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Abstract

In this chapter, evolution of structure and properties of amorphous alloys is discussed.
Amorphous structure change before crystallization is analyzed for a lot of systems.
Structure and property changes are discussed for both amorphous and amorphous-
nanocrystalline materials. Nanocrystal formation in metallic glasses is considered at
heating and deformation.

Keywords: metallic glasses, structure, properties, phase transformation, nanocrystal-
line structure

1. Introduction

Creation and development of modern technologies is based on fundamental research.
Development of new materials is based on the knowledge of fundamentals of the processes
that determine the formation of a material, as well as the correlation of structure and physical
properties. Progress in the creation of new materials with certain properties (mechanical,
electrical, magnetic) depends on the level of understanding of the processes that underlie the
formation of a particular structure. The discovery and development of the materials with new
physical properties, in turn, lead to the creation of new instruments and devices. Metallic glass
and nanocrystalline metallic materials formed from metallic glasses, of course, apply to such
materials.

Although many years passed after production of the first metallic glass, interest in them is only
growing. In 1960, a group of researchers led by Professor Duwez first obtained metal alloy in
a strange non-crystalline state [1]. X-ray diffraction patterns had no lines corresponding to
whatever crystalline phases, and there was only a broad halo. This work [1] is considered to
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be the first publication, which refers to amorphous metal alloys or metallic glasses. However,
a year earlier Miroshnichenko and Sally [2] in Dnepropetrovsk (USSR) have already demon-
strated the ability to produce metal alloys in a non-crystalline state. Obviously, due to not very
popular scientific “Factory laboratory” journal, this work went unnoticed. Whatever it was,
work [1] is considered to be the first publication devoted to the study of the amorphous phase
in metallic systems (as opposed to, e.g., already investigated oxide systems). After the first
publication, an avalanche of the works went; an amorphous phase could be obtained in a
growing number of systems, and within few years the number of amorphous alloys was
already counted in the hundreds. Interest in the metallic glass was due to their unusual
structure, quite untypical of alloys, and a whole set of outstanding physical and chemical
properties. Amorphous alloys may be high-strength, magnetically hard and soft magnetic,
corrosion-resistant, and others. Thus, microhardness Hy, of metallic glasses based on transition
metals (Fe, Co, Ni) may exceed 1000, tensile strength may be greater than 4.0 GN/m?. These
values exceed the maximum values of strength and hardness of usual metals and alloys used
in the industry. For example, the strength of the wire from iron-based metallic glasses is higher
than the strength of piano wire [3]. Iron-based alloys have very good magnetic properties of
low coercivity (0.5-1 A/m) and high saturation magnetization exceeding 1.4 T. Even higher
hysteresis properties were obtained for Co,,Fe;Si;sB,, [4] and Co-Fe-P-B [5] alloys that have
almost zero magnetostriction. In general, the main characteristics of the soft magnetic amor-
phous alloys based on iron, cobalt, and nickel are the high values of residual induction and
low magnetic reversal losses; high values of magnetic permeability (high iron content) or close
to zero values of magnetostriction (high content of cobalt). Magnetic properties can also be
increased with an addition of the alloying elements, the values of the magnetic permeability
can be as high as 120,000 [6]. With a slight change in the composition, the properties of metallic
glasses can vary quite significantly.

Most of the physical properties of solids are structurally sensitive. This dependence is typical
for metallic glasses. For example, the soft magnetic properties of amorphous alloys can be
improved by relaxation annealing, annealing in a magnetic field; mechanical properties
naturally depend on the presence of residual stresses, corrosion properties depend on the
chemical composition and state of the surface layer. Partially crystallized metallic glasses
(peculiar composite consisting of amorphous and crystalline phases) have a number of very
good properties that differ from the properties of both amorphous and crystalline materials.
Importantly, the amorphous state is unstable; when heating or aging amorphous phase may
decompose with a natural degradation of properties. Therefore, from the standpoint of basic
science, and from the perspective of the industrial use of new materials, it is extremely
important to study both the actual structure of the amorphous phase in metal alloys and its
stability, the transition to the partially crystalline or fully crystalline state, as well as the
correlation of structure and properties of the material.

The purpose of this review is to analyze the current state of research of structure evolution in
amorphous and nanocrystalline metallic alloys. Particular attention is given to pre-crystalli-
zation processes and specific features of heterogeneous amorphous phase formation. The
decomposition of homogeneous amorphous phase and the formation of regions with different
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chemical compositions and/or different short-range order are considered for different types of
metallic glasses. Formation of a nanocrystalline structure from homogeneous and heteroge-
neous amorphous phase is studied. Structure-property correlations are described.

2. Production of metallic glasses

The most common method of producing metallic glass or amorphous alloy is a melt quenching
onto a moving substrate. When the melt is cooled, the cooling rate is about 10°-10° K/s
(depending on the method of quenching). With such a large cooling rate at room temperature,
the structure of liquid is frozen and the sample is non-crystalline.

Not all alloys can be obtained in an amorphous state. The most commonly considered three
main criteria that determine diffusionless solidification [7]: thermodynamic criterion, mor-
phological criterion and heat criterion. Usually kinetic and structural criteria are also dis-
cussed [8-10]. Some alloys may be prepared as amorphous will have less cooling rate [11-24].

3. Metallic glass structure

3.1. Main methods of structure investigation

The most common method for studying the structure of amorphous alloys is a method of large-
angle X-ray scattering or as it is often simply called X-ray method [25, 26]. For detailed
information about the structure of the amorphous phase, it is necessary to build the partial
radial distribution functions [27-31]. At present, methods of construction of total and partial
radial distribution functions are not used very often, although it should be noted the study of
Mattern et al. [32] or the study cited in [33]. In analyzing the structure of metallic glasses, as a
rule, with the help of Ehrenfest equation, the radius of the first coordination sphere as well as
its changes at all types of influences are estimated; and distortion of diffuse maxima (the
appearance of an additional shoulder, splitting of the peak, and others.) is determined. In
combination with other methods of research, such an approach appears to be more productive.

Another commonly used method for analyzing the structure of the amorphous phase is the
method of small-angle X-ray (SAXS) and neutron scattering [34]. The most important feature
of this method is the possibility of studying heterogeneities in the structure of disordered
systems as are metallic glass. In an absolutely homogeneous medium, there is no small-angle
scattering, and the scattering pattern varies considerably with the appearance of any hetero-
geneities of the electron density in the structure.

In addition to the X-ray methods for studying the structure, the most important method is the
transmission electron microscopy (TEM). Without dwelling on the specifics of the method, it
is important to note that the analysis of the structure of amorphous phase is based on both
electron diffraction and analysis of bright-field and dark-field TEM images. The high-resolu-
tion electron microscopy and micro- or nanobeam diffraction methods are used to study the
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structural features of the early stages of crystallization of the amorphous phase, and the
structure of the nanocrystals. The last method allows determining atomic arrangement in
amorphous structure, strain in crystalline materials with a high spatial resolution, etc. The
development of the nanobeam electron diffraction with a coherent electron beam lesser than
1 nm in diameter has made it possible to obtain two-dimensional diffraction patterns from a
nanoscale region to detect local atomic structure. Combination of the nanobeam diffraction
experimental method with ab initio molecular dynamics simulation allows obtaining and
developing new knowledge about amorphous structure [35, 36]. The newly developed Cs-
corrected TEM technique offers a great advantage to probe the local atomic structure of
disordered metallic glasses since it allows achieving a coherent electron beam as small as ~3
A in diameter, which cannot be obtained before by conventional TEM [37].

In studying the structure of the amorphous phase, indirect methods may be used such as the
measurement of certain properties, whose changes reflect changes in the structure. For
example, structure change can be fixed by measuring the temperature dependence of the
magnetic properties. Thus, during heating of the ferromagnetic Fe,;,NigP;,B; amorphous alloy,
there was an increase in the Curie temperature [38]. Since the Curie temperature is determined
by the nearest environment of atoms, its change, of course, indicates a change in the structure
of amorphous phase. In [39], it was shown that after the heat treatment, the amorphous Fe-P-
B alloy is not uniform, and it is characterized by two different Curie temperatures. Numerous
studies of amorphous alloys by Mdssbauer spectroscopy showed that depending on the
conditions of heat treatment, the parameters of the Mossbauer spectra may vary considerably
[40]. Application of NMR spectroscopy revealed that the temperature change can lead to
changing type of short-range order in the amorphous phase [41].

3.2. Structure models

A number of researchers have tried to describe the structure of the amorphous phase in metallic
glasses by different models. The first model was the model of a chaotic close packing of hard
spheres [42], which allowed successfully describing the distribution function of the atoms in
the amorphous structure. Model chaotic close packing of hard spheres was initially designed
to one-component systems, and later was adapted to the binary system [43]. Later this model
has been improved by the introduction of interatomic potentials (soft-sphere model), which
allowed to build atomic pair distribution function [44] with the more realistic values of the
position and intensity of the main part and the shoulder of the second maximum of the
distribution function. The next step in the modeling of the structure of metallic glasses was
attempts to build a structure made up not of individual atoms and of coordination polyhedra
[45, 46]. Another group of models of the metallic glass structure is based on the idea that
elements of the crystal structure retained in liquid and amorphous alloys [47]. The review [33]
lists all the main issues to date models of the structure of amorphous alloys: model of chaotic
packing of hard spheres; model of polyhedra packing; the stereochemical model, model of
efficient packing of quasi-equivalence clusters [47-51] and the model of middle-range order
or fractal packaging [52].
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3.3. Heterogeneities in amorphous structure

Any approach to the description of the amorphous structure suggests that it is a homogeneous
isotropic structure. In fact, it was turned out that the structure of the amorphous phase in alloys
cannot always be uniform and isotropic. Figure 1 shows a typical X-ray scattering curve of
amorphous alloy. The figure shows intensive first diffuse peak, determining the shortest
distance between atoms and the subsequent weak halo. A feature of the amorphous phase in
the metal-metalloid alloys is significantly weaker scattering from metalloid atoms compared
to metallic atoms (e.g., an amorphous phase in alloys of Fe-B); therefore, the scattering is
determined primarily by the metal atom. Other situation occurs in the case when the amor-
phous phase contains two or more metals with comparable scattering amplitude (e.g., Fe-Zr).
In such systems, the appearance of inhomogeneity areas is much more pronounced, since the
formation of regions with different chemical compositions (e.g., enriched in iron or zirconi-
um) [53] leads to the appearance of at least two types of the shortest distances between atoms,
which naturally affect the X-ray diffraction pattern. Such changes have been found in a number
of systems [54-60].

Intensity
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Figure 1. X-ray diffraction pattern of amorphous alloy.

It should be noted that X-ray diffraction pattern of the sample shown in Figure 1 does not
indicate that the amorphous phase is uniform. The appearance of a shoulder or a second peak
occurs when the radii of the coordination spheres in different regions of the sample are
different. If the areas, even with different chemical compositions, have the same radius of the
first coordination sphere, no features on the X-ray diffraction patterns will be seen.

Heterogeneities in the structure of the amorphous phase were observed not only in as-prepared
state. In some cases, the appearance of heterogeneities in the structure was found after various
external influences: heat, irradiation, and others [61-65]. A lot of information about heteroge-
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neities in the amorphous phase was obtained using the method of small-angle X-ray scattering
[66-70]. It is interesting to note that the occurrence of heterogeneities may be related to the
composition of the amorphous phase [56]. The impact of external influences on the structure
of the amorphous phase will be discussed in more detail in Section 6.

4, Structure relaxation

Nucleation and growth of the crystals are suppressed at rapid cooling of the melt, and below
the melting point metastable supercooled liquid is formed. With the temperature decrease the
viscosity increases and the diffusion slows down, that is why at room temperature the
solidified structure has the same atomic arrangement as it is in the melt prior to cooling. This
non-equilibrium state is usually called the glass and the temperature at which solidification
occurs—a glass transition temperature T,. The T, is generally defined as the temperature when
the viscosity of the supercooled liquid reaches 10' poises [6]. At the glass transition temper-
ature, a lot of properties change drastically: specific heat, the temperature dependence of the
specific volume, enthalpy, and others. Since amorphous alloys are obtained by melt quenching
with cooling rates of 10°-10° K/s, the structure of the amorphous phase after quenching is non-
equilibrium. When heated, the amorphous phase relaxes to an equilibrium state. There is
reversible and irreversible structural relaxation. The volume, viscosity, diffusion mobility, and
embrittlement change irreversibly during relaxation; induced magnetic anisotropy may
change reversibly, a decrease of internal stress (e.g., during annealing), Young’s modulus,
specific heat, coercive force, Curie temperature, the internal friction can vary and reversibly
and irreversibly depending on the alloy composition [71, 72]. Relaxation processes were widely
studied [73-81].

5. Deformation and mechanical properties of amorphous alloys

The main features of the deformation of metallic glasses are a great amount of elastic defor-
mation (up to 4% in the bulk amorphous alloys), high strength, and fracture toughness [7].
Elementary carriers of deformation in metallic glasses are groups of atoms [82]. In contrast to
crystalline materials in which the acts of deformation can be estimated from the behavior of
dislocations by transmission electron microscopy, it is virtually impossible to observe such a
process in metallic glasses. It is usually assumed that the reason for plastic flow and fracture
is the formation of shear bands that develop over time. Deformation of metallic glasses
proceeds differently in the two different modes of loading and temperature. At high stresses
and relatively low temperatures, deformation occurs heterogeneously and it is much localized.
As a result, narrow shear bands formed, the orientation of the shear bands is close to the
orientation of the maximum shear stress [83, 84]. The time of formation of shear band is
estimated as 7 <3 ms. Shear bands and slip steps were observed for a number of amorphous
alloys. Shear bands are oriented at an angle of 55 +5° to the direction of deformation. Upon
annealing, the difference in the structure of shear bands and the surrounding matrix can fully
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or partially disappear. At low stresses, the deformation is carried out by a homogeneous creep
mechanism.

It is important to note one more feature of the deformation of metallic glasses. When stress is
applied initially, in accordance with Hooke’s law, elastic deformation occurs in which the
elongation linearly depends on the stress. At higher loads, this dependence deviates from the
linear law. If so-called mechanical hysteresis loop is observed after the load removing, and the
sample does not return to its original shape, one talks about the inelastic deformation of the
material. The energy corresponding to the area of the loop, connected with the displacement
of atoms in a stable position. The quantity of such displacement in the amorphous alloys is
generally about an order of magnitude greater than in crystalline alloys. It is believed that the
inelasticity of amorphous alloys is related to the free volume in their structure: if the free space
is small, the inelastic deformation is also small. A further plastic deformation of amorphous
alloys occurs by the formation and propagation of shear bands. It has been found that the
velocity of propagation of shear bands does not depend on the strain rate in the range 2 x 10~
102 s [84]. For such different metallic glasses as ductile Pd,Ni, P, alloy (value of the plastic
strain of about 3%) and fragile Mgs;,Cu;, Y(Nd; (value of plastic deformation of 0%), the average
velocity of propagation of shear bands varies slightly and is 317 and 366 pm/s, respectively [85].

Another feature of plastic deformation of amorphous alloys is the increase in the concentration
of free volume in the shear bands, that is, increase in the average distance between the atoms.
In general, the features of the shear band structure and, in particular, the reasons for the
accelerated mass transfer in these areas are being actively discussed recently. A number of
studies assumed that the severe plastic deformation leads to temperature increase up to the
melting of the material in shear bands [86-87]. According to another view, shear bands are
regions with a disordered amorphous structure of reduced density, so that the diffusion mass
transfer in these areas can be facilitated. Probably, mass transfer processes depend both on the
temperature rise and on the less dense structure, but these issues are still subject to a more
detailed study.

The mechanical properties of amorphous alloys have aroused great interest from the moment
when the metallic glasses were first obtained as a ribbon, and it was possible to carry out
systematic research. One of the most complete early reviews devoted to the study of the
mechanical properties was K. Pampillo’s review [83]. Metallic glasses are high-strength
materials, some of them can be cut, rolled, and even stamp, and it makes metallic glass
attractive for technical applications [88-91]. The properties of metallic glasses are highly
dependent on the prehistory of the samples and their chemical composition. Since metallic
glasses contain fluctuations, atomic structure may vary slightly from place to place. Structural
heterogeneities inevitably lead to irregularities in mechanical properties. Areas with less local
viscosity are less stable and can be advantageous in some places of localization of inelastic
deformation. These areas are places that facilitated the formation of shear bands [92-94].
Johnson and Samwer [95] derived a universal dependence of the yield strength on the
temperature (T/T,)**. A number of studies suggest that this relationship may be more com-
plicated [96, 97], but the overall trend has been maintained in different systems.
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6. Effect of heat treatment and deformation on amorphous structure

6.1. Effect of heat treatment

When heated, amorphous alloys crystallize, but the crystallization is often preceded by
separation of the amorphous phase into regions of different chemical compositions and
different short-range order, that is, the formation of two or more amorphous phases. These
phases do not separate with sharp interface, and the transformation may exhibit spinodal
decomposition characteristics [54, 61]. Changes in the structure of the amorphous phase during
annealing were studied for the alloys of various compositions. Figure 2 presents the X-ray
diffraction pattern of Alg,NigLa; sample annealed at 150°C [98]. After annealing, the samples
were amorphous. The structure of the amorphous phase was found to change during anneal-
ing, which is revealed in the change of the diffuse maximum in the X-ray diffraction patterns.
The first diffuse maximum in the X-ray diffraction pattern of the as-prepared amorphous
ribbon was symmetrical, and after annealing it shows a shoulder on the large-angle side, the
degree of the maximum distortion increasing with annealing time. Figure 2 presents the X-ray
diffraction pattern of the sample annealed for 25 h (first diffuse peak region). It is seen that
subsequent to heat treatment the diffuse maximum is a superposition of two maxima. The
positions of the scattering maxima are known to determine the radius of the first coordination
sphere R;,

R = 7.73/(S),,. = 14.06/(S,),,. = 20.46/(S,),.. D

max max

where (5)),., = 47(sin® / A is the wave vector corresponding to the first (second, third...)
maximum of the intensity curve, O the scattering angle, and A the radiation wavelength [25].
Thus, the two diffuse maxima point to the presence of amorphous matrix regions with different
radii of the first coordination sphere. The difference in the angular positions of the diffuse
maxima is indicative of the formation of amorphous regions with different chemical compo-
sitions of the two amorphous phases. The maximum located at the smaller angles corresponds
to the amorphous phase with a large radius of the first coordination sphere (or the largest
interatomic distance in the amorphous phase). Since in the system in question the largest atoms
are those of lanthanum (radii Ry; = 0.124 nm, R,, = 0.143 nm, R, = 0.188 nm), the amorphous
phase is lanthanum-enriched. Thus, the isothermal annealing of amorphous Alg,NigLa; alloy
leads to decomposition of the amorphous phase: formation of regions of different chemical
compositions and with different types of short-range order.

Similar results were obtained in studies of the effect of prolonged low-temperature annealing
on the structure of amorphous Fe-Zr alloy [53]. The annealing of FeyZr,, sample results in a
shoulder on the smaller angle side of the first maximum in the X-ray diffraction pattern: the
isothermal annealing leads to amorphous phase decomposition and formation of at least two
new amorphous phases with different component concentrations. Such a structural change
was also mentioned by the authors of [97] in the studies of metallic Fe-Zr glass by the methods
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of anomalous X-ray scattering, nuclear gamma resonance spectroscopy, and magnetic property
measurement.

Intensity
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Figure 2. X-ray diffraction pattern of as-prepared amorphous Alg,NigLas alloy (a) and sample annealed at 1500°C for 25
h (b); 1 denotes the experimental spectrum, 2 the summary curve, 3 and 4 lines the diffusion halos from the first and
second amorphous phases.

100 nm

Figure 3. Bright field image (a) and electron diffraction pattern (b) of the sample annealed at 100°C for 6850 h.

Figure 3a presents the alloy structure after annealing at 100°C for 6850 h, and Figure 3b
presents the corresponding electron diffraction pattern. After this annealing, the sample
contains 10-30 nm size crystals. The nanocrystals have non-sharp boundaries in the transmis-
sion electron microscopy images. The structure is distinguished by diffuse grain boundaries
in the microstructure image and persisting blurred rings in the microdiffraction pattern. Such
diffusivity cannot be explained by the small grain size since the diffraction patterns of usual
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nanostructures with crystal sizes of 5-10 nm exhibit much more pronounced ring reflections
[99]. With increasing annealing time, the structure becomes more distinct and the boundaries
between nanocrystals become sharper, and rings in the electron diffraction patterns begin to
split. Figure 4 shows an electron diffraction pattern exhibiting splitting of ring reflection, its
more pronounced areas indicated by arrows. It is important to note that these changes in
structure occur without appreciable change in scale —the size of nanocrystals is not appreciably
changed. The electron diffraction and X-ray diffraction patterns enabled to establish that two
solid solutions of Zr in Fe form in the sample, their lattices having close but different param-
eters and, naturally, different component ratios. The above characteristic features of transfor-
mation indicate a progressive and continuous transition from single-phase to two-phase
amorphous structure, then to crystalline structure with diffuse grain boundaries, and, finally,
to fully crystalline structure with a constant size the regions of composition changes, point to
the spinodal nature of transformation.

\ON O N N o \° I \O I NS )
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Figure 4. Electron diffraction pattern of the sample annealed at 100°C for 7000 h.

Evolution of the amorphous phase depends on temperature. As it was mentioned above,
heating and annealing of the metallic glasses can be carried out in two different temperature
ranges: above and below the glass transition temperature. Above the glass transition temper-
ature, the amorphous phase is in a supercooled liquid state, below glass transition temperature
it is in fact the amorphous state. It is known that when passing through the glass transition
temperature T,, material properties change sharply (viscosity, enthalpy, heat capacity, specific
volume, and others.). This leads to significant differences in the process of diffusive mass
transfer in these temperature ranges, and in turn, to changes in the structure. For comparison,
let us consider the changes in the structure of the same alloy that occur above and below the
glass transition temperature in the two nickel-based glasses: Ni-Mo-P and Ni-Mo-B.

1. Amorphous Ni;yMo,P,,alloy. The glass transition temperature (T, =430°C for a heating rate
of 20K/ min) of the alloy is below the crystallization temperature (T, = 457°C) [100]. This
allows to investigate the changes in the structure both in the supercooled liquid state
(above T,) and in the amorphous state (below T,). Heating above the glass transition
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temperature leads to a noticeable change in the structure of the amorphous phase.
Figures 5 and 6 show the TEM images of the as-prepared sample (Figure 5) and an-
nealed above T, sample (Figure 6) [100]. Under the same conditions of preparation of
electron microscopy foils, in the annealed sample, in contrast to the original, there is a
pronounced spotted contrast. Figure 7 shows the X-ray diffraction patterns of as-prepared
and annealed above T, samples. After annealing, the shape of diffuse maximum distorted.
When analyzing the structure of the amorphous alloy by micro-micro-diffraction method
it has been found that the scattering vector corresponding to the maximum intensity of
diffuse halo of an amorphous phase varies from one area to another along the sample.
Observed area of spotted contrast and matrix is described by the different scattering
vectors, indicating that the difference in short-range order in the light and dark areas. With
further heating, the crystallization begins in places that appear lighter in the images. In
these places, crystals of Ni(Mo) FCC solid solution form; the size of the crystals is 20-30
nm, and crystals are in direct contact with each other (Figure 8). If the heat treatment was
carried out below the glass transition temperature, changes in the structure of amorphous
phase were not observed. The structure of the sample annealed at 400°C for 1 hour (below
T,) contains the amorphous phase and crystalline eutectic colonies. Thus, the processes
leading to separation of amorphous phase occur at the temperatures above T,; above and
below the glass transition temperature, amorphous structure varies differently, later
leading to the formation of different crystal structures and, of course, different physical
properties.

Amorphous NiyMo,,B,, alloy [101]. In this alloy, the glass transition temperature is also
below the crystallization temperature. Upon heating the amorphous alloy above the glass
transition temperature, the X-ray diffraction pattern also changes due to the appearance
of areas with different chemical compositions. So before the crystallization the amorphous
phase is heterogeneous and contains areas with higher and lower molybdenum concen-
tration (and possibly boron). Crystallization of the alloy above the glass transition
temperature leads to the formation of three crystalline phases simultaneously: two face-
centered crystalline phases and an orthorhombic phase Ni;B. FCC phases are Ni and
Ni(Mo) solid solution. All three phases form substantially simultaneously. The crystal size
is less than 50 nm. Figures 9 and 10 show the images of Ni (Figure 9) and Ni(Mo) solid
solution (Figure 10) nanocrystals formed above the glass transition temperature. Each
nanocrystal is surrounded by the amorphous matrix. Studies of the structure by trans-
mission and high resolution electron microscopy methods showed that the formation of
the phases is independently from each other. The formation of each of the crystalline
phases occurs in “their” concentration region, that is, the formation of crystalline phases
in each concentration region can occur by the polymorphic mechanism without changing
the chemical composition or by primary crystallization mechanism with slight change in
concentration. These types of the crystallization (primary or polymorphic instead of
eutectic crystallization) are due to changes in the amorphous structure before the crys-
tallization which ensures the formation of amorphous regions to “fit” the compositional
ordering. Below the glass transition temperature, phase separation is not observed, the
crystallization occurs by the eutectic mechanism.
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Figure 5. TEM image of the structure of as-prepared amorphous Ni, Mo, P,, alloy.

o S0

Figure 6. TEM image of the structure of Ni,)Mo,,P,, alloy annealed above T,.
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Figure 7. X-ray diffraction patterns of as-prepared and annealed above T, Ni;;Mo;,P, sample
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Figure 10. HREM image of Ni(Mo) nanocrystals formed above the glass transition temperature.
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Thus, structure formed above and below the glass transition temperature varies markedly. It
should be noted that the scale of the chemical composition change may be different: it is about
(15-20 nanometers) in (Fe-Zr system) [102] or more than 50 nm (Ni-Mo-B system) [99]. This
difference is connected with opportunity of implementing a diffusion mass transport in
different temperature conditions. As noted above, the results, showing the development of
heterogeneities in an amorphous matrix, were obtained using small-angle X-ray scattering
method as well [63, 66, 99, 102-104]. Changes in the structure of the amorphous phase do not
necessarily have the character of a separation at heat treatment. The type of short-range order
can vary with the temperature [41, 105]. Concentration redistribution of the components in the
amorphous phase can occur not only before the onset of crystallization. In some cases, the
amorphous alloy separation may accompany the first stage of crystallization [99, 106].

6.2. Effect of deformation

The structure of amorphous phase can vary considerably, not only by heating but also by
deformation. The question of a possible change in the structure under the influence of the
deformation came into sight from the very beginning of amorphous alloy research. As was
mentioned problems of homogeneous deformation and inhomogeneous flow, the fracture
processes, their dependence on the temperature and composition was discussed in [83, 107].
In the last few years, new works were published that confirm the change in the structure of
the amorphous phase at different types of influences which do not lead to crystallization [108].
A group of studies on the structure evolution carried out directly in the process of deformation
of Zr-based amorphous alloys aroused great interest. The samples were deformed by tension,
and synchrotron source was used for structure investigation in-situ. It allowed detecting the
structure occurring at the elastic deformation [109-111]. It has been found that in the absence
of plastic deformation, the tensile results in a change of the distance between atoms in an
amorphous structure, and these changes depend on the orientation of the applied stress. It was
shown that the initial symmetric with respect to zero diffuse peak position becomes asym-
metric in the process of deformation. The results indicate that the first coordination sphere,
characterizing the arrangement of atoms in the amorphous structure, transformed into an
ellipsoid in the deformation process. In the study of elastic deformation of Zr,,AlgNi;;Cu,,
and Lag,Al 4 (CusAgi)14CesNis metallic glasses the deformation was shown [108] to be indeed
an anisotropic. The Zr-based amorphous alloys are brittle, and they practically do not undergo
plastic deformation, so only the region of elastic deformation was considered in the above-
mentioned paper. At the same time, it would be interesting to determine whether the observed
changes in the structure can be stored when the load is removed and whether they exist at
plastic deformation. Such studies have been carried out for the amorphous Pd Ni,P,, alloy
[112]. The deformation by multiple rolling was found to cause formation of anisotropic
amorphous structure. The distance between atoms along the rolling direction was found to
increase at the deformation, whereas it does not change in the perpendicular direction.
Changes in the structure during deformation have been observed using a small-angle X-ray
scattering method [113, 114].
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In addition to the occurrence of the anisotropy in the structure, plastic deformation may lead
to separation of the amorphous phase. Figure 11 shows the X-ray diffraction patterns of
amorphous AlgNi,Y;, and AlgNi, Y, alloys after deformation by multiple rolling [115]. It is
seen that the first diffuse maximum for AlgNi, Y, alloy is asymmetric and, as in the case of
heat treatment, it is a superposition of at least two maxima. Note that changing the structure
under the influence of plastic deformation depends on the alloy composition. It is evident that
the first diffuse maximum from the AlgNi, Y, sample (curve 1 in the X-ray diffraction pattern)
is asymmetric and, obviously, it is a superposition of at least two maxima. Two amorphous
halos indicate the appearance of regions, which differ in composition. So, rolling of the
AlgNi Y, alloy leads to separation of the amorphous phase into regions with different
chemical compositions. Deformation of AlgNi,Y,, alloy (curve 2, Figure 11) leads to formation
of a small amount of nanocrystals.
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Figure 11. X-ray diffraction patterns of deformed AlgNiy Y, (1) and AlgNi, Y, (2) alloys.

7. Property change during amorphous phase evolution

The physical properties of amorphous alloys are very sensitive to structure evolution; they
depend on external influences. Amorphous phase is not thermally stable, so the subsequent
annealing, not leading to crystallization, causes the structure change:

—  The microhardness change. Changes in the structure during annealing are accompanied by
changes in microhardness of amorphous phase. For example, microhardness marked
increases at low-temperature annealing of amorphous FegB,, alloy [116]. Since the
microhardness of the material characterizes the strength of the bonds between atoms in
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the structure, change of microhardness shows evident amorphous structure evolution.
The increase of the microhardness during annealing is obviously caused by both decreas-
ing free volume and ordering processes.

—  The Curie temperature change. Study of the amorphous Fe,,Nig,P,,B, alloy [38] showed rising
Curie temperature at heating in the temperature range below the crystallization temper-
ature. Later, these changes were observed in a number of other alloys [39, 117]. Heat
treatment of amorphous Fe-B-P alloy was found to lead to separation of the amorphous
phase into region differing in composition and/or short-range order, which can be
characterized by different Curie temperatures. The changes of the properties with heat
treatment may be reversible [118, 119].

—  Changes in plasticity. The ductility of amorphous alloy decreases during heating. This
decrease can start at a sufficiently low temperature compared to the temperature of
crystallization depending on the chemical composition. The embrittlement of amorphous
alloys was first detected in the Fe,,Ni,P,,B alloy, and it was believed that it is caused by
the presence of phosphorus, since it was found that the fracture surface is enriched with
phosphorus [119]. However, Masumoto et al. [29] showed that the Fe-5i-B alloys without
phosphorus are also fragile.

8. Crystallization processes

Since amorphous state is metastable, the amorphous alloys transform into a more stable
crystalline state at heating. In most cases, the crystallization of the amorphous phase occurs
by the mechanism of nucleation and growth. The most detailed crystallization reactions were
studied by U. Koester in Bochum University [120]. The transition of the amorphous phase into
crystalline phases depending upon the alloy composition can occur by one of the following
reactions.

* primary (or preferential) crystallization;
* eutectic crystallization;
* polymorphic crystallization.

When the primary crystallization occurs, concentration gradient arises in front of the growing
crystal. The growth rate decreases with time because the reaction involves the atoms diffusing
on the long distances. It has been found that the spherical radius R of the growing crystal
parabolically depends on the annealing time t in many metallic glasses which crystallize in the
primary crystallization reaction [120, 121]. This means that the crystal growth is controlled by
bulk diffusion,

R=a(Dr) @)
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where a—dimensionless parameter depending on the composition at the interface particle/
matrix, and D —the coefficient of volume diffusion.

The polymorphic and eutectic crystallization mechanisms are studied in [122, 123].

The crystal nucleation can be homogeneous and heterogeneous, in the last case the formation
of crystals will be facilitated on the surfaces or so-called “frozen” crystallization centers [124,
125]. The ratio of nucleation and growth rates is a very important factor in the formation of
structure. At low nucleation rate and high growth rate, small number of crystals forms and
they can grow to considerable size. In the case of high nucleation rate and a small growth rate,
very large number of crystals forms in the amorphous matrix.
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Figure 12. A diagram of phase transformation: I - a-Fe + Fe,B, II - a-Fe + Fe,B(P42/n), 111 - a-Fe + Fe,B(P4,/n) + Fe,B(I 4),
IV - a-Fe + Fe;B(I 4), V — A + a-Fe + Fe;B(I 4), VI — A + a-Fe, IHK - a-Fe + Fe,B(P4,/n) + Fe;B(P), GFI - a-Fe + Fe,B(P) +
Fe;B(Pnma).

In addition to the above reaction of nucleation and growth crystallization, the mechanism of
spinodal decomposition may occur at the metallic glass crystallization [126]. The possibility
of such a separation in metallic glasses was discussed in a number of papers [127, 128-130].
The crystal structure formed during the crystallization of the amorphous phase can vary
significantly in phase composition, morphology, crystal size, mutual arrangement of structural
components [131]. In the last decades, much attention has been paid to nanocrystalline
structure. The nanocrystalline structure in most cases is formed by the primary crystallization
reaction. The Fe-Cu-Nb-5i-B alloy, called Finemet, was the first alloy obtained in the nano-
crystalline structure [132].

An important feature of the crystallization of metallic glasses is the fact that in most cases,
crystallization begins with the formation of metastable phases. As an example, crystallization
of most extensively studied Fe-B metal glasses may be considered [133-135]. In accordance
with the phase diagram of the system [106], the crystallization of compositions close to the
eutectic must occur by a-Fe and tetragonal Fe,B boride formation. However, the crystallization
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leads to the formation of a-Fe is formed of tetragonal Fe,B boride. This boride may form
different structures (crystalline lattice of different space group), which undergoes several
changes before equilibrium phase turns into Fe,B at heating or annealing. Specific features of
metastable Fe;B boride were studied in a lot of work [93, 134, 136, 137]. Figure 12 illustrates a
diagram of Fe-B metallic glass transformation; the regions of existence of different borides are
shown.

Another example is the crystallization of the amorphous Ni,,Zr alloy [138]. This alloy belongs
to a small group of metallic glasses, which, in principle, can crystallize by polymorphic
crystallization mechanism with formation of equilibrium NiZr, crystalline phase (tetragonal
lattice of I4/mcm space group). However, NiZr, phase was not observed at the crystallization;
a metastable phase with an orthorhombic lattice was formed. In contrast to the equilibrium
phase, the structure of the metastable phase has a lower symmetry.

The formation of metastable phases at the crystallization of the amorphous phase is often
observed for multi-component systems. Crystallization of multi-component Zr-based alloys
and changes in the structure and properties at treatment were examined for the alloys of
different composition [139-145]. The crystalline structure forming at amorphous phase
decomposition is strongly dependent on the chemical composition. For example, the amor-
phous ZrCu,;.5NijyAl, 5 alloy crystallizes with simultaneous formation of three phases:
NiZr,-type phase with cubic lattice, NiZr, tetragonal phase and a metastable hexagonal phase,
the crystals of all phases are randomly distributed in the amorphous matrix. When reducing
the zirconium concentration, the phase composition varies. At the first stage of crystallization
of the amorphous Zr;,Ti,,Cu;5Niy, alloy, three phases are formed, two of them are crystalline
and the third phase is quasicrystalline. Quasicrystalline phase was observed in a number of
crystallized metallic glasses of different composition [145-149].
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Figure 13. Part of X-ray diffraction pattern of AlgNi, Ce; after the first stage of crystallization.

One more example: decomposition of the amorphous phase in the Alg;Ni;,Ce; metallic glass
[150, 151]. The alloy crystallization begins with the formation of metastable phase. Figure 13
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shows the X-ray diffraction pattern of the alloy after the first crystallization stage. After fin-
ishing the first stage, the sample is predominantly crystalline, but it retains a certain amount
of amorphous phase. All the observed diffraction lines correspond to one crystalline phase
with a body-centered cubic lattice. Figure 13 shows only a part of the investigated spectrum;
the sum of the squares of the indices ) = h* + k* + I* is shown near each line. Usually the pure
aluminum crystals form at the first stage of crystallization of Al-Ni-RE (RE =Y, Yb, Ce) al-
loys (nickel and rare earth components do not dissolve in FCC-Al). Since the ratio of the cell
parameters of metastable phase and fcc-Al ay¢/a,; = 6.05, it was assumed that the metastable
phase forms in a situation when the concentration redistribution of the components of the
“uniform” amorphous phase has no time to occur. As a result, metastable solid solution of
the alloy components in Al lattice form, it has a much larger lattice parameter, wherein the
concentration of nickel and cerium is noticeably greater than their equilibrium solubility in
the All lattice.

Changes in the structure during the phase transformation from an amorphous phase to the
crystalline equilibrium phase are accompanied by a change in the physical properties [118,
152]. Structure formed at the crystallization of metallic glasses varies also during deformation
or pressure increase [153-155], icosahedral quasicrystals have been found at the crystallization
of a number of metallic glasses [155-158].

9. Nanocrystalline structure formation

Under certain conditions, crystallization leads to the formation of a nanocrystalline structure.
Nanocrystalline materials may be single-phase and multiphase polycrystalline samples with
a grain size of up to 100 nm (at least in one direction). Owing to the extremely small size of the
grain, the structure of nanocrystalline materials is characterized by a large volume fraction of
grain boundaries and interfaces, which can largely determine a variety of physical and
chemical properties of the material. Indeed, it has been found that many properties of nano-
crystalline material are fundamentally different from those of conventional polycrystalline and
amorphous alloys [159, 160]. For instance, nanocrystalline materials may have high strength
and hardness, good ductility and toughness, reduced elastic modules, higher diffusion rates,
large heat capacity and thermal expansion coefficient, and higher magnetic properties as
compared to conventional materials [161-164]. The nanocrystalline materials not only provide
an excellent opportunity to study the nature of structure, properties, and structure/properties
correlation of solids down to the nanometer range, but they are also very attractive in terms
of possible industrial use of new materials [165]. Changes in the structure and properties of
amorphous and amorphous-nanocrystalline materials have been studied in a number of
papers [166-169]. Small grain size makes a great development and length of the grain boun-
daries. The grain volume fraction of the grain boundaries in the total amount of the nanocrys-
talline particles in the material can be estimated in spherical shape approximation as in [170]:
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AV |V = [xd’ | 6-n(d-25)’/6]/(xd’|6)~65/d (3)

where 0 is the average thickness of the interface and d is an average grain diameter [170]. Thus,
one can estimate the volume of the grain boundary. For example, when the thickness of the
interface 0 is 3—4 atomic monolayers (0.5-1.5 nm) and the average grain size is 10-20 nm, the
fraction of surface layer is about 50%.
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Figure 14. The crystal distribution by size after annealing at 473 K for 5 (a) and 15 (b) min: experimental (columns) and
calculated (line) data.

Crystallization of amorphous alloys usually takes place under conditions of existence of the
large driving forces and low diffusion mobility. These conditions are favorable rather for
nucleation and not for crystal growth. Formation and specific features of nanocrystalline
structure were studied for different materials [171-175]. Specific nanocrystalline/amorphous
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composite structure has excellent magnetic or mechanical properties in a number of alloys
[176-178].

To establish the mechanism of nanocrystallization, one can use a method of analysis of crystal
size distributions. For example, controlled crystallization of the amorphous AlgNi,; Yb; alloy
[179] was found to lead to the formation of nanocrystalline structure with nanocrystal size of
5-12 nm. The nanocrystals are formed according to the mechanism of the non-stationary
heterogeneous nucleation and from frozen-in crystal nuclei. For the conclusion of the nuclea-
tion mechanism, the distributions of nanocrystals by size were plotted for different durations
of isothermal annealing; the distributions were analyzed. The size distributions obtained upon
treatment for 5 and 15 min are depicted in Figure 14a and b, respectively. It is apparent that
the heterogeneous nucleation with a latent period proceeds in our case. This is confirmed by
the following facts. (1) Small-sized crystals are absent in the distribution obtained upon
treatment for 15 min. (2) A sharply descending portion in the small-size range is observed in
the distribution at a treatment time of 5 min, which is impossible in the case of homogeneous
nucleation. (3) The fraction of large-sized particles (the right-hand branch of the distribution)
decreases gradually, which is characteristic of the non-stationary rate of nanocrystal nucleation
(with the latent period). Therefore, at the very early stage of metallic glass annealing, there
exists a certain time interval during which the stationary size distribution of subcritical nuclei
(corresponding to the classical theory) is reached.
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Figure 15. The dependence of the average crystal size in the AlgNi;; Yb;; alloy on the annealing time time.

Computer simulations were carried out for heterogeneous nucleation and diffusion controlled
growth. The calculated crystal distributions by size for annealed AlgNi,;Yb; alloy (473 K for 5
and 15 min) are shown by lines in Figure 14; the experimental size distributions are represented
by columns. Good agreement with the experimental data was obtained for the following
crystallization parameters: Qy = 90 x 10° J/mol and 7 = 150 s. The effective diffusion coefficient
of Ni and Yb in amorphous AlgNi;; Yb; alloy is 1.4x10" m?s™ for 5 min annealing and 6 x 10%
m?s™ for 15 min annealing. Since the diffusion coefficient of nickel, as a rule, is considerably
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larger than that of ytterbium, it is assumed that the nanocrystal growth is limited by the
diffusion rate of ytterbium. As seen in Figure 14, the calculated and experimental data are very
similar. However, the difference between the calculated and experimental distributions is in
the presence of a tail of large-sized particles in the experimental histograms. Most likely, the
occurrence of large-sized particles can be explained in terms of the presence of a small number
of so-called “frozen-in crystal nuclei” in the initial alloy. The formation of crystals from these
nuclei is facilitated. As a result, particles begin to grow earlier (prior to the completion of the
latent period of attaining the stationary size distribution of subcritical nuclei) and reach larger
sizes. Figure 15 shows the dependence of the average crystal size in the AlyNi;;Yb; alloy on
the annealing time. The similar results were obtained for the crystallization of amorphous Al-
Ni-Y alloys [180]. It has been found that the nanocrystals are nucleated by heterogeneous
mechanism in the aluminum-based alloys; and the nucleation begins in the regions depleted
in the rare earth component [99, 174]. Specific features of the nanocrystal formation are studied
in detail in [180-183].

10. Specific features in nanocrystalline structure

Since metallic glasses are often used as the starting material for producing nanostructures, and
problem of deformation of the composite amorphous-nanocrystalline material is very impor-
tant. Naturally, an important question is what component (nanocrystal or amorphous phase)
determines the mechanical properties of the material and, in particular, if the nanocrystals can
be deformed. Questions of the deformation of nanostructures are discussed in detail in [170].
Usually single unloaded volume unit contains a small amount of induced defects or does not
contain them at all. The smaller the size of the nano volume, the smaller the number of induced
defects it contains. A critical particle size with a free surface d. was assumed to can be estimated
if believe that below the probability of the existence of the defect sharply decreases [171, 172].
It was suggested that d. is about 10-100 nm. Such estimates have been made for free nanopar-
ticles. It was assumed that I also believe that the mechanisms of plastic deformation and
fracture of nanocrystalline materials are determined by the size effect.

In this way, the solution to this problem largely rests on the question whether the nanocrystals
contain dislocations, which are carriers of plastic deformation. In the early stages of research,
it has been suggested that there is a critical size below which all the crystals are perfect; and
the crystals contain stacking faults, twins, etc. when exceeding this size. In fact, at the initial
moment when the crystals nucleate and grow in an isotropic amorphous phase, they really are
perfect. When the crystal growing, when the volume per one atom in the crystal is differ then
the volume per atom in the amorphous phase, there are tension stresses around the crystals.
The value of these stresses increases as the crystals grow and conditions for the formation of
linear defects arise. Is there, indeed, a certain critical size of crystal separating perfect and
imperfect crystals? The answer is quite important in particular for determining the strength
and ductility of the material. For example, it was supposed in [170] that such a critical crystallite
size determines the boundaries of the regions where mechanisms of dislocation strengthening
and plasticity cease to operate.
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Specific features of the nanocrystalline structure were studied in detail in [174-178] for Al- and
Ni-based alloys. The results showed that the Al nanocrystals and Ni nanocrystals formed in
eutectic Ni-Mo-B systems were defect-free. These nanocrystals have equiaxial shape, small
size, and they do not contain linear defects. The nanocrystals of Ni (Mo) solid solution in all
studied alloys were defect-free at the beginning of crystallization, while the size of the
nanocrystals is not more than about 5 nm. However, in the fully formed nanostructure the
average size is much larger (20-50 nm), and the nanocrystals contain a significant number of
defects. In analyzing the reasons of defect formation in the nanocrystals, two factors: the size
factor and the energy of stacking fault formation, were considered. This size factor is associated
with the inability to generate dislocations in nanocrystals smaller than 100 Burgers vector
(operation conditions of dislocation sources, such as the Frank-Read [184]). It is also obvious
that the probability of appearance of defects (e.g., stacking faults) depends on the energy of
their formation, and of course, this factor must be taken into account when comparing the
degree of perfection of different nanocrystals. In terms of the magnitude of the Burgers vector
b, the average size of the nanocrystals is:

Ni in the alloy with 20 at.% B 8-20 b,
Al ~40-450b

(the Burgers vector is by; = a y; /2 [110] = 0.250 nm for Ni nanocrystals and b, =a ,, /2 [110] =
0.286 nm for Al nanocrystals).

As was mentioned, when analyzing the degree of nanocrystals perfection in the Al- and Ni-
based systems, the influence of the energy of stacking fault formation was considered [174].
The value of the energy of stacking fault formation is 135 erg/cm? for Al and 240 erg/cm? for
Ni. However, it is known that the energy of stacking fault formation decreases with increasing
electron concentration when doping [185]. For example, stacking fault energy in Cu-Ag alloys
decreases ~10 times with increasing electron concentration to 20% [186, 187]. Unlike aluminum
nanocrystals that are one-component, nickel nanocrystals contain about 17 at.% Mo, which
leads to an increase in the electron concentration to about 20%. It is therefore natural to expect
a significant reduction (several times) the stacking fault energy. This reduction of the energy
of stacking fault formation can explain more perfect structure of Al nanocrystals as compared
to Ni(Mo) nanocrystals.

However, what is a predominant reason of defect formation in the nanocrystals (the size factor
or the energy of formation of stacking faults) is not clear.

What can cause the formation of defects in the nanocrystals? As shown above, a significant
number of defects were observed in nanocrystals of Ni (Mo) solid solution. Since the nucleation
and nanocrystal growth occur by the primary mechanism of crystallization, it is natural to
expect that the concentration of molybdenum in nickel lattice varies from the center to the
periphery of the nanocrystal. It is known that [187, 188] peculiar ordered structure can be
formed in the crystals of two-component systems. It can be assumed that the formation of twins
in the nanocrystals of Ni(Mo) solid solution can occur in this way, that is, the formation be
facilitated due to the uneven distribution of molybdenum atoms in solid solution. Naturally,
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formation of stacking faults by this mechanism is not possible in the case of single-component
nanocrystals.

It should be noted that the shape of Ni(Mo) nanocrystals with size of 30-50 nm differs from
the equilibrium shape, and their growth leads to accumulation of the stresses associated with
a crystallographic anisotropy and a difference in the density of the amorphous and crystalline
phases. When increasing the size of the nanocrystals, the concentration of molybdenum in Ni
(Mo) solid solution reduces, which, as previously noted, leads to increasing energy of stacking
fault formation and, hence, decreasing the probability of twin formation by fluctuations of
composition. On the other hand, molybdenum concentration in solid solution decreases during
the growth of the nanocrystals; and its concentration increases at the reaction front (in the
amorphous matrix in front of the crystal growing boundary). Details of the experimental
observation of the distribution in front of the growing particle are given in [189].

In the processes of the primary crystallization the amorphous phase of Ni-based alloys is
enriching in molybdenum. Naturally, the Mo concentration is increased near the growing
nanocrystal and this increased concentration diminishes with the distance from the nanocrys-
tal. Heterogeneities in the composition of the surrounded regions may be important for the
origin of the twins or stacking faults near the nanocrystal boundary and its intergrowth into
the nanocrystal. It should also be noted that by increasing the Mo concentration in the nickel
lattice, stacking fault energy decreases, that is, formation of defects is facilitated. If these
reasons, indeed, define the appearance of defects in the nanocrystals, you should expect the
formation of twins and stacking faults in the near-boundary areas. The studies have shown
thatnanocrystals with defects in the near-boundary areas, in fact, present in the nanocrystalline
structure. Figure 16 shows a nanocrystal Ni(Mo) solid solution with defect-free central part
and twins and stacking faults in the near-boundary regions.

Figure 16. High-resolution electron microscopy image of the Ni(Mo) nanocrystal in the amorphous matrix.

Obviously, chemical heterogeneity is not only reason enough for the defects formation; small
nanocrystals (up to ~ 5 nm) are always defect-free. Formation of the crystals in the amorphous
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matrix occurs in the field of stresses caused by the difference in specific volume per atom in

the amorphous phase and in crystalline structure. Naturally, these stresses increase with the
crystal sizes increasing. At the initial stages of crystal growth in isotropic amorphous phase
these stresses are too small to induce the formation of defects in the nanocrystals. In the process
of growth the nanocrystals reach the size when there is a growing stresses may cause the
formation of defects.

It should be noted that the formation of microtwins and stacking faults cannot be determined
by only size factor. One way of determining the degree of structure perfection of the nano-
crystals formed in the amorphous phase was based on the following analysis of the diffraction
line broadening;:

broadening of the diffraction line caused by the small grain size is proportional to 1/cos
O or sec O (O is the angle of the reflection);

broadening of the diffraction line caused by randomly distributed dislocation is propor-
tional to tg O. If the nanocrystals do not contain defects, the half-widths of the diffraction
reflections depend linearly on the secant of the diffraction angle. Figure 17 shows such
dependencies for Al-based alloy (Alg,Ni;;Ce;Si,) and Ni-based alloy ((Niz;gMo3y)eBio)-
These alloys contain the nanocrystals with practically the same size: 12 nm nanocrystals
in Alg,Ni;;Ce;Si, and 13 nm in (Ni;zMo0s)eoByo. Therefore, curves 1 (for Alg,Ni;,Ce;Si, alloy)
and 2 (for (Ni,Mosy)eB;, alloy) correspond to two nanocrystalline alloys containing
nanocrystals with approximately the same size (~13 nm). (It should be noted that the
lattice parameter of the aluminum and nickel varies markedly, which determines the
different quantities of points in the curves.) Itis evident that a linear relationship is indeed
characteristic of nanocrystals in an aluminum alloy, while linear dependence was not
observed for nickel-based alloy. This means that the nanocrystals of the same size may be
defect-free or contain linear defects in the different systems.
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Figure 17. The angular dependence b of the diffraction line half-width (1 - Al;,Ni;;Ce;Siy, 2 — (NigMo0sg)gBig, 3 —
AlgNi, Y.
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However, it is more correct to compare the nanocrystals with the same size, expressed in the
Burgers vector units (i.e., with the same number of interatomic distances); these values are
42b and 52b for curves 1 and 2, respectively. Therefore, for comparison, the figure also shows
curve 3 corresponding to AlgNi, Y, alloy with the nanocrystal size of ~50b. As seen from the
figure, in this case, the dependence (curve 3) is also linear, indicating that the broadening of
the diffraction lines is caused by size factor only, that is, nanocrystals are defect-free. Thus, the
size factor is not the only reason that determines the occurrence of defects in the nanocrystals;
heterogeneities in composition play an important role as well.

In connection with the above, one point should be noted. As already mentioned, some
researchers have suggested that there is a certain critical size of the nanocrystal, below which
it is defect-free. For each such material critical size of the nanovolume can be estimated when
a probability of the existence of induced defect sharply decreases [170]. Since the yield strength
and elastic modulus for nickel are much larger (about three times) than that for aluminum,
one would expect that the critical size of dislocation-free Al nanocrystals will be lower than
that for N nanocrystals, but the experimental results do not match. The results show that the
size of the nanocrystal, whereby there occur defects, actually, is different for different systems.
It depends both on the chemical composition and concentration of the components and on the
conditions of nanocrystal formation; one would expect that the formation of the nanocrystal,
for example, in thin sections the size of defect-free crystal should be reduced significantly
because the proximity surface will contribute to the resulting stress.

Obviously, to estimate perfection of the nanocrystalline structure, one should consider both
the size of the crystals and the possible chemical heterogeneity, facilitating the formation of
defects. The second factor is rather significant for nanocrystals comprising two or more
components, the first one is important for any type of nanocrystals.

11. Structure design

As noted above, the changes occurring in the amorphous phase structure before the onset of
crystallization may significantly affect the morphology and parameters of the crystalline
structure forming on subsequent heating [116, 190, 191]. The amorphous phase is the parent
phase for nanocrystals, which are formed by thermal and/or deformation effects. By varying
the type and effect parameters, one can create amorphous-nanocrystalline materials with
different size and volume fraction of nanocrystals. Nanocrystal formation usually occurs by
the primary crystallization mechanism. This reaction leads to change of the amorphous phase
composition and to enrich the amorphous phase in refractory components and metalloids. This
process can result in an increased stability of the amorphous phase. The crystallization process
thus can stop, and the resulting amorphous-nanocrystalline composites have high thermal
stability. Heterogeneities in the amorphous phase may lead to the formation of different crystal
phases. The noted structural changes do not exhaust all the possibilities for transformation of
the system toward the equilibrium state. This wide variety of structures defines a set of good
physical and chemical properties. For example, [116] annealing of amorphous Fe-B alloy at
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temperatures below the crystallization temperature was found to alter microhardness and
stability of the amorphous phase and ten-fold increase of the crystal size after subsequent
crystallization. It has been found that heat treatment at different temperature ranges leads not
only to a change of the phase composition but also to the formation of the structure with
substantially smaller crystals upon subsequent heating. Formation of smaller crystals was also
observed is the case of crystallization of heterogeneous amorphous structure. This last point
is particularly important because it indicates the possibility of structure design, based on the
decomposition and separation inside amorphous phase. The separation of amorphous phase
makes it possible to produce amorphous samples with crystalline surfaces (Figure 18) and
crystalline samples with amorphous surface (Figure 19) in Fe-B-P alloys [190].

100 nm

Figure 18. Microstructure of partially crystallized in-situ FegB,,P; alloy.

Figure 19. Microstructure of annealed and partially crystallized in-situ FegyB,,P, alloy.

As most properties are structure-sensitive, the knowledge of the ways for structure design
leads to the possibility of forming materials with the desired properties. Creating new
materials with good properties, as already mentioned, is one of the major challenges of modern
science.
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