is seen that a good agreement between
the calculated and experimental data is observed. Note also that, in this case, the correspondence is
observed when using one value of the diffusion coefficient for all durations of isothermal exposure in
calculations. This value almost coincides with that obtained earlier. A slight difference is caused only
by the coefficients used in the estimates. In the first case we assumed R = (Dt)1/2 and in the second case
we calculated R = α (Dt)1/2, where

α = [2(Cm − C(t))/Cm − Cp]1/2. (9)

In principle, Ham′s analysis is related to binary systems. However, based on the data presented
in [69] one can consider it to be rather applicable to the case of light three-component alloys.

One should also analyze a possible effect of the Ostwald coalescence on the observed histograms
of nanocrystal distribution over size. In the Lifshitz–Slyozov theory, the evolution of crystal sizes is
described by the following equation:

R3
− R0

3 = 8 D σ Vm C(∞) t / 9 N k T (10)

where R is the average particle size, R0 is the initial average size, Vm is the molar volume of precipitates,
σ is the energy of the particle-matrix interface, C(∞) is the equilibrium solubility of a component at a
great distance from a particle, k is the Boltzmann constant, and N is the Avogadro number.

The maximum growth rate caused by the coalescence is

(dR/dt)max = 8 D σ Vm C(∝) / 27 N k T R2 (11)



Metals 2020, 10, 358 14 of 34

The maximum growth rate estimated by Equation (11), which was caused by the coalescence,
was about 0.2 nm/h (for 473 K, R ≈ 4 nm after the exposure for 5 min, and D =1.4 × 10−19 m2/s). For
R ≈ 5.5 nm (after the exposure for 15 min), the maximum growth rate is <0.03 nm/h. One can see
that these rates are insignificant in the considered time interval of the nucleation and evolution of the
nanocrystals (exposure for up to 60 min). Ardell [70] made the corrections in Equation (8), allowing for
the volume fraction of crystals. Ardell obtained an equation which differs from the Lifshitz–Slyozov
equation in the parameter K, which is the function of the crystal volume fraction only:

R3
− R0

3 = 8 K D σ Vm C(∞) t / 9 N k T (12)

K = 1 at zero volume fraction of precipitates, K ≈ 6 at 15% fraction (exposure of the alloy under
investigation for 5 min), and K = 10 at 25% fraction, which approximately corresponds the exposure
for 15 min in our case. Then, the maximum growth rates caused by the coalescence are ~1 nm/h and
0.3 nm/h for nanocrystals in the alloy after the exposure for 5 and 15 min, respectively. Note that
these estimates are too high since the diffusion coefficient decreases with time (in this calculation, the
dependence of the parameter α in the equation dR/dt = (α/2)(D/t)1/2 on the crystalline phase fraction
was considered, and it was taken to be constant and equal to 1). The obtained values can be regarded as
the estimates “above” the values of an instantaneous growth rate (under the exposure for 5 and 15 min)
decreasing with time. Therefore, in this case, even consideration of the parameter K related to the
volume fraction of precipitates does not make these rates significant for the evolution of nanocrystal
distribution over size.

Furthermore, in the Lifshitz–Slyozov theory it is considered that the system is in equilibrium,
ib this case the formation and growth of particles of the second phase do not occur due to the
matrix (the fraction of particles of the second phase is constant). Thus, a change in the nanocrystal
size, caused by coalescence processes, which is described by the Lifshitz–Slyozov theory, may be
significant after the completion of nanocrystal growth from the amorphous phase during the existence
of metastable equilibrium of the nanocrystals – amorphous matrix. For coalescence processes to occur,
this equilibrium should be persist for a long time, and no further crystallization of the amorphous
phase should take place. It is important to note that the particle distributions over size were obtained
for the stages at which a metastable equilibrium between the amorphous and nanocrystalline phases
was not reached yet and the fraction of the nanocrystalline phase continued to increase.

Thus, nanocrystal nucleation under the crystallization of amorphous Al86Ni11Yb3 alloy occurs by
the heterogeneous mechanism from “frozen-in” crystallization centers. A good agreement between the
experimental data on a change in the nanocrystal size with the time of isothermal annealing and the
calculations by the method described above was observed also for alloys of Al-Ni-Y system [71].

6. Some Features of Nanocrystal Formation (Free Volume)

The interrelation of an amorphous state and the crystalline phases emerging under its decay
would be more evident if under crystallization there were no effects having a significant influence
on the formed structure. The bulk crystallization effect belongs to these effects. The point is that the
density of amorphous metallic alloys is 1–5% lower than their density in a crystalline state. Larger
differences in the density of the amorphous phase and the arisen crystalline phases are observed in
the case when the amorphous phase has semiconductor properties, for example, in the Al–Ge system.
Therefore, it seems to be important to study how the compensation of bulk phase mismatch occurs
under crystallization and how this affects the formed structure.

Several methods of the compensation of bulk mismatch are possible:

• using elastic deformation;
• by viscous flow of an amorphous matrix;
• by plastic deformation of the crystalline phases;
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• due to diffusion escape of excess volume with formation of pores in the reaction front and/or
diffusion of the elementary carriers of free volume to the surface and their annihilation on it;

• by disruption.

Obviously, since the densities of the amorphous and emerged crystalline phases differ, elastic
stresses and, consequently, deformation of both the crystalline and amorphous phases occur in the
front. The values of the elastic stresses and deformation can determine the relative position of the
phases, their morphology and structure, as well as the formation sequence. Obviously, the methods of
compensation of the bulk effect act in an integrated way.

Let us consider some examples which demonstrate different methods of the bulk effect compensation.

6.1. Dependence of the Sequence of Phase Formation and Crystal Morphology on the Bulk Effect Demonstration
in Alloys of Fe-B, Fe-Co-Si-B Systems

As stated in [72], the method of compensation of bulk mismatch under crystallization can determine
the morphology of precipitates. In order to investigate the bulk effect demonstration, a comparative
study of crystallization in the samples of “thick” (with an initial thickness) and “thin” cross-sections
was carried out. Polished samples for electron microscopy are meant by thin cross-sections. Under the
in-situ studies of crystallization in an electron microscope column, phase transformations are usually
investigated in samples with a thickness of ≈100 nm. The thin cross-sections were studied to get
rid of the influence of effects related to thick cross-sections on crystallization. The remoteness of the
sinks of elementary free volume carriers from the reaction front, difficulty of the compensation of bulk
mismatch, and others belong to these effects.

The investigations of samples of Fe100−xBx (16 < x < 20) alloys showed [73] that at the first stage of
crystallization of samples of all the studied compositions, α-Fe crystals (or rather crystals of a solid
solution of B in α-Fe) are precipitated. In the thin cross-sections, precipitates of α-Fe have the form of
commas, needles, plates, differing in the thickness, of an irregular shape with a length of several tens
of nanometers and thickness of 5–10 nm (Figure 10). Precipitate chains are formed, and a correlation in
the arrangement of first and subsequent precipitates is observed. Then, grains of Fe3B arise, and a
structure consisting of Fe and Fe3B grains is formed.
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Figure 10. Microstructure of Fe84B16 alloy sample annealed in an electron microscope (in-situ) at 623 K
for 90 min: (a) bright-field and (b) dark-field images [reproduced from Mat. Sci. [73]. Eng., 1978, 36,
193 with permission from Elsevier, 2020].

Under the crystallization of ribbons with an initial thickness, the sequence of phase precipitation
and morphology of the precipitates differ. At the first stage, in alloys of a hypoeutectic composition
(at.% of B < 17.5), as well as in the thin cross-sections, α-Fe crystals are the first to nucleate and grow.
They have faceting and form crystallites with a distinctly dendritic shape (Figure 11). The crystallites
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are randomly distributed over the amorphous matrix, and no correlation in their arrangement is
observed. At the second crystallization stage, colonies are formed, which consist of α-Fe and Fe3B.
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Thus, in hypoeutectic alloys, primary α-Fe crystals were not formed in the thick cross-sections. In
the thin cross-sections, α-Fe crystals were always first to be precipitated. In the thick cross-sections,
colonies were formed, which consisted of α-Fe and Fe3B, while in the thin cross-sections no colonies
(i.e., simultaneous formation of α-Fe and Fe3B) were observed, and Fe3B grains emerged at the second
crystallization stage. Fully crystallized samples of thick cross-sections contained dendritic α-Fe crystals
and colonies consisting of α-Fe and Fe3B, and in the thin cross-sections there was a structure consisting
of Fe and Fe3B grains.

It is reasonable to relate the observed difference in the morphology and arrangement of crystals
in the thin and thick cross-sections to the proximity in thin surface cross-sections. In the thick
cross-sections, the compensation of the bulk effect occurs, most probably, with the viscous flow of a
matrix and deformation of precipitates and a matrix, and in some cases, probably, with the formation
of micropores in the reaction front.

The formed α-Fe crystals in the thick cross-sections grow anisotropically in the field of tensile
stresses, which explains their growth in the {111} planes in the {110} direction, but not in the close-packed
{110}, as was observed in [74]. In the case of thin cross-sections, the compensation of the bulk effect
has time to proceed by the diffusion of excess volume carriers to the surface due to proximity of the
surface. Deformation fields around α-Fe have lower values, and the crystal shape is more equilibrium
than that in the case of thick cross-sections. According to the literature data, the density of Fe crystals
is 7.48 × 103 kg m−3 [74], and that of Fe3B is 7.48 × 103kg m−3 [75]. The density of amorphous Fe83B17

alloy is 7.31103 kg m−3 [75]. Consequently, under the formation of the same fraction of these phases,
the arisen level of stresses, related to crystallization, will be higher in the case of Fe formation than
that in the case of Fe3B formation. However, the compensation of bulk mismatch and, consequently, a
decrease in the internal stresses are carried out more easily in the thin cross-sections. Therefore, the
formation of primary Fe crystals and Fe3B occurs in all the alloys under study after the completion of Fe
precipitation. The formation of colonies in the thick cross-sections, which have a complex structure and
structural components nano-sized in two directions, may be associated, in this case, with a decrease in
the stress level in the crystallization front and avoidance of the disturbance of material continuity.
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In principle, there can be another explanation of the effects observed, i.e., chemical composition
change in the thin cross-sections as compared with the thick ones. However, the study of distribution
of element concentrations over sample depth, performed by Auger electron spectroscopy, did not
reveal any significant differences.

6.2. Formation of a Nanocrystalline Structure as Demonstration of the Bulk Effect

A vivid demonstration of the influence of the bulk crystallization effect on the morphology and
structure of the formed phases is the formation of a nanocrystalline structure in Al32Ge68 alloy. A
feature of this material is that Al and Ge phases are formed under the decomposition of Al32Ge68

alloy, with Al being less dense and Ge being denser than the amorphous matrix. In this case, one
could expect the formation of a specific structure in the region of the crystallization front. One can
assume that the compensation of the bulk effects (with opposite signs) of phase formation should lead
to the formation of a highly dispersed mixture of two formed phases in the reaction front in order
to avoid the disturbance of sample continuity. In this case, bulk effects with opposite signs will be
compensated, and the sample can remain continuous. The studies carried out [76] demonstrated that at
an initial crystallization stage a nanocrystalline structure is formed, the nanocrystal size is about 10 nm.
Crystallization begins in the depth and propagates to the sample edge. The formed nanocrystalline
structure is very unstable. At that, equilibrium phases of Al and Ge are formed. Recrystallization
under isothermal exposure occurs very quickly; the nanocrystalline region is followed immediately by
the region of larger crystals. According to the data of differential scanning calorimetry, crystallization
proceeds in one stage. Thus, at initial crystallization stages, a nanocrystalline structure is formed,
which was detected near the crystallization front only. A significant grain growth occurs at a distance
of 100 nm from the front.

The formation of a nanocrystalline structure, as a consequence of the compensation of bulk
mismatch under the amorphous phase crystallization, is caused by the necessity of elastic stress
compensation at a nanolevel in the crystallization front in order to avoid the disturbance of material
continuity (the emergence of additional free surfaces under the decomposition will increase the free
energy of a system and can make this process unprofitable). In this case, such demonstration of the
bulk mismatch compensation is related to large differences in the density of an initial amorphous
phase and formed crystalline phases. The specific molar volume of an amorphous matrix is, according
to different data, within the limits of (11.2–12.6) 10−6 m3mol−1, and that of crystalline Al and Ge is
10.0 × 10–6 m3mol–1 and 13.6 × 10−6 m3mol−1, respectively. That is, the density of an amorphous
matrix is in an intermediate position between Al and Ge densities, and the difference is approximately
20% for both elements. Thus, the formation of one phase under crystallization results in a very high
level of stresses in the reaction front, which is compensated immediately under the formation of the
second phase. Thereby, one succeeds in avoiding sample decomposition. The formation of phases in a
nanocrystalline state results in the stress compensation not only at macrolevel, but at the microlevel
(nanolevel). An important fact is that the amorphous phase exists in a narrow concentration rage only,
and precipitation of one of the phases will result in a change in its composition and, consequently, to
the decomposition. Therefore, the simultaneous formation of two phases is observed, and their size is
determined by the necessity of compensation of the bulk effect of phase formation in order to preserve
the sample continuity.

The formed nanocrystalline structure turns to be very unstable. In this structure, the area of
interphase interfaces and the corresponding energy are high, that is why grain coarsening is necessary
to diminish the free energy of the system, which happens in reality. In this case, nothing impedes
the coalescence processes: the nanocrystals are separated by high-angle boundaries, but not by the
special low-energy ones, and there is no layer of an amorphous matrix isolating the crystals from each
other. Under the formation of a nanocrystals by the primary crystallization mechanism, the amorphous
matrix changes its composition as the nanocrystals nucleate and grow. In the case of amorphous Al-Ge
alloy, this process is impossible. The reason is that, as stated, the amorphous alloy of Al32Ge68 nominal
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content has a very narrow concentration region of existence [77], and the layers of an amorphous phase
with a changed composition cannot exist between the grains. Consequently, there are no obstacles to
coalescence, and the nanocrystalline structure will decompose easily. Al should be the leading phase
here, for which the corresponding homologous temperature is lower. As shown experimentally, the
prevailing growth of Al crystals is observed under the nanocrystalline phase separation.

6.3. Compensation of Structural Mismatch by Pore Fformation and Nanocrystal Formation in the Shear Bands

A number of works, for example, [78–80] were devoted to the study of shear band formation and
structure in amorphous alloys. Plastic deformation in alloys is strongly localized and is realized by
the formation and propagation of different shear bands. The rate of shear band propagation does not
depend on the deformation rate in a range of 2 × 10−4–10−2 s−1. High shear stresses are localized in
shear bands, as a result, a large amount of free volume is concentrated in them; the shear bands have
more random structure compared to the surrounding amorphous phase [78,81]. The structure of the
main part of an amorphous matrix also can change under deformation; it becomes anisotropic under
certain conditions [29–31]. The number of shear bands depends on the alloy chemical composition and
deformation conditions. Their size can be from several tens of nanometers to several micrometers in
width and from tens to hundreds of micrometers in length.

As a result of plastic deformation, the amorphous phase structure becomes non-uniform: an
amorphous structure in the region of a shear band differs from the structure in a surrounding amorphous
matrix. The relaxation of a structure in the shear band can lead to different effects.

In literature there are several models which describe the processes responsible for the shear band
formation. All of them include, to varying degrees, the concept of free volume. Thus, for example,
in the work by Spaepen [82] it is assumed that the motion of a material in a shear band consists of
the formation and disappearance of free volume regions. An interest in shear bands is caused by
several factors. Firstly, a lot of mechanical properties of amorphous alloys depend on the presence and
characteristics of shear bands. Secondly, as was demonstrated in [83–85], the nucleation of nanocrystals
begins in shear bands or their vicinity. In [86], it was demonstrated that pores also grow in shear bands
(Figure 12). The arrow indicates the reflex in which the dark-field image is obtained.Metals 2020, 10, 358  19  of  35 
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The analysis of pore growth kinetics (Figure 13) allowed estimating the effective diffusion
coefficient. When calculating, it was assumed that pores grow due to diffusion of free volume from
a shear band to the bulk of the surrounding matrix. It was determined that the diffusion coefficient
decreases with time at room temperature RT (from 3 × 10−24 m2/s for ageing for 1.78 × 107 s, to
7 × 10−25 m2/s for ageing for 2.95 × 107 s). A decrease in the diffusion coefficient with time is caused
by free volume depletion in shear zones adjacent to pores. As mentioned above, shear bands can be
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the regions of facilitated nanocrystal formation. The formation of nanocrystals in a shear band can be
observed in Figure 12.
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in shear bands after ageing at RT for 2.96 × 107 s (c) [reproduced from Mechanics of Materials, 2017,
113, 19 with permission from Elsevier, 2020] [86].

A number of experimental results also are an evidence of high diffusion coefficient values in
these regions. In [30,87] the formation of nanocrystals was observed in deformation bands under
the subsequent exposure of samples at room temperature. The preferred crystallization in shear
bands was observed also in [88]. The authors found out the preferred nanocrystal formation in shear
bands in Al88Y7Fe5 alloy samples deformed by tension. The authors related the nanocrystal formation
in shear bands to an increase in the local mass transfer rate in these regions. Similar results were
obtained in [89], where the authors demonstrated the formation of Al nanocrystals in rolled amorphous
Al85.1Ni6Co2Gd6Si0.9 alloy at room temperature. Figure 14a shows the microstructure of an alloy
deformed by multiple rolling. Figure 14b illustrates the microstructure of the same alloy after ageing
at room temperature for ~6000 h. In Figure 14a, one can clearly see brighter regions with an extended
shape, which are oriented along some direction. The size of the regions is up to 100 nm in length
and 20–40 nm in width. These regions have rather sharp boundaries with the amorphous matrix and
represent regions (shear bands) with a high level of deformation, i.e., shear bands. They contain a small
number of nanocrystals formed during deformation. The surrounding matrix remains amorphous.
Thus, the formation of Al nanocrystals under rolling occurred in the places of plastic deformation
localization. Under the ageing of a sample at room temperature, its structure changed significantly.
In shear bands, the number of nanocrystals increased strongly, and shear bands became completely
filled with nanocrystals. Meanwhile, a small number of nanocrystals emerged in other parts of the
amorphous matrix, too. The average size of nanocrystals in shear bands increased slightly.
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Figure 14. Microstructure of Al85.1Ni6Co2Gd6Si0.9 alloy sample (a) after rolling and (b) after ageing
at room temperature ) [reproduced from Acta Materialia, 2008, 56, 2834 with permission from Elsevier,
2020] [83].

For comparison, Figure 15 shows the microstructure of a sample after rolling and heating to
245 ◦C. One can see that a considerable number of nanocrystals were formed in the sample during
heat treatment; however, it is seen that their major part is concentrated in the region of the shear
bands. The rates of diffusion providing a slight growth of Al nanocrystals at about 60 ◦C were
estimated to be 10−24 m2/s. These results agree with the data of [90], where it was demonstrated that
the formation of excess volume during plastic flow can lead to an increase in the diffusion coefficient
in shear bands by 4–6 orders of magnitude. The formation of nanocrystals in local shear bands in
deformed amorphous alloys was observed in both Fe–B alloys (Figure 16) and deformation bands of
Al88Ni2Y10 alloy (Figure 12). An important conclusion of the authors of the above works is that high
atomic mobility in the zones of plastic deformation localization makes a crucial contribution in the
nanocrystallization process stimulated by deformation.
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7. Nanocrystal Formation in Amorphous Phase

The parameters of the crystallized structure depend on the processing conditions. As a result, many
properties of materials change dramatically with a change in structure. So, for example, the properties
of nanocrystalline alloys differ both from the properties of polycrystals and from the properties of
amorphous alloys [3,4]. As a rule, the nanocrystalline structure forms by the primary crystallization
reaction. The nanocrystalline structure in most cases is two-phase and consists of nanocrystals formed
by the primary crystallization reaction, and interlayers of the remaining amorphous phase of a changed
composition. The nanocrystalline structure was first obtained in an alloy of the Fe-Cu-Nb-Si-B system,
called Finemet [91].

The principle of obtaining a nanocrystalline structure in this alloy was based on the fact that small
amounts of copper and niobium were added to the base composition of the amorphous Fe–Si –B alloy.
An amorphous Fe–Si–B alloy crystallizes upon heating to form a usual structure with a grain size
noticeably exceeding nanosizes. Copper addition leads to the formation of microsegregations, which
serve as sites of facilitated nucleation of crystals, and the addition of slowly diffusing niobium helps to
slow down the growth of crystals. As a result, during crystallization of the amorphous Fe–Cu–Nb–Si–B
alloy, a microstructure with a crystal size of about 10 nm was obtained. Nanocrystalline alloys of
the Fe-CuNb–Si–B system have excellent magnetic properties and a huge amount of work has been
devoted to their study [92–97]. Later, a number of alloys were obtained in the nanocrystalline state by
the controlled crystallization of the amorphous phase. To date, the nanostructure has been obtained in
a wide group of metal systems; there is a number of data on the parameters of the nanocrystalline
structure obtained by different methods [98–101]. As was mentioned above, depending on chemical
composition, nanocrystalline materials have good plasticity and high viscosity, high strength and
hardness, low moduli of elasticity, higher diffusion coefficients, larger values of thermal expansion
coefficient, and better magnetic properties as compared with traditional crystalline materials. Research
on nanocrystalline materials is actively being carried out at the present time.

8. Nanocrystal Formation under Heating and Deformation

As already mentioned, the amorphous phase is crystallized at an increase in the temperature or
duration of heat treatment. At that, metastable phases are generally formed at an initial crystallization
stage, with some of these phases being formed only under the crystallization of the metallic glasses
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and not being formed under other conditions [102–104]. A transition from the amorphous to the
equilibrium state is often carried out by successive structural transformations [35,105]. An important
feature of the amorphous phase crystallization is the formation of the crystalline phases at an initial
stage, the short-range order of which corresponds to that of these ordered regions. Therefore, a
structural state of amorphous phase before beginning of the crystallization can have a decisive effect
on the morphology, phase composition, crystallographic characteristics of a structure formed under
crystallization. In [106–108], the effect of an initial amorphous state on the parameters of a crystalline
structure formed under the crystallization of the metallic glasses was investigated. It was determined
that deformation or annealing within an amorphous state leads to the formation of a non-uniform
amorphous structure (nanoglass). This affects the parameters of a crystalline structure formed under
the subsequent treatment. It was shown that the state of the amorphous phase before the crystallization
onset can significantly affect the characteristics of the formed crystalline structure. The formation of an
inhomogeneous amorphous structure in Al-based alloys accelerates the crystallization processes, affects
the nanocrystal size and the fraction of a nanocrystalline component in amorphous-nanocrystalline
alloys. The history of samples turned to be important, too, that is, under which conditions nanocrystals
were nucleated: under deformation or heat treatment. The investigations of a large group of Al-based
alloys shows that the highest fraction of the nanocrystals and the smallest nanocrystal size were
observed in the case when the heterogeneous amorphous phase was formed during deformation.
Table 1 lists some data on the parameters of the structure formed under the crystallization of the
uniform and non-uniform amorphous phases [106–108].

Table 1. The nanocrystal size (D) and the nanocrystalline phase fraction (f) formed in the uniform and
non-uniform amorphous phases.

A Structure before the Crystallization Onset After the First Stage of Crystallization

D, nm f, %
Al87Ni8Y5 -

The uniform amorphous phase 23 18
The non-uniform amorphous phase after heat treatment 15 20

The non-uniform amorphous phase after rolling deformation 13 25
Al87Ni8La5 -

The uniform amorphous phase 32 12
The non-uniform amorphous phase after heat treatment 30 13

The non-uniform amorphous phase after rolling deformation 26 14
Al87Ni8Gd5 -

The uniform amorphous phase 26 23
The non-uniform amorphous phase after heat treatment 24 -

The non-uniform amorphous phase after rolling deformation 21 -
HPT 1 rev 6 22
HPT 5 rev 6 25

Al88Ni10Y2 -
The uniform amorphous phase 19 28

The non-uniform amorphous phase after rolling deformation 18 35

As one can see from the table, the largest Al nanocrystals formed under the separation of
the amorphous phase and their lowest volume fraction are observed under the crystallization
of the homogeneous amorphous phase (without any treatment of the amorphous phase before
the crystallization onset). Under nanocrystallization of the heterogeneous amorphous phase with
preliminary heat treatment, the listed parameters were intermediate.

Thus, the formation of the nanocrystals depends essentially on the conditions of an action on an
amorphous structure, and the use of combined treatments permits obtaining structure with different
structural parameters.

Note that the use of heat treatment allows obtaining a nanocrystalline structure not in all systems.
For a nanostructure to be formed from the amorphous phase, a high rate of crystal nucleation and



Metals 2020, 10, 358 23 of 34

a low rate of crystal growth are necessary. This depends, particularly, on the diffusion rate and, of
course, cannot be provided in all materials. Severe plastic deformation turned to be the other method,
which is effective in view of the nanocrystallization initiation [84,89,102,109–113]. The use of this
method enabled obtaining an amorphous-nanocrystalline structure in alloys where it is not formed
under the crystallization by heat treatment [112,113]. The formation of a nanostructure under plastic
deformation generally occurs in the zones of plastic deformation localization (shear bands) or in the
regions surrounding them. The formation of nanocrystals in these regions is caused by high values
of the parameters of diffusion mass transfer. The reasons for an increase in the diffusion coefficient
by several orders of magnitude are not fully understood yet. In general, an increase in the diffusion
coefficient in deformation bands is related to one of the two processes (or their combination): a local
strong, but short (~30 ps), increase in the temperature in this region [114–118] and a change in the
structure of the amorphous phase in a shear band (an increase in the free volume fraction) [119–122].
Today, it is unclear which of the reasons constitutes a deciding factor [123]. Both of the factors obviously
promote the diffusion acceleration, and one of them can prevail in different cases. The formation of
shear bands occurs under the action of shear stresses. Therefore, shear stresses play an important role
in nanocrystalline structure formation.

9. Mechanical Properties of Metallic Glasses near Shear Bands

The results above and the available literature data show that a material in shear bands is softened
due to high concentration of free volume [78] and a disordered structure. This results in a significant
diminution in the diffusion coefficient in an amorphous phase (by several orders of magnitude), and
shear bands become the regions of facilitated nanocrystal formation under subsequent heating or
even aging at room temperature. Since these factors turn to be important to find out the conditions
of the nanocrystal formation [124,125], the issue of definition of the mechanical properties of the
material near shear bands has become prominent. As is well known, a thickness of shear bands is from
several tens to hundreds of nanometers; steps with the sizes depending on the deformation level and
elastic parameters of alloys formed on the sample surface in the places where shear bands come to the
surface [78,126]. The mechanical properties of the alloys with shear bands were studied in a number of
works by nanoindentation [125–127]. At that, it was determined [127] that near a shear band, there is
a region of low hardness. The size of this region is more than 100 µm, which is significantly greater
than the size of the shear band. In [128] it was found out that both hardness and the Young’s modulus
diminish in the shear bands and in the zones around them. However, the size of the region with
changed Young’s modulus was smaller than that in [127].

The local distribution of zones with different Young’s moduli in deformed amorphous Al87Ni8La5

alloy was investigated in [128]. PeakForce QNM (DimensionFastScanTM Atomic Force Microscope
(AFM), Bruker) was used for the investigation of local mechanical properties. The measurements were
performed with standard probes, and the load was varied from 0.3 to 0.85 µN. After the deformation
of an amorphous alloy by multiple rolling, it was discovered that non-uniformity of the distribution of
local mechanical properties over the alloy surface (non-uniform distribution of the effective Young’s
modulus) appears with a rise of the load. At that, the non-uniformity in a band system was also
observed. The band thickness is 50–250 nm. Figure 17 shows the maps of mechanical property
distribution, observed under different loads (in Figure 17 the bands are marked with arrows). The
heterogeneities were most noticeable under the load of 0.85 µN. The values of thickness of the bands,
as well as their shape and distribution over the surface, were fully consistent with the shear bands
observed on the surface of deformed samples using a scanning electron microscope (Figure 18).

The results obtained in [128] are an evidence that the subsurface region of a deformed amorphous
alloy contains a lot of deformation bands, where the material is characterized by a lower Young’s
modulus. The size of the zones with lower Young’s modulus is tenths of a micrometer. These zones
are distributed uniformly over the sample. The cross-sectional dimensions of such zones (bright bands
in Figure 17) can change from tens nanometers up to 0.5 µm. A sharp contrast between the amorphous
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matrix and deformation bands indicates a significant change in the properties. It should be noted
that the properties change insignificantly in the region with a width of several tenths of a micrometer.
The difference between these results and the data from [125–127] is apparently caused by different
deformation level: single shear bands in the mentioned works and numerous shear bands in [128].
Note, however that that the size of the zones with lower Young’s modulus in vicinity of shear bands in
amorphous Al87Ni8La5 alloy is noticeably less than that observed in Zr-based alloys. This difference
can be caused by different reasons, for example, different deformation conditions (compression of
Zr-based alloys and rolling of Al-based alloy) or a different composition of the alloys.Metals 2020, 10, 358  25  of  35 
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Figure 18. SEM image of the surface of deformed Al87Ni8La5 alloy [reproduced from Mater. Let. 2019,
252, 114 with permission from Elsevier, 2020] [128].

10. Amorphous Structure Rejuvenation

As already mentioned, amorphous alloys have a number of good properties [129–134]. Some of
them (for example, magnetic properties) can be increased significantly by low-temperature annealing,
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annealing in a magnetic field, etc. Such treatments, however, often result in the embrittlement of
these materials, which limits dramatically the possibilities of their practical application. High-pressure
torsion was used to recover plasticity [135–137]. It was shown in [137] that the pair distribution
function of atoms changes after deformation. This indicates a noticeable redistribution of atoms,
leading to structure change. The authors of [137] considered that this structure variation is caused by
local heating because of the deformation. A rising degree of structure disordering after deformation
was found also in [138].

Last years, a new method for recovery of plasticity was found; it is cycling in a temperature range
between room or elevated temperature and the temperature of liquid nitrogen [139]. This method is
called rejuvenation. The main idea of cryogenic thermal cycling is a variation of the structure under
the action of stresses caused by a non-uniform change in the thermal expansion coefficient (TEC) in a
sample. A heterogeneous amorphous phase contains regions with different chemical composition,
density, short-range order type, etc. Since such non-uniform regions are characterized by different
value of TEC, an abrupt change in the temperature under thermal cycling will induce stresses which
cause irreversible local atomic restructurings [140,141]. The researchers succeeded in recovering
plasticity in the Zr55Cu30Al10Ni5 alloy by this method [140]. The authors of this work, however, did
not reveal any significant changes in the structure. The method of cryogenic cycling aroused a big
interest [142–144]. The idea of induction of stresses in the alloy with the non-uniform distribution of
the thermal expansion coefficients turned to be very promising. The use of this method allowed for
the observation of a structural change in inhomogeneous amorphous Zr46Cu38Al8Ag8 alloy [145], as
well as completely recovering the amorphous phase in partially crystalline Al88Ni6Y6 and Al87Ni8Gd5

alloys [146,147]. The authors of the latter work used the idea of increasing the difference in the thermal
expansion coefficients due to the formation of a small number of nanocrystals in the amorphous phase
and the subsequent cryogenic thermal cycling of a structure consisting of the amorphous phase and Al
nanocrystals uniformly distributed over it. Figure 19 illustrates the initial parts of the X-ray diffraction
patterns of Al88Ni6Y6 alloy before (a) and after (b) the cryogenic thermal cycling (60 cycles). One can
see that the intensity of the reflection corresponding to nanocrystals (curve 5) decreases significantly
during cryogenic cycling. The authors of [146,147] did not observe any signs of the crystalline phases
with an increase in the treatment duration. So, it was shown that the method of cryogenic rejuvenation
actually enables recovering an amorphous structure in partially crystalline alloys, thus increasing the
plasticity of a material.
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11. Possibility of Controlling the Structure of Fully or Partially Crystallized Samples

An important consequence of the investigation results described above is the possibility of
controlling a structure formed under crystallization. As shown above, both the phase composition [148]
and parameters of the formed structure [106–108] depend on the history of a sample and the
crystallization conditions. Also, it was found out that, for example, in amorphous alloys of Ni–Mo–P
and Ni–Mo–B systems, quite different crystalline structures arise under the crystallization above or
below the glass transition temperature [149–151]. This difference is caused by different structures
of the amorphous phase in these temperature ranges. When carrying out crystallization under the
conditions when it is preceded by separation of the amorphous phase, one can form a nanocrystalline
structure which will not be formed under conventional annealing (for example, in Ni-Mo-B system [40]).
Another example is ferromagnetic Fe72Al5P10Ga2C6B4Si1 alloy with good magnetic properties, where
a nanocrystalline structure is formed above the glass transition temperature only [152,153]. These
structures also include the so-called SS-phase which was discovered under the crystallization of a
number of Fe-, Co-, Ni-, and Pd-based amorphous alloys in 1976 [154], when there was no term
“nanostructures”. Another example is [155], where the possibility of obtaining an amorphous sample
with the crystalline surface (Figure 20) or a crystalline sample with the amorphous surface (Figure 21)
was demonstrated by an amorphous alloy of Fe-B-P system. The materials obtained by this approach
will be characterized by different physical properties. The latter example shows how the knowledge
of processes occurring within an amorphous state and under the crystallization of amorphous alloys
allows obtaining different types of structures.
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12. Conclusions

Summarizing the above, the following should be noted.

• The transformation of a homogeneous amorphous phase into a heterogeneous phase, including
the scale of inhomogeneities and the effect of external influences, are considered.

• The influence of amorphous structure changes on the forming crystalline structure is shown.
• The crystallization processes of the amorphous phase, such as homogeneous and heterogeneous

nucleation of crystals, are considered.
• Possible way of compensation for volume mismatch (changing the sequence of formation of

crystalline phases, crystal morphology, formation of nanocrystals or pores) is analyzed.
• Nanocrystal formation is described.
• The effect of plastic deformation on the formation of nanocrystals and mechanical properties of

the amorphous phase near the shear bands are shown.
• The possibility of restoring the amorphous structure is discussed.

The results presented above represent a serious step in developing the conception of the structure,
its evolution, and some properties of amorphous and partially crystalline materials. The results of
numerous studies show that the processes of crystallization of metallic glasses have a number of
features, and different actions on a uniform amorphous structure can initiate processes resulting in the
formation of materials with various structural parameters. These changes in the phase composition,
microstructure, crystallization mechanism, as well as in the morphology and size of crystals, naturally
affect the properties, which are important for the production of novel materials with the required
physical properties.
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