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Abstract. Structure evolution of amorphous alloys at heat treatment and deformation is discussed. Amorphous structure change before crystallization is considered for Al-, Ni-, Fe-, Zrbased systems. Property change with structure evolution is discussed as well. Nanocrystal
formation in light metallic glasses is studied at heating and deformation. The sizes of the
nanocrystals forming during plastic deformation were found to be smaller than those of the
nanocrystals forming on thermal treatment. The sizes of the nanocrystals do not change (Al-NiGd, Al-Y) or change only slightly (Al-Ni-La) with increasing degree of plastic deformation whilst
their volume content increases and the fraction of nanocrystals in the deformed samples is
larger than that in the samples subjected to thermal treatment. Using combined treatment (plastic deformation + annealing) was observed to result in intermediate nanocrystals size.

1. INTRODUCTION
High technology development is based on fundamental research. Development of principles of producing novel materials is guided by the knowledge
of the basic processes that condition formation of
particular materials, structural correlation and corresponding physicochemical properties. Given the
fact that most physicochemical properties are structure-sensitive, understanding of the processes providing the basis of formation of any particular structure is of crucial significance. Among such novel
materials are nanocrystalline metallic materials.
Nanocrystalline structure can be obtained by different techniques [1-5], one of the main being controlled crystallization of amorphous alloys which
enables formation of composite structure consisting of nanocrystals that are randomly arranged in
the amorphous matrix. One of the advantages of
the method of producing nanocrystalline structure

by partial crystallization of amorphous alloys is the
possibility to control nanostructure parameters and,
hence, their physical properties by varying conditions of thermal treatment. For instance, the optimal combination of high strength and plasticity of
Al-TM-RE alloys is achieved in nanocomposite structures with certain sizes of Al nanocrystals and their
volume fraction.
Metallic alloys with an amorphous nanocrystalline structure (amorphous nanocrystalline materials - ANCM) are now among
the most promising materials with a complex of high
physical-mechanical properties. Application of this
class of materials is now mainly due to the high
magnetic characteristics of iron-based ANCM. Yet,
along with soft magnetic ANCM, light and high
strength aluminum-based ANCM is also promising
since the values of ultimate strength of aluminumbased alloys with 6-15% of transition metal (Fe, Co,
Ni) and several percent of rare earth metal reaches
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1.6 GPa [5,6]. It should be emphasized that these
strength values are comparable to those of tool steel
whilst the specific weight of aluminum-based alloys
is approximately 2.5 times lower. Such alloy characteristics are attractive for practical applications.
Similar materials, however, were obtained at the end
of the 20th century but they have not found any important application yet, which is largely due to their
high brittleness. As a rule, ANCM is produced by
controlled crystallization of the amorphous phase
on heating or isothermal annealing. The first crystallization stage (primary crystallization) gives rise
to aluminum nanocrystals, their fraction depends
on alloy composition and is within 20%-30%. Formation of nanocrystals proceeds by the diffusion
mechanism as composition of nanocrystals differs
from that of the initial amorphous matrix [7-10]. The
mechanical properties of such a double phase
nanocomposite system should be determined by
the mechanical characteristics (yield strength, elastic modules, plasticity, etc.) both of structural specific features of nanocrystals and the amorphous
phase as well as morphology of nanocrystals and
their matrix arrangement [11].
A new technique for producing nanostructures
has been recently developed: nanocrystallization of
amorphous alloys subjected to deformation. In both
cases, thermal treatment and deformation, the process of nanocrystal formation is determined by the
higher parameters of diffusion mass transfer. The
nucleation mechanism of nanocrystals is now under investigation, yet, no final solution has been
found, for instance, the role of shear bands is not
yet clear [12]. It should be noted that controlled crystallization of amorphous alloys under heating and
deformation conditions results in formation of
nanostructures with different parameters [13-18].
Now there are a lot of data on sizes and morphology of nanocrystals produced by different methods
[19-27].
The nanocrystal size increases either due to increasing temperature of thermal treatment or
changes in amorphous alloy matrix structure in
places of deformation-induced nanocrystal formation (in the vicinity of shear bands). Deformation may
also cause changes in the chemical composition of
the amorphous alloy regions of localized plastic
deformation. Such deformation-induced changes of
the amorphous matrix should involve changes in the
number of nucleation centers and, hence, affect the
structural parameters of the forming phase, which,
in turn, brings about changes in the conditions of
nanocrystal nucleation and growth. Since mechanical properties are structure-sensitive, production of

materials with specified properties including aluminum-based ANCM requires knowledge of regularities and mechanisms of ANCM formation followed
by establishment of structure-property correlation.
Let us consider the changes that may occur in
the amorphous structure during heat treatment and
deformation.

2. CHANGES IN THE AMORPHOUS
STRUCTURE DURING THE HEAT
TREATMENT
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 can not always be uniform and isotropic. It was shown in a lot
of studies that the structure of amorphous alloys
are not uniform (Pd74Au8Si18 [28], Pd40.5Ni40.5P19 [29],
Be40Ti24Zr36 [30]).This is clearly seen in X-ray diffraction patterns. Double halo in the X-ray diffraction
patterns was observed for amorphous Al-Si-X and
Al-Ge-X (X = Ti, Zr, V, W, Mn, Fe, Co, Ni, Cu, Cr,
Nb, Mo) alloys [31-33]. Heterogeneities in the structure were found after various external influences: heat
treatment, irradiation, and others. For example, asprepared amorphous Pd-Au-Si alloy is uniform, but
after annealing at 400 n
C separation into regions
with different elemental composition was observed
[34]; in study of amorphous (Mo0.6Ru0.4)100-xBx alloy,
the formation of chemical segregation was found
before the crystallization [35]. Thus, the crystallization is often preceded by of the amorphous phase
separation into regions of different chemical composition and different short-range order, i.e. the formation of two or more amorphous phases [36-40].
These phases do not separated by sharp interface,
and the transformation may exhibit spinodal decomposition characteristics [28]. In studying the structure of Pd-Au-Si alloys [34] amorphous phase separation was found to depend on chemical composition; and the tendency to phase separation increases with the concentration of gold.
Evolution of the amorphous phase depends on
temperature. Heating and annealing of the metallic
glasses can be performed in two different temperature ranges: above and below the glass transition
temperature Tg. Above the glass transition temperature 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 Tg
material properties change sharply (viscosity, enthalpy, heat capacity, specific volume, and others.).
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Fig. 1. TEM image of the structure of as-prepared
amorphous Ni70Mo10P20 alloy.
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ther heating, the crystallization begins in places that
appear lighter in the TEM 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. If the heat treatment
was carried out below the glass transition temperature, changes in the structure of amorphous phase
were not observed. During the crystallization, as said,
eutectic colonies form and the structure differs radically from that observed above the glass transition
temperature.
Thus, the processes leading to separation of
amorphous phase occur at the temperatures above
Tg. The size of the areas with different chemical
composition and/or different short-range order is
about 100 nm. Crystallization of the alloy below the
glass transition temperature takes place by eutectic crystallization mechanism: eutectic colonies form
in amorphous matrix. In this case the redistribution
of the components before the crystallization occurs
insignificantly or nonexistent.

2.2. Amorphous Ni70Mo10B20 alloy

Fig. 2. TEM image of the structure of Ni70Mo10P20
alloy annealed above Tg.
This leads to significant differences in the process
of diffusive mass transfer in these temperature
ranges, and in turn, to changes in the structure.
Some examples will be discussed below.

2.1. Amorphous Ni70Mo10P20 alloy
The glass transition temperature (Tg = 430 n
6 for
heating rate of 20 n
6% X
] Uc
WTP[
[hX
bQT[fc
WT
crystallization temperature (Tg = 457 n
6) [37]. This
allowed investigating the changes in the structure
both in supercooled liquid state (above Tg) and in
the amorphous state (below Tg). Heating above the
glass transition temperature leads to a change of
the structure of the amorphous phase. Figs. 1 and
2 show the TEM images of as-prepared sample (Fig.
1) and annealed above Tg sample (Fig. 2) [37]. 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.
The results obtained by X-ray diffraction and transmission electron microscopy methods show the
appearance of the regions with different short range
order and different chemical composition. With fur-

In this alloy, the glass transition temperature is also
below the crystallization temperature. On heating
the amorphous alloy above the glass transition temperature, a width of the first diffuse peak in the X-ray
diffraction patters increased [41]. This change is
similar to the above change in the diffraction pattern
of the amorphous Ni70Mo10P20 alloy. In the alloy with
phosphorus, the process of phase separation manifested in increasing the half-width of the diffuse
maximum, which distorted during the annealing. This
modification was due to the formation of amorphous
regions with different concentrations of the components, later crystallized with the formation of different phases.
The change of X-ray diffraction pattern in
Ni70Mo10B20 alloy is due to the appearance of areas
with different chemical compositions. Crystallization of the alloy above the glass transition temperature leads to the formation of three crystalline phases
simultaneously: two face-centered crystalline
phases with lattice parameters of 0.3597 nm and
0.3541 nm, and an orthorhombic phase Ni3B type.
FCC phases are Ni and Ni(Mo) solid solution. All
three phases form substantially simultaneously. The
crystal size is less than 50 nm. Each nanocrystal
is surrounded by the amorphous matrix (Figs. 3 and
4). Studies of the structure by transmission and high
resolution electron microscopy methods showed that
the formation of the phases is independently from
each other. It is natural to assume that the forma-
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Fig. 3. HREM image of the structure of Ni
nanocrystal in amorphous matrix.
(a)

(b)

polymorphic instead of eutectic crystallization) are
due to changes amorphous structure before the crystallization which ensures the formation of amorphous
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the glass transition temperature, phase separation
is not observed, the crystallization occur by the
eutectic mechanism.
Thus, structure formed above and below the glass
transition temperature in both alloys (Ni70Mo10B20 and
Ni70Mo10P20) are very different. It should be noted
that the scale of the chemical composition change
may be different: it is about some tens nanometers
(15-20 nm) in (Fe-Zr system) [39] or more than 50
nm (Ni-Mo-B system) [41]. This difference is connected with opportunity of implementing a diffusion
mass transport in different temperature conditions.
So, above and below the glass transition temperature, amorphous structure varies differently, later
leading to the formation of different crystal structure
and, of course, different physical properties.
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 [42,43]. For
example, depending on the temperature range order of the Fe-B amorphous phase may vary from
package type of Fe3B boride orthorhombic (Pnma
space group) to tetragonal Fe3B boride packaging
type (P42/n space group). Subsequent crystallization leads to formation of the boride with short-range
order which had the amorphous phase before the
crystallization.

3. NANOGLASSES

Fig. 4. HREM image of the structure of Ni(Mo)
nanocrystal in amorphous matrix (a) and enlarged
image (b) of the area circled by the frame in the
figure (a).
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concentration region, i.e. 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

Decomposition occurring in amorphous materials
is interesting in itself. The structure decomposition
and changes of the chemical composition within the
amorphous state are particularly important since
such transformations form new amorphous phases
that cannot be obtained by conventional means
[44,45]. Amorphous alloys consisting of amorphous
regions with different chemical composition and/or
density and/or short range order named nanoglasses
attracted a lot of attention due to the complex of
high magnetic, mechanical, catalytic properties.
Structure and properties of nanoglasses differ from
both usual amorphous and nanocrystalline materials. They have a heterogeneous structure, amorphous regions with the same or different chemical
composition are separated by boundaries with increased free volume Such materials are promising
from the point of view of creating novel materials
[46- 50].

Nanocrystal formation in light metallic glasses at heating and deformation
As it was mentioned above, the coexistence of
some amorphous phases was observed in a lot of
systems. These phases have no sharp interfaces.
Processes of amorphous phase separation may
occur by different way. It was shown in [34] that
separation of Pd-Au-Si amorphous phase depends
on chemical composition and separation tendency
increases with increasing concentration of Au. Formation of new amorphous phases in Pd0.8Au0.035Si0.165
alloy takes place by nucleation and growth mechanism, later FCC phase form by primary crystallization mechanism. Amorphous Pd0.74Au0.08Si0.18 alloy
crystallizes after the decomposition and two crystalline phases form successive. The authors [34]
have concluded that separation occurs by spinodal
mechanism at least at initial stage with concentration wave of ~20 nm in length. Possibility of phase
separation by spinodal mechanism was also discussed in [28]. Spinodal mechanism of amorphous
phase decomposition was also considered for other
metallic glasses [45,51].
Another approach is based on the use of severe
plastic deformation methods to amorphous alloys.
Applying severe plastic deformation leads to formation the sets of shear bands. The shear bands contain the increased concentration of free volume. They
separate the areas of the amorphous matrix with
the initial characteristics. When the deformation level
is high, these regions contain also nanovoids. In
this cased the structure is similar to nanoglass structure.

4. CHANGES OF PROPERTIES WITH
AMORPHOUS STRUCTURE
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, does not leading to crystallization, causes the structure change.
This is manifested in the increase of the density,
L d]Vw
b Sd[
db c T Qa
X
c
c
[
T T]cSTRa
TPbT U
internal friction, change of magnetic properties, etc.
Naturally, the process of phase separation can lead
to a significant change in the properties of amorphous alloys. For example, 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 Fe80B20 alloy [52].
Since the microhardness of the material characterizes the strength of the bonds between atoms in
the structure, change of microhardness show evi-
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dent amorphous structure evolution. The change of
the microhardness during the annealing is obviously
caused both decreasing free volume, and by ordering processes. Study of the amorphous Fe27Ni63P14B6
alloy [53] showed rising Curie temperature at heating in the temperature range below the crystallization temperature. Later, these changes were observed in a number of other alloys [54-56]. Thermocycling (heating-cooling) of the amorphous Fe-B-P
alloy in the temperature range 250-350 n
6was found
to lead to monotonic decrease of the magnetization
and a kink was observed in the dependence of derivative of magnetization with respect to temperature curve [54]; the magnitude of the kink increases
with the heat treatment duration. Changing the shape
of the dM/dT curve indicates the formation of regions characterized by different Curie temperatures.
Thus, the heat treatment of Fe-based metallic glass
can 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 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 Fe40Ni40P14B 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 [57]. However, it was
shown [58] that the Fe-Si-B alloys (without phosphorus) are also fragile. The embrittlement is a distinctive feature of amorphous iron-based alloys. Study
of the dependence of embrittlement showed that the
phenomenon of embrittlement is peculiar to Fe alloys doped with one or two or metalloids. The
embrittlement of iron-based alloys containing nonmetals of two types may be due to the separation
of amorphous phase.

5. CHANGES IN THE AMORPHOUS
STRUCTURE DURING
DEFORMATION
The structure of amorphous phase can vary considerably, not only by heating but also at 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 an example, K. Pampillo reviews
[59,60] should be mentioned; where problems of
homogeneous deformation and inhomogeneous flow,
the fracture processes, their dependence on the
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Fig. 5. Scheme of X-ray scattering measurement scheme under tensile deformation, modified from [64].

temperature and composition were discussed. Investigations of the amorphous structure under deformation were rather small.
The change in the structure of the amorphous
phase at the deformation which does not lead to
crystallization was studied last years. For instance,
change in the structure under the influence of the
hydrostatic pressure was observed in metallic
glasses enriched in rare earth-rich component
(Ce55Al45 metallic glass [61]). A typical feature of this
transition was a significant increase in the density
at the compression and hysteresis upon applicac
X]ta
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c
WT a
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b
da
TFX X
[
Pa WT] T] ]
of polyamorphism was observed in other glasses
(e.g., La-Ce-Al [62]). The reason polyamorphism
was discussed to be due to delocalization of 4f electrons of Ce, leading to a decrease in Ce-Ce bond
length. However, such a phenomenon is not observed at all metallic glasses that are rich in the
rare earth component (e.g., La75Al25).
Some researches on the structure evolution carried out directly in the process of deformation of Zrbased amorphous alloys aroused great interest. The
samples were deformed by tension and synchrotron source was used for structure investigations
in-situ. It allowed detecting the structure occurring
at the elastic deformation [63-65]. Fig. 5 [64] shows
a scheme of in-situ X-ray measurements of amorphous Zr64.13Cu15.75Ni10.12Al10 alloy subjected to tension.
The experiments were carried out in transmission geometry, the load varied with increments of
n
6 cWPbQTT]Ud]Sc
WPcX
]c
WTPQbT]RT U
plastic deformation, the tensile results in a change
of the distance between atoms in an amorphous

Fig. 6. The dependence of the first diffuse peak
position the X-ray diffraction pattern one applied
stress ( = 90 - in the direction of the applied stress,
= 0 - in the transverse direction).

structure, and these changes depend on the orientation of the applied stress. Fig. 6 shows the change
in position of the first diffuse maximum depending
on the applied stress . It is evident that the initial
symmetric with respect to zero diffuse peak position becomes asymmetric 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 Zr62Al8,
Ni13Cu17 and La62Al14(Cu5/6Ag1/6)14Ce5Ni5 metallic
glasses the deformation was shown [63] to be indeed an anisotropic (Fig. 7). For comparison, the
U
X
Vda
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Z
metallic glasses of the same composition (black
lines). For details changing the top of the first diffuse maximum for Zr62 Al8 Ni13Cu17 metallic glass
during deformation is shown in Fig. 8 [63].
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Fig. 7. Stress-strain dependence in the direction of
the applied stress and in the transverse direction
(color lines), modified from [63]. Circles and squares
correspond to La62 and Zr62, respectively.

Fig. 8. Change of the top of the first diffuse maximum for Zr62 Al8 Ni13Cu17 metallic glass during deformation, modified from [63].
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Thus, in the absence of plastic deformation, tensile may result in a change of the distance between
atoms in an amorphous structure, and these
changes depend on the orientation of the applied
stress. 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 above 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 Pd40Ni40P20 alloy. The samples
were subjected to multiply rolling deformation and
the structure was studied along and across the rolling direction [66]. It was found that amorphous
sample structure becomes anisotropic after deformation. It can be seen (Fig. 9) that the diffuse
maxima of the sample obtained for different mutual
orientation of the X-ray beam and the sample are
displaced relative to each other. The shortest distances between atoms were identified from these
X-ray diffraction patterns. The distance between atoms along the rolling direction was found to increase
at the deformation, whereas it does not change in
the perpendicular direction. The observed effect reduced over time.
The results obtained for amorphous Pd40Ni40P20
alloy revealed: the difference (anisotropy) in the Xray scattering by the deformed samples along and
across the direction of deformation manifesting itself in the different position of the diffuse maxima

Fig. 9. An initial part X-ray diffraction pattern of the sample after rolling.
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Fig. 10. X-ray diffraction patterns of deformed Al88Ni10Y2 (1) and Al88Ni2Y10 (2) alloys.

on the X-ray diffraction pattern obtained by X-ray
diffraction analysis of the sample along and across
the direction of rolling; and attenuation of the observed effects (scattering anisotropy and changes
of the velocity of sound) in the course of time. The
shortest interatomic distances were calculated and
it was shown that the rolling causes the changes of
the amorphous phase structure (distortion of the first
coordination sphere). The structural changes are
more pronounced in the surface.
Thus, the deformation process changes the
structure of the amorphous phase. Since plastic
deformation of amorphous alloys is achieved by formation and propagation of shear bands, feasible
structural changes were analyzed both in the shear
bands and in the shear band-free areas of the amorphous phase. The observed effect is shown to be
induced by inelastic deformation of the amorphous
phase chiefly in the shear band-free areas. The effects diminish with aging of the deformed samples
which confirms the hypothesis about inelastic deformation of the amorphous phase.
As noted above, the effect of the elastic deformation on the structure of metallic glasses was studied in a group of Zr-based amorphous alloys [6365]. The results clearly showed an elliptical characc
Ta Uc
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X
a
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SX
]Pc
X]u
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Tv ]c
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the Pd40Ni40P20alloy, the samples were deformed inelastically, and plastically, and the anisotropy of the
structure remained after the removal of the plastic
deformation, so the causes of changes in the distances between the atoms can be more complex.
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mation during elongation is linearly dependent on
the stress. At higher loads, this dependence deviates from the linear law, which is due to inelastic
deformation whose magnitude in amorphous alloys
is about an order of magnitude more than that in
crystalline alloys. This inelasticity is associated with
the free volume in the amorphous structure: if the
free space is small, inelastic deformation is also
small. Inelastic deformation decreases after annealing at which the structural relaxation occurs. At high
stresses and relatively low temperatures, deformation occurs heterogeneously and it is much localized. Narrow shear bands formed, the orientation of
the shear bands is close to the orientation of the
maximum shear stress. Another characteristic feature of plastic deformation of amorphous alloys is
increasing concentration of free volume in the shear
bands, i.e., increasing average interatomic distance.
Since shear bands are distinguished by disordered
structure of the amorphous phase and low density
regions in which the mean interatomic distance is
somewhat larger than in the basic amorphous matrix, the structure of the deformed samples can be
a
TVPa
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the material in the shear bands. Then the diffuse
peaks in the X-ray diffraction patterns make up a
superposition of two diffusion maxima from each
uWPb
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share of the material in the shear bands is not large
and, hence, its contribution to scattering will be
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negligible. Hence, as in the case of heat treatment,
the observed change in the shape of the diffuse
maximum revealed by the X-ray diffraction patterns
is conditioned by formation of regions with a type of
short-range order and composition different from
those of the matrix. Naturally, this does not exclude
a different structure of the material in shear bands,
but, owing to the negligible contribution to scattering, its share can hardly be estimated.
In addition to occurrence of the anisotropy in the
structure, plastic deformation may lead to separation of the amorphous phase.
Heat-induced decomposition of the amorphous
phase was also observed in the amorphous Al-Ni-Y
system alloys. The alloy samples were subjected
to plastic deformation by way of multiple rolling [67].
Note that changing the structure under the influence
of plastic deformation depends on the alloy composition. Fig. 10 shows the X-ray diffraction patterns
of amorphous Al88Ni2Y10 and Al88Ni10Y2 alloys after
deformation by multiply rolling. It is evident that the
first diffuse maximum from the Al88Ni10Y2 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.
Based on analysis of the atom size and compositions of the metallic glasses one may easy conclude that the two diffuse maxima correspond to
the regions, enriched and depleted by yttrium (and/
or nickel). Thus, rolling of the Al88Ni10Y2 alloy leads
to separation of the amorphous phase into regions
with different chemical compositions.
In X-ray diffraction pattern of the Al88Ni2Y10 alloy
(curve 2, Fig. 10) weak reflections (marked by arrows in the figure) corresponding to Al nanocrystals
appeared after the deformation. The first peak in the
X-ray diffraction pattern is a superposition of an
amorphous halo and the (111) Al Bragg reflection.
The intensity of the reflections from the crystalline
phase is very weak due to a small amount of crystals of Al, dispersed in an amorphous matrix.
Thus, deformation at room temperature leads to
the formation of crystals in the amorphous matrix.
After increasing the deformation level at room temperature, the Al88Ni2Y10 structure does not appreciably change, and a small amount of Al crystals also
appears in Al88Ni10Y2 metallic glass. Consequently,
the deformation of metallic glasses can lead both
to separation of the amorphous phase, and development processes nanocrystallization even at room
temperature.
Deformation of amorphous phase also leads to
change of different properties of the material [68].
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6. NANOCRYSTAL FORMATION AT
HEAT TREATMENT AND
DEFORMATION
As it was mentioned above, formation of
nanocrystals at heat treatment can occur by different crystallization mechanism depending on chemical composition and prehistory of the samples. In
most cases the crystallization of the amorphous
phase occurs by the mechanism of nucleation and
growth. 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: the formation of the crystals with chemical composition different from the composition of initial amorphous
phase;
- eutectic crystallization: the simultaneous formation of two crystalline phases and
- polymorphic crystallization: crystallization occurs
without changing the chemical composition.
Nanocrystalline structure usually forms by primary crystallization mechanism. Nanocrystalline
materials may be single-phase and multiphase polycrystalline samples with a grain size up to 100 nm
(at least in one direction). Due 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 nanocrystalline material are fundamentally different from those of conventional polycrystalline and amorphous alloys
[69,70]. 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.
The main advantage of the method of
nanostructure formation by controlled crystallization
of amorphous alloys is the ability to control the process kinetics by optimizing the heat treatment parameters (temperature and annealing time) and the
simplicity of the method. In the most amorphous
alloys, nanocrystallization can be carried out in
conventional annealing, that provides a large amount
of nanocrystalline samples. Moreover, by changing
the heat treatment conditions, it is possible to obtain samples with different grain sizes ranging from
a few nanometers to microns [71].
However, the amorphous phase can crystallize
with nanostructure formation only in some alloys. A
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new method for producing nanostructures has been
recently developed: nanocrystallization of amorphous alloys subjected to deformation [72]. In both
cases, thermal treatment and deformation, the process of nanocrystal formation is determined by the
higher parameters of diffusion mass transfer.
Applying different types of deformation to amorphous materials makes it possible to obtain
nanocrystalline alloys with new compositions (including alloys, which can not be obtained in the
nanocrystalline state by conventional methods), as
well as allows obtaining nanocrystalline samples of
larger size. Currently, there are a number of research
in which the authors compared the parameters of
nanostructures formed during heat treatment and
deformation [13-15,17,18,67].
Severe plastic deformation of amorphous alloys
leads to the formation of nanocrystals, and the
nanocrystals location correlates with the location
of shear bands [22]. One of the existing today explanations of such localization of the nanocrystals
is the assumption that the plastic deformation leads
to increasing temperature in the shear bands up to
the melting temperature [73]. According to the calculations, the temperature in the shear bands can
reach up to 1000 n
C and persists for a few nanoseconds. If this local increase in temperature is higher
than the crystallization temperature of the amorphous
phase and this increase lasts enough long, the crystallization of the amorphous phase can occur by
diffusive nucleation and growth mechanism. The
second approach to explain the correlation of the
nanocrystals and shear bands location is based on
the difference in the structure of the amorphous
phase in shear bands, and in places free of shear
bands. The structure of the shear bands are more
disordered, the share of free volume is higher, the
processes mass transfer and, hence, the crystallization is facilitated in these areas. The nanocrystal
formation is spatially associated with places of localization of plastic deformation (shear bands). As
to spreading of individual shear bands, the propagation velocity in the bulk amorphous is known to be
X
a
a
TVd[
Pa
1
c
WTa
TX
bPb R
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[
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X
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typical for granular structure [74]. Such dynamics
should be thermally activated, depending on the kinetics of the free volume supply to the shear bands
and free volume relaxation. In this connection, the
use of severe plastic deformation to amorphous alloys looks very attractive. This processing method
allow to vary widely the level and conditions of plastic deformation; and therefore the quantity, the location and the parameters of shear bands and,
hence, the forming nanocrystals.

Fig. 11. Dependence of microhardness on
nanocrystal size.

7. MECHANICAL PROPERTIES OF
NANOCRYSTALLINE ALLOYS
One of the most important changes that occur in
polycrystalline materials with decreasing grain size
is increasing strength and hardness. As is known
for conventional polycrystalline metals, the yield
strength y is inversely proportional to the square
root of grain diameter d [75, 76]:
t

0

Ky / d

1/ 2

, Hv

Hv 0

Kh / d

1/ 2

,

where y is yield strength, 0- lattice friction stress
that occurs when moving a single dislocation and it
does not depend on the grain size, Kt - constant
(positive), depending on the resistance of the grain
boundaries to the motion of dislocations, Hv microhardness, and t Hv/3.
Nanocrystalline materials with an extremely small
grain size are of great interest in this context. Studies of the mechanical properties of nanocrystalline
materials have shown that the noted dependence is
often violated when the size of the crystals becomes
less than 50 nm. The performing or omitting the
Petch-Hall law depends on the method of the material producing. Fig. 11 illustrates the different behavior in microhardness depending on the grain size
for alloys produced by controlled crystallization of
metallic glasses [77]. In these materials, there is a
critical size of the grain [77,78]. If grain size is more
than critical size, the law Petch-Hall is satisfied,
otherwise deviations from it, or even an inverse relationship is observed. As mentioned earlier, critical
grain size was observed in nanocrystalline materials, from which the Petch - Hall dependence becomes inverse ratio (Fig. 11). After first stage of crystallization an anomalous behavior of the Petch-Hall
relation is usually observed: strength of the
nanocrystalline alloys grows with increasing grain
size (i.e., the proportion of the crystalline phase).

Nanocrystal formation in light metallic glasses at heating and deformation
The strength characteristics of the alloy are
maximal for critical size of the nanocrystals. The
kink in the dependence of the tensile strength on
the nanocrystal size involves changing the deformation mechanism from dislocation mechanism (in
the case of the Petch-Hall law) to the other, for example (but not necessarily), grain boundary sliding.
The implementation of this or that mechanism depends on the structure of the material.
Obviously, as mentioned above, the direct application of the Petch-Hall ratio to the materials considered in this study is impossible. Firstly, PetchHall equation is applicable for hardening, caused
by accumulation of dislocations on the physical
barrier, such as grain boundaries. Secondly, the
material should be crystalline, however the
nanocrystalline structure is two-phase one (amorphous - crystalline); it consists of the nanocrystals
distributed in the amorphous matrix and the
nanocrystals size commensurate with the thickness
of the layer of the amorphous phase between the
nanocrystals. There are other limitations. However,
the analogy between the change in the nanocrystal
size and hardening is often considered in accordance with the Petch - Hall equation.
Deformation of amorphous alloy occurs by the
formation and propagation of the shear bands. In
the amorphous-nanocrystalline materials, the
spreading shear bands interact with the
nanocrystals. The interaction of shear bands and
nanocrystals play a major role in the mechanical
properties of nanocrystalline materials. The different types of interactions that lead to the different
mechanical properties are describes in detail in
[79,80]. As it was shown in [81], the mechanism of
the interaction may be different on the sizes both
the nanocrystals and shear bands. The shear bands
bWTPaQP]SbRP]u
Rdc
v]P] Ra
h
bc
P[
b bWdcS f]
absorb them, they may ignore the nanocrystals.
Mechanical properties of the material depend on this
interaction. The optimum combination of high
strength and ductility of Al-TM-RE alloys was found
to achieve for certain sizes of nanocrystals of Al
and their volume fraction [82,83]. In a conventional
nanocrystallization of the amorphous alloys by heating, the size of the nanocrystals in the final step
usually depends only on the chemical composition.
Application of the deformation to the amorphous
alloys allows formation of nanostructure with other
parameters. This makes it possible to create a
structure with nanocrystals of different sizes. It
should also be noted that, since the plastic deformation when administered in a large amount
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From the viewpoint of the mechanical properties,
particular interest is connected with light
nanocrystalline alloys (Mg- or Al-based alloys).
These materials exhibit high strength with good
ductility. At the transformation from amorphous to
nanocrystalline state, the strength of the Al-TM-RE
alloys containing 80-90 at.% Al significantly increases. The strength can reach values of 1.6 GPa
when the specific weight is about 3.3 g cm-3 [6] at
room temperature and 1 GPa at 573K, which is 3
and 20 times higher than the corresponding values
for commercial high-strength aluminum alloys [84].

8. NANOSTRUCTURE FORMATION IN
SOME AL-BASED ALLOYS
FORMED AT HEAT TREATMENT
AND DEFORMATION
As it was discussed, mechanical properties depend
strongly on the structure. In order to produce materials with the desired combination of properties, it is
necessary to form the desired structure, which, in
turn, requires knowledge of the processes that determine the formation of a structure. In connection
with the above, a comparative study of nanocrystal
formation in amorphous alloys under heating and
deformation may be interest. Binary and ternary aluminum-based amorphous alloys were chosen as
research objects in which nanocrystalline structure
can be formed by deformation and thermal treatment. Formation of nanostructure at heat treatment
and deformation was studied in a group of Al-based
alloys. Amorphous Al90Y10, Al87Ni8La5, Al87Ni8Gd5,
Al87Ni8Y5, Al88Ni2Y10, Al88Ni10Y2, and Al85Ni6Co2Gd6Si1
alloys were obtained as ribbons by rapid melt
quenching. The samples were subjected to isothermal annealing and heating with a constant rate in a
differential scanning calorimeter as well as to plastic deformation that was performed at room temperature by multiple rolling and high pressure torsion (4 GPa) in Bridgman anvils.
The structure of the sample was studied by the
methods of X-ray diffraction, transmission, scanning
and high resolution electron microscopy. X-ray diffraction analysis was made using a SIEMENS D500 diffractometer with Co K radiation. The spectra
obtained were processed with the use of special
programs that allowed smoothing, background correction, separation of overlapping maxima, etc. The
samples for electron microscopy studies were prepared by ion milling. For structural investigation by
transmission electron microscopy method, the foils
were prepared from the middle of the radius of HPT
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Fig. 12. DSC curve of Al87Ni8Gd5 alloy.

deformed samples. The diameter of the samples for
HPT was 8 mm.
All the prepared samples were amorphous. On
heating crystallization of all the alloys started with
formation of aluminum nanocrystals. All the samples
to be compared were heated to the temperatures of
a beginning, top and end of the first peak on the
DSC curves corresponding to the first crystallization stage. Fig. 12 shows the DSC curve of the
Al87Ni8Gd5 alloy sample obtained on heating at a
rate of 20 K/min to 450 n
6. It is seen that crystallization of the amorphous alloy proceeds in three
stages, the first resulting in precipitation of aluminum nanocrystals.
Fig. 13 presents the X-ray diffraction pattern of
the Al87Ni8Gd5 alloy sample after heating to the temperature of 285 n
6R a
a
Tb ]SX
]Vc c
WTT]S Uc
WT
first crystallization stage (Fig. 12). On heating the

samples contain an amorphous phase and aluminum nanocrystals. The nanocrystal size was determined by diffractometry data as well as dark field
electron microscopy images. The nanocrystal size
was estimated by the halfwidth of the diffraction line
using the known Selyakov-Sherrer formula [85]. The
fraction of the nanocrystalline phase was estimated
by the ratio of the integral intensities of the reflections in the X-ray diffraction patterns [86].
As soon as the Al87Ni8Gd5 sample is heated to
285 n
6corresponding to the end of the first crystallization stage, the average nanocrystal size is 26
nm, the nanocrystal fraction being approximately
23%.
Fig. 14a shows the microstructure of the sample
after severe plastic deformation achieved by high
pressure torsion (4 GPa, 5 rotations) and Fig. 14b
presents the high resolution electron microscopy
image of the same sample. After severe plastic deformation the average nanocrystal size does not
exceed 6 nm, the nanocrystal fraction making up
approximately 25%.
For comparison Fig. 15 presents the X-ray diffraction patterns of the samples obtained as a result of heating to 285 n
6P]Ssevere plastic deformation. It is seen that the widths of the X-ray diffraction lines are significantly different, which is indicative of different nanocrystal sizes. The size of
the nanocrystals formed by severe plastic deformation is appreciably smaller than that of the
nanocrystals produced on heating. The investigation of the fine aluminum nanocrystal structure using high resolution electron microscopy revealed that
the nanocrystals did not contain any linear defects
(dislocations). It should be noted that the

Fig. 13. X-ray diffraction pattern of Al87Ni8Gd5 alloy on termination of the first crystallization stage.
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(a)
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(b)

Fig. 14. Microstructure of Al87Ni8Gd5 alloy after deformation by high pressure torsion: light field (a) and high
resolution (b) electron microscopy images.

Fig. 15. X-ray diffraction patterns of samples after heating to 285 n
6and severe plastic deformation.

nanocrystals formed on heating contained no dislocations as well [87]. According to [88], the dislocation-free structure of the aluminum nanocrystals is
well described by their small size and chemical
composition (absence of appreciable dissolution of
other alloy components in the aluminum
nanocrystals).
It is notable that in the deformed (SPD) samples
the nanocrystals are, at first sight, arranged homogeneously and unrelated to the shear bands. It is
known that at low temperature (room and lower),
plastic deformation of amorphous alloys proceeds
by way of formation and propagation of shear bands.
The shear bands form steps on the sample surface.
Fig. 16 shows surface images of deformed amorphous Al87Ni8Gd5 alloy samples exhibiting network
of numerous steps. The spacing between the shear

bands can be several tenths of a micron (see Fig.
16). Authors of [89] present hardness profiles (measured by nanoindentation) across a single shear
band in a Zr-based BMG deformed in uniaxial compression to plastic strains of 2%, 4%, and 6%. The
size of the region with characteristics different from
those of the matrix is about 150 nm across the shear
zone. Therefore, it may be assumed that following
HPT or multiple rolling, when the shear band spacing is only several tenths of a micron, the main part
of the matrix displays characteristics that are different from the initial (prior to deformation), which enables easy nucleation of nanocrystals in the matrix.
It would be reasonable to assume that the use
of combined treatment will allow specified variations
of nanocrystal sizes. Fig. 17 demonstrates the

66

A. Aronin, A. Budchenko, D. Matveev, E. Pershina, V. Tkatch and G. Abrosimova

(a)

(b)

Fig. 16. Surface images of amorphous Al87Ni8Gd5
alloy samples after cold-rolling (a) and HPT (b).

microstructure of the Al87Ni8Gd5 alloy sample subjected to isothermal annealing at 175 n
6for 1 after
multiply rolling. The images show clear deformation
bands and nanocrystals, their average size being 9
nm. If the sample was not pre-deformed, but subjected only to thermal treatment, the average size
of the nanocrystals was 14 nm (Fig. 18).
Thus, the size of nanocrystals forming in amorphous alloy is essentially dependent on treatment
conditions: it is minimal (6 nm) after high pressure
torsion, maximal (26 nm) after heating to the temperature of the end of the first crystallization stage
and intermediate (9 nm) on combined treatment (deformation + annealing). Fig. 19 shows comparative
nanocrystal size distributions for the annealed, both
as-prepared and pre-deformed samples which provide a clear illustration of formation of small size
nanocrystals in the case when thermal treatment is
preceded by plastic deformation.
Similar results were obtained in the studies of
other alloys of this same group. Table 1 summarizes up the values of nanocrystal sizes and
nanocrystalline phase fractions in alloys after different types of treatment.

Fig. 17. Microstructure of Al87Ni8Gd5, alloy after deformation and subsequent annealing.

Fig. 18. Microstructure of annealed Al87Ni8Gd5 alloy.

All the investigated systems exhibited some
common features:
- the sizes of the nanocrystals forming during plastic deformation are smaller than those of the
nanocrystals forming on thermal treatment;
- the sizes of the nanocrystals do not change (AlNi-Gd, Al-Y) or change only slightly (Al-Ni-La), with
increasing degree of plastic deformation whilst their
volume content increases;
- the fraction of nanocrystals in the deformed
samples is somewhat larger than that in the samples
subjected to thermal treatment;
- combined treatment (plastic deformation + annealing) results in intermediate sizes of nanocrystals.
Thus, the formation of nanostructures with definite characteristics depends on many parameters:
- chemical composition of the alloy;
- changes occurring within the amorphous state
before the beginning of crystallization (amorphous
phase separation and the formation of several amorphous phases; structural changes in shear bands
and in the vicinity surroundings during the deformation);
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Fig. 19. Size distributions of nanocrystals in the samples subjected to annealing and combined treatment.

- parameters of external influences (temperature and
duration of heat treatment, the type and level of the
deformation, deformation temperature etc.);
- types of the treatment (using a combination of different types of influences).
For example, the combination of thermal and
deformation treatments to alloys was shown to allow producing Al-based nanocrystalline materials with

nanocrystals of diverse sizes and diverse
nanocrystalline phase fractions.
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Table 1. Nanocrystal sizes (D) and nanocrystalline phase fractions (f) after different types of treatment
;CGtWX
VW a
Tbb
da
Tca
bX];GtWTPc
c
a
TPc T]c6E R [
Sa[
[
X
]V
Treatment

Alloy

D, nm

f, %

HPT 1 rev
HPT 5 revs
HT (DSC)
HT 175C 1h
CR + HT
HPT 1 rev
HPT 5 revs
HT
CR + HT
HPT 0,1 rev
HPT 1 rev
HPT 2 revs
HT
CR +HT
CR
HT
CR + HT
HT
CR
CR + HT

Al87Ni8Gd5
Al87Ni8Gd5
Al87Ni8Gd5
Al87Ni8Gd5
Al87Ni8Gd5
Al87Ni8La5
Al87Ni8La5
Al87Ni8La5
Al87Ni8La5
Al90Y10
Al90Y10
Al90Y10
Al88Ni10Y2
Al88Ni10Y2
Al88Ni2Y10
Al88Ni2Y10
Al88Ni2Y10
Al85Ni6Co5Gd6Si1
Al85Ni6Co5Gd6Si1
Al85Ni6Co5Gd6Si1

6
6
26
14
9
11.4
12.8
32
27
9
9
9
19
18
~4
15
15
25-30 [30]
10-15 [30]
20 [30]

22
25
23

15
17
12
24
30
40
28
35
Few nanocrystals
33
36
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