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The behavior of an NdFeB-based multicomponent alloy subjected to high-pressure torsion has been studied.
The high-pressure torsion results in the partial amorphization of the alloy, where the fractions of the amor-
phous and crystal phases vary in the process of torsion. The torque increases smoothly with the angle of rota-
tion of anvils, and self-sustained oscillations of the torque appear beginning with a certain torsion (~1000°).
The torque varies from 500 to 600 N m with a period of about 1.5 s. The torsion of the alloy in the regime of
self-sustained oscillations is accompanied by intense acoustic emission at a frequency of ~1–2 s–1. This phe-
nomenon can be explained by the periodic change in the mechanism of the high-pressure torsion from the
dislocation one (characteristic of the crystal phase) to the dislocation-free mechanism (typical of the amor-
phous state).
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Beginning in the mid-1980s, NdFeB-based alloys
continue to remain the best materials for permanent
magnets [1]. The Nd2Fe14B compound (T phase [2,
3]) was almost simultaneously synthesized at General
Motors Research and Sumitomo Special Metals Lab-
oratories [4]. It demonstrates the record saturation
magnetization (JS > 1.2 T) and the record magne-

tocrystalline anisotropy coefficient (  J/m3) at
a fairly high Curie temperature (TC > 250°С). These
properties ensure a high stored magnetic energy

 kJ/m3 [5]. The coercive force of
NdFeB-based alloys is high because ferromagnetic
T phase grains are separated from each other by thin
nonmagnetic phase layers [6].

The improvement of the properties of materials,
including permanent magnets based on the T phase,
remains an important aim for the materials science.
Such magnets are fabricated from magneto-oriented
powders using primarily the liquid-phase sintering
method [7] or the melt crystallization method, which
allows one to obtain Nd2Fe14B nanocrystals in the
amorphous phase environment [8].

One of the comparatively new methods of the
material synthesis is severe plastic deformation [9].
Shear deformation at a high applied pressure can pro-
vide a significant melting of samples and is thereby
used to synthesize nanocrystalline materials. The
application of severe plastic deformation can result in

phase transformations [10–14]. Numerous schemes of
severe plastic deformation such as high-pressure tor-
sion (HPT), equal channel angular pressing, and heli-
cal extrusion have already been developed [15]. Our
previous studies of structural changes in NdFeB triple
alloys at severe plastic deformation revealed that the
HPT can result in their partial [16] or total [17] amor-
phization depending on the composition. The aim of
this work is to study structural changes depending on
the strain at the HPT of the NdFeB-based multicom-
ponent alloy used to fabricate permanent magnets.

We examined an NdFeB-based multicomponent
alloy close in composition to the alloy studied in our
previous work [16]. Atomic emission spectroscopy
with inductively coupled plasma showed that the
industrial alloy sample had the composition Fe–
10.2 Nd–7.6–3.6 Dy–5.5 B–1.2 Co (at %). Disks
0.6 mm thick 10 mm in diameter cut from the sample
were subjected to HPT in a Bridgman machine
(W. Klement GmbH, Lang, Austria) at room tem-
perature, a pressure of 5 GPa, and an anvil rotation
rate of 1 rpm. The machine was PC controlled and
made it possible to measure the torque during the tor-
sion. Samples for structural studies were cut from
deformed disks at a distance of 2–3 mm from their
center. Transmission electron microscopy (TEM)
studies were performed on a Titan 80–300 (FEI)
microscope at an accelerating voltage of 300 kV. Scan-
ning electron microscopy studies, as well as the fabri-
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Fig. 1. (Color online) Structure and phase composition of
the initial sample of an NdFeB permanent magnet.
(a) X-ray spectrum with peaks of the textured T phase
(no. 00-080-0870) and of metallic neodymium (no. 00-
089-5330); most peaks of neodymium overlap with peaks
of the T phase; reflections at 2θ = 35.68° and 51.34°
(marked by red asterisks) are seen separately. (b) Scanning
electron microscopy image in backscattered electrons;
Nd2Fe14B and neodymium are seen in gray and white,
respectively; the insets show the grain size distributions of
the corresponding phases for (blue) neodymium and (red)
Nd2Fe14B. (c) Transmission electron microscopy image;
grains of the T phase with grain boundaries and neodym-
ium particles in triple junctions.

2θ (deg) 
cation of samples for TEM studies by the focused ion
beam method, were carried out on a Versa 3D High-
Vac (FEI) microscope. The X-ray diffraction analysis
was conducted on a SmartLab (Rigaku) diffractome-
ter (Cu Kα radiation).

Figure 1 shows the structure and phase composi-
tion of the initial sample subjected to the HPT. X-ray
diffraction data (Fig. 1a) indicate that the textured
T phase (PDF 2, Entry no. 00-080-0870) and metallic
neodymium with the cubic structure (PDF 2, Entry
no. 00-089-5330) are present in the samples under
study. The scanning electron microscopy image of the
structure obtained with a backscattered electron
detector (Fig. 1b) clearly demonstrates neodymium-
enriched inclusions at triple junctions of grains of the
Nd2Fe14B phase. The neodymium particle size distri-
bution (blue histogram in the right inset) has two max-
ima at ~1.2 and 5.2 μm. The red histogram in the left
inset is the size distribution of Nd2Fe14B grains with an
average size of ~6 μm. The TEM image shown in
Fig. 1c also demonstrates the presence of the neodym-
ium-enriched phase region in the form of individual
inclusions, as well as the region of triple junctions of
T phase grains.

Figure 2a shows the time dependence of the torque
during the entire process of deformation. It is seen that
the torque increases smoothly with the time and,
thereby, with the rotation angle; self-sustained oscilla-
tions begin in ~160 s after the beginning of deforma-
tion (the rotation angle at this time is about 1000°).
The torque varies quasiperiodically from 500 to
600 N m. The deformation of the alloy is accompa-
nied by intense acoustic emission resulting in loud
cracks at a frequency of 1–2 s–1. Such a behavior under
the HPT is atypical of, e.g., the NdFeB ternary alloy
[17], where an increase in the torque results in a tran-
sition of the system to a steady state. The steady state
under the HPT was observed in many materials, in
particular, in alloys of copper, aluminum, iron, and
titanium [18].

To quantitatively describe self-sustained oscilla-
tions of the torque, we used Fourier analysis; the cor-
responding frequency response is shown in Fig. 2b,
where several equidistant maxima are seen. The
observed frequency of oscillations of the torque corre-
sponds to a period of ~1.5 s, i.e., almost coincides with
the frequency of acoustic emission cracks.

X-ray diffraction spectra of the sample under study
are shown in Fig. 3, where only a few rather wide peaks
are seen in the region of self-sustained oscillations.
The possible presence of the amorphous phase in the
structure can be masked by imposition on peaks from
crystalline phases. To estimate the degree of crystal-
linity, we measured the half-width of the main peak in
the spectrum (2θ = 51°) of the alloy at various strains
(anvil rotation numbers) (see Table 1). It is seen that
JETP LETTERS  Vol. 116  No. 10  2022
the half-width of the peak oscillates significantly as a
function of the strain rather than varying mono-
tonically.
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Fig. 2. (Color online) (a) Time dependence of the torque for an NdFeB-based multicomponent alloy at an anvil rotation rate of

1 rpm; the inset shows the scaled horizontal part of the dependence. (b) Frequency response of the torque; dashes with numbers

mark the positions of maxima.
Transmission electron microscopy studies show

that deformation results in the grinding of the struc-

ture. Crystallites of the T phase with sizes of 5 to 15 nm

are seen in TEM images of the structure (Figs. 4a and

4b). In addition to the crystalline phase, regions with a

contrast characteristic of an amorphous material are

also observed in the structure (Fig. 4b). Electron dif-

fraction data also confirm the presence of the amor-

phous phase. A diffuse halo is seen in the diffraction

pattern for the sample with n = 3.5 (Fig. 4c). The halo

is manifested in the corresponding profiles for n = 3.5,

5, and 7 (Fig. 4d) as wide lines with imposed peaks

from the crystal part of the structure.
Fig. 3. (Color online) X-ray diffraction spectra of the

NdFeB alloy sample deformed by n = 3.5, 5, and 7 anvil

rotations at an anvil rotation rate of 1 rpm.
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Thus, the behavior of the NdFeB multicomponent
alloy subjected to deformation significantly differs
from the ordinary behavior of materials under similar
conditions. It is characterized by self-sustained oscil-
lations of the torque at the middle and later stages of
deformation and is accompanied by intense acoustic
emission. What is the reason for such a behavior?

It is known that acoustic emission under the defor-
mation of crystalline materials is due to the sharp
relaxation of internal stresses, which is caused by the
dynamics of dislocation arrays. However, the alloy
under study is a mixture of the crystalline and amor-
phous phases. Mechanisms of deformation in crystal-
line and amorphous materials are significantly differ-
ent. Deformation in crystalline materials occurs
through the slip or climb of dislocations, as well as
through grain boundary sliding. The contribution of
grain boundary sliding increases with a decrease in the
grain size [19]. The decrease in the grain size in turn
complicates the deformation of the lattice through the
slip of dislocations because grain boundaries prevent
the slip of dislocations from one grain to another
according to the Hall–Petch mechanism. At the same
time, dislocations are absent in amorphous materials,
where any crystal lattice with a long-range order does
not exist. Grain boundaries are also absent in them
because they are free of regions with differently ori-
ented segments of the crystal lattice. Consequently,
amorphous materials are deformed differently,
through the formation of sliding strips and motion of
their boundaries [20].

If severe plastic deformation is accompanied by the
amorphization of the initial crystalline material,
mechanisms of deformation change in this process. At
the initial stage, when the material is completely crys-
JETP LETTERS  Vol. 116  No. 10  2022
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Fig. 4. (Color online) (a, b) Transmission electron microscopy images of the NdFeB alloy in the (a) light-field and (b) high-res-

olution regime, (c) electron diffraction pattern (n = 3.5), and (d) the corresponding radial distribution of the intensity for n = 3.5,

5, and 7 anvil rotations.
talline, deformation occurs through the motion of dis-
locations in the bulk of grains and through grain
boundary sliding. Then, as amorphization is devel-
JETP LETTERS  Vol. 116  No. 10  2022

Table 1. Half-width of a peak in the X-ray diffraction spec-
trum (see Fig. 3)

Anvil rotation number FWHM, deg (2θ ≈ 51°)

3.5 2.7

5 3.4

7 3.1
oped, the deformation of the amorphous material
begins through the formation and growth of sliding
strips. The former mechanism almost disappears after
the complete amorphization of the entire material.

It can be assumed that the deformation of the alloy
under study is accompanied by a reversible transition
of the crystalline to amorphous phase and back. Con-
sequently, the mechanism of deformation and, corre-
spondingly, the velocity and geometry of propagation
of sliding strips in the amorphous phase change
abruptly. This phenomenon can be responsible for
quasiperiodic oscillations of the torque and, corre-
spondingly, acoustic emission. It was already assumed
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that severe plastic deformation of amorphous and

crystalline phases can be accompanied by a periodic

transition of the amorphous to crystalline phase and

back. In particular, such a reversible transition was

observed in the Ti2NiCu amorphous–crystalline

composite in [21], where the authors showed that the

structure of amorphous–crystalline samples subjected

to deformation changes in the damping cyclicity mode

with the continuous variation of the relation between

the amorphous and crystalline components. The

authors of [21] explained this behavior by features of

the HPT, where the shear strain varies continuously

along the radius of the sample at a constant high

applied pressure, and believe that the structure of the

phase interface plays an important role in this trans-

formation of the amorphous and crystalline phases.

It is remarkable that no acoustic emission was

observed from the completely amorphized NdFeB

alloy sample after the HPT [17]. In other words, self-

sustained oscillations do not occur if only the amor-

phous phase exists at the steady deformation stage.

This additionally supports our hypothesis on the

reversible amorphization of the studied alloy subjected

to the HPT.

To summarize, we have revealed that the high-

pressure torsion of an NdFeB multicomponent com-

mercial alloy results in the formation of a mixed amor-

phous–crystalline structure, where the fractions of

the components vary periodically during deformation.

The variation of the phase composition under the

high-pressure torsion is accompanied by intense

acoustic emission caused by a change in the material

deformation mechanism.
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