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Abstract
Rare earth permanent magnets are an integral part of many electrical and electronic devices as well as numerous other

applications, including emerging technologies like wind power, electric vehicles, fully automized industrial machines, and

robots. Due to their outstanding properties, magnets based on Nd–Fe–B alloys are often not substitutable by employing less

critical material systems. Today, WEEE (Waste Electrical and Electronic Equipment) take-back systems for a variety of

products containing Nd–Fe–B magnets are well established. They form an ideal basis for a systematic provision of scrap

magnets that can be recycled. Hydrometallurgical approaches that aim at completely dissolving the material to regain

elements or oxides are energy and time consuming. Thus, they are costly and come with a large environmental footprint.

Recycled rare earth elements and oxides would have to compete with virgin materials from China and can hardly be

processed in Europe, due to the lack of respective industries. This paper presents material-to-material recycling approaches,

which would maintain the magnet alloys and use them directly for a new magnet production loop. The recycled magnets

compete well with those made from primary materials, that is, in terms of magnetic properties as well as in terms of

production costs. They excel by far rare earth permanent magnets made from primary materials regarding the environ-

mental footprint. Regarding the shift towards a Green Economy, humanity will consume less fuels in combustion processes

but rather exploit functional materials in renewable energy and mobility technologies in the future. This shift funda-

mentally depends on a circular economy of noble as well as less-noble technology metals.
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Introduction

As a result of the development of various high-technology

applications and ever-shorter life-cycles over the recent

decades, WEEE (Waste Electrical and Electronic Equip-

ment) has become the fastest growing waste stream in

Europe [1]. Many of these products (consumer electronics,

household devices) are currently recycled for their base

metal contents, primarily for copper, cobalt, and nickel, as

well for their precious metal contents—especially gold,

silver, and platinum, which come in lower concentrations.

Less-noble speciality metals, which are often indispensable

for functional materials, like Ta, Ga, Li, and rare earth

metals, are not extracted from WEEE in most cases, pri-

marily because the raw materials prices are too low [1].

This is a fundamental dilemma for all innovations that aim

at boosting a circular economy of functional materials that

are so desperately needed in many different kinds of

strategic and emerging technologies. In fact, among others,

the group of rare earth elements (REEs) (comprising light

and heavy rare earth elements) was defined as the one

comprising materials with the highest supply risk of the 26

listed materials by the European Commission in 2017 [2]—
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a similar assessment as in the previous lists in 2014 and

2010 [3, 4].

Rare Earth Elements in Electrical and Electronic
Equipment

Within the group of REE, four elements—Nd, Pr, Dy, and

Tb—are mainly used for the production of high-end per-

manent magnets. Magnets based on Nd–Fe–B, supple-

mented by Dy and/or Tb for high-temperature applications

like electric motors, exhibit by far the highest energy

densities and are considered as the best available and often

not substitutable permanent magnet material [5, 6]. These

magnets are not only employed in electronic and IT

equipment (smartphones, loudspeakers, headphones, hard

disk drives) but also in electric motors and generators used,

i.e., in vehicles, electric bikes and scooters, and wind tur-

bines. Rising demands are expected in the future particu-

larly in mobility and clean energy technologies; but also in

electronics: Nd–Fe–B is the candidate material for all

applications that contain rotating and moving systems that

require highest power density to design and build as

compact as possible [5, 7, 8].

More than 90% of the Nd–Fe–B permanent magnets on

the market are produced by a powder metallurgy route:

Nd–Fe–B flakes made by strip-casting are pulverized by

hydrogen processing, jet-milled, then pressed in a magnetic

field to anisotropic green bodies and finally sintered,

annealed, cut, ground, and polished [9, 10]. Advanced

industrial processing may also include a post-sinter heat

treatment for an additional infiltration of the heavy rare

earths Dy and/or Tb to improve coercivity, the so-called

grain boundary diffusion process (GBDP).

Alternative processing routes are based on nanocrys-

talline Nd–Fe–B powders. They can be either produced via

melt-spinning for the production of isotropic polymer-

bonded or anisotropic hot-deformed magnets; or by HDDR

(hydrogenation, disproportionation, desorption, and

recombination) treatment for the production of anisotropic

polymer-bonded magnets.

Approaches Dealing with Criticality of REEs

Even though some of the constituents of Nd–Fe–B have

been classified as critical resources, or in the case of heavy

REE (Dy, Tb) as highly critical elements, due to their

outstanding properties, no equivalent substitute for Nd–Fe–

B magnets has been found yet. Elemental substitution of

Nd by elements having a lower supply risk, like La, Ce or

mischmetal is under investigation and recent progress in

this field has been reported [11, 12]. Additional mining of

REE is obviously a solution to meet the future demands.

However, mining is a complex and long-term venture that

comes with a large environmental footprint. In addition,

most deposits are dominated by less important Ce and La

whereas Nd, Dy, Tb, and Pr co-occur in much lower

amounts, which is referred to as the balance problem [13].

Many deposits for REE have been identified and were

explored in the last decade, but only the Australian Mount

Weld mine has been put into operation and in North

America the Mountain pass resumed business for some

time. After Molycorp Inc., the former owner of the

Mountain Pass Mine in California had to file for bank-

ruptcy, the mine was recently bought by a Chinese con-

sortium [14]. Kvanefjeld deposit in southern Greenland is

on an advanced stage of exploration with the prospect to

start mining in the next years [15, 16]. Besides counter-

acting a potential lack of REE by substitution and inten-

sified mining, the recycling of used scrap magnets from

end-of-life products like WEEE can contribute to close the

forecast gap between supply and demand for the years to

come [13, 17, 18].

Generally, there are three options to ‘‘recycle’’ used Nd–

Fe–B magnets as depicted in Fig. 1: (1) direct re-use, (2)

recycling of the permanent magnet alloy, and (3) elemental

recycling, that is, the complete dissolution of the magnet

and extraction of the REE or oxides [20, 21]. The eco-

logically and economically best route, of course, would be

to directly re-use the magnets. However, due to the specific

designs of products that come with very specific magnet

specifications (shape, dimensions, chemical compositions,

magnetic properties), in reality, this option is mostly not

economically feasible. Regaining elements or oxides by

hydrometallurgy comes with complex processes and an

extensive use of chemicals [22]. The main application for

Nd, Dy, Pr, and Tb are for the use in permanent magnets

[23]. Keeping and recycling the magnetic alloy as a whole

appears to be very attractive in terms of energy, environ-

mental, and raw materials costs.

Fig. 1 Recycling approaches based on Ref. [19]
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Alloy Recycling by Adaption of Existing
Production Processes

One way to transform scrap magnets into new magnets by

using the processes from established powder metallurgical

production is to start with hydrogen decrepitation (HD) of

the scrap magnets [24, 25]. The resulting powder can be

further processed via jet-milling, aligning and pressing,

sintering, and annealing. Taking into account the chal-

lenges in dismantling of the end-of-life products, this way

of recycling is of particular interest as HD enables an

energy-efficient way to dismantle, demagnetize, and pul-

verize the magnets in one process step [25].

Another way is the melt-spinning route where the scrap

magnets are inductively melted in a crucible and subse-

quently cast through a nozzle onto a water-cooled copper

wheel. This requires a previous dismantling of the scrap

magnets but offers the chance to clean the dismantled

materials from contaminations, i.e., via sandblasting. Due

to the high rotation speed of the wheel (e.g., 30–40 m/s),

the melt is rapidly solidified with cooling rates of up to 106

K/s. On the macroscale, the material solidifies in the shape

of flakes, due to the brittleness of the alloy, while on the

microscale a very fine structure (nanocrystalline or amor-

phous) is formed with typical grain sizes of 5–50 nm [10].

After milling of the flakes the coarse powder with particle

sizes of some hundred micrometers can be employed to

produce either isotropic polymer-bonded or anisotropic

hot-deformed magnets. Depending on the intended use of

the material, the chemical composition and degree of

crystallinity can be adapted during the melt-spinning pro-

cess [26, 27]. Recycling via melt-spinning offers some

advantages compared to the above described recycling by

HD processing. Melt-spinning enables a compositional as

well as a microstructural optimization of the resulting

flakes. In addition, due to slag formation during melting, it

also reduces the oxygen content of the scrap magnet

material, which is particularly interesting for the recycling

of severely oxidized magnets [28]. However, this process

comes with losses through slagging in the crucible.

Previous studies on recycling of permanent magnets

revealed that alloy recycling of permanent magnets is

possible in principle, but without adaptions the resulting

magnetic properties will be lower than those of primary

material [23, 25, 29]. Regarding sintered magnets, the

addition of rare earth hydrides could optimize the magnetic

properties [30, 31], while for melt-spinning elemental

additions of Nd, Ga and Co before melting show a positive

effect on the hot workability of the alloy and therefore also

on the resulting magnetic properties.

Further improvement of the recycled magnets can be

achieved by applying processes known from primary

production like grain boundary diffusion [32]. Depending

on the performance of the scrap magnet, it is even possible

to achieve higher magnetic properties by modification the

grain boundary of the recycled magnet [33].

This work presents and compares different alloy recy-

cling approaches that have the potential to compensate the

losses of the magnetic properties and achieve values

comparable with those of primary materials.

Experimental

For both alloy recycling approaches (HD process and melt-

spinning), scrap magnet material from electric motors were

employed. The resulting magnet powders were either

mixed with primary material, or low contents of specific

elements were added to optimize the magnetic properties of

the recycled material.

Sintered Magnets from Hydrogenated Scrap
Magnets

Scrap magnets were hydrogenated at 2 bar hydrogen

pressure and room temperature for 90 min and subse-

quently dehydrided at 500 �C in vacuum. Afterwards, the

HD powder was jet-milled with a classifier wheel speed of

5000 rpm using a 6 bar nitrogen milling pressure with a

feed rate of 0.5 kg/h. The oxygen partial pressure in the

mill was monitored with three lambda sensors. In a first

series of experiments, the material was mixed prior to

pressing and sintering with varying amounts of NdH2 of up

to 6 wt%, to compensate for expected losses in remanence

Br due to O-contamination of the recycled material. In a

second series, the partially dehydrided and jet-milled

powder was mixed with fresh, heavy rare earth free Nd–

Fe–B powder made from primary materials. The final

samples contained up to 30 wt% of recyclate; no further

elements were added.

For both series, the powders were mixed using a mixer

mill at a frequency of 15 s-1 for 15 min. The mixed

powders were aligned at an external field[ 2 T and

pressed with approximately 0.5 kN with alignment per-

pendicular to the pressing direction. The anisotropic green

compacts were sintered at 1080 �C for 4 h and annealed at

500 �C for 2 h under vacuum of up to 3 9 10-7 mbar in

case of the first series of experiments. The sintering pro-

gram for the second series was changed to 1080 �C for 1 h

with a low-temperature annealing step at 500 �C for 1 h,

considering that these powders contain significantly lower

ratios of heavy REE after blending with the primary

material. All production steps were done under argon

atmosphere or vacuum.
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The particle size of the initial powders were measured

using a Mastersizer 3000 (Malvern Instruments Limited).

Impurities of oxygen were determined by a hot-gas-ex-

traction system ONH 836 (LECO Corporation). The den-

sities were measured by Archimedean principle in ethanol

three times for each sample to calculate an average density.

For the magnetic characterization of the samples, a per-

magraph system (MAGNET-PHYSIK Dr. Steingroever

GmbH) was used. Measuring a maximum magnetic field of

about 2000 kA/m was possible. Magnets having higher

coercivities at room temperature were therefore measured

at 80 �C. Their room-temperature properties were deter-

mined using respective temperature coefficients derived

from higher temperature values.

Hot-Deformed Magnets from Melt-Spun Scrap
Magnets

Melt-spinning of the scrap magnets was carried out at Ar

atmosphere and at temperatures of up to 1400 �C (mea-

sured via pyrometer). The melted material was solidified on

a rotating copper wheel at circumferential speeds of 36 m/

s. In case of elemental additions, the elements were melted

in the crucible together with the scrap magnet material. The

resulting flakes were milled by ball-milling to a coarse

powder with particle sizes of some hundred micrometers.

In the first experimental series, the recycled melt-spun

powder was milled and mixed with commercially available

powder with ratios of the recyclate fraction up to 50 wt%.

For the second experiment, no commercially available

powder but pure elements were added to optimize the

composition for melt-spinning and hot-workability.

The composition of a mixture of scrap magnets was

changed by additions of Co and Ga from a sintering to

melt-spun alloy composition suitable for production of hot-

deformed magnets. Gallium is known to be beneficial for

hot-workability, whereas cobalt enhances corrosion resis-

tance and Curie temperature. Neodymium is added to cover

rare earth losses caused by oxidation and to enhance the

amount of liquid grain boundary phase during hot defor-

mation [34, 35]. Boron is added for balance.

These powders were hot pressed at 725 �C with a

pressure of 90 MPa for 2 min in vacuum in order to pro-

duce isotropic cylinders with diameter of 13.5 mm. The

cylindrical precursors were subsequently hot deformed at

750 �C in inert Ar atmosphere with a pressure of 100 MPa

using a deformation speed of 0.01 s-1 to obtain a final

diameter of 22.5 mm, corresponding to a degree of defor-

mation of u = 1.0.

Results and Discussion

Recycled Sintered Magnets

Composition of Used Alloys

The composition of the scrap magnets and the primary

material was analyzed with inductively coupled plasma

optical emission spectrometry (ICP-OES). The scrap

magnet contains about 8.58 wt% Dy while the heavy rare

earth content of the primary material is negligibly small

(Table 1).

Particle Size and O-Content

Small particle sizes with a fine grain size distribution and

low oxygen contents are crucial for the processing of Nd–

Fe–B permanent magnets to achieve high densities.

Table 2 shows the d10, d50, and d90 values of the differently

produced powders. The d50 values of NdH2 dopant material

as well as the primary and recycled powders are quite

similar; they account for 5.74, 4.81, and 5.25 lm, respec-

tively. Figure 2 depicts the measured particle size distri-

bution of primary (Fig. 2, top) and recycled (Fig. 2,

bottom) Nd–Fe–B powder. It can be seen that the particle

size distribution is broader for the primary powder.

It is well known that rare earth materials are very sen-

sitive to oxidation. The oxygen study in chapter 3.3 shows

this influence on different kinds of materials. If the

O-content exceeds a critical value (,we identified 0.5 wt%

as a limit), it is not possible to reach high sintering den-

sities. In our experiments, after HD and jet-milling, the

recycling material has an O-content of 0.36 wt% (see

Fig. 3). During sintering under vacuum the O-content

slightly increases by 0.08–0.44 wt% for the magnets with

NdH2 addition. Since the recycled material has a higher

O-content than the primary material, consequently, the

O-content increases for magnets with increasing recyclate

fraction (Fig. 3, bottom graph).

Density and Microstructure

The measured densities of the magnets are shown in Fig. 4.

The 100% recycled magnet with no further additives shows

a density of 7.51 g/cm3. With increasing amount of NdH2

the density also increases up to 7.58 g/cm3 for the sample

with 6 wt% NdH2. However, all recycled magnets do not

reach the ideal density of the original scrap magnet of

7.71 g/cm3. All magnets of this first series are produced

under the same conditions and sintered with the same

temperature profile. The cause for the increase of density

with increasing amount of NdH2 is due to the
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compensation of oxidized REE with free Nd. The oxidized

REE have higher melting points and therefore do not

contribute to liquid phase sintering. For a further increase

in density, a higher amount of NdH2 can be used. Another

option is a further optimization of the sintering program

like a longer holding time at sintering temperature.

The microstructure of the scrap magnet and the recycled

magnet (100%) without NdH2 addition are shown in Fig. 5.

The grain size in the case of the recycled magnet is in the

range from 3 to 7 lm, and the grains are separated by a rare

earth-rich phase, which is typical for Nd–Fe–B. Further,

the rare earth-rich triple junctions are distributed in the

microsturctre comparable to the scrap magnet. In addition,

some small disruptions in the Nd2Fe14B grains can be

identified for the recycled magnet as marked with the circle

in Fig. 5 (right). These disruptions can cause the decrease

in density with respect to the scrap magnets.

The density of the recycled magnets mixed with primary

material decreases with increasing amount of recycling

Fig. 2 Particle size distribution of primary (top) and recycled

(bottom) Nd–Fe–B powder (Color figure online)

Fig. 3 O-content of raw materials and recycled magnets of the first

(top) and the second sintering series (bottom)

Table 1 Composition of the

used scrap magnets and primary

material in weight percent

Nd Pr Dy Fe B Co Cu Ga Ti Al

Scrap magnets 21.8 0.1 8.58 65.5 1.07 2.31 0.21 0.17 0.12 0.38

Primary material 23.0 6.25 0.01 67.0 0.99 2.03 0.15 0.20 – 0.12

Table 2 Particle size of primary and recycled Nd–Fe–B as well as of

the NdH2 powder

D10 (lm) D50 (lm) D90 (lm)

Primary material 1.94 4.81 9.85

Recycling material 2.69 5.25 8.88

NdH2 0.89 5.74 14.0
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material (Fig. 4 bottom). Higher amounts of recycled

material lead to an increase of Nd oxide of the magnets

which results in a smaller amount of liquid grain boundary

phase. Another reason for the decrease in density is the

difference in composition of the recycled and the primary

material. While the primary material contains only 0.01

wt% Dy the recycled material contains 8.85 wt%. The

composition affects the optimum sintering and annealing

procedure. Ideally, for each mixing ratio a sintering and

annealing optimization has to be done.

Magnetic Properties

Figure 6 depicts the measured demagnetization curves of

the recycled sintered magnets with the addition of NdH2

(Fig. 6 top) and of the mixing series of primary with

recyclate material (Fig. 6 bottom). For the NdH2 series, the

demagnetization curve of the used scrap magnet is given by

the solid black line. The dashed lines show the results of

the recycled magnets. Due to the high coercivities at room

temperature the magnets of the NdH2 series were measured

at 80 �C (compared with extrapolated room-temperature

values presented in Fig. 9).

For the mixing series of primary with recycling material,

the demagnetization curve of the primary material magnet

is presented by the solid black line. The dashed lines show

the curves of the magnets with recycled fraction. These

measurements were made at room temperature. The mea-

sured data of both series are also summarized in Table 3.

For the first series, the used scrap magnets have a

remanence Br of 1.11 T, a coercivity of 1838 kA/m, and a

maximum energy product of 243 kJ/m3 at 80 �C. With no

further additives, the recycled magnets lose 6% in rema-

nence and 15% in coercivity. This decrease of magnetic

performance may be caused by the contamination with

oxygen (see Fig. 4). Also the temperature program for

sintering and annealing is most likely not ideal for the

production of the modified alloy composition. This is a

general issue in the recycling of different or unknown scrap

magnet materials. For every change in alloy composition,

the temperature program needs to be adjusted.

The addition of 2 wt% NdH2 to the recycled powder

induces an increase in coercivity of the recycled magnet of

9% to 1699 kA/m, while remanence remains constant. This

is due to the compensation of oxidized rare earth elements.

A further increase of the NdH2 content leads to a decrease

in coercivity and remanence to values below those for the

Fig. 4 Densities of the primary and recycled magnets with (top) and

without additives (bottom)

Fig. 5 SEM images of the scrap

magnet (left) and the recycled

magnet without NdH2 addition

(right) (Circle marking a

disruption in the Nd2Fe14B

grains)
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sample without NdH2. As shown above, the O-content of

the magnets with 4 and 6 wt% NdH2 is slightly higher than

those of the sample with 2 wt% NdH2.

In the second series, an increase of coercivity with the

increasing content of recycled material is observed. 10 wt%

addition of recycled material leads to an increase of Hc by

8%, while 30 wt% addition leads to an increase of 42%.

The values of Br and (BH)max decrease with the increasing

recycling material. The used scrap magnets contain 8.58

wt% Dy, while the primary material only contains 0.01

wt% of it. Heavy rare earth elements like Dy or Tb sub-

stitute Nd atoms in the Nd2Fe14B matrix phase. The

resulting (Nd,Dy)2Fe14B grains have a higher magne-

tocrystalline anisotropy than the pure Nd2Fe14B matrix

phase. This leads to a higher resistance against demagne-

tization which is reflected in a higher coercivity. On the

other hand, Dy atoms couple antiferromagnetically with Fe

which leads to the decrease in remanence [36].

Recycled Hot-Deformed Magnet

Composition of Used Alloys

For the first series of experiments, the melt-spun flakes

from scrap sintered magnets with a Dy-content of 6.1 wt%

were mixed after milling with a commercially available

primary, heavy rare earth free Nd–Fe–B powder. Table 4

shows the chemical composition measured by ICP-OES of

the recyclate after melt-spinning and of the primary melt-

spun powder.

For the second experiment, a mixture of scrap magnets

with a Dy-content of 2.26 wt% was blended with additions

of Nd, B, Ga, and Co in order to get an alloy with good hot

workability. The chemical composition of the final melt-

spun flakes still slightly differs from the targeted alloy

composition which would represent a typical commercial

alloy for hot deformation (Table 5). Particularly, the total

rare earth metal content is rather high. Co, Ga, and Al

contents are similar in both alloys. The resulting flakes

consist of about 92 wt% of recycled magnet material and

about 8 wt% pure elemental additions (Nd, Co, Ga, B).

Magnetic Properties

The milled melt-spun powder from scrap magnets with a

Dy-content of 6.1 wt%, a Pr-content of 5.5 wt%, and a Nd-

content of around 20 wt% was mixed with primary material

in ratios of 0:100, 20:80 and 50:50. After hot pressing and

deformation of the mixed samples the magnetic properties

were measured with a permagraph at room temperature.

For the second experiment with a Dy-content of 2.26 wt%,

about 8 wt% was added during melting, and no primary

material was added after milling. Magnetic properties of

the different mixtures as well as the Dy-content resulting

from the mixed ratio are shown in Table 6.

Fig. 6 Demagnetization curves of the produced sintered magnets of

the first (top) and second (bottom) series of experiments

Table 3 Magnetic properties of the sintered magnets measured at

80 �C and room temperature

Sample Br (T) Hc (kA/m) (BH)max (kJ/m3) T (�C)

scrap magnet 1.11 1838 243 80

no NdH2 1.04 1561 206 80

2 wt% NdH2 1.04 1699 206 80

4 wt% NdH2 1.01 1489 194 80

6 wt% NdH2 0.99 1365 188 80

primary material 1.33 874 336 RT

10 wt% recycled 1.31 945 330 RT

20 wt% recycled 1.28 1131 313 RT

30 wt% recycled 1.25 1247 300 RT
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A higher recyclate fraction results in a loss of rema-

nence but also a significant rise in coercivity. This can be

explained by the increased Dy-content (cf. chapter 3.1.4).

In the case of the sample with only * 8 wt% of virgin

material, coercivity is increased as well, but remanence

decreased dramatically (Fig. 7). The melt-spinning and

hot-deformation processes have to be optimized for the

given scrap magnet compositions.

A Systematic Study of the Oxygen Uptake in Nd–
Fe–B Materials

For either recycling route, close track of the oxygen con-

tent of the magnet material was kept during all processing

steps by hot-gas-extraction technique. In order to determine

how critical an exposure to air might be, a systematic study

of the chemical stability regarding the oxygen uptake of

several magnet materials (primary as well as recycled) was

performed. Some of the starting magnet materials (in the

following denoted as in the as-is state) were further pro-

cessed into various other states as listed in Table 7. In

order to have a holistic view of the diverse magnet mate-

rials and states, also powder material related to HDDR

processing (disproportionated/recombined state) was under

investigation.

The O-, H- and N-values of the samples under investi-

gation were measured in the as-is state (no exposure to air

prior to measurement). The further processed samples were

also analyzed directly (0 min) as well as after 10 min and

300 min exposure to air. Figure 8 displays a selection of

the measured O- and H-values, each data point representing

the average value of 3 measurements. As listed in Table 7,

the study also included the behavior of ground cast and

melt-spun material. Those materials already exhibited low

O-values in the as-is state (0.089 wt% for melt-spun and

0.046 wt% for ground cast material) and even after

300 min in air, no significant rise in O-content was

Fig. 7 Magnetic properties of hot-deformed recycled magnets with

different contents of recycled materials (Color figure online)

Table 4 ICP Measurements of

the melt-spun scrap magnets

flakes and the primary material

Nd Pr Dy Fe B Co Cu Ga Al

Melt-spun flakes (recyclate) 19.8 5.5 6.1 65.6 0.85 2.1 0.23 0.25 0.90

Primary melt-spun powder 29.2 0.10 0.05 62.5 0.90 6.36 0.02 0.63 0.20

Table 5 ICP Measurements of a commercial alloy for hot deformation, starting material for recycling and resulting melt-spun flakes

Nd Pr Dy Fe B Co Cu Ga Al

Commercial alloy for hot-deformed magnets 29.2 0.10 0.05 62.5 0.90 6.36 0.02 0.63 0.20

Recyclate (mixture)—starting alloy for melt-spinning 29.4 1.26 2.26 63.0 0.88 2.00 0.10 0.09 0.39

Elemental additions 4 4 4 4

Resulting melt-spun flakes 30.2 0.72 2.21 60.0 0.94 5.19 0.12 0.60 0.20

Table 6 Magnetic properties of

magnets with different recyclate

fractions and Dy-contents

Recyclate fraction Dy-content (wt%) Br (T) Hc (kA/m) (BH)max (kJ/m3)

0% rec. 0 1.16 1106 248

20% rec. 1.3 1.11 1398 228

50% rec. 3.2 1.00 1743 185

* 92% rec. 2.2 0.81 1405 114
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detected (0.095 and 0.057 wt%, respectively). Due to

clarity reasons, they are not inserted in Fig. 8.

The highest oxygen values for the as-is states are mea-

sured for the sintering powder, with 0.3 wt% followed by

the scrap magnet with 0.13 wt%. Note that the as-is sin-

tering powder still contains hydrogen (* 0.08 wt%) since

standard production procedure of sintering powder

involves only partial H2 desorption after HD processing. A

successive increase in O-content with air exposure time is

observed especially for magnet materials containing

hydrogen (hydrided sintering, hydrided scrap magnet as

well as hydrided and disproportionated strip-cast powder).

Due to the small particle size, the oxygen uptake is par-

ticularly dramatic for sintering powder, resulting after

300 min in 0.78 wt% O-content for hydrided, 0.52 wt% for

non-further processed (partially hydrided), and 0.41 wt%

for dehydrided sintering powder. Not so severe is the rise

for the scrap magnet material after HD processing: here,

the O-content nearly doubles after 300 min to 0.27 wt%.

While the O-content of non–further processed strip-cast

flakes remains constant over the whole time (ranging

between 0.04 and 0.05 wt%), the O-levels of the

Fig. 8 Oxygen and hydrogen

values of magnet materials in

various states measured after

storage in air for different times.

Each data point represents the

average value of 3

measurements (error bars hardly

visible, therefore not included)

Table 7 Employed magnet materials processed to different states

Magnet material State Further processing

Sintering powdera As-isb

Hydrided HD processing

Dehydrided H2-desorption (at 850 �C) after disproportionation

Melt-spun flakesa As-is

Sintered scrap magnet powder (recycled) Hydrided HD processing

Strip-cast flakesa As-is

Hydrided HD processing

Disproportionated processing in hydrogen at 890 �C
Recombined H2-desorption (at 890 �C) after disproportionation

Ground cast material (melt-spinning alloy)a As-is

aCommercially available primary material
bAfter jet-milling, still partially hydrided
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hydrogenated and disproportionated strip-cast powders

both rise up to 0.18 wt%, a value that is still low but

nevertheless corresponds to an oxygen rise of 450%.

Except for hydrided sintering and disproportionated

strip-cast powder, all nitrogen values are well lower than

0.038 wt% during all times (data not shown here). The

hydrided sintering and disproportionated strip-cast powders

both have a max. N-content of 0.053 wt% already after 0

min, remaining constant thereafter.

The results of the chemical stability study clearly show

how a potential contamination with air during the pro-

cessing chain might severely influence the performance of

the recycled magnets, especially regarding recycled sin-

tered magnets made from hydrided scrap magnets.

Magnetic Performance and Cost of Recycled
Magnets Compared with Commercial Grades

The permanent magnet samples that contain recycled

powders come close to commercial grades in terms of

magnetic properties (Fig. 9). In the case of the sintered and

hot-deformed magnets that contain various amounts of

scrap magnet powders, remanence decreases while coer-

civity increases with rising Dy-content that comes with the

addition of the scrap material. The values change in the

same ratio as one would expect for commercial magnets

made from primary materials. In absolute terms, however,

both sample series score slightly lower than the values of

commercial grades: this is due to the fact that magnet

manufacturing of these materials in the laboratory has still

optimization potential. In the case of the sintered magnets

that were completely made of recycled powders doped with

NdH2, remanence and coercivity decrease with increasing

NdH2 content: the addition of 2% of NdH2 provides the

best results; higher contents of NdH2—which gathers in the

intergranular phases—would unnecessarily dilute the fer-

romagnetic properties.

The use of Nd–Fe–B scrap from end-of-life products has

the potential to significantly lower the overall production

cost of the magnets. Today, raw materials costs for a

kilogram of sintered Nd–Fe–B would account for about

€ 20 to € 30, depending on the contents of Dy, Tb, and Pr,

which are significantly more expensive than Nd. Overall,

this is a relatively low price regarding the fact that this is a

key material for a great number of, particularly, emerging

technologies. Despite the fact that they are produced under

very energy and material consuming conditions, rare earth

metals and Nd–Fe–B magnets are currently assumed to be

sold below value. In the case of a typical Nd–Fe–B magnet

containing one percent of Dy and assuming a typical price

of a magnet made in Europe of € 60 per kg [37], raw

materials would account for about 45% of the price.

Remaining 55% would be processing costs and gains

(Fig. 10). Taking a stable price of 60 €/kg the gains would

increase when scrap magnet material is used instead of

primary material, assuming an average scrap magnet cost

of 4 €/kg. In the case of the addition of 10–30 wt% of

recycled powders to virgin materials, today, magnet pro-

ducers would only gain 2-6 €/kg. Financial gains would be

somewhat bigger for the recycling of Nd–Fe–B scrap

magnets with the addition of 2% of NdH2, particularly

considering the fact that, in this case, no melting and

casting of alloys would be necessary, which means that

energy and production costs can be avoided. However, a

key cost driver would be the identification and sorting of

specific Nd–Fe–B scrap magnet alloys according to specific

grades in order to have well-defined starting materials for

the recycling process, that is, with respect to the chemical

composition or at least to the magnetic properties. To what

degree this process needs to be elaborated depends on the

overall business model and the target market(s) that magnet

recyclers would like to address.

As mentioned above, the primary production of Nd–Fe–

B magnets is highly energy and material consuming in

nature. Considering the whole production value chain of

permanent magnets—from the mining of typical monazite-

rich ore to the production of primary magnets—almost

90% of the total energy demand is related to the first-stage

steps, that is, mining, beneficiation, rare earth oxide

extraction, and separation [38]. At the same time, at least

50% of the REE contained in the ores are lost in the tailings

(mainly during beneficiation process) [39]. Following the

chain from alloy to magnet production, this second part

Fig. 9 Nd–Fe–B magnets that contain recycled materials compared to

commercial grades. In each experimental series, the remanence

decreases with the rising contents of scrap powders or NdH2,

respectively
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demands only 10% of the total energy. Minor material

losses occur during strip-casting, HD, milling, aligning,

pressing, and sintering; but considerable amounts are lost

by the grinding and slicing of the magnets. Mirroring this

to the value chain of recycled magnets, similar energy

demands as well as material efficiencies are expected.

Thus, the key process steps to be assessed in order to

demonstrate the improvement of the overall ecological

footprint of recycled Nd–Fe–B in comparison to magnets

made from primary materials are related to the retrieving of

Nd–Fe–B from waste streams: the collection of end-of-life

products, analysis and sorting, separation and dismantling

of target components (manual, automatic), and pretreat-

ments (demagnetization, cleaning, grinding) (Fig. 11). The

key challenge is to identify valuable end-of-life streams

and improve the separate collection of the target scrap

magnet containing components. In addition, efficient ways

to dismantle the end-of-life products are needed since

manual dismantling is highly time consuming and shred-

ding may lead to[ 90% of material losses. Finally, a key

challenge is to identify specific waste streams (composi-

tion, quality) that will be suited best for the dedicated

recycling technologies in order to guarantee constant

quality standards for the resulting products. In the case of

WEEE, a systematic study of the representative waste

collection groups is needed.

Conclusion

The magnetic properties of recycled magnets made of

regained scrap magnet powders come close to those made

of primary materials. In the cases of the sintered magnets

and hot-deformed magnets that contain various amounts of

scrap powders, remanence and coercivity systematically

score slightly lower than those of magnets made from

virgin materials. We argue that this is mostly due to the

nonoptimized temperature scheme and overall lab-based

production process. It seems that this is less an issue of

material qualities. In the case of the sintered magnets that

were fully recycled and doped with 2 wt% NdH2, all

Fig. 10 Raw materials’ cost fractions of Nd–Fe–B magnets, which

contain 0–100% of recycled materials, versus processing costs. The

plot shows the raw materials’ costs of a typical Nd–Fe–B alloy that

contains 1 wt% Dy, 30 wt% Nd, and 67 wt% FeB, and 2 wt% Co.

Metal prices according to Argus Metals, 07/18/2017, increased by

25% considering assumed material losses during production,

especially grinding and slicing. Assumed price of a magnet made

ex-China: 60 €/kg. Scrap magnet costs in Germany: 4 €/kg—same

increase by 25% for cutting and grinding losses. Estimates for

processing costs by D. Kennedy, pers. Communication, cf. [37]. Costs

for analyzing and sorting scrap magnets are not considered

Fig. 11 Alloy recycling of Nd–Fe–B—a solution for the circular

economy
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magnetic properties decrease by only a few percent. This

approach seems to be the most promising one, since raw

materials costs are completely reduced to the acquisition of

scrap magnets and NdH2, and in terms of processing, no

casting is required. Financial gains appear to be the highest

here. In terms of environmental footprint, all recycled

magnets would excel magnets made from primary raw

materials. Thus, it all depends on creating a business case

that makes use of recycled Nd–Fe–B magnets that will,

potentially, be cheaper, less resource critical, and more

environmentally friendly. Magnetic properties of recycled

magnets might be somewhat below those of magnets made

of virgin materials, but they would still outbalance those of

all other magnet alloys by several orders of magnitude.

One key challenge remains: the tailored production of

recycled magnets with specific properties as defined by

designers and system engineers. A starting material with

diverse chemical compositions and physical properties, as

it is the case with scrap magnets, will make it difficult to

reproduce magnets with specific properties. This can only

be solved by improved identification and sorting tech-

nologies or by choosing a less-demanding niche market

where magnets with more tolerance concerning magnetic

properties can be used (e.g., magnetic clamps).

Acknowledgements The authors would like to thank the Federal

Country Hessen for financial support in setting up the Fraunhofer

Project Group IWKS. In addition, the authors are thankful to the

German Ministry of Education and Research for financial support for

project RECVAL-HPM (Innovative Reuse and Recycling Value

Chain for High Power Magnets). The authors are grateful to the

Fraunhofer Gesellschaft which supports this research by a major

project: Lighthouse Project Criticality of Rare Earths. The authors

thank David Kennedy for his support and discussion on the cost

estimation.The authors also thank Siam Rummel and Konrad Opelt

for their experimental assistance and discussion.

Funding Funding was provided by Hessisches Ministerium für Wis-

senschaft und Kunst, Bundesministerium für Bildung und Forschung

and Fraunhofer-Gesellschaft.

References

1. Kopacek B (2017) Mobile hydrometallurgy to recover rare and

precious metals from weee. In: ERES 2017—book of abstracts,

Santorini

2. Deloitte, BGS, BRGM, TNO (2017) Directorate-general for

internal market, industry, entrepreneurship and SMEs (European

Commission). Study on the review of the list of Critical Raw

Materials—final report

3. European Commission (2014) On the review of the list of critical

raw materials for the EU and the implementation of the Raw

Materials Initiative. Communication from the Commission to the

European Parliament, the Council, the European Economic and

Social Committee and the Committee of the Regions

4. European Commission (2010) Critical raw materials for the EU.

Report of the Ad hoc Working Group on defining critical raw

materials

5. Gutfleisch O, Willard MA, Brück E, Chen CH, Sankar SG, Liu JP

(2011) Magnetic materials and devices for the 21st century:

stronger, lighter, and more energy efficient. Adv Mater

23:821–842

6. US Magnet Materials Association (2010) The US magnet mate-

rials story: past-present-future. http://www.usmagneticmaterials.

com/documents/usmma-presentation-general-5-08.ppt. Accessed

06 May 2015

7. Alonso E, Sherman AM, Wallington TJ, Everson MP, Field FR,

Roth R, Kirchhain RE (2012) Evaluating rare earth element

availability: a case with revolutionary demand from clean tech-

nologies. Environ Sci Technol 46:3406–3414

8. Shaw S, Constantinides S (2012) Permanent magnets: the demand

for rare earths. In: 8th international rare earths conference,

Innovation Metals Corp, Hong Kong, 13–15 Nov 2012

9. Sagawa M, Fujimura S, Togawa N, Yamamoto H, Matsuura Y

(1984) New material for permanent magnets on a base of Nd and

Fe (invited). J Appl Phys 55:2083–2087

10. Brown DN, Wu Z, He F, Miller DJ, Herchenroeder JW (2014)

Dysprosium-free melt-spun permanent magnets. J Phys

26:064202
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(2015) Verfahren zum Recycling von seltenerdhaltigen Perma-

nentmagneten. Chem Ing Tec 87(11):1477–1485

29. Zakotnik M, Devlin E, Harris IR, Williams AJ (2006) Hydrogen

decrepitation and recycling of NdFeB-type sintered magnets.

J Iron Steel Res Int 13(1):289–295

30. Zakotnik M, Harris I, Williams A (2009) Multiple recycling of

NdFeB-type sintered magnets. J Alloys Compd 469:314–321

31. Liu W, Li C, Zakotnik M, Yue M, Zhang D, Huang X (2015)

Recycling of waste Nd-Fe-B sintered magnets by doping with

dysproisum hydride nanoparticles. J Rare Earths 33(8):846–849

32. Hirota K, Nakamura H, Minowa T, Honshima M (2006) Coer-

civity enhancement by the grain boundary diffusion process to

Nd-Fe-B sintered magnets. IEEE Trans Magn 42(10):2909–2911

33. Zakotnik M, Tudor C (2015) Commercial-scale recycling of

NdFeB-type magnets with grain boundary modification yields

products with ‘designer properties’ that exceed those of starting

materials. Waste Manag 44:48–54

34. Kirchner A, Hinz D, Panchnathan V, Gutfleisch O, Müller KH,

Schultz L (2000) Improved hot workability and magnetic prop-

erties in NdFeCoGaB hot deformed magnets. IEEE Trans Magn

36(5):3288–3290

35. Brown DN, Smith B, Ma BM, Campbell P (2004) The depen-

dence of magnetic properties and hot workability of rare earth-

iron-boride magnets upon composition. IEEE Trans Magn

40(4):2895–2897

36. Coey J (ed) (1996) Rare-earth iron permanent magnets. Oxford

37. QYR NdFeB Research Center (2016) Global NdFeB market

2016: industry, analysis, research, share, growth, sales, trends,

supply, forecast to 2021
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