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High pressure torsion (HPT) has been used for the severe plastic deformation (SPD) treatment of molten
Fe-12.3 at% Nd-7.6 at% B alloy (5 GPa, 1 rpm, 5 rot, room temperature). After HPT the microstructure
contained the nanograins of the ferromagnetic Nd,Fe4B phase embedded in the amorphous matrix with
uniform composition. It is different to the commercial multicomponent FeNdB-based alloy where two
different amorphous phases appeared after HPT (B.B. Straumal, A.R. Kilmametov, A.A. Mazilkin, S.G.
Protasova, K.I. Kolesnikova, P.B. Straumal, B. Baretzky, Mater. Lett., 2015, 145, pp. 63-66). The SPD-
treatment at room temperature Tspp=30 °C is frequently equivalent to the heat treatment at a certain
elevated temperature T.g > 30 °C. The composition of phases in the studied NdFeB-based alloy after HPT
corresponds to the state at T ~ 1140 °C.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, about 30 years after their discovery, NdFeB-based
alloys remain the best materials for permanent magnets [1]. It is
because of their high spontaneous polarization Js, crystalline ani-
sotropy K; and Curie-temperature Tc (Js>1.2T, K; > 106 ]/m>,
Tc > 250 °C). These properties ensure the high value of their en-
ergy product (BH)pax> 450 k]/m> [2]. Nevertheless, the further
development of these materials is very important [3]. The best
magnetic properties of NdFeB-based alloys can be reached when
the fine grains of the ferromagnetic Nd,Fe 4B phase are separated
by the thin layers of a non-magnetic phase [3]. The NdFeB-based
permanent magnets are mainly manufactured using liquid phase
sintering of magnetically oriented powders [4]. The alternative
manufacture route starts with a melt spinning which permits to
obtain the nanocrystals embedded in the amorphous phase or
contacting each other [5].

However, the development of principally new methods for the
production of NdFeB-based permanent magnets is extremely im-
portant. One of such methods is the severe plastic deformation
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(SPD) [6]. The SPD permits to increase the strain up to enormous
values without fracture of a material, because the material is
strained in a confined space. SPD frequently leads to various phase
transformations in the materials [7-11]. In other words, the phases
before and after SPD are different. Thus, SPD can induce the dis-
solution of phases [12,13], formation [14,15] or decomposition
[16,17] of a supersaturated solid solution, disordering of ordered
phases [18], amorphization of crystalline phases [19,20], synthesis
of the low-temperature [21], high-temperature [22] or high-
pressure [23-26] allotropic modifications of metals, formation of
intermetallic compounds [27], and nanocrystallization in the
amorphous matrix [28]. In many systems the phases appearing
after SPD frequently are the same as those existing after an an-
nealing at a certain (mostly elevated) temperature [11,15,17,25,27].
This temperature is the so-called effective temperature Teg. In the
case of NdFeB-based alloys SPD has been used in several works to
obtain the desired properties [29-40]. The fine-grained or even
nanograined microstructure has been formed after SPD of as-cast
samples [29,30,39,40] or nanocrystallization took place in the
amorphous matrix after SPD of melt-spun alloys [31-38]. The di-
rect amorphization of an as-cast crystalline NdFeB alloy under
high pressure torsion (HPT) was analyzed in the present work and
the results were compared with those obtained after HPT of a
commercial liquid-phase sintered multicomponent NdFeB-based
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alloy [40]. In latter case the HPT had driven the formation of a
mixture of two different amorphous phases with embedded grains
of the ferromagnetic Nd,Fe 4B phase [40]. In the current case only
one amorphous phases with embedded Nd,Fe 4B grains appears
after HPT.

2. Experimental

The Fe-12.3 at% Nd-7.6 at%» B alloy was investigated. This
composition is close to that of the most important magnetic
compound Fe4Nd,B (T-phase) in the Fe-Nd-B system (Fig. 1) [41-
43]. This alloy has been investigated previously in order to char-
acterize the wetting of Fe;4Nd,B/Fe4Nd,B grain boundaries by the
Nd-rich melt [44,45]. The alloy was prepared from high purity
components (5N Fe, 4N Nd and 4N B) by vacuum induction
melting. For HPT processing, the 0.6 mm thick discs were cut from
the as-cast ingots, then ground and chemically etched. The disks
were subjected to HPT in a Bridgman anvil type unit (room tem-
perature, pressure 5 GPa, 5 torsions, 1 rpm) using a custom built
HPT device [29,33,34,36,38,39]. After HPT, the central (low-de-
formed) part of each disk (about 3 mm in diameter) was excluded
from further investigations. The samples for structural investiga-
tions were cut from the deformed disks at a distance of 4-5 mm
from the sample centre. Transmission electron microscopy (TEM,
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Fig. 1. (a) Liquidus projection close to the Fe-corner of the Fe-Nd-B phase diagram
[41-43]. Open circles mark the Fe,B, Nd,Fe; and Fe;4Nd,B (¢) binary and ternary
compounds. The composition of the investigated alloy is shown by the solid circle.
E; is the ternary eutectic point L=yFe+Fe4Nd,B+Fe;Nd,Bs at 1090 °C. es is the
eutectic point L=Fe4Nd,;B+Fe;Nd,Bs (1) at 1095 °C. eg is the eutectic point
L=yFe+Fe,B at 1177 °C. Uyg is the transformation L+ Fe,B=yFe+Fe;Nd,Bs (n). Uy
is the transformation L-+yFe=Nd,Fe;;+Fe4Nd,B. p, is the peritectic point
L+FeB=Fe,B at 1407 °C. ps is the peritectic point L+ yFe="Fe4Nd,B at 1407 °C. p¢ is
the peritectic point L+yFe=Fe;;Nd, at 1185°C. r; is the remelting point
SFe=L+yFe at 1392 °C. r5 is the remelting point sFe=L+yFe at 1381 °C. (b)The
80 at% Fe section of the Fe-Nd-B phase diagram [41-43]. Large filled circle shows
the effective temperature Ter=1140 4+ 30 °C in the L+¢ area (one liquid phase —
one amorphous phase). Large open square shows the effective temperature Teg
=1170 + 30 °C obtained for the commercial Fe-Nd-B alloy [40]. Large open circle is
on the border between L+¢ and L+Fe areas (two liquid phases—two amorphous
phases, Fe-rich and Nd-rich).

HRTEM, STEM, EDXS) studies were carried out on the TECNAI in-
strument. X-ray diffraction (XRD) data were obtained on a Siemens
diffractometer (Co Ko radiation). The magnetic properties were
measured on a superconducting quantum interference device
SQUID (Quantum Design MPMS-7 and MPMS-XL).

3. Results and discussion

The torsion torque in the NdFeB-based alloy becomes sta-
tionary after about 2.5 anvil rotations. After quick starting increase
of torsion torque from zero to ~250 N m, the slow work hard-
ening takes place. The torsion torque linearly increases till ~2.5
anvil rotations. After this point the torsion torque stabilizes around
400 N m. The molten as-cast sample contained the mixture of
major Nd,Fe 4B phase (T-phase) and minor crystalline Nd-rich
solid solution (Fig. 2a) with grain size about 200-300 pm [44,45].
The initial molten as-cast alloys amorphizes during HPT (Fig. 2b).
XRD pattern in Fig. 2b clearly shows the amorphous halo and
broad peaks of crystalline Nd,Fe 4B phase. HREM images and FFT-
patterns (Fig. 2c) show that HPT-treated samples contain the
amorphous phase with spatially uniform composition with em-
bedded Nd,Fe 4B (T-phase) nanograins with size of 10-20 nm. The
HPT leads also to the strong improvement of the magnetic prop-
erties in comparison with molten alloy. For example, the coercivity
H. increases about 15 times from 0.025 (Fig. 3a) to 0.38 T (Fig. 3b).
This is mainly due to the strong grain refinement.

In our previous work [40] we observed that HPT (under the
same conditions) of a multicomponent commercial liquid-phase
sintered NdFeB-based alloy also led to the amorphization and
formation of nanograins in the Nd,Fe;4B amorphous matrix.
However, the amorphous matrix contained areas of two different
phases, namely Nd-rich and Fe-rich. The HAADF STEM images
witnessed the light (Nd-rich) and dark (Fe-rich) areas with con-
centration steps in line-scans across the border between them. In
the FFT from the HREM images two different amorphous halos
from the Nd-rich and Fe-rich areas were clearly visible. Nothing
similar to these phenomena was observed after HPT for the tern-
ary FeNdB alloys investigated in the present work.

Thus, the strong external forces acting during HPT caused the
phase transformation in the material, namely the formation of the
amorphous phase from crystalline ones and very strong refine-
ment of Nd,Fe 4B grains. Historically, such unusual behavior as
amorphisation of crystalline phases without quenching from the
melt was first observed in materials under severe irradiation [46].
Only much later it has been observed that the transformation from
crystalline state to an amorphous one under SPD can take place as
a result of a solid-state reaction at the room temperature [47,48].
Based on these experimental observations, G. Martin proposed a
simplified mean-field description of solid solutions subjected to
irradiation-induced atomic mixing [49]. The main idea of G. Martin
was that the irradiation induces the forced mixing of atoms. In
turn, this mixing emulates the increase of entropy and changes the
thermodynamic potentials in the alloy. G. Martin also for the first
time proposed the idea to use the equilibrium phase diagram for
the description of the system under irradiation. He saw that the
phases that appeared after irradiation at room temperature T;.- can
be found in the equilibrium phase diagram at a certain elevated
effective temperature Tog. Consequently, the irradiation can drive
the dissolution of precipitates of a second phase and to the for-
mation of supersaturated solid solutions. Or, if the liquid phase is
present in the phase diagram at the Teg an amorphous phase
would appear under irradiation [49,50].

In our case, the composition of the phases after SPD allows to
localize them in the corresponding equilibrium phase diagram (as
already done previously for the Cu-, Al-, Ti- or Zr-based alloys
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Fig. 2. (a, b) XRD patterns of the Nd-Fe-B alloy (a) as-cast (b) after HPT. The amorphous halo is visible under the main wide peak. The positions of the reflections from
Nd,Fe 4B phase (T-phase) are indicated by thin vertical lines. The positions of the reflections from Nd phase are indicated by thick vertical lines. (c) HREM image of the
sample after HPT and PPT-pattern (inset). Nd,Fe 4B phase nanocrystal is visible in the middle of the image. It is surrounded by the amorphous matrix of uniform com-
position. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

[10,11,25,27]) and to estimate the effective temperature Teg. In our
previous work the application of HPT to a multicomponent com-
mercial liquid-phase sintered NdFeB-based alloy led to the for-
mation of two amorphous phases [40]. Such state is shown in the
Nd-Fe-B phase diagram (Fig. 1b) by the open square on the border
between L+¢ and L+Fe areas, where two liquid phases of dif-
ferent composition are present. Therefore, the effective

temperature in [40] was slightly above 1150 °C and could be es-
timated as Tes=1170 + 30 °C. 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 [51].
In the Ni-Nb-Y alloys the regions of two different amorphous
phases were very fine (few nm) and uniformly mixed. In this work
only one amorphous phase is present after HPT surrounding the
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Fig. 3. Dependence of magnetization J on the applied magnetic field H before
(a) and after (b) HPT.

nanograins of ¢-phase (Fig. 2). This is equivalent to the L+ ¢ area
of the Nd-Fe-B equilibrium phase diagram and is shown by the
solid circle. As conclusion, the pertinent effective temperature can
be estimated as Teg=1140 + 30 °C.

4. Conclusions

Severe plastic deformation by HPT leads to the phase transi-
tions and strong grain refinement in several metallic alloys. After
HPT of an as-cast Fe-12.3 at% Nd-7.6at% B alloy the micro-
structure contained the nanograins of the ferromagnetic Nd,Fe 4B
phase embedded in an amorphous matrix with uniform compo-
sition. The resulting microstructure is different to that obtained for
a commercial multicomponent FeNdB-based alloy where two
different amorphous phases were formed after HPT [40]. SPD-
treatment at room temperature Tspp is frequently equivalent to the
heat treatment at a certain elevated (effective) temperature Teg.
According to the composition of the phases observed in the stu-
died NdFeB-based alloy, after HPT the relevant effective tem-
perature T ~ 1140 °C.
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