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NANOCRYSTALLIZATION
OF AMORPHOUS Fe-BASED ALLOYS
UNDER SEVERE PLASTIC DEFORMATION

The literature data on the problem of modification of the structure and properties
of the Fe-based rapid-quenched alloys by various methods of severe plastic deforma-
tion (SPD) are reviewed. The SPD methods such as Bridgman cell torsion, ball-mill
processing and high-frequency shock treatment as well as their advantages and dis-
advantages are considered. By examples of a large number of amorphous Fe-based
alloys, the influence on their structure and properties of each of the considered SPD
methods is analysed. Based on the obtained data, the mechanism of deformation
nanocrystallization of amorphous alloys is proposed.

Keywords: amorphous alloys, severe plastic deformation, shear bands, nanocrystal-
lization, mechanical properties.

1. Introduction

Metallic materials, where the crystal grain sizes vary from tens to sev-
eral hundred nanometers, are the objects of increased interest for both
theoretical and experimental researchers [1-6]. Innovative technologies
that provide controlled milling of crystal grains to the nanometer range
(<100 nm) are a powerful tool for creating new functional materials
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with unique properties and performance characteristics. Comprehensive
studies of nanocrystalline metals and alloys have shown that in com-
parison with their microcrystalline counterparts, a higher strength and
yield limit as well as higher resistance to wear and corrosion character-
ize them. Along with an impressive increase in strength, the reduction
of the grain size to the nanometer level leads to a change in fundamen-
tal, commonly structurally insensitive characteristics, such as elastic
moduli, Curie and Debye temperatures, saturation magnetization, etc.,
which opens up promising prospects for improving existing and creat-
ing new constructional and functional materials.

One of the most effective ways to transform the structure of materi-
als and form a nanocrystalline (NC) structure is the use of severe plastic
deformation (SPD). The essence of this method is the effect on the mate-
rial of high-degree plastic deformation (e > 1) at relatively low homolo-
gous temperatures. Usually, the SPD is carried out under conditions of
high pressure with a large static component, which prevents the de-
struction of the sample. To define and denote the severe plastic defor-
mation, the author of Ref. [7] proposed the term ‘megaplastic deforma-
tion’. The most common ways to create giant deformation values of bulk
metal materials are torsion under pressure in the Bridgman chamber,
flat-channel angular compression (pressing), screw extrusion, and ac-
cumulated rolling.

The SPD method at relatively low homologous temperatures is an
effective way for structural transformation in the volume and on the
surface of metals and alloys, particularly, due to the nanocrystal struc-
ture formation [2, 8]. As believed, the mechanism of SPD-induced met-
al hardening is based on the grain shattering and the nonequilibrium
state of grain boundaries having a high level of local internal stresses.
The quantity and distribution of dislocations, as well as the interaction
between them, play an important role. The significant increase of the
dislocation density and subsequent change of the dislocation structure
at the SPD cause the formation of the internal subgrain structure and
then the nanoscale grains. In recent years, the SPD methods have be-
come widespread and the basis for the creation of new technologies for
the production of nanostructured metals and alloys for various techni-
cal industries. Such materials include amorphous metal alloys (AMA) as
well (in the literature, also occurs as amorphous metallic alloys).

The amorphous metal (or metallic) alloys incorporate a class of ma-
terials, which do not have a crystalline structure. In comparison with
crystalline analogues of the same chemical composition, these materials
are possessed of the increased strength, elastic elongation, corrosion
resistance etc. The iron- and nickel-based amorphous and nanocrystal-
line alloys belong to the class of magnetically soft materials and have
much better magnetic characteristics as compared to the crystalline an-
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alogues. Since the appearance of first amorphous systems, the most at-
tention has been paid to the Fe-based amorphous alloys due to the prom-
ising prospects for application as magnetically soft, high-strength, and
corrosion-resistant materials. Initially, simple Fe—B systems with dif-
ferent boron concentrations were investigated. With the further im-
provement of the technology of production of amorphous ribbons by the
method of rapid quenching of melts (so-called ‘spinning’ method), the
complex alloys with the addition of Si, Ni, Cu, Nb, Mo, Cr, P, Y were
investigated. Numerous studies showed that under certain heat-treat-
ment regimes, amorphous alloys tend towards the crystallization with
the formation of nanocrystals.

The most striking example is the Fe—Si—B—Cu—Nb amorphous alloy,
which is characterized by several times higher magnetic permeability at
normal and high magnetization reversal frequencies as compared with
permalloy, alsifer (sendust), ferrites, and other industrial crystalline
soft magnetic materials [9]. This alloy is widely used in instrumentation
and electrical engineering. The unique magnetic properties of the
FINEMET alloy are mainly due to the precipitation (in the amorphous
matrix) of the nanocrystalline b.c.c.-Fe—(16—-18) at.% Si b.c.c. a-phase,
ordered by DO0,-type (volume fraction ~40—-50%), which is formed dur-
ing control annealing of the initial amorphous alloy obtained by quench-
ing from the melt [10]. However, in some cases, this alloy is required to
achieve not only high magnetic but also mechanical characteristics, par-
ticularly high strength [11].

In recent years, much attention has been paid to studies of changes
in the structural and phase states of amorphous alloys, which do not
contain such structural defects as dislocations and grain boundaries,
under SPD conditions. Determining the mechanism of formation of the
deformation structure in amorphous metal alloys and studying the fea-
tures of its structure are one of the most important and interesting
ways to modify the structure and properties of such materials. The re-
sults of recent studies have shown that the SPD of amorphous alloys can
be one of the controlled methods for obtaining nanocrystalline materials
with new properties. This method makes it possible to obtain a nanocrys-
talline state in alloys of a certain chemical composition, which could not
be achieved by the method of traditional heat treatments. One of the
advantages of nanocrystallization in SPD is the ability to form amorphous—
crystalline compositions with more perfect grain boundaries. The SPD
combined with subsequent annealing is effective for obtaining nonporous
nanocrystalline materials, including bulk ones. Recent studies showed that
strain crystallization of AMA can help improve their plastic properties.

The studies of the strain crystallization of AMA at room tempera-
tures have been carried out mainly using two SPD methods: the first
one deals with the conditions of the shear bands (or, more generally, a
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strain localization’) under pressure (in the Bridgman’s chamber), and
the second one consists in the treatment in low- and high-energy ball
mills. Firstly, the phenomenon of formation of 10—-15 nm crystals in
amorphous ribbon of Fey Si;B,, alloy at large shear strain under pres-
sure has been observed in Ref. [12]. Authors [13] showed that the same
SPD regime for FeyB,, amorphous ribbon also results to the formation
of nanocrystals (56—15 nm), the amount of which increases as the strain
enhances. The strain crystallization during torsion under pressure was
also detected in amorphous Al-based ribbons [14, 15]. The study of
nanocrystallization, which occurs during the processing of pieces of
amorphous ribbons in ball mills, is also of great interest. For example,
the formation of nanocrystals was also revealed during the processing
of Fe—B AMA systems [16—21].

As known, the AMA of Fe—-Cu—Nb-Si—B (FINEMET) system, obtai-
ned by the method of rapid quenching of melt, after the thermal treat-
ment in amorphous nanocrystalline state, possess the soft magnetic
properties causing their wide practical applications. The general regu-
larities of thermal nanocrystallization of the iron-based AMA are main-
ly established [22—-28].

This review presents examples of effective modification of the struc-
ture and properties of fast-quenched amorphous iron-based alloys by
such methods of severe deformation as torsion under pressure in the
Bridgman chamber, processing in ball mills, and high-frequency shock
treatment. In this regard, it is of interest to analyse the SPD impact on
the changes that occur in the amorphous matrix structural characteris-
tics, which provides the achievement of a complex of high magnetic and
mechanical properties.

An object of the study in this review deals with amorphous Fe-based
alloys. This is because, on the one hand, these alloys are studied system-
atically, and, on the other hand, they are known as those widely used in
practice.

To analyse the literature for each of the methods, we keep up a
chronological order.

2. Torsion under Pressure
in the Bridgman’s Chamber

In this section, we consider works dealing with the study of the pecu-
liarities of the deformation process of amorphous alloys of the Fe—B
system depending on the SPD degree, which is achieved in the Bridgman
chamber by sequential increasing the number of rotations of a moving
anvil during torsion under high quasi-hydrostatic pressure (Bridgman
anvil). This method of severe torsion under pressure refers to the meth-
ods of megaplastic deformation [29]. Below, we present examples of
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Fig. 1. The microstructure of Fey B,,Si;
alloy in the transmission electron mic-
roscopy (TEM) bright-field image [30]

works where the method of se-
vere torsion under pressure ap-
plied for amorphous Fe-based
ribbons at room temperature re-
sults to the formation of nano-
crystals in their structure.

In the work [30], using the
method of severe torsion under pressure of 4 GPa, authors processed
amorphous Fe,,B,.Si,-composition ribbon of 30 pm. The samples repre-
sented discs of 3 mm in diameter and 0.24 mm in thickness. The truly
logarithmic strain was defined as ¢ = In(®rl); here, ® — rotation angle
of anvil (in rad), r — radius of the sample, [ — thickness of disk. The
sample was deformed at 20 °C, 200 °C, and 400 °C. After the low defor-
mation level (up to € = 4) at 20 °C, using the transmission electron mi-
croscopy (TEM) and (non-destructive) x-ray diffraction methods, au-
thors did not observe the crystallization effects. Only smeared halos are
presented on the x-ray and electron diffraction patterns. However, the
parallel deformation bands of displacements (traces of SPD) are obser-
ved. When the degree of deformation increases to ¢ = 5 at room tempe-
rature, the formation of heteraxial nanocrystals occurs that is confirmed
by the TEM and x-ray data: Figs 1 and 2, respectively. The nanocrystals
are distributed randomly in the amorphous matrix. According to the
x-ray data, after the SPD, two phases appear in the sample: b.c.c.-a-Fe
phase and Si-rich DO, one. The size of nanograins after the strain at

Fig. 2. X-ray diffraction
pattern for the strained

Fe,,B,,Si; alloy, where ¢ = 5, /\

temperatures are 20 °C (a), _.__._.a-\l’__
200 °C (b), 400 °C (c¢), and a
500 °C without deformation | | ) | | |
(d) [30] 50 60 70 80 90 100 20, deg.

Intensity, arb. units
Q
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, WM Fig. 4. The TEM image for amorphous

Fe,,Ni,,B,, (NV = 1/2) alloy [29]

e o-Fe

Intensity, arb. units

« Fig. 3. X-ray diffraction pattern for
the alloy of the initial sample of the
Fe,,Nd,B, alloy (a) and after treatment
at room temperature (b). The inset

20 40 60 80 20, deg. shows the TEM image [31]

room temperature, determined through Scherrer’s equation, is of 9-10
nm. At higher temperatures of deformation, the size of nanograins de-
creases down to 8 nm.

Authors of the paper [31] obtained amorphous ribbons of the
Fey,,Ndy B, composition via the spinning method at 40 m/s rotational
velocity of disk. The samples were deformed at room temperature via
the under method of severe torsion under pressure of 6 GPa. To study
the deformed samples, authors used the x-ray, TEM, and electron-posi-
tron annihilation (EPA) methods. The x-ray and TEM data (Fig. 3) con-
firmed the formation of ~8 nm o-Fe nanocrystals as the strain is ap-
plied. The analysis of the EPA lifetime confirmed the formation of va-
cancy-type defects in the surroundings of Fe atoms, which contribute to
the formation of Fe-rich nanocrystals.

As shown in Ref. [29], authors [29] studied amorphous Fe,Ni;,B,,
ribbon of 30—50 pm in thickness obtained by the method of quenching
from the melt (spinning) in the open air. The rotation velocity of cop-
per-made quenching disk was 3000—4000 revolutions per minute (rpm).
The samples in an initial amorphous state were subjected to the severe
torsion under high hydrostatic pressure (4 GPa) at the room and liquid-
nitrogen (77 K) temperatures. The total number of revolutions N of
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Fig. 5. The TEM-image of the Fe, B, alloy after its deformation at
room temperature, where a and b correspond to the bright- and
dark-field image, respectively [13]

running anvil (1 rpm) varied sequentially from 1/4 to 9. According to
the TEM data, if N < 1-2, the deformation is inhomogeneous, which
typical for amorphous alloys at relatively low temperatures [32, 33].
The TEM-image in Fig. 4 demonstrates the crystallization effect in the
region of strongly localized shear bands for N = 1/2.

The crystallization process at the severe deformation results to the
formation (out of a shear band zone) of nanoparticles of the size no more
than 20 nm. As authors [29] show, at high deformation degree (N > 1),
the formation of nanoparticles is not observed in the strongly localized
shear bands. In this case, nanoparticles of 10—-20 nm in size are uni-
formly distributed over the amorphous ribbon volume.

The article [13] devoted to the study of the evolution of the struc-
ture of amorphous ribbon of Fe, B,, composition at room temperature.
The ribbon of 30 um in size was obtained via the method of spinning of
melt. To estimate the strain intensity (rate), authors [13] used the ex-
pression y = ¢r/l, where ¢ is the rotation angle (in radians), r is the ra-
dius of the sample, and [ is the thickness of disk. The value of y param-
eter was about 300. Using the plasticity Mises criterion, one can deter-
mine the equivalent deformation ¢ from the relation € = y\/g .

From the x-ray structural analysis, it was revealed that initial rib-
bons were amorphous at room temperature as well as after isothermal
annealing at 420 °C. After the SPD, the microstructure gets a substan-
tial change. Figure 5 presents TEM image, where an appearance of shear
bands of 5—20 nm in width is seen. In the shear bands, there are nano-
crystals of 3—15 nm in size, which appear due to the severe deforma-
tion. The matrix regions, which surround the shear bands, remain to be
amorphous. X-ray structural analysis indicates that strained samples
contain amorphous phase and b.c.c. a-Fe nanocrystals with lattice pa-
rameter a = 0.286 nm. To calculate an average size of nanocrystals at
room temperature after deformation, the Selyakov—Scherrer equation
[34] is used: on average, the size is 6 nm.
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3. Deformation in Ball Mills

An impact of high-energy strain in the ball mill on the structural trans-
formation in amorphous ribbons of Fe;,Co,,Si,B,; and Fe Si B,, alloys
studied authors of Ref. [16]. Cut into pieces a strip weighing 5 g was
placed in a planetary ball mill system ‘Spex 8000 laboratory ball mill’.
The treatment was performed with hardened steel balls with a diameter
of 5 mm in an argon atmosphere. Figure 6 shows the x-ray diffraction
pattern of the obtained powder, where the structural effects of deformed
ribbons are observed.

The first crystallization effect manifests itself after three-hour treat-
ment and is caused by the formation o-Fe(Co) phase. After 12 hours, the
second boride phase [Fe(Co)],B precipitates. The strain during 24 hours
results to the total crystallization of amorphous powder. Some changes
associated with severe plastic deformation are also observed (Fig. 7) as
a result of using the differential scanning calorimetry (DSC) method to
analyse thermal effects.

The first exothermal peak in the vicinity of 441 °C is due to the pre-
cipitation of a-Fe(Co) phase. The second heat release peak at 521 °C is
attributed to the formation of boride phase. As the duration of the strain
increases, the peak broadens and shifts to the low-temperature region.

In order to exclude the thermal effect on the structural changes in
the Fe,B,,Si, alloy amorphous ribbon, in Ref. [35], the deformation in
the ball mil was performed in an atmosphere of liquid nitrogen. Ap-
proximately 20 g of ribbon was cut into pieces of 14x11 mm. The mass
ratio of ribbon/steel balls was 1:100. The drum of the mill of 01-HD
UnionProcess type with pieces of ribbon was filled with liquid nitrogen.
As a sample for structural analyses, a fine powder (obtained after forty
hours’ treatment of the original amorphous bands in ball mill) was used.

Figure 8 shows the exothermic peaks of phase crystallization de-
pending on the processing time in ball mill. The observed exothermic
effects are due to the decomposition of the amorphous alloy into a-Fe(Si)

and Fe,B phases at crystalliza-

tion temperatures of 786 K and
J\ 1 hour | 818 K, respectively. As seen
. JL—/R_—y from this figure, the release of
. h 3 exothermic heat during cryogen-

——J v v 6 ic treatment decreases with in-
Yy _X 24 creasing duration of the defor-

Intensity, arb. units

_// ° 24 Fig. 6. X-ray diffraction pattern of

Y ° et the Fey;Co,Si,B,; powder alloy after
. . . . different duration of treatment in the
20 30 40 20, deg. ball mill [16]
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Fig. 7. Dependence of thermal effects on the duration of treatment in the ball mill
[16]
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Fig. 8. Exothermic peaks characterizing the crystallization of a-Fe (Si) and Fe,B in
the Fe,B,;Si, alloy at different treatment duration [35]

Fig. 9. X-ray diffraction pattern of the amorphous Fe,B,, ribbon after processing
in the ball mill for 0 h (a), 10 h (b), and 40 h (c) [37]

mation effect. This effect is attributed to more intense crystallization
of these phases. According to TEM data, the maximum size of nanocrys-
tals is in the range of 6—13 nm, and the minimum size is about 2 nm.
Such a treatment significantly improves the magnetic properties of
amorphous alloys [36].

The influence of low-energy deformation in ball mill on the crystal-
lization and thermal stability of the amorphous ribbon of Fe,,B,, compo-
sition was studied in Ref. [37]. Low energy was provided by a lower
voltage of vibrating mill (60 V) and a lower mass ratio of balls and
pieces of ribbon (4:1). After 40 hours of the deformation, the ribbons
did not transform into powder, but only were slightly bent. A typical
x-ray diffraction pattern for samples obtained after different process-
ing times is shown in Fig. 9. Blurred (smeared) diffraction peaks char-
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Fig. 10. The differential scanning calo-
rimetry (DSC) spectra for amorphous
Fey B,, alloy after different times of de-
formation in the ball mill [37]

acterise both the initial amorphous
phase and the treated samples. The
conserved amorphous state after
treatment in ball mill was also con-
- - firmed by the TEM data.
400 450 500 550 600 Figure 10 presents the DSC spec-
Temperature, °C tra of the original and treated
amorphous alloy for different durations of deformation. As seen from this
figure, the exothermic peaks of crystallization of a-Fe and metastable
Fe,B phases are shifted towards higher temperatures with increasing
duration of the deformation effect. This indicates an increase of ther-
mal stability after low-energy treatment of FeyB,, alloy in a ball mill.
This is due to increase of the activation energy E_ of thermal crystalli-
zation. The authors [37] explain the effect of increasing the thermal
stability of a deformed amorphous alloy by the destruction of probable
crystallization centres in amorphous matrix.
The evolution of the microstructure of the amorphous Fe,, ,Mo, ;Si B,
ribbon with a thickness of 25 um after deformation in high-energy ball
mill was investigated in Ref. [17]. The amorphous tape obtained by melt

Heat flow, arb. units
%ﬁ

(110)
(211)
m a-Fe (200)
2 ~___397h
5 o~ 262N\
2 195
(]
R A 135 ~
g 87 Iy
= _A 48
_A 20
’/\ Initial state
40 50 60 70 20, deg.

Fig. 11. X-ray diffraction pattern of the Fe,, ,Mo, ;Si,B,, ribbon
before and after processing in the ball mill with different dura-
tion [17]
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Fig. 12. TEM-image after 135 hours of processing in the
ball mill for Fe,, ,Mo, ;Si;B,, alloy: a — bright field image;
b — dark-field image; ¢ — electron diffraction pattern [17]

spinning was cut into 5 5 mm pieces. Authors [17] used a planetary WL-
1-type mill with an operating voltage of 120 V. Processing was perfor-
med in an argon atmosphere. The mass ratio of the ball/sample was 40:1.

The change of x-ray diffraction patterns during milling (with diffe-
rent durations) of Fe,, ,Mo, ;Si,B,, ribbon in a ball mill is shown in Fig. 11.
It can be seen that the sample after rapid quenching has a diffuse peak
typical for the amorphous phase. After processing, the x-ray patterns
change: the diffuse peak for the amorphous phase gradually narrows,
and then some crystalline peaks appear. For the sample milled for 20
hours, there are traces of diffraction peaks of the crystalline phase of
the b.c.c. a-Fe solid solution. Upon further milling, the diffraction
maxima are continuously narrowed, but no other crystalline phase is
observed. In samples milled for 195 hours, the amorphous phase appar-
ently disappears completely. Further milling leads to more pronounced
reflexes for a-Fe.

The formation of nanocrystalline structures in amorphous Fe,, ,Mo, 4 x
x SiyB,; alloys after ball treatment in ball mills is confirmed by a series
of TEM images. As an example, Figure 12 shows the light-field and
dark-field image of the milling for 135 hours. Being treated up to 9
hours, the samples retain the original amorphous structure. As the de-
formation time increases, nanoparticles appear, the size and density of
which increase. Some regions of the x-ray diffraction patterns show
that the precipitations are b.c.c. Fe with random crystallographic orien-
tations. After milling for 65 hours, the average size of a-Fe crystallites
(determined by images in a dark field) is in the range from 2 to 10 nm.
The sizes of a-Fe crystallites increase, their quantitative density con-
tinuously increases at the subsequent shattering (Fig. 13).
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Fig. 13. The size dependence of a-Fe nanograins on the time of treatment in the ball
mill (according to TEM and x-ray data) [17]

Fig. 14. X-ray diffraction pattern of the amorphous Fe, Ni, P, B, alloy for different
durations of deformation in the ball mill [18]

Fig. 15. TEM-image (a) and corresponding diffraction pattern (b) of
amorphous Fe,Ni,,P14B; alloy processed in the ball mill for 11 h [18]

The effect of mechanical deformation in high-energy planar ball mill
on the structure of an amorphous Fe,Ni, P, B ribbon with a thickness
of 20 um obtained by spinning a melt was studied in Ref. [18]. The
treatment was carried out in an argon atmosphere. After the strain for
10 hours, the amorphous state persists, and only after 70 hours, re-
flexes are observed, which can be attributed to a mixture of y-(Fe,Ni)
and (Fe,Ni),(P,B) phases. With a further increase in processing time,
there are no changes on the x-ray diffraction patterns. According to
TEM, after 11 hours of deformation, nanocrystals with a size of 4 nm
precipitate. After 40 hours of deformation, their dimensions reach 10—
20 nm. The maximum duration of deformation (90 hours) in ball mill
leads to complete crystallization of the original tape and its transforma-
tion into powder. X-ray diffraction patterns of amorphous Fe Ni, P, ,B;
alloy for different duration of deformation, TEM image and the corre-
sponding diffraction pattern for the processed (in ball mill for 11 hours)
alloy are shown in Figs. 14 and 15, respectively.
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Fig. 16. X-ray diffraction pattern for 'Y
initial ribbon (a), 9 h (b), 30 h (¢), 60 h
(d), and 80 h (e) of treatment in the ball 4?. ¢ ° ¢
mill; here, ¢ — a-Fe (Mo, Si); ¢ — Fe,B; §
and m — Fe—Si—-B [19] e B/ o ® mE o ® dJd
<
- ° Py ® ¢
The study of the effect of SPD 2
in a ball mill on the structural and 2 M
phase composition of the amor- E
phous (Fe, Mo, (,):sSiB,; ribbon -\\I/w

was performed 1T1 Ref. [19]'. Pieces 40 50 60 70 20, deg
of amorphous ribbon obtained by

spinning were placed in a vibrating ball mill. The mass ratio of test
samples and balls was 1:10. The treatment was carried out in an argon
atmosphere. The change of the x-ray diffraction pattern depending on
the duration of treatment is shown in Fig. 16.

The diffraction peak of the solid solution of a-Fe is detected after
9 hours of treatment. After 30 hours of deformation (Fig. 16, c¢), this peak
becomes more pronounced and shifts toward larger angles. The authors
of Ref. [19] attribute the transformation of this peak to the precipita-
tion of the a-Fe (Mo, Si) in the amorphous matrix. After 80-hour treat-
ment, the boride Fe,B-phase precipitates.

The influence of the neutral and chemically active gaseous medium
on the structural changes that occur due to the treatment of the amor-
phous Fe,Si;B,, alloy in ball mill was studied in Ref. [20]. Pieces of
amorphous ribbon with a thickness of 30 um and a size of 5x5 mm were
placed in ball mill. The mass ratio of steel balls and amorphous pieces
was 20:1. The mill rotated at a velocity of 400 rpm. The treatment was
performed in argon or air. As a result of processing, the ribbons were

P (110)=(211) (222) R :z‘-slf(sn (120) W o-Fe(Si)
H A @ o
§ 40 h ~

=Y e 4 W 20 h _JL ~__20h
@ PN 15 1

£ A 12 h AL 12 h

8h - Sh
30 40 50 60 70 80 30 40 50 60 70 80
a 20, deg b

Fig. 17. X-ray diffraction pattern of the Fe Si B,, powder alloy for different dura-
tions of treatment in the ball mill in argon (a) and in the air (b) [20]
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Fig. 18. Thermal effects after the processing of amorphous Fe,Si,B,, samples de-
pending on the treatment duration in the ball mill in argon (a) and air (b) [20]

shattered to a powder state. The treatment in air was performed to es-
tablish the effect of oxidation on the structural changes of the alloy
during severe plastic deformation.

The x-ray diffraction patterns of Fe Si,B,, alloy samples deformed
in different media are shown in Fig. 17. Processing of Fe Si B,, alloy in
argon (Fig. 17, a) for up to 8 hours takes place with conservation of the
initial amorphous state of the samples. After 12 hours of severe defor-
mation, the reflex (110) from the b.c.c. a-Fe (Si) phase appears on the
x-ray diffraction patterns. As the processing time increases, the magni-
tude of this reflex increases, indicating a decrease in the volume of the
amorphous phase. After 24 hours of processing, the reflex (200) appears
on the x-ray diffraction patterns, which is also attributed to the o-Fe
(Si) phase. Severe deformation for 40 hours leads to the precipitation of
a new phase — tetragonal Fe,B boride with a maximum (202). The in-
tensity of this peak increases considerably after 60-hours’ treatment.
Thus, the severe deformation in the neutral atmosphere leads to eutec-
tic crystallization with the formation of a-Fe (Si) and Fe,B phases. Such
crystallization products are identical to those obtained in the case of
thermal exposure.

According to TEM data, the size of the a-Fe (Si) phase crystallites
is several tens of nanometers for both media. At the deformation of
Fe,Si B,; alloy in a ball mill in air for 8 hours, the precipitation of the
a-Fe (Si) phase is also observed. The intensities of the maxima (110) and
(200) that belong to it also increase with increasing duration of defor-
mation. However, in contrast to the treatment in argon, after 40 hours,
amorphous Fe Si B,, alloy completely crystallizes with the formation of
the a-Fe (Si) phase without the precipitation of borides. In this case, the
difference between the final phase composition of the deformed samples
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Fig. 19. X-ray diffraction pattern for different times of the processing of amor-
phous Fe,; .Si,, .B,.Nb,Cu, ribbon in the ball mill for [21]

Fig. 20. The DSC data for amorphous Fe,, .Si,; .B;Nb,Cu, ribbon in the initial state
(1) and after processing in ball mil for 45 min (2) [21]

and the thermally crystallized ones is due to the introduction of oxygen
into the deformed powders. According to TEM, the size of the a-Fe (Si)
phase crystallites is several tens of nanometers for both media.

Figure 18 shows the results of DSC analysis for different processing
times of the Fe,Si,B,, alloy in argon and in air. At the initial stage of
milling (up to 6 hours) in an argon atmosphere, two exothermic peaks
are observed (Fig. 18, a) in the DSC spectra. The intensity of first peak
decreases with increasing milling time and disappears after 7 hours of
deformation. With a further increase of the processing time, only one
peak remains on the DSC spectra. Figure 18, b shows the DSC spectra
for different processing times of the amorphous Fe,Si B,, alloy in air.
As can be seen from the figure, the DSC patterns contain two exother-
mic peaks after milling the samples for up to 8 hours; the intensity of
first (second) peak gradually increases (decreases) and then disappears
with increasing grinding time. In the case of the SPD for a time exceed-
ing 12 hours, there is only one exothermic peak on the DSC spectra.

In Reference [21], the kinetics of mechanoactivated crystallization of
the amorphous ribbon of the Fe,; .Si,, .B,Nb,Cu, composition (FINEMET)
during processing in a ball mill was investigated. The ribbon was ob-
tained by spinning the melt by rotating a copper disk at a velocity of 38
m/s. The treatment was performed in a high-energy vibrating mill in an
argon atmosphere at a velocity of 7560 rpm and a mass ratio of balls/
sample of 24:1. The vibration of the mill was carried out in three direc-
tions (x, y, 2). X-ray diffraction patterns of the original and treated
ribbons are shown in Fig. 19. After 24 minutes of processing, one can
see on the patterns the appearance of reflexes from the o-Fe (Si) phase
in the superposition with smeared reflexes from the amorphous alloy.
After 36-minutes’ deformation, the reflexes appear from Fe,B boride.
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More intensive (severe) treatment leads to the formation of the a-Fe (Si)
+ Fe,B phase mixture.

Figure 20 shows the DSC curves for the alloy Fe,, ;Si,, .B,Nb.Cu, in
the initial state and after deformation in ball mill for 45 min. For the
ribbon in the initial amorphous state, the DSC curves contain two exo-
thermic peaks. The first low-temperature peak is due to the formation
of the a-Fe (Si) phase, while the second peak authors [21] attribute to the
precipitation of the Fe,,B; and Fe,B boride phases. In the DSC curves of
deformed samples, there are three exothermic maxima at 833 K (5660 °C),
985 K (712 °C), and 1173 K (900 °C) temperatures caused by the pre-
cipitation of the a-Fe (Si), Fe,B, and Fe,B phases, respectively. There is
also a slight shift of both peaks towards lower temperatures. The area
under the exothermic peaks, which reflect the change in the enthalpy of
crystallization and the degree of amorphousness, also changes. For ex-
ample, the enthalpy of crystallization as a result of the deformation
effect varies from 57.54 to 45.36 J-g! and from 57.54 to 45.36 J-g! for
o-Fe (Si) and Fe,;B;/Fe,B, respectively. Enthalpy of crystallization of the
strained Fe,B boride is 32.42 J-g'. Crystallization of the Fe,B phase
and reduction of enthalpy of crystallization of Fe,,B; boride after 45 mi-
nutes of treatment in ball mill is caused by the decomposition of metas-
table Fe,,B; phase onto tetragonal Fe,B and Fe,B borides as well as a-Fe
according to the following reaction: Fe,;B; - a-Fe + Fe,B + Fe,B.

According to the TEM data, after treatment of the amorphous
Fe,; ;Si,; . B,Nb,Cu, ribbon for 45 minutes, the amorphous phase almost
completely disappears, and the obtained powders have a nanocrystalline
structure with a grain size of 9 nm. Interestingly to note that the
crystals formed as a result of deformation nanocrystallization are smal-
ler than those ones obtained by means of the traditional annealing.

4. High-Frequency Shock Treatment (Impact Peening)

In the paper [38], authors firstly investigated the effect of deformation
nanocrystallization as a result of high-frequency shock treatment (im-
pact peening [39]). Such a deformation treatment belongs to one of the
methods of metal surfaces’ SPD widely used for increasing their strength
and durability [5, 39]. The authors of Ref. [38] investigated the struc-
tural changes in the amorphous ribbon of Fe,, ,Si,; B, ,Cu, ,Nb,, alloy
with a thickness of 25 um obtained by the melt spinning method. Ac-
cording to the results of structural studies, the obtained ribbons after a
long exposure to air remained amorphous (‘x-ray amorphous’). Only
wide diffuse maxima, which are typical for amorphous alloys, were ob-
served on the corresponding diffractograms. The ‘free’ surface of the
ribbon, which did not come into contact with the cooling disk, was sub-
jected to the high-frequency shock treatment (impact peening [39]).
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Fig. 21. The morphology (x5000) of the amorphous Fe_,Si,; B;,Cu, ,Nb,, ribbon
surface in the initial state (a), and after 10 s (b), 30 s (c), 60 s (d) of the high-fre-
quency shock treatment [38]

Fig. 22. The TEM image of the same sample of amorphous ribbon as in the previous
figure, where a corresponds to the initial state and b — after 60 s of the high-fre-
quency shock treatment (b) [38]

Processing was performed at room temperature using an ultrasonic gen-
erator UZG-300, which powers a concentrator operating at a frequency
of 21 kHz [39]. The impact pin with a diameter of 5 mm and a length of
23 mm, made of hardened steel SHH15, performs forced high-frequency
oscillations with a frequency of 1-2 kHz and amplitude of 20 pm. The
duration of the treatment varied in the range from 10 to 60 s.

The scanning electron microscope (SEM) image of the Fe, Si ;  x
x B; ,Cu, (Nb, , alloy surface morphology in the initial state and proc-
essed during different times are depicted in Fig. 21. On the ribbon sur-
face before the treatment (Fig. 21, a), the morphological inhomogeneity
there was not revealed. The first stage of the plastic deformation, when
the slight structural elements are already observed, manifests itself af-
ter 10 s treatment. Most probably, the polishing (buffing) processes
cause these changes. Longer processing (30 s) leads to a noticeable trans-
formation of the surface morphology due to the formation of mechani-
cal defects during the horizontal sliding of the pin and the beginning of
the occurrence of shear bands (Fig. 21, c¢). After 60-seconds’ treatment
(Fig. 21, d), the system of parallel arcuate shift bands is clearly observ-
able on the surface of the ribbon. Between the coarser shear bands, the

ISSN 1608-1021. Usp. Fiz. Met., 2020, Vol. 21, No. 3 335



M.O. Vasylyev, V.K. Nosenko, 1.V. Zagorulko, and S.M. Voloshko

fine shifts are detected, which apparently characterize different shear
systems in the amorphous ribbon. Shear zones have an elongated shape
and wavy character; their thickness is about 50—100 nm, and the width
reaches the values of several micrometers. At the treatment more than
60 s, the sample is completely destroyed without the effect of plastic
thinning of the ribbon due to the formation of a large number of brittle
microcracks. This fact confirms the fragile nature of the destruction
of amorphous ribbon during the high-frequency shock treatment, which
is characteristic of other types of strain destruction of amorphous
materials.

The TEM-based results (Fig. 22, a) of the original amorphous
Fe,; Si,5 B, ,Cu,; (Nb,, ribbon confirmed the absence of special struc-
tural details. There were no detected a diffraction contrast as well. Only
diffuse halos were observed on the electron-diffraction pattern as well
as on the x-ray diffraction pattern. A similar pattern is fixed after
processing for 10 s and 30 s. Significant structural changes occur only
after increasing the duration of the impact up to 60 s (Fig. 22, b). In
this case, the main deformation-induced modification of the structure
is attributed to the formation of a large number of homogeneously dis-
tributed nanoparticles, the sizes of which are in the range of 5—25 nm.
The presence of nanocrystals (inset in Fig. 22, b) is confirmed by the
presence of point reflexes on the microdiffractogram. According to the
structural analysis results, it was found that the formed nanoparticles
are b.c.c. a-Fe (Si) phase, which are also formed during thermally in-
duced crystallization of the alloy at issue.

5. Mechanism of Deformation Nanocrystallization

A large number of scientific works are devoted to the mechanism of
deformation of amorphous alloys under normal and intensive (severe)
regimes. Let us consider the main features of plastic deformation of
such materials, important for understanding the nature of deformation-
induced nanocrystallization. Numerous studies show that the most sta-
ble state after the SPD is an amorphous-nanocrystalline structure with
nanocrystal sizes not exceeding 10—20 nm. A characteristic feature of
such amorphous-nanocrystalline alloys is, first of all, that the struc-
tural (phase) components of such a system differ significantly in the
structure of the atomic structure: the matrix is disordered at the atom-
ic level and the crystalline inclusions are completely ordered. As as-
sumed, the appearance of a high-modulus crystalline phase in the struc-
ture of alloys during nanocrystallization creates conditions for a sig-
nificant increase in their strength [40—43].

Depending on the deformation and temperature regimes, the amor-
phous alloys exhibit either a ‘heterogeneous’ plastic flow (yielding) lo-
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calized in shear bands or a ‘homogeneous’ flow (yielding), which is real-
ized without any indications of deformation localization [44—-50].

The inhomogeneous flow occurs at temperatures below the crystal-
lization temperature of the amorphous alloy and high applied strain
stresses. This type of deformation is characterized by almost complete
absence of deformation hardening, peculiar to the deformation of crys-
talline metallic materials, and is localized in thin (10—40 nm) discrete
shear bands. However, the rest of the material remains unstrained. This
explains the small elongation at stretching (1-2%). On the surface of
the destruction of amorphous alloy samples, we can usually observe
‘river-type’ pattern (sometimes called ‘vein structure’). Thus, the mech-
anism of deformation of amorphous alloys at low temperatures is the
formation and propagation of shear bands. With homogeneous plastic
deformation, which occurs at temperatures above the temperature of
thermostimulated crystallization, the amorphous alloy undergoes plas-
tic form change throughout the volume. In this case, the deformed
sample undergoes a homogeneous deformation.

There are two theoretical models of the mechanism of inhomoge-
neous deformation of metal amorphous alloys, proposed by Spaepen [51]
and Argon [52] for metallic glasses. According to theoretical proposi-
tions of the first model, the deformation of the amorphous alloy in-
creases such a structural characteristic as the free volume, which leads
to a local decrease in the viscosity and density of the metal in the shear
bands. As a result, there is an uncontrolled passing the shear band and,
as a consequence, the fragile destruction of the amorphous sample. The
second model explains the significant decrease in the viscosity of the
deformed material by an increase in the temperature shift bands up to
the melting point.

Thus, the most important features of the deformation of amorphous
metal alloys are, firstly, the lack of deformation hardening typical of
crystalline materials and, secondly, that plastic deformation occurs in
narrowly localized shear bands (10—40 nm). The almost complete ab-
sence of deformation outside these bands explains the reason for the low
values of macroscopic plasticity, in particular, during stretching.

In a large number of research works, it has been established that the
shear bands in amorphous alloys strongly affect the formation of the ato-
mic structure of alloys of different compositions, as well as the physical
and mechanical characteristics. The severe plastic deformation in vari-
ous ways allows controlling the number and structure of shear bands. It
is also noted that using the methods of preliminary plastic deformation,
even the plasticity of amorphous alloys can be increased [45—47].

Deformation shear bands in amorphous alloys are the object of many
years of close attention of researchers due to their important role in the
mechanism of deformation nanocrystallization. There are several approa-
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ches to explaining the nature of this phenomenon, which is of both
fundamental and practical interest.

In the earlier studies [53—56], authors firstly described the appear-
ance of the SPD-induced crystalline phases in amorphous metal alloys
with an atomic short-range order only (which is always inherent even in
disordered solid solutions; see, e.g., articles [567-61] and references
therein). Nevertheless, the question of the current mechanism of nano-
crystallization still remains controversial. However, taking into account
the importance of obtaining new functional properties of AMA by severe
deformation, let us consider existing approaches describing the mecha-
nism of deformation nanocrystallization in such materials.

As follows from the analysis of literature data, an important fea-
ture of the structural and phase changes at the SPD of amorphous alloys
is the effect of deformation nanocrystallization not only at room tem-
perature but at cryogenic ones as well. This effect is reliably established
for various methods of severe deformation of amorphous Fe-, Co-, Ni-,
Al-, and Zr-based alloys. The deformation-induced crystallization occurs
both in rapid-quenched thin ribbons and in bulk samples. The formation
of nanoparticles was detected by such methods of deformation effects as
torsion under pressure, machining (processing) in ball mills, repeated
rolling, bending, diamond pyramid indentation, and high-frequency
shock treatment (impact peening).

Despite the fact that currently still there is no consensus on some
features of the nature of the deformation nanocrystallization of amor-
phous alloys at the SPD, a common opinion has been formed about the
important role of shear-deformation bands (‘strain localization’) in the
nucleation, growth and distribution of formed nanocrystals. It is known
that such a real mechanism of dissipation of the supplied deformation
energy as plastic deformation by the motion of dislocations inherent in
polycrystalline metals is excluded in the case of deformation of amor-
phous metal alloys, in which there is no long-range order in the atomic
structure [26, 27, 45-47, 62—-64].

It is shown that in the conditions of very large deformations at the
room and lower temperatures, the processes of nanocrystallization are
connected with the nature of the plastic flow. Just the localized shear
bands are the areas in which anomalous effects of crystallization of
amorphous alloys are observed. As the degree of deformation increases,
the nature of the plastic flow changes from heterogeneous to homoge-
neous. In this case, 10—20 nm nanoparticles of the crystalline phase are
randomly distributed over the entire volume of the sample [32, 65].

An important issue for a deeper understanding of the physical na-
ture of deformation nanocrystallization is the effect of the heating ef-
fect in the area of shear-deformation bands as the main location of nano-
crystal separation. There are questionable and even contradictory views
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on this problem. In some early works [51, 52, 66—68], it was noted that
the nucleation of ordered nanoparticles is caused by adiabatic heat re-
lease in shear deformation bands. By the opinion of authors in Ref. [69],
in the process of shear band propagation, the temperature in the amor-
phous matrix becomes higher and eventually reaches the crystallization
temperature, at which nanoparticles are formed. The formed nanocrystal
is not capable of dislocation plastic flow [70]. The role of thermal energy
release and spontaneous temperature rise is also noted in Refs. [67, 69,
71, 72]. However, these and other authors [73] believe that the cause of
crystallization is both a local temperature increase and the presence of
significant local stresses. The latter factor may be decisive, e.g., in the
case of SPD at cryogenic temperatures. According to the estimations
[41], the temperature in the shear-deformation bands can reach 2500 K.

There is also an idea in the literature that the consequence of a local
temperature increase in the region of shear-deformation bands is the
diffusion mass transfer of amorphous alloy components in the nanoscale
region. Using the temperature dependence of the diffusion coefficient
[74, 75], the authors [13] estimated the temperature in the shear band:
400—-450 °C. This temperature value is close to the crystallization tempe-
rature of the amorphous Fey B,, alloy, i.e., the formation of nanocrystals
in the amorphous phase by the diffusion mechanism of nucleation and
growth is possible. Estimating the effect of mass transfer, mentioned
authors considered diffusion in the amorphous matrix of the largest
atom, i.e., Fe, as the limiting stage of nanocrystal growth. The calcu-
lated diffusion coefficient D value at room temperature is *10°m?.s!.
In Reference [76], it was suggested that the chemical segregation of
boron atoms is a necessary condition for the crystallization of a-Fe (Si)
in the case of SPD of amorphous alloy of the Fe—B—Si system. In this
case, only a short-range diffusion is required, since the average crystal
size is approximately 2 nm that corresponds to an average diffusion
path of less than 1 nm. This high mobility at room temperature can be
explained as follows. With intense deformation due to the migration of
atoms within the shear-deformation bands, the probability of stable
clusters increases close to them. As known, the deformation of the amor-
phous alloy shows the expansion of the material due to the formation of
shear-strain bands. During the deformation, the free volume increases
at first, and then with the increase of the degree of deformation and the
beginning of nanocrystallization it decreases, which leads to the annihi-
lation of the free volume by the growth of nanocrystals. Thus, due to
shear stresses and increasing the amount of free volume, the diffusion
mobility of atoms increases, which promotes the formation of crystals
during the SPD process. The estimations have shown that the formation
of excess volume in the process of plastic flow can lead to an increase in
the diffusion coefficient in the shear zones by 4—6 orders of magnitude
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[77]. In contrast to the mechanism of thermal activation of structural
transformations, at the SPD, there is an argument that this process is
athermal, and a high local temperature rise at the SPD is not the driv-
ing force of crystallization [12, 42]. This conclusion can be confirmed
by experiments with nanoindentation, in which it is difficult to expect
intense heating in the shear-deformation bands, but where the deforma-
tion nanocrystals are also detected [78].

6. Conclusion

Based on the review and analysis of the literature data, we conclude
that one of the most effective methods of transforming the structure
and properties of amorphous iron-based alloys is the severe plastic de-
formation. This method of material processing allows achieving signifi-
cant morphological changes not only on the surface but also in the vol-
ume of the sample without destroying it. From a practical point of view,
an interesting effect of the severe plastic deformation is the nanocrys-
tallization of amorphous alloys at relatively low (and even cryogenic)
temperatures, which has a beneficial effect on the strength and mag-
netic characteristics of the processed materials. The mechanism of nano-
crystallization of amorphous alloys, which were subjected to different
types of severe plastic deformation, consists in the emergence of shear-
deformation bands, in which, due to the increase in free volume, the
diffusion mobility of atoms, which promotes the formation of crystals
in the amorphous matrix, increases by 4—6 orders of magnitude.
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HAHOKPHUCTAJIISAIIII AMOP®HUNX CTOIIIB
HA OCHOBI Fe 3A IHTEHCUBHOI IIJTACTUYHOI TE®OPMAIIIT

OrasaparoThes JiTepaTypHi gaHi 3 mpobaeMu Mmonudikallii CTPYKTYpPHU Ta BJIACTHUBOCTEH
IIBUKO3arapTOBAHUX CTOIIB Ha OCHOBI Fe pisHuuMu MeTogaMu iHT@HCUBHOT IIJIaCTUYHOL
nmedopmarrii (ITIM). PosraauyTo Taki crroco6u ITI]] Ak Kpyuennsa y kamepi Bpigxmena,
00p006IeHHS Y KYJIbOBUX MJIMHAX 1 BUCOKOUACTOTHE yaapHe 00pO0IeHHs, a TAaK0XK TXHi
mepeBaru Ta HemoJsiku. Ha mpukiaaai BeJInKoi KiJIbKOCTH aMOP(MHUX CTOIIIB Ha OCHOBI
Fe nmpoanasrisoBaHO BIIMB KOYKHOTO 3 po3ryiaHyTux MeroniB IIII] Ha IXHIO CTPYKTYPY
Ta BaacTuBOCTi. Ha ocHOBIi o/1ep:KaHNX TaHUX 3alIPOIIOHOBAHO MexXaHi3M medopmartiiinol
HaAHOKPUCTAaJIi3aiii aMOp()HUX CTOMIB.

Karouosi cioBa: amop(dHi cromu, iHTeHCHBHA IIJacTUYHA AedopMallis, CMyTru 3CyBY,
HAHOKPUCTAJi3allid, MeXaHiuHi BJIACTUBOCTI.
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