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Description
Field of the Invention

[0001] The present invention relates to a method for
reprocessing of recycled Nd,Fe 4B grains from bulk sin-
tered Nd-Fe-B magnets and/or magnet scraps, to form
a starting material for novel high-performance permanent
magnets with better corrosion resistance via convention-
al and novel sintering routes. The invention also relates
to the structure of the starting material.

[0002] Securing sustainable access to Critical Raw
Materials (CRMs) is one of the most serious challenge
facing the materials sector right now. The vast majority
of the rare earth elements (REEs) used in many regions
are imported to produce permanent magnets (PMs) as
vital components for a large range of electrical devices,
and are central to "green revolution" innovations includ-
ing turbines for energy conversion, and motors for electric
mobility. The demand for REEs for making new PMs is
projected to double in period 2020-2035, with a great
increase in the availability of magnetic scrap as many
new devices start entering their end-of-life (EOL). Yet,
the overall recycling rates of magnets are close to zero,
leading to a fatalimport dependency of materials for PMs.
The need for methods to recycle and reclaim CRMs from
magnets is becoming urgent as the first generation of
electric vehicles willbegin toreach EOL in only five years.
Combined with the need for new material sources, the
drive towards improving efficiency, lightweight, and
smaller-sized devices has shifted the focus on magnetic
material technologies with energy densities peaking at
~450 kJ/m3 for neodymium-iron-boron (Nd-Fe-B) mag-
nets in the early 2000s. Further approaches to maximize
energy densities at various operating temperatures, e.g.
other alloys, textured nanocomposites or grain boundary
diffusion processes, so far delivered only incremental im-
provements at significantly higher manufacturing costs.
[0003] The presentinventionaddresses both challeng-
es simultaneously, reducing dependency on newly
mined REE CRMs, while delivering novel starting mate-
rial for novel permanent magnets with improved corro-
sion behaviour and an increased energy product at the
same time, thus surpassing substantially the existing be-
lief that Nd-Fe-B type material has come to its technical
limits with respect to energy density.

Background of the Invention and Prior Art

[0004] The improvement of the PMs performance
measured as the energy density product BH 5 (a figure
of merit for permanent magnets); has improved signifi-
cantly during time and todays strongest PMs like Nd-Fe-
B (Nd,4Feg,Bg) reach as high as 450 kJ/m3. These mag-
nets possess a great versatility when it comes to appli-
cations that arises from the fine-tuning of their chemical
composition by adding some Dy, Tb, Gd, Nb, Co, Cu,
Ga, and Al that modify some of the physical and magnetic
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properties [1]. As stated in [2] the addition of Gd is known
to improve the temperature coefficient of the coercivity.
Cu and Al are added to Nd-Fe-B to improve sintering of
the magnet alloy, while Nb is added for refining of the
magnetic grains. Ga is added as it improves the intrinsic
coercivity and the hot workability of the alloy and Co is
added to increase the Curie temperature of Nd-Fe-B
PMs.

[0005] The mechanism for the coercivity has been
thought to develop due to the magnetic isolation of indi-
vidual Nd,Fe 4B grains (~90% of the magnet) with a Nd-
rich grain boundary (GB) surrounding the grains (~ 10 %
of the magnet). Typically such a Nd-Fe-B PM would con-
tain about 31-32 wt. % of the total rare-earth elements
(REEs) concentration in the PM mainly Nd + Pr plus a
few minor, heavy rare-earth elements (HREEs) such as
Dy, Tb, and Gd [2], that exceeds the stochiometric com-
position Nd,Fe 4B that contains 26,7 wt. % Nd, 73,2 wt.
% Fe and 0.1 wt. % B by ~5-6 wt. %. Further with fully
dense sintered magnets, the non-magnetic Nd-rich
phase plays a major role in the production of REE PMs
with good magnetic properties: in a liquid-phase sintering
process that is taken into an advantage in conventional
Nd-Fe-B PMs processing, it wets the surface of the
Nd,Fe4,B matrix grains, aiding to enhanced diffusion of
atoms to promote densification, smoothing grain bound-
aries to limit the deleterious effects of local demagnetis-
ing fields at sharp edges, and providing a thin, smooth,
defect-free grain boundary layer in order to magnetically
insulate the RE,Fe 4B crystallites and provide a barrier
to demagnetisation of neighbouring grains [3]. As a re-
sult, the choice of materials for grain boundary improve-
ment is limited to those that form a liquid phase with com-
parable properties to (NdDy) during conventional sinter-
ing and ensures significant GB wetting as stated in [4]
and the references within. Nd-rich phase is however
prone to oxidation during the magnet’s lifespan, resulting
in Nd-Fe-B magnet scraps to have a higher oxygen con-
tent (~2000-5000 ppm) compared to the virgin magnets
(~300-400 ppm), that leads to poor mechanical and mag-
netic properties. As it is predicted the nucleation of the
reverse magnetization i.e. the magnetic domains occurs
at a locally low-anisotropy regions with defects or at an
area adjacent to non-ferromagnetic grains with a higher
stray field, the coercivity (H,) of sintered magnets ~1.2
T (1T= 7961 kA/m) is only ~20% of the anisotropy field
of the Nd,Fe,,B phase (uyH, ~7 T) called the Brown
paradox of magnetism [5]. To aim at high operational
temperatures of the traction motors for (hybrid) and full
electric vehicles which is approximately 200 °C, the Nd-
Fe-B ternary-based sintered magnet cannot be used due
to the thermal degradation of coercivity. To achieve still
an enough high coercivity at elevated temperatures one
would require at least H,= 3 T i.e. ~ 2400 kA/m at room
temperature. Such demanded incrementin the coercivity
is however theoretically possible by substituting approx-
imately one-third of the Nd atoms with the heavy rare
earths (HREE) Dy or Tb in order to exploit the higher-
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anisotropy field of the (Nd,Dy/Tb),Fe,,B phase [1]. But,
when substituting Nd with Dy or Tb, the remanent mag-
netization decreases because of the antiferromagnetic
coupling of the Dy and Tb with the Fe [6], causing the
maximum room temperature energy product to fall to 250
kJ/m3 [5]. In order to increase the coercivity without sac-
rificing too much magnetisation, it is necessary to locally
add the Dy and Tb, originations from Dy,03, Tb3Oy,,
DyF5, or TbF 4 using the grain-boundary diffusion process
(GBDP) [7-14]. Dy, Tb are added in small amounts (few
% wt.) on the surface of the already sintered Nd-Fe-B
magnets, where they are diffused along the grain bound-
aries towards magnet interior substituting a part of Nd in
the Nd,Fe 4B phase forming the so-called core shell
structure of the Dy, Nd,Fe 4B surrounding the Nd,Fe 4B
phase. Through the optimization of the DyFs-layer thick-
ness and a post-deposition heat treatment that leads to
grain-boundary diffusion, the coercivity was increased
by 30% with the addition of only 0.2 wt. % Dy [15, 16].
Since Nd-Fe-B PMs discovery in the 80’ the studies on
the coercivity mechanism in Nd-Fe-B PMs considered
the demagnetization mechanism to be nucleation of the
reversed magnetization domains [17]. However, in 2012
the group from NIMS in Tsukuba, proposed a mechanism
of the magnetization reversal via domain wall pinning.
They implied that the grain boundary phase separating
the matrix grains is in fact ferromagnetic instead of par-
amagnetic that supported the reversed magnetization
nucleation mechanism [18]. Taking this idea ahead, the
interfaces between the Nd,Fe 4B phase and the Nd-rich
phase could play a crucial role in the magnetization re-
versal and thus determining the coercivity [5]. However,
as the conventional powder metallurgy approaches [19]
use the Nd-Fe-B phase diagram, that assures the Nd-
rich GB phase to be in sufficient amounts. So the tailoring
of the Nd-Fe-B microstructure outside of the phase equi-
libria was up to date impossible. There were however
reports on modifying the Nd-rich GB phase, but they were
limited to thin films [20], because pure Nd,Fe 4B phase
was not available. On top, thin films are in fact not the
most appropriate system to study bulk magnetism effects
as they are burdened with the shape-prevailing-effects.
If, however the single-crystal Nd,Fe,B matrix grains can
be recovered for example by recycling of EOL sintered
Nd-Fe-B magnets, grain smoothing processes have al-
ready happened during the primary production, giving a
new degree of freedom to use other materials as grain
boundary phase to insulate the grains according to the
present invention, and to tailor the magnetic properties
during remanufacturing. Such grain recovery is possible
by recycling of EOL PMs via Hydrogen Processing of
Magnetic Scrap (HPMS) [21] or Selective Electrochem-
ical Etching (SEE) [22].

[0006] CN104959618A discloses a core-shell struc-
ture Nd-Fe-B magnetic powder high in electrical resistiv-
ity and magnetic performance and application. The Strip
Cast and Hydrogen decrepitated Nd-Fe-B powders are
subjected to NH5 gas (50-300 ml/min) at elevated tem-
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peratures 300-400°C in between 5 and 30 min. After-
wards the powders are cooled down to room tempera-
ture. A core shell microstructure of the Nd,Fe 4B matrix
phase was developed, where the shell was a nitrided
Nd,Fe,,B phase. Such NH; modified materials exhibited
enhanced properties with regards to electrical resistivity
and corrosion performance, however the magnetic prop-
erties degraded upon nitriding. CN110853854 A de-
scribes a method to increase the anisotropy of main hard
magnetic phase Nd,Fe,B phase in Nd-Fe-B permanent
magnets, via diffusion of PrHoFe alloy and ZrCu alloy
that is applied on the hydrogen crushed particles.
US2006022175 A and US2006191601 A describe the
formation of a fluorine-containing layer on the surface of
the ferromagnetic (Nd-Fe-B) powder by using a solution
containing at least one kind of alkaline earth element or
rare-earth element, and fluorine. US2014291296 A dis-
closes amethod of producing nanoparticles by spark ero-
sion and 1) coating the surface of the nanoparticles with
smaller nanoparticles; or 2) forming an oxidized coating
on the surface of the nanoparticles to produce core-shell
surface oxidized nanoparticles. Implementations of the
disclosed technology can produce permanent magnets
that include Nd-Fe-B magnets further enhanced by ad-
dition of more expensive rare earth elements, e.g., such
as Dy. For example, the disclosed spark erosion tech-
niques can produce both Nd-Fe-B magnet alloy nano-
particles (e.g., less than 100 nm, and in some examples,
less than 50 nm) and Dy or Dy-containing alloy nanopar-
ticles of comparably or smaller size that are substantially
free of surface oxide. None of these documents consid-
ers the coating of single crystalline magnetic particles
from recycled EOL magnets that are obtained via hydro-
gen treatment or of single crystallites obtained via elec-
trochemical etching. Kimura et al. [23] investigated the
influence of Ta sputtering on the magnetic properties and
microstructures of hydrogen crushed Nd-Fe-B powders
with the aim of developing an improved method for fab-
ricating anisotropic powders. However, the paper doesn’t
consider single crystalline magnetic particles from recy-
cled EOL magnets that are obtained via hydrogen treat-
ment or single crystallites obtained via electrochemical
etching.

[0007] Itis an object of the presentinvention to provide
amethod of forming a starting material for producing rare
earth permanent magnets from recycled materials and a
corresponding starting material, which allow the fabrica-
tion of high-performance Nd-Fe-B permanent magnets
from end-of life Nd-Fe-B magnets and/or magnet scraps,
in particular the fabrication of such magnets with im-
proved corrosion resistance and increased energy den-
sity product by simultaneous increase of H. and B,.

Description of the Invention
[0008] The object is achieved with the method and

starting material according to claims 1 and 9. Advanta-
geous embodiments of the method and starting material
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are subject of the dependent claims or can be derived
from the subsequent portions of the description.

[0009] In a first step of the proposed method single
Nd,Fe 4B grains of end-of-life Nd,Fe,,B magnets and/or
magnet scraps are provided. The single grains (single
crystallites) are preferably obtained from the end-of-life
Nd,Fe,,B magnets and/or magnet scraps by extracting
the single grains via hydrogen or electrochemistry assist-
ed methods, in particular by using selective electrochem-
ical etching or hydrogen decrepitation. The provided sin-
gle grains are then coated with a single layer or with a
layer sequence of one or several grain boundary mate-
rials such that said single layer or layer sequence is cov-
ering each individual grain. The grain boundary material
of said single layer or of the lowermost layer of said layer
sequence is selected from one or several metals or metal
compounds or alloys. The coated grains can then be con-
densed to bulk Nd-Fe-B permanent magnets, optionally
via subsequent thermal treatments.

[0010] The coating of the grains is preferably per-
formed with one or several of the following methods:
chemical vapor deposition (CVD), physical vapor depo-
sition (PVD), electroplating, electroless plating, electro-
phoretic deposition, powder blending, spray coating and
sol-gel, the latter with the help of a solvent, which evap-
orates after the sol-gel coating procedure at room tem-
perature or slightly elevated temperatures. The coating
method may also depend on the grain boundary material
to be coated.

[0011] Generally, the grain boundary material(s) in ad-
dition to the metals and alloys of lowermost layer, i.e. in
other layers of the layer sequence, or as a closer spec-
ification of the metals and alloys of the single layer or
lowermost layer (see (a) and (b)) may comprise any of
the following components:

(a) lanthanoid and transition metals and their alloys
(b) metals that form alloys with lanthanoides and oth-
er transition metals, preferably elements from the
rare earth elements group including light rare earths
and heavy rare earths, together with the elements
from the transition metals group of the periodic sys-
tem. If using elements from the second group they
have to wet the grain boundaries of the Nd,Fe 4B
grains, they can either form a eutectic alloy within
the system of investigation (Nd-Fe-B) or they can be
isomorphic forming solid solutions within the Nd-Fe-
B system with the melting point T below the melting
point of the Nd,Fe 4B, but at the same time not form-
ing any intermetallic or other phases with the
Nd,Fe 4B phase, if magnets are to be consolidated
via conventional liquid phase sintering.

c) metals that form alloys with lanthanoides and other
transition metals, preferably elements from the rare
earth elements group including light rare earths and
heavy rare earths, together with the elements from
the transition metals group of the periodic system.
These metals need to fulfil the condition that they
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have a melting point below the melting point of the
Nd,Fe,4B, but at the same time are not forming any
intermetallic or other phases with the Nd,Fe 4B
phase, ifmagnets are to be consolidated via sintering
methods as spark plasma sintering.

(d) lanthanoide compositions with halogen elements
and/or oxygen and/or carbon and/or nitrogen, e.g.
lanthanoide oxides or fluorides; these materials
serve as a source of lanthanoid metals upon heating
and diffusion. Tb305 for example serves as a source
for Tb metal, that diffuses into NdFeB. The same
applies when using other metal compounds which
form a source for the corresponding metal upon heat-
ing. The heating can be performed directly after ap-
plying the layer or during forming of the dense mag-
nets.

(e) polymers

(f) ceramics

(9) glue

(h) resin

(i) amorphous materials like glasses

[0012] The grain boundary material of the single layer
and of the lowermost or second layer (covering said low-
ermost layer) of the layer sequence is preferably selected
from metals, metal compounds or alloys which are rare
earth free or low in rare earth content. With this measure,
we aim to reduce the total rare earth content of the PMs
below the current ~32 wt.%. In the Nd-Fe-B PMs having
GBs with low REE content we aim at total rare earth con-
tent of the PMs of preferably 29 wt.% and below. For the
Nd-Fe-B PMs with GBs, not containing the REEs, we aim
to total rare earth content of the PMs to equal the stoi-
chiometry of Nd,Fe 4B phase that equals to 26.7 wt. %
of the REEs. Some, examples of appropriate metals or
alloys for the grain boundary material are Nd-Cu, or Cu,
Al-Cu-Zn or only Zn or Sn.

[0013] Preferably, the grain boundary material of said
single layer or of at least one layer of said layer sequence
is selected to have a lower melting point than the hard-
magnetic Nd,Fe,,B phase and doesn'’t react with that
phase. This enables the condensing of the coated grains
to permanent magnets using thermal treatments without
the need of any further binding material.

[0014] The single grains for the proposed method are
preferably obtained via selective electrochemical etching
or hydrogen decrepitation. In a preferred embodiment
the selective electrochemical etching is performed by
anodically oxidizing the Nd,Fe 4B magnets and/or mag-
net scraps using a non-aqueous liquid electrolyte. During
the anodic oxidation the Nd,Fe 4B grains in said
Nd,Fe,4B magnets and/or magnet scraps released. The
released Nd,Fe 4B grains are collected magnetically
during and/or after said anodic oxidation. Preferably the
non-aqueous liquid electrolyte is formed of a transition
metal-based salt in a non-aqueous bath.

[0015] In an alternative preferred embodiment the hy-
drogen decrepitation is performed by treating the
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Nd,Fe,,B magnets and/or magnet scraps with hydrogen
gas. The hydrogen decrepitation releases a friable, de-
magnetised, hydrogenated powder from said Nd,Fe 4B
magnets and/or magnet scraps. The powder contains an
interstitial hydride of Nd,Fe,,BHx (particles of 10 mi-
crons) and smaller particles (<1 micron) from the grain-
boundary phase (NdH, ;) of the magnets and/or magnet
scraps.

[0016] The starting material according to the present
invention is the result of the proposed method. The start-
ing material comprises single Nd,Fe4B grains of end-
of-life Nd,Fe,B magnets and/or magnet scraps, which
grains are coated with a single layer or with a layer se-
quence of one or several grain boundary materials such
that said single layer or layer sequence is covering each
individual grain. The grain boundary material of the single
layer or of the layers of the layer sequence is selected
according to one or several embodiments of the above
method.

[0017] Withthe proposed method and starting material
novel bulk permanent magnets with increased properties
and better corrosion resistance can be formed from end-
of life Nd-Fe-B magnets and/or magnet scraps using dif-
ferent kinds of densification methods. By starting from
single Nd,Fe 4B grains, first the Nd-rich grain boundary
can be exchanged with a novel grain boundary phase
(based on a low amount of REEs or based on composi-
tions that don’t contain any REEs) that is not prone to
corrosion. In addition, starting from the single grains, the
amount of the HREEs elements like Dy, can be finetuned
to the ultimate concentration, that increases the coerciv-
ity (Hc;) leaving the remanence (B,) unaffected, thatleads
to an increased energy product (BH,,,x)-

Brief description of the Figures

[0018] Embodiments of the invention will now be dis-
cussed with reference to the accompanying figures,
which show:

Figure 1: Single Nd,Fe 4B crystals obtained via hy-
drogen treatment (left), and via selective electro-
chemical etching (right).

Figure 2: A schematic diagram showing convention-
al sintering and annealing of Nd,Fe,,B magnets (a),
grain boundary diffusion of sintered magnets (b), and
the formation of Nd,Fe,,B magnets according to the
present invention (c).

Embodiments of the Invention

[0019] The present invention suggests a new ap-
proach to increase the performance of Nd-Fe-B based
permanent magnets: Single-crystal Nd,Fe,B particles
recycled from end-of-life magnets are coated in nanom-
eter- to micrometer thicknesses with grain boundary ma-
terials that are preferably either completely RE-free or
much lower in RE-content than currently known grain
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boundary phases, before producing the magnet. This al-
lows much more efficient use of scarce heavy-REE ma-
terials like Dy or Tb, and also the introduction of com-
pletely new grain boundary phase materials in single-
layer or multi-layer configurations, consisting of e.g. met-
als, alloys, polymers, ceramics or glasses (and combi-
nations thereof), enabling to improve coercivity and re-
manence of the material at the same time. If single-crystal
Nd,Fe44,B matrix grains can be recovered by recycling
of sintered magnets, grain smoothing processes have
already happened during primary production, giving a
new degree of freedom to use other materials as grain
boundary phase to insulate the grains, and to tailor the
magnetic properties during remanufacturing.

[0020] Such recovery is possible by Hydrogen
Processing of Magnetic Scrap (HPMS)[21] and Selective
Electrochemical Etching (SEE) [24]. With HPMS, on ex-
posure to hydrogen the sintered Nd-Fe-B magnets break
down into a friable, demagnetised, hydrogenated powder
containing an interstitial hydride of Nd,Fe4BH, (10 mi-
crons) and smaller particles (<1 micron) from the grain-
boundary phase (NdH, ;), as shown in Figure 1, left. The
particle size corresponds to single-crystal Nd,Fe 4B ma-
terial (-10 wm), with agglomerates of Nd-rich phase/ox-
ides particles, which are mechanically separated in an
after-treatment process (e.g. in wind separators or mag-
netic separators). The SEE procedure is based on the
electrochemical anodic etching of sintered Nd-Fe-B mag-
nets in a non-aqueous dimethylformamide/FeCl, bath.
Selective recovery of Nd,Fe 4B grains is realized with
application of current densities < 10 mA cm2. The etching
priority of phases (metallic Nd > intergranular NdFe,B,
> matrix Nd,Fe4B) results in granular decomposition of
the magnet, as shown in Figure 1 (right). The Nd,Fe 4B
grains are then separated from the nonmagnetic grain-
boundary phase (mainly consisting of Nd,O5, Dy,05 and
NdB,). Starting with the RE,Fe 4B grains that were re-
covered after the electrochemical selective leaching or
the HPMS process to remove the Nd-rich phases and
impurities, we are able to both minimize the amount of
the grain-boundary phase that is introduced in a form of
a sintering aid and tailor its chemical composition.
[0021] The removed Nd,Fe,4B grains are preferably
coated depending on the material

1. Via conventional powder blending techniques of
powder metallurgy, here the elements from the rare
earth elements group including light rare earths and
heavy rare earths are selected (but not necessary),
together with the elements from the transition metals
group of the periodic system. The elements from the
second group have to form an eutectic alloy within
the system of investigation (Nd-Fe-B), need to have
the melting T below the melting point ofthe Nd,Fe,,B
and don’t react with the matrix phase Nd,Fe4,4B, for
the conventional sintering approach.

2. Via conventional powder blending techniques of
powder metallurgy, here the elements from 1. need



9 EP 4 066 963 A1 10

to fulfil the condition that they have a melting point
below the melting point of the Nd,Fe 4B phase, but
at the same time are not forming any intermetallic or
other phases with the Nd,Fe 4B phase, if magnets
are to be consolidated via sintering methods as spark
plasma sintering.

3. Via chemical vapor deposition (CVD) and physical
vapour deposition (PVD), here the elements from
the group of rare earths, transition metals are con-
sidered as well as polymers.

4. Via electroless and electroplating, where the ele-
ments from the transition metals group of the periodic
system are considered, as well as their alloys. Here
the elements or and alloys have to form an eutectic
alloy within the system of investigation (Nd-Fe-B)
and don’t react with the matrix phase Nd,Fe4B.

5. Via sol gel and electrophoretic deposition tech-
niques here the elements forming glasses or ceram-
ics are applied.

[0022] Figure 2 shows the concept of the invention in
comparison to coating of the magnetic particles via state-
of-the-art methods. State of the art approaches Fig. 2a
and Fig. 2b show conventional sintering and annealing
(a) and grain boundary diffusion of sintered magnets (b).
In the conventional method of Fig. 2a Nd,Fe 4B grains
1 with Nd-rich phase are mixed with Dy-rich particles 2
and then sintered and annealed to form the dense mag-
nets. This results in corresponding Nd, Dy-rich grain
boundaries 3. Using the technique of grain boundary dif-
fusion of Fig. 2b, Dy, Tb elements 4 are added in small
amounts on the surface of already sintered Nd-Fe-B
magnets, where they are diffused along the Nd, Dy-rich
grain boundaries 3 towards magnet interior substituting
a part of Nd in the Nd,Fe,B phase and forming a Nd,
Dy, Tb -rich grain boundary 5. The present invention is
presented in scheme (c) by way of example - grain bound-
ary engineering of recycled magnet powder. On the left
side the recycled single crystalline powder particles 6 are
presented that are coated in this example with metal el-
ements (Element A, layer 7), e.g. lanthanoide elements
and/or their alloys, and alloys (Element B, layer 8) with
or without the lanthanoide elements. The binding for
forming the dense magnets from the coated grains is
done either via the grain material (A, B) of the lowermost
two layers or via glasses or ceramics C or polymers D of
one or several further layers. The coated single
Nd,Fe,B grains 6 are then bonded by means of heat,
pressure, evaporation of a solvent or a combination
thereof to form a dense magnet. In this magnet the single
grains 6 are separated by each other, as shown in Fig.
2c, by the coating 9 formed of the grain material of the
lowermost two layers (A, B or AB) and by a coating 10
formed in this example by the ceramics C or polymers
D. Generally, this further coating 10 may be formed of all
involved materials or material combinations A, B, C, D.
[0023] The right-hand side of Fig 2 shows a compari-
son ofthe HC-BR-diagrams of the magnets achieved with
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the different methods, wherein the solid line refers to the
method of Fig. 2a, the dashed line to the method of Fig.
2b and the dotted line to the method of Fig. 2c.

[0024] The rare earth recycled magnet starting mate-
rial produced by the method of the invention can be used
for forming dense magnets. The magnets are densified
by liquefaction and subsequent hardening of at leastone
of the layers of the grain boundary phase. This can be
achieved by all materials that are liquid at temperatures
below the melting point of the Nd,Fe4B hard-magnetic
phase: metals with respective melting points, polymers,
but also glue, resin, or amorphous materials with respec-
tive melting points like some glasses.
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Claims

A method of forming a starting material for producing
rare earth permanent magnets from recycled mate-
rials, at least comprising the following steps:
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- providing single Nd,Fe 4B grains (6) of end-
of-life Nd,Fe 4B magnets and/or magnet
scraps, and

- coating the grains (6) with a single layer or with
a layer sequence (7, 8, 10) of one or several
grain boundary materials such that said single
layer or layer sequence (7, 8, 10) is covering
each individual grain (6),

wherein the grain boundary material of said single
layer or of a lowermost layer (7) of said layer se-
quence (7, 8, 10) is selected from one or several
metals or metal compounds or alloys.

The method according to claim 1,

wherein the coating of the grains (6) is performed
with any of the following methods: blending, chemi-
cal vapor deposition (CVD), physical vapor deposi-
tion (PVD), electroplating, electroless plating, elec-
trophoretic deposition, powder blending, spray coat-
ing and sol-gel.

The method according to claim 1 or 2,

wherein the grain boundary material of said single
layer or of at least one layer of said layer sequence
(7, 8, 10) is selected to have a lower melting point
than the hard-magnetic Nd,Fe 4B phase.

The method according to any one of claims 1 to 3,
wherein the grain boundary material of said single
layer is selected from metals or metal compounds
or alloys which metals, metal compounds or alloys
are rare earth free or low in rare earth content.

The method according to any one of claims 1 to 3,
wherein the grain boundary material of said lower-
most layer (7) of said layer sequence (7, 8, 10) is
selected from heavy rare earth elements or their al-
loys or compounds.

The method according to claim 5,

wherein the grain boundary material of a second lay-
er (8) covering said lowermost layer (7) in said layer
sequence (7, 8, 10) is selected from metals or metal
compounds or alloys which metals, metal com-
pounds or alloys are rare earth free or low in rare
earth content.

The method according to any one of claims 1 to 3,
5 and 6,

wherein the grain boundary material of at least one
further layer (10) of said layer sequence (7, 8, 10) is
selected from any one of the following material
groups: polymers, ceramics, glue, resin and amor-
phous materials like glasses.

The method according to any one of claims 1 to 7,
wherein the step of providing single Nd,Fe 4B grains
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(6) of end-of-life Nd,Fe,,B magnets and/or magnet
scraps includes the step of recovering the grains (6)
from the end-of-life Nd,Fe 4B magnets and/or mag-
net scraps using selective electrochemical etching
or hydrogen decrepitation.

A starting material for forming rare earth permanent
magnets, comprising single Nd,Fe 4B grains (6) of
end-of-life Nd,Fe;4sB magnets and/or magnet
scraps,

said grains being coated with a single layer or with
a layer sequence (7, 8, 10) of one or several grain
boundary materials such that said single layer or lay-
er sequence (7, 8, 10) is covering each individual
grain (6),

wherein the grain boundary material of said single
layer or of layers of said layer sequence (7, 8, 10) is
selected according to the method of one or several
of the preceding claims.

The starting material according to claim 9,
wherein the layer sequence comprises

--- a first lanthanoide rich layer (7) as said low-
ermost layer, formed directly on a surface of
each individual grain (6);

--- a second layer (8) based on lanthanoides
and/or other metals and/or their alloys,

--- at least one further layer (10) formed on the
second layer (8).

The starting material according to claim 9,
wherein the layer sequence comprises

--- a first layer (8) based on lanthanoides and/or
other metals and/or their alloys as said lower-
most layer, formed directly on a surface of each
individual grain (6); and

--- at least one further layer (10) formed on the
first layer (8).

The starting material according to claim 10 or 11,
wherein said at least on further layer (10) is formed
of any one of the following material groups: poly-
mers, ceramics, glue, resin and amorphous materi-
als like glasses.

The starting material according to any one of claims
9to 12,

wherein the grain boundary material of said single
layer or of at least one layer of said layer sequence
(7, 8, 10) is selected to have a lower melting point
than the hard-magnetic Nd,Fe,,B phase.

Use of the starting material according to any one of
claims 9 to 13 for forming dense magnets, wherein
the coated single Nd,Fe 4B grains (6) are bonded
by means of heat, pressure, evaporation of a solvent
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or a combination thereof to form a magnetic struc-
ture, wherein the single grains of the hard magnetic
Nd,Fe,4B phase are separated by each other in this
structure with a grain boundary phase formed by the
grain boundary material(s).
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