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a b s t r a c t

The high pressure torsion (HPT) has been used for the severe plastic deformation (SPD) treatment of
liquid-phase sintered hard magnetic NdFeB-based alloy (5 GPa, 1 rpm, 5 torsions, ambient temperature).
The amorphization of the crystalline alloy under the action of HPT has been observed. HPT permitted to
obtain for the first time the mixture of two different amorphous phases with embedded grains of the
ferromagnetic Nd2Fe14B phase. The SPD-treatment at ambient temperature TSPD¼300 K is frequently
equivalent to the heat treatment at a certain elevated temperature Teff4300 K. The composition of
phases in the studied NdFeB-based alloy after HPT corresponds to the state at Teff�1170 1C.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

Since their discovery in 1980s the NdFeB-based alloys remain the
best materials for permanent magnets [1]. It is due to their high
spontaneous polarization JS, Curie-temperature TC and crystalline
anisotropy K1 (JS41.2 T, TC4250 1C, K14106 J/m3) which ensures
the excellent energy product (BH)max4450 kJ/m3 [2]. Therefore, the
further development of these materials is still the important challenge
for materials science [3]. The optimal microstructure of NdFeB-based
alloys contains the (possibly fine) grains of the ferromagnetic Nd2Fe14B
phase separated by the (possibly thin) non-magnetic layers (it is
usually the Nd-rich phase) [3]. The main manufacture route of NdFeB-
based permanent magnets is a liquid phase sintering of magnetically
oriented powders [4]. Another route starts with a melt spinning which
permits to obtain the nanograined structure or nanocrystals embe-
dded in the amorphous phase [5]. Further the melt spun strips are
compacted together or embedded in the polymer matrix. Nevetheless,
the development of principally new methods for the production of
NdFeB-based permanent magnets is extremely important. One of such
methods is the severe plastic deformation (SPD) [6]. The idea of SPD is
to deform the material in a confined space. It permits to increase the
strain up to enormous values without fracture of a material. SPD

frequently leads to the phase transformations in the materials [7–10].
In other words, the phases before SPD and after this treatment are
different. Thus, SPD can induce the dissolution of phases [11,12],
formation [13] or decomposition [14] of a supersaturated solid solu-
tion, disordering of ordered phases [15], amorphization of crystalline
phases [16,17], synthesis of the low-temperature [18], high-tempe-
rature [19] or high-pressure [20,21] allotropic modifications, and
nanocrystallization in the amorphous matrix [22]. Quite frequently,
the phases after SPD are the same as phases which would appear in a
material after long anneal at a certain (elevated) temperature. This
temperature is called effective temperature Teff. SPD has been used for
treatment of NdFeB-based alloys in several works [23–32]. The fine-
grained or even nanograined microstructure has been observed after
SPD of molten samples [23,24] or nanocrystallization in the amor-
phous matrix after SPD of melt-spun alloys [25–32]. In this work we
report for the first time the direct amorphization of crystalline liquid-
phase sintered NdFeB-based alloy under high pressure torsion (HPT).
Also, the HPT drives the formation of a mixture of two different
amorphous phases with embedded grains of the ferromagnetic
Nd2Fe14B phase.

2. Experimental

The Nd–Fe–B-based liquid-phase sintered alloy was purchased
from the company Vacuumschmelze GmbH (Germany): it con-
tained 66.5 wt% Fe, 22.1 wt% Nd, 9.4 wt% Dy, 1.0 wt% Co, 0.8 wt% B,
0.2 wt% Cu. For HPT processing, the 0.6 mm thick discs were cut
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from the as-cast ingots, then ground and chemically etched. The
disks were subjected to HPT in a Bridgman anvil type unit (room
temperature, pressure 5 GPa, 5 torsions, 1 rotation-per-minute)
using a custom built computer controlled HPT device (W. Klement
GmbH, Lang, Austria). After HPT, the central (low-deformed) part
of each disk (about 3 mm in diameter) was excluded from further
investigations. The samples for structural investigations were cut
from the deformed disks at a distance of 4–5 mm from the sample
centre. Scanning electron microscopy (SEM) investigations have
been carried out in a Tescan Vega TS5130 MM microscope
equipped with the LINK energy-dispersive spectrometer and on
a Philips XL30 scanning microscope equipped with a LINK ISIS
energy-dispersive spectrometer produced by Oxford Instruments.
Transmission electron microscopy (TEM, HRTEM, STEM, EDXS)
studies were carried out on the TITAN 60-300 instrument. X-ray
diffraction (XRD) data were obtained on a Siemens diffractometer
(Co Kα radiation). Grain (crystallite) size was estimated by the XRD
line broadening and using the Scherer formula.

3. Results and discussion

The torsion torque in the NdFeB-based alloy becomes station-
ary after about 2.5 anvil rotations. After quick starting increase of
torsion torque from zero to �250 N m, the slow work hardening
takes place. The torsion torque linearly increases till �2.5 anvil
rotations. After this point the torsion torque stabilizes between
370 and 390 N m. The starting mixture of major Nd2Fe14B phase
and some minor crystalline phases amorphizes during HPT (Fig. 1).
XRD pattern in Fig. 1 clearly shows the amorphous halo and broad
peaks of crystalline Nd2Fe14B and Fe phases. The width of XRD
peaks permits to estimate the size of Nd2Fe14B and Fe crystallites
below 10 nm. Z-contrast images obtained by HAADF STEM (Fig. 2a)
show that HPT-treated samples contain areas of two different
amorphous phases, namely Nd-rich (bottom side) and Fe-rich (top
side). Fe-rich areas appear darker than Nd-rich ones. The line
profile across the border between Fe-rich and Nd-rich area clearly
shows the concentration difference. In the FFT from the HREM
images (Fig. 2c–e) two different amorphous halos in the Nd-rich

area (Fig. 2c) and Fe-rich area (Fig. 2e) are clearly visible. Positions
for the halos in Nd-rich and Fe-rich areas are different, which
implies different composition of the corresponding amorphous
phases. These halos overlap in the border between Nd-rich and Fe-
rich areas (Fig. 2d). In the FFT from the HREM images (Fig. 2c–e)
the diffraction spots from the Nd2Fe14B and Fe nanocrystallites are
also present. The amorphous matrix contains the very fine
Nd2Fe14B grains with size of 5–10 nm (Fig. 2a). These crystallites
are the reason of fluctuations in the concentration profile of Fe and
Nd (Fig. 2b)

TEM measurements show that the size of Fe-rich and Nd-rich
amorphous areas are about 100–500 nm (Fig. 2). It means that
during HTP at TSPD¼300 K after t¼300 s the mass transfer on the
distance L of at least 100 nm took place. In case of conventional
bulk diffusion with coefficient D the distance L¼(Dt)0.5. Therefore,
the equivalent diffusion coefficient DHPT is about 10�17 m2/s. In
spite of the fact that high pressure slows down both bulk and GB
diffusion [33,34], the DHPT is many orders of magnitude higher
than the values of D extrapolated to TSPD. It means that, like in
previously studied systems, HPT strongly accelerates mass transfer.

Thus, the strong external forces acting during HPT caused the
phase transformation in the material, namely the formation of two
different amorphous phases from crystalline ones and very strong
refinement of Nd2Fe14B grains. Historically, such unusual beha-
viour was first observed in materials under severe irradiation [35].
G. Martin proposed for the first time a simplified mean-field
description of solid solutions subjected to irradiation-induced
atomic mixing [36]. His main idea was that the forced mixing
induced by irradiation emulates the increase of entropy and
changes the thermodynamic potentials in the alloy. G. Martin also
proposed for the first time to use the equilibrium phase diagram
for the description of the system under irradiation, but at Teff
instead of the actual temperature T. For example, if the liquid
phase is present in the phase diagram at Teff, the amorphous phase
would appear under irradiation [36,37]. The composition of the
phases after SPD allows to localize those phases in the respective
equilibrium phase diagram (as we did previously for the Cu-based
and Al-based alloys [10]) and to estimate the effective temperature
Teff. In case of NdFeB-based alloy HPT leads to the formation of two
amorphous phases. The Nd–Fe–B phase diagram contains two
immiscible melts above 1150 1C [38–40]. Therefore, the effective
temperature is slightly above 1150 1C and can be estimated as
Teff¼1170730 1C (Fig. 3, large filled circle). The transformation
from crystalline state to amorphous one under SPD can also be
considered as the solid-state reaction at the room temperature
[41,42]. The formation of the mixture of two different amorphous
phases from crystalline ones under the action of HPT has been
observed for the first time in Ni–Nb–Y alloys [43]. In the Ni–Nb–Y
alloys the regions of two different amorphous phases were very
fine (few nm) and uniform mixed.

4. Conclusions

Severe plastic deformation by HPT leads to the phase transi-
tions and strong grain refinement in several metallic alloys. SPD-
treatment at ambient temperature TSPD is frequently equivalent to
the heat treatment at a certain elevated (effective) temperature
Teff. The steady-state is reached during HPT after a certain number
of anvil rotations. The HPT of liquid-phase sintered hard magnetic
NdFeB-based alloy permitted to obtain for the first time the
mixture of two different amorphous phases with embedded grains
of the ferromagnetic Nd2Fe14B and Fe phases. The composition of
phases in the studied NdFeB-based alloy after HPT corresponds to
the state at a certain effective temperature Teff �1170 1C.

Fig. 1. XRD pattern of the Nd–Fe–B sample after HPT. The amorphous halo is visible
under the main wide peak. The positions of the reflections from Nd2Fe14B phase are
indicated by thin vertical lines.
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Fig. 2. HAADF STEM image (a) of the Nd–Fe–B sample after HPT. Nd-rich and Fe-rich areas are distinguishable due to Z-contrast. Corresponding line profile along the white
line in (a) also shows the variation of Nd and Fe content. FFT from the HREM images of the (c) Nd-rich area, (d) border between Nd-rich and Fe-rich areas and (e) Fe-rich area
contains amorphous halos along with the crystalline reflections.
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