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Abstract: The nanocrystal formation in Zrs5CuzgAl;5Nis bulk metallic glass was studied under heat
treatment and deformation. The activation energy of crystallization under heating is 278 kJ/mol.
Different crystalline phases were found to be formed during crystallization under heating and
deformation. At the first crystallization stage, the metastable phase with a hexagonal structure
(lattice of space group P63/mmc with the parameters a = 8.66 A, ¢ = 14.99 A) is formed under heat
treatment. When the temperature rises, the metastable phase decays with the formation of stable
crystalline phases. The crystalline Zr,Cu phase with the lattice of space group Fd3m is formed
during crystallization under the action of deformation. It was determined that during deformation
nanocrystals are formed primarily in the subsurface regions of the samples.
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1. Introduction

The first metallic glass was produced in 1960 [1]. Since this moment, these materials have been
provoking great interest as both non-crystalline metallic materials and the basis for the creation of
composite amorphous-nanocrystalline materials. A special group of metallic glasses is bulk amorphous
alloys, many of which have good mechanical properties. Among these alloys are high-strength
Zr-based bulk amorphous alloys, which, in particular, can be used for medical applications such as
struts for cardiovascular stents [2,3]. Zr-based bulk alloys were studied in a number of works [4-6].
The processes of crystallization of Zr-based bulk amorphous alloys were investigated mainly under
heat treatment. At an initial stage of the devitrification of these alloys, the formation of metastable
crystalline [7,8] and quasi-crystalline [9,10] phases was observed. Under heating or annealing, after
the completion of the first crystallization stage alloys have an amorphous-nanocrystalline structure,
with the fraction of the crystalline phase depending on heat treatment conditions. Another method
of impact on the structure of bulk metallic glasses is severe plastic deformation. One of its main
methods is high-pressure torsion. This action also leads to crystal formation in the amorphous phase,
with crystal formation starting in the regions of plastic deformation localization, i.e., shear bands
or their vicinity. Crystal formation in the places of plastic deformation localization is caused by an
increase in the free volume fraction and, correspondingly, by enhanced values of diffusion coefficients
in these regions [11-13]. The fraction of the nanocrystalline phase under plastic deformation also
depends on treatment conditions, i.e., the value of applied pressure, the rate, duration, and temperature
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of deformation. In turn, the properties of a produced material depend on the formed structure and the
fraction of the crystalline phase. Plastic deformation is realized by the formation and propagation of
shear bands. At that stage, nanocrystals being present in the structure can have an inhibitory action on
the propagation of the bands [14].

In some studies of the processes of metallic glass crystallization, it was shown that the
structure formed under crystallization depends significantly on the conditions of production of
an amorphous alloy [15], as well as on the conditions of treatments (heat or deformation ones) of the
amorphous structure both in the limit of an amorphous state and at early crystallization stages [15,16].
However, despite active studies of the processes of the devitrification of Zr-based alloys, treatment
parameters necessary for the formation of an amorphous-nanocrystalline structure remain unknown.
Therefore, the present work aims at carrying out a comparative study of devitrification processes of
Zr55CuspAl;5Nis bulk alloy under heat treatment and deformation.

2. Materials and Methods

The samples of Zr55CuzpAlj5Nis amorphous alloy were produced by melting and quenching
into a copper mold. They were rods with a diameter of 8 mm. The thermal analysis of the alloy was
performed by differential scanning calorimetry (DSC) (Perkin-Elmer DSC-7). The Zrs5CuspAl;5Nis bulk
amorphous alloy was heated to the preset temperatures (up to 848 K), then cooled to room temperature
in the calorimeter with Ar flow. The use of an argon atmosphere avoided oxidation of the sample. The
heating rates (3) were 5, 10, 20, and 40 K/min. The kinetic characteristics of the crystallization reaction
were determined by the obtained series of DSC curves. The error in the measurement of activation
energy (E,) and temperature was 1.9 kJ/mol and 3 K, respectively.

The samples were deformed by high-pressure torsion (HPT). The samples of an initial alloy were
cut into disks with a thickness of 0.5 mm and polished before deformation. They were deformed at a
rate of 1 rotation per minute, with deformation at 1, 5, and 10 rotations being used. The deformation
was carried out at a pressure of 6 GPa at room temperature. The deformation degree was estimated by

the formula: 05
2\
o= Zn(1+(%r) ) + ln(%)) (1)

where: r is the radius of a sample, u is the angle of the punch rotation, h is the thickness of an
initial sample, / is the thickness of a deformed sample [17]. Thus, e = 4.8, 6.4, 7.1 for 1, 5, and 10
rotations, respectively. The deformation degree was determined for the middle of the sample radius.
The diameter of the sample was 8 mm. All the subsequent measurements were performed for a sample
region which was in the middle of the deformed sample radius. The deformation of the samples
was carried out at room temperature. No oxide layer was found on the surface after deformation.
The structural studies were carried out by X-ray diffraction (using Co Kax and Mo K« radiations),
high-resolution transmission electron microscopy (HREM), scanning electron microscopy (SEM),
and X-ray microanalysis (EDS). A focused ion beam (FIB) was used to prepare electron microscope
foils from certain regions of the deformed samples.

3. Resultsand Discussion

The structure of the samples after the production was amorphous. Figure 1 shows an X-ray
diffraction pattern of the alloy. It contains only broad diffuse halos from the amorphous phase.
No reflections from the crystalline phases are observed.
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Figure 1. X-ray diffraction pattern of glassy Zrs;CuzgAlj5Ni5 sample.

3.1. Analysis of Devitrification under Heating

The amorphous alloy crystallizes under heating. DSC curves for the Zrs5CuspAl;gNis alloy
under investigation are presented in Figure 2. One can see in Figure 2 that the temperatures of phase
transitions occurring in the samples depend on the heating rate. The crystallization temperature
rises as the heating rate increases. Table 1 provides crystallization temperatures depending on the
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Figure 2. Differential scanning calorimetry (DSC) curves of Zr55CuzgAljgNis5 alloy heated to 848 K at a
constant rate of 5 (a), 10 (b) and 20 (c) K/min.

Table 1. Crystallization temperatures for different heating rates.

Heating Rate 3, K/min Temperature of Crystallization Start Ts, K
5 730
10 740
20 755

The feature of the first exothermic peak is its double shape (Figure 2). This thermogram is
typical of alloys of Zr-Cu-Al-Ni system. The material remained amorphous under heating below the
crystallization temperature: no indication of the presence of phase transitions was observed in the
thermograms of the corresponding samples. The temperatures of crystallization start (start of the first
crystallization stage) of an initial Zrs5CuspAljgNis alloy are Tx~730 K, 740 K, and 755 K for a heating
rate of 5, 10, and 20 K/min, respectively (Table 1).
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Based on the analysis of the shift of DSC curves depending on the heating rate, the activation
energy of crystallization (E,) was determined using the Kissinger method. E, was determined in the
temperature range corresponding to the first peak in the curves since this peak corresponds to the
process of primary crystallization of this alloy. Figure 3 shows the corresponding Kissinger plot for the
determination of the activation energy of Zrs5CuzyAljoNis alloys by a series of DSC scans at heating
rates of 5, 10, and 20 K/min.
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Figure 3. The Kissinger plot of Zrs5CusgAl;gNis.

The activation energy of crystallization for the alloy, determined by this plot, was 278 kJ/mol.
This value of activation energy agrees with the known values for alloys of similar composition.
The activation energy of crystallization for this alloy, determined in other work, is in the range between
230 and 315 kJ/mol [18-21].

In the temperature range under study, DSC curves have a peak with a complex shape. This peak
shape indicates the successive formation of several crystalline phases.

The X-ray diffraction patterns of heated samples are presented in Figure 4. The temperature of
738 K corresponds to the start of the DSC curve peak. The temperature of 750 K is between the peaks
forming the peak with a complex shape. It is clear that the complex shape of the peak is related to
the successive formation of several crystalline phases. This treatment was performed to produce a
sample with a great amount of primary formed phase without a significant amount of the second
phase (assuming that only one, not several phases are formed at the first stage).

Intensity
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Figure 4. X-ray diffraction patterns of the samples heated in the calorimeter to 738 (1) and 750 (2) K
(Co Kx).



Metals 2020, 10, 1329 50f12

Curve 1 (black) corresponds to the sample heated in the calorimeter before the start of the first
peak (738 K). Curve 2 (blue) corresponds to the sample after the completion of the first peak in the
DSC curve. According to the literature [22,23], the metastable phase is formed under crystallization
which then transits to the equilibrium Zr,Cu phase. The authors of the works above assumed that the
metastable phase has a lattice of the distorted tetragonal Zr,Ni phase with space group 14/mcm.

The analysis of diffraction reflections in Figure 4 showed that under heat treatment of the alloy
under study, the metastable phase is formed at the first crystallization stage. Its structure can be
described by a hexagonal lattice with space group P63/mmc with the parameters a = 8.66 A, c = 14.99 A.
When the temperature rises, the metastable phase decays with the formation of stable crystalline
phases (Figure 5).

Intensity

Diffraction angle, 20

Figure 5. X-ray diffraction patterns of the alloy after annealing at 750 (1) and 873 K (2) (Co K).

One can see in Figure 5 that additional lines appear along with reflections from the metastable
phase, marked with crosses. Besides the partially conserved metastable phase, the observed diffraction
pattern indicates the possible presence of the following well-known crystalline phases: Zr,Cu with the
lattice of space group I4/mmm with the parameters a = 3.22 A, c = 11.18 A, ZrsAl; with the lattice of
space group P63/mmc (a = 8.18 A, ¢ =5.70 A) or [4/mem (a = 11.04 A, ¢ = 5.39 A), or Zr, Al with the
lattice of space group I4/mmm (a = 6.853 A, ¢ = 5.50 A). At that, a small amount of the amorphous
phase remains in the sample, too. All these phases are found in the alloys of the studied system.
Since nanocrystals are formed at initial stages of the crystallization of an amorphous structure, broad
diffraction lines are present in the X-ray diffraction patterns; in some cases, these lines overlap each
other, and the accuracy of determination of phase composition is low at this stage. It is important to
note that only one metastable phase is formed at an initial stage of the decay of Zrs5CuzpAl;5Nis5 bulk
amorphous alloy. Consequently, this alloy crystallizes by the primary mechanism.

3.2. Crystallization of the Alloy during Deformation

Devitrification of the amorphous phase also occurs under the deformation of the alloy by
high-pressure torsion (HPT). The fraction of the crystalline phase increases as the deformation degree
increases. Figure 6 demonstrates X-ray diffraction patterns of the alloy after deformation. No crystalline
phases are observed in the sample deformed by 4.8 (one rotation). Reflections from the crystalline
phases arise in the samples deformed by 6.4 and 7.1. The intensity of reflections from crystals remains
low. Figure 7 shows experimental curve (1), diffuse halo from the amorphous phase (3), set of diffraction
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peaks, and summation curve (2). The observed seven reflections agree well with the known crystalline
ZryCu phase with the lattice of space group Fd3m.

Intensity
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Figure 6. X-ray diffraction patterns of initial (1) and deformed samples of Zrs5CuzgAl;9Ni5 alloy (2-1
rotation, 3-10 rotations) (Co K«).
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Figure 7. Result of the expansion of the X-ray diffraction pattern of the sample after deformation at 5
rotations: 1(black)-experimental spectrum, 2 (red)-summation curve, 3 (blue)-diffuse halo from the
amorphous phase (reflections corresponding to the crystalline phase (green) are marked with asterisks).

Thus, the crystalline phases formed under heating and deformation turn out to be different.
For comparison, Figure 8 demonstrates X-ray diffraction patterns (the region of the most intense
reflections) of the samples after HPT (1) and heating in the calorimeter (2) to 750 K (the temperature
corresponding to the completion of the first DSC peak). For illustration purposes, the positions of
diffraction reflections from the Zr,Cu phase are marked with vertical lines. One can see in the figure
that at an initial crystallization stage the phase compositions of the deformed and heated samples are
different. There are some additional reflections (for example, intense lines corresponding to angles of
~31.1, 39.5, 47 degrees, etc.) in the X-ray diffraction pattern; other lines (~36.9, 42 degrees) are shifted.
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Figure 8. X-ray diffraction patterns of the samples after high-pressure torsion (HPT) (1) and heating in
the calorimeter (2, wine) to the temperature corresponding to the completion of the first crystallization
stage (Co Ka&). Decomposition of curve 1: 1(black)-experimental spectrum, 2 (red)-summation curve,
3 (blue)—diffuse halo from the amorphous phase (reflections corresponding to the crystalline phase
(green) are marked with asterisks).

Note that the formation of different structures under the heating and deformation of the amorphous
phase was observed earlier in metallic glasses of an Fe-B system. In amorphous alloys of an Fe-B
system of eutectic and hypereutectic compositions, crystallization resulted in the formation of eutectic
colonies consisting of «-Fe and Fe3B. If crystallization occurred during deformation, only nanocrystals
of a-Fe(Si) solid solution were formed [24].

The peaks corresponding to the crystalline phase, which was formed under deformation, are broad
that conforms to nanocrystals. However, the low intensity of these reflections does not allow the
correct determination of their size. Since deformation under HPT is non-uniformly distributed over the
sample section, one can assume that the crystalline phases are formed primarily in a subsurface region
which is deformed more strongly under HPT. In this case, their distribution over the sample section
is non-uniform, and their largest amount is near the surface. To check this assumption, the X-ray
diffraction patterns of the deformed sample (e = 6.4) were recorded using harder radiation (Mo).
According to the performed calculations, the depth of penetration of X-ray Mo K« radiation into the
regions of wave vectors corresponding to the diffuse maximum is 15 um. The corresponding value
for Co Ka radiation is about 5 pm. Figure 9 illustrates a section of the X-ray diffraction pattern in the
region of a diffuse halo for Mo K« radiation.

There are no reflections from the crystalline phases in this X-ray diffraction pattern; only a diffuse
halo from the amorphous phase is present. It is obvious that the fundamental difference between
the X-ray diffraction patterns recorded in Co and Mo radiations (Figures 7 and 9), is related to the
different depths of X-ray beam penetration into the sample. When using Mo K« radiation, a thicker
layer of the sample takes part in scattering (due to different depths of X-ray beam penetration into
the sample). As was mentioned above, the depth of X-ray beam penetration in the region of the main
diffuse maximum is 5 and 15 pm for Co and Mo radiations, respectively. If the crystalline phases are
formed primarily in subsurface regions, their fraction in the volume of a material, which is analyzed
using Mo K« radiation, will be significantly less. In this case, method sensitivity can be not enough to
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detect them. In principle, such a non-uniform distribution in the sample section distribution of phases
formed under HPT was observed [25,26].
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Figure 9. X-ray diffraction pattern of the deformed sample (e = 6.4), (Mo Ko).

To obtain more information on the morphology and structure of the deformed sample, an electron
microscope foil was prepared by the method of a focused ion beam. The electron microscope foil was
prepared from a subsurface region of the deformed sample. Figure 10 shows a sample microstructure
after deformation. In the image, one can see an amorphous structure, to which the mazy contrast
corresponds, and ordered regions in it which correspond to nanocrystals. The size of these regions
is 1-3 nm. The number of nanocrystals is huge. The images of some (by no means all) nanocrystals
are marked with a box. The results of the fast Fourier transformation (FFT) of the marked regions are
provided under the image of the structure. Figure numbers at the bottom correspond to the numbers
of the marked regions. Reflections corresponding to the crystals can be seen along with the diffuse
halo. For comparison, the HREM image of an as-cast amorphous sample is shown in Figure 11. In this
image, only mazy contrast is seen. Thus, the data of electron microscopy agree with the results of X-ray
studies on nanocrystal formation in the subsurface regions of theZrs5CuspAljgNi5 sample under HPT.

Nowadays, the reasons for the formation of different crystalline phases under heating and
deformation are not clear. As we stated above, the formation of different structures under the heating
and deformation of the amorphous phase was observed in metallic glasses of an Fe-B system (the
formation of «-Fe and Fe3B under heating and of only «-Fe(Si) solid solution under deformation [24]).
A similar situation was observed also in alloys of Fe-Zr system [27] where the formation of «-Fe and
Fe3Zr crystals was observed under heating, and only o-Fe crystals were formed under mechanical
alloying. It is natural that under heating and deformation the amorphous phase crystallizes under
different conditions. Nucleating crystals grow in a homogeneous amorphous matrix under heating,
while stresses arise in the amorphous phase under deformation, which are inhomogeneously distributed
over a sample. The deformation of amorphous alloys at low temperatures (significantly below the glass
transition temperature) is localized and is carried out by the formation and propagation of shear bands.
Alot of works [5,11,12,14,23,24,28-31] are devoted to the study of the processes of shear band formation
and crystallization under deformation. Nanocrystal formation in shear bands and their vicinity is
caused by an enhanced value of the diffusion coefficient in these regions. The reasons for diffusion
acceleration are usually related to either a local significant but short-term (~30 ps) temperature rise in
the region of deformation localization [32,33] or a decrease in the material density (an increase in the
free volume fraction) in a shear band [34,35]. In a number of works, for example, in [30], it is shown
that not only shear bands but also compressed and extended regions are formed under deformation.
The authors of [30] explained the formation of these regions in the following way. A significant amount
of excess free volume is concentrated in these regions during the nucleation of shear bands [36,37].
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This is caused by a stretching effect. As a result, viscosity decreases significantly in shear bands and
reaches the values typical of a supercooled liquid [38]. Thus, in addition to shear bands, regions are
formed under deformation, which include tens of atoms and are characterized by their collective
motion. These regions were called shear transformation zones (STZ) [39,40]. The accumulation of
excess free volume results in viscous flow. However, since there is an undeformed amorphous matrix
around shear bands and STZ, their neighboring regions turn to be under the action of compressive
stresses. It was demonstrated in [30] that the rate of homogeneous nanocrystal nucleation in the
compressed regions of an amorphous matrix is significantly higher than that in the extended regions.
As we stated above, in our work rolling deformation was carried out at room temperature; under rolling,
the deformation of subsurface regions is higher than that deeper in a sample. It is these regions where
the formation of a larger number of nanocrystals was observed. The nanocrystals formed have the sizes
of several nanometers, and their number is large (Figure 10). This corresponds to a high nucleation
rate. The formation of small nanocrystals is typical of deformation-induced nanocrystallization [15].
Such a small size of nanocrystals may be related to the fact that they are located close to STZ. Since
the STZ size does not exceed several nanometers, the size of compression regions caused by these
regions has probably the same scale. Far from STZ, the characteristics of an amorphous matrix change,
and the conditions favorable for crystal nucleation and growth disappear. High STZ concentration
provides the nucleation of a large number of nanocrystals in compression regions. Such nucleation has
similarities with heterogeneous nucleation [41,42], and in this case compression regions are the places
of facilitated crystal nucleation.

Figure 10. High-resolution transmission electron microscopy (HREM) image of the deformed structure.
Bottom of the figure: results of the fast Fourier transformation (FFT) of the marked regions. Figure
numbers at the bottom correspond to the numbers of the marked regions.

It was shown earlier that different crystalline phases are formed under the heating and deformation
of the investigated alloy. The Zr,Cu phase with a cubic lattice is the first to be formed under deformation.
The formation of a phase of this type (big cube) under deformation of different types was observed
earlier, for example, in [28,43], so this is not surprising. It is surprising that the other phase—the
metastable phase with a hexagonal lattice—is formed under heating. In principle, this difference may
be related to different atomic mobility in the heated and deformed samples. One can assume that
due to lower atomic mobility in the sample deformed at room temperature, the composition of the
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formed crystals is close to that of an amorphous matrix since long-range atom shifts are hindered
(polymorphous crystallization-type transformation). A different situation is observed under heating.
The crystallization temperature of the alloy is quite high, and atomic mobility is significantly higher
at this temperature. Under such conditions, diffusion paths will be significantly longer. In fact,
nanocrystals are formed from the state of a supercooled liquid; there are no compression regions that
facilitate crystal nucleation. It is natural that the crystallization mechanism should change. One can
assume in this case that the metastable hexagonal phase is formed by the primary crystallization
mechanism, and its composition differs from that of an amorphous matrix. The formation of several
crystalline phases with different compositions at the consequent crystallization stages is the evidence
of this assumption. These issues require further research.

Figure 11. HREM image of an as-prepared amorphous sample.

4. Conclusions

A comparative study of the processes of devitrification of Zrs5CuzgAl;5Nis bulk alloy under heat
treatment and deformation has been carried out.

The activation energy of crystallization, determined by the Kissinger method, is 278 kJ/mol.

It has been shown that different crystalline phases are formed during crystallization under heating
and deformation. At the first crystallization stage, the metastable phase with a hexagonal structure
(lattice of space group P63/mmc with the parameters a = 8.66 A, ¢ = 14.99 A) is formed under heat
treatment. When the temperature rises, the metastable phase decays with the formation of stable
crystalline phases. The well-known crystalline Zr,Cu phase with the lattice of space group Fd3m is
formed during crystallization under the action of deformation.

It has been determined that during deformation, nanocrystals are formed primarily in the
subsurface regions of the samples. The nanocrystal size is several nanometers.
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