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1. Introduction

Nd–Fe–B-based magnets have the highest
maximum energy product, (BH)max (theo-
retical: 512 kJ m�3), of all current market
magnet materials around room tempera-
ture, making them prime for use in a wide
variety of applications, including, green
energy production via wind turbines;
vehicles including hybrid electric vehicles,
electric vehicles, and e-bikes; as well as a
wide variety of consumer electronics
including computers.[1–3] These magnets
are often tuned to specific properties with
the addition of heavy-rare-earth elements
(REEs), such as Dy and Tb.[4] Addition of
these elements leads to a variety of
improvements, such as enhanced coerciv-
ity, HcJ, which is the magnet’s resistance
to change in magnetization and higher-
temperature tolerance.[5] Most of primary
REE mining is localized to just a few coun-
tries, such as China, USA, Australia, and
India, and it continues to be difficult to
meet the growing demand for REEs in

modern technology. However, the amount of e-waste rich in
REEs, including doped Nd–Fe–Bmagnets, is rising globally, with
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Recycling of Nd–Fe–B magnets is an ongoing challenge regarding circular
economy. State-of-the-art magnet production methods, such as hot deformation,
have limitations with respect to direct recycling of magnet scrap particles that
differ from pristine melt-spun Nd–Fe–B powder. Recent work has shown that a
combination of presintering by field-assisted sintering technology/spark plasma
sintering (FAST/SPS) and hot deformation by flash spark plasma sintering (flash
SPS) has the potential to directly produce Nd–Fe–B magnets from 100% scrap
material. Both processes have the capability to adjust and monitor process
parameters closely, resulting in recycled magnets with properties similar to
commercial magnets but made directly from crushed and recycled Nd–Fe–B
powder that partially or completely replaces pristine melt-spun Nd–Fe–B powder.
Herein, a systematic study is done inserting recycled magnet particles into a flash
SPS deformed magnet, considering the effects of different weight percentages of
scrap material of varied particle size fractions. In some cases, coercivity HcJ of
>1400 kAm�1 and remanence Br of 1.1 T can be achieved with 20 wt% scrap
material. The relationship between particle size fraction, oxygen uptake, and
percentage of recyclate in a final magnet are all explored and discussed with
respect to magnets made from pristine material.

RESEARCH ARTICLE
www.advenergysustres.com

Adv. Energy Sustainability Res. 2024, 5, 2300184 2300184 (1 of 14) © 2023 The Authors. Advanced Energy and Sustainability Research
published by Wiley-VCH GmbH

mailto:m.bram@fz-juelich.de
https://doi.org/10.1002/aesr.202300184
http://creativecommons.org/licenses/by/4.0/
http://www.advenergysustres.com


the potential to be harnessed as a valuable resource and recycled,
which could mitigate the supply risk to an extent in the
midterm.[6] A variety of techniques are being explored for the
extraction of REEs from e-waste, including pyrometallurgical,
hydrometallurgical,
solvent-based, and kinetics-based techniques.[4,7–12] To minimize
the use of potentially environmentally harmful acids or high
energy for molten components, however, the direct recycling
of Nd–Fe–B scrap particles without the need to break them down
further into their constituent elements is an attractive alternative.

Nd–Fe–B magnets for industrial applications can be roughly
divided into three types according to their preparation: sintered
magnets, deformed magnets, and bonded magnets.

Fully dense magnets free from polymer binder, that therefore
have higher Nd–Fe–B content, are the sintered and hot-deformed
magnets. This higher Nd–Fe–B content leads to an exhibition of
better magnetic properties. Sintered magnets are produced
through a conventional powder metallurgy method, in which
Nd–Fe–B single-crystal microcrystalline powders are magneti-
cally aligned by applying a strongmagnetic field when compacted
into a green body, and freely sintered.[13] Hot-deformed Nd–Fe–B
magnets also start from nanocrystalline powders, but they are
instead hot pressed and subsequently hot deformed or backex-
truded to obtain a fully dense magnet with a pronounced texture
and anisotropic microstructure.[14] Bonded magnets are formed
from the combination of fine Nd–Fe–B powders with small
crystallite size, typically prepared with melt spinning or hydrogena-
tion–disproportionation–desorption–recombination (HDDR), with
a polymer binder, such as epoxy.[15,16] The mixture is compacted
and cured to form the magnet. The focus of recycling of
polymer-bonded magnets lies primarily in decomposition of the
polymeric binder and liberation of the Nd–Fe–B powder.[17,18]

Waste bulk Nd–Fe–B sintered magnets have become attractive
as recycling candidates due to their high REE content (more than
30 wt%) and ability to maintain the physical and chemical prop-
erties of the original magnet within the bulk during their use
phase, despite surface deterioration. Direct alloy techniques of
recycling sintered magnets include resintering into a new mag-
net, melt spinning, HDDR, or recasting into a master alloy.[19–22]

In the case of resintering, unless additional Nd is blended in with
the recycled powders, the magnetic properties decrease with each
consecutive crushing and recycling of the powders. This is con-
sidered to be due to the oxidation of the grain boundary layer,
causing it to no longer be able to melt during sintering and form
Nd-rich grain boundary phase.[23] Melt spinning, which involves
the melting of Nd–Fe–B and casting onto a copper wheel to pro-
duce microstructurally amorphous/nanocrystalline flakes, has a
high-power consumption due to the need to melt the material. It
also has a loss of about 20–30 wt% of the magnet material.[19,24]

Hydrogen decrepitation (HD) occurs through the expansion of a
material due to the absorption of hydrogen by exposing the mate-
rial to hydrogen in a controlled atmosphere. However, after jet
milling, this powder would be highly reactive and needs to be
handled in an inert atmosphere.[25] HDDR takes the hydrogen
processing further by exposing Nd–Fe–B to hydrogen at temper-
atures around 750–900 °C, leading to the dissociation of the hard
magnetic phase Nd2Fe14B into NdH2, Fe2B, and α-Fe. Reduction
of the hydrogen pressure reverses the reaction to form submi-
crometer Nd2Fe14B grains enveloped in Nd-rich grain boundary

phase.[26,27] All of these listed recycling options tend to require a
lot of energy for melting or thermal treatments. This work seeks
to explore a direct recycling technique that can avoid these
additional costs or steps.

The crushing of sintered Nd–Fe–B magnets for recycling has
been performed with the primary goal of producing anisotropic
polymer bonded magnets.[13,28,29] However, in a polymer bonded
magnet, the remanence, which is the amount of magnetic induc-
tion that remains after magnetization, and energy product would
be compromised relative to a sintered magnet, as binder volume,
pore volume, and misorientation of the grains/powder.[30–32]

To achieve the highest possible Br, recycled magnets would
have to be reformed into a fully dense sintered or hot-deformed
magnet. As sintered magnets require microcrystalline starting
material, the use of anisotropic scrap powder for recycled sin-
tered magnets could potentially be a detriment, as thermome-
chanical grain alignment would not occur and excessive grain
growth would decrease the coercivity,HcJ.

[33,34] Hot deformation,
however, remains an option for the recycling of anisotropic mag-
net scrap, but only if the scrap is nanocrystalline. Hot deforma-
tion occurs at around 800 °C to achieve the thermomechanical
alignment of crystal grains and increases the aspect ratio of
the grain size (lateral diameter of 200–500 nm, thickness of
20–50 nm), while simultaneously aligning the c-axis to the press-
ing direction. Prior to the hot deformation step, a hot pressing
step is performed, which is presumed to melt the grain boundary
phase (consisting primarily of Nd) and contribute to the aniso-
tropic grain growth.[34,35] Again, the use of nonideal anisotropic
scrap Nd–Fe–B powder that is no longer nanocrystalline may also
produce suboptimal results, as excessive grain growth may occur
at this temperatures range.

Electric current-assisted sintering (ECAS) technologies have
been explored for the production of anisotropic magnets.
Electrodischarge sintering (EDS) has been shown to be a highly
attractive ECAS method, due to its low-energy consumption rel-
ative to conventional sintering. However, it is limited in its ability
to achieve anisotropic properties and varied part dimensions.[36]

A combination of field-assisted sintering techniques/spark
plasma sintering (FAST/SPS) and flash SPS has been shown
to generate new magnets from a 100% recycled Nd–Fe–B mate-
rial feed, consisting of crushed powder made from hot-deformed
Nd–Fe–B industrial scrap magnets.[37] The magnetic powder was
presintered using FAST/SPS into a pellet, and this pellet was
deformed using flash SPS to induce anisotropic grain growth
and alignment. The benefit of flash SPS when compared to con-
ventional hot deformation is the simultaneous densification and
deformation of the sample via a high-power current pulse, which
has the potential of maintaining the nanoscale of the grains while
producing the desired crystallographic texture.[38] The investiga-
tions and optimizations of this process by Mishra et al. and
Maccari et al. are the basis of this work.[37,39]

Using parameters developed by Mishra et al.[37] and Maccari
et al.,[39] this work aims to demonstrate the flash SPS deforma-
tion technique to produce well-performing magnets made from a
varying weight percentage of crushed powder from scrap hot-
deformed Nd–Fe–B magnets mixed with pristine commercial
melt-spun Nd–Fe–B powder. The goal of this process is to
improve the magnetic properties of the recycled magnets
through the addition of varied amounts of pristine melt-spun
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powder. Special care was taken to crush the scrap Nd–Fe–B mag-
nets in a low-oxygen environment, as oxidation of Nd harms the
Nd-rich phase needed for liquid-phase sintering and to magneti-
cally decouple the Nd2Fe14B grains.[40,41] Textures already pres-
ent in the scrap Nd–Fe–B grains, however, have the potential to
be both an asset and a detriment, as schematically shown in
Figure 1. If the ECAS process is not capable of forcing the texture
of the anisotropic grains to rotate relative to the applied force,
pockets of texture oriented in an opposing direction may
decrease the magnetic performance. Therefore, granular defor-
mation within the scrap powder and an anisotropic texturing
of the melt-spun commercial powder (in the case of mixed scrap
and commercial magnets) must happen simultaneously to
achieve optimum magnetic properties.

As a point of reference, a commercial die-upset, hot-deformed
magnet has HcJ of 1342 kAm�1, Br of 1.30 T, and (BH)max of
323 kJ m�3. For industrial applications, the best compromise
of remanence (magnetic stray field generated by the magnet)
and coercivity (stability against demagnetization under
opposing magnetic field) is aspired.[37] Though it was not
expected to reach this commercial target, as scrap hot-deformed
magnet powder has the abovementioned restrictions compared
to pristine melt-spun powders, and achieving properties close to
commercial magnets is the ultimate goal of magnet recycling.
Mishra et al. previously achieved a fully recycled magnet with
a HcJ of 809 kAm�1 and Br of 1.10 T ((BH)max= 189 kJm�3),
and parameters used to generate this magnet were utilized in
this study.[37] The scope of this study focuses entirely on
Nd–Fe–B scrap generated during industrial processes, that is,
out-of-spec magnets created during magnet production. These
magnets are not recovered from waste products and do not have
any special treatment criteria outside of crushing into powder
(e.g., cleaning of surface oxidation, cleaning of outside
coatings, etc.)

2. Experimental Section

2.1. Starting Powders

Several magnetic powders were selected for processing,
consisting of one commercial melt-spun powder
(Magnequench MQU-F B55557) and four different recyclate
powders (produced from out-of-spec magnets from the company
WILO SE). Magnequench MQU-F melt-spun powder (batch
number B55557) was chosen as the base material. This is a
commercially available melt-spun Nd–Fe–B powder with a
ribbon-like morphology used as standardmaterial for the produc-
tion of anisotropic magnets via the hot deformation process. The
ribbons contained nanocrystalline, isotropic grains of roughly
50 nm. Similar kinds of powder were used as the starting mate-
rial for demonstrating alternative sintering technologies like
FAST/SPS, flash SPS, and EDS as well.[36,37,39,42,43] Utilization
of this magnet powder allowed for the direct comparison of
the effects of the FAST/SPS and flash SPS process between scrap
magnet powder to pristine magnet powder.

Several streams of scrap magnet powder were processed. The
first was powder provided by Less Common Metals (LCM Batch
J9348/FP33302 delivered by WILO SE), referred to in this article
as LCM1. This powder was produced through the crushing of
out-of-spec Nd–Fe–B magnets provided by WILO. The powder
contained particle sizes beneath 200 μm, which was measured
by both sieve analysis and laser diffraction particle size analysis.
The crushing conditions for this magnetic material were not
stated. This powder was considered to be reflective of a large-
scale industrial Nd–Fe–B crushing process.

Three other scrap magnet powder streams were produced for
experiments within this work. Crushing was done in a glovebox
using a type BB 50 jaw crusher (Retsch GmbH, Haan, Germany)
and the resulting powder was sieved to the desired particle size

Figure 1. Possible effects of texture present in scrap Nd–Fe–B magnet powder on Br, which decreases when there is large misalignment.
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range. Oxygen was controlled via the pumping of nitrogen filled
in through the process. Due to imperfect sealing, a small amount
of oxygen entered the chamber from the air, resulting in a resid-
ual oxygen content of 3 vol%. Three streams of crushed Nd–Fe–B
were used in the experimental processes, referred to in this arti-
cle as RC1, RC2, and RC3, respectively, and differing in their
particle size range.

RC1 and RC2 were chosen to be closely related and therefore
comparable to LCM1. This particle size range was chosen due to
its relevancy to powder metallurgy (as opposed to RC3). RC1 was
a mixture of particle size fractions below 200 μm. This included
all the fractions <125 μm. RC1 was mixed with various particle
size fractions to have a particle size distribution as close to LCM1
as possible. This was done in order to directly compare the effects
of industrial processing with the lab-scale, oxygen-controlled
processing of scrap magnets. RC2, however, focuses on a particle
size range (125–250 μm). As shown in Figure 2, the much
smaller particles (<125 μm) have a significant increase in oxygen
content. Therefore, RC2 was selected in order to eliminate
contamination present in the smaller particle size range.

Unlike RC2 and RC1, RC3 contained a particle size range of
500-1000 μm. This unusually large particle size range (from a
powder metallurgical perspective) was selected due to two rea-
sons. One, oxygen contamination analysis of the full sieved range
of Nd–Fe–B crushed by RWTH Aachen showed that larger par-
ticles were less susceptible to oxygen contamination than smaller
particles, with a significant increase in contamination in material
below 200 μm (Figure 2). This contamination was associated with
the increased specific surface area of smaller particles. Two,
larger particles (>1000 μm) would likely not have worked in
the FAST/SPS and flash SPS configuration. Therefore, special
attention was paid to RC3 as this fraction could combine the
low oxygen contamination with the upper limit of particle sizes
that could be processed.

From these four different recycled powders, mixes of 5, 10, 15,
20, and 50 wt% recycled material were mixed with commercial

MQU-F. Pellets of these mixes were then precompacted and
processed with FAST/SPS and flash SPS. Pellets of 100 wt%
recycled material and 100 wt% commercial MQU-F were also
processed for comparison.

2.2. Characterization of Magnet Powders

All powders were analyzed for particle size distribution using a
Horiba LA-950V2 (Horiba Ltd., Japan) laser particle size analyzer
with calculation via Fraunhofer theory. Nitrogen and oxygen con-
tamination were analyzed using a NOH analyzer type TCH 600
(LECO Corporation, USA). The hysteresis loops of the magnetic
powders were measured using a vibrating sample magnetometer
(VSM) module in a physical property measurement system type
VSM-PPMS14 (Quantum Design, USA). As the recycled pow-
ders were anisotropic, they were measured via VSM in both
aligned and unaligned directions. This was done through setting
the powders in a bicomponent epoxy glue and exposing them to a
magnetic field as the epoxy cured. This caused the powder to
rotate, due to the high magnetocrystalline energy of Nd–Fe–B,
and aligned the c-axis of the powder particles along the magnetic
field. MQU-F, an isotropic powder, was set in an epoxy without
exposure to a magnetic field. Particle morphology and micro-
structures of the powders were analyzed via field-emission
gun scanning electron microscopy (FEG–SEM, referred to in this
work as SEM) using a Zeiss Gemini 450 (Carl Zeiss AG,
Germany) using an acceleration voltage of 8 kV and working dis-
tance of 8.5 mm. A classical Everhardt-Thornley detector was
used to image the morphology, and an InLens secondary electron
(SE) detector was used for the microstructures. Inductively
coupled plasma–optical emission spectroscopy (ICP–OES) was
utilized for the determination of the powder composition using
an iCAP 6500 ICP-OES CID Spectrometer (Thermo Fisher
Scientific, USA).

2.3. FAST/SPS Presintering

15 g of magnet powder was precompacted into a graphite die
(SGL Carbon, SIGRAFINE R7710) with an inner diameter of
20mm. For tool preservation and improvement of sample con-
tact, a graphite foil with thickness 0.35mm (SGL Carbon,
SIGRAFEX) was inserted. FAST/SPS was performed in an
HP-D5 device (FCT Systeme GmbH, Rauenstein, Germany),
and all experiments were performed under vacuum. The pellets
were heated to a maximum temperature of 500 °C with a heating
rate of 100 Kmin�1 and a dwell time at maximum temperature of
30 s. A constant pressure of 50MPa (16 kN) was applied through-
out the procedure. Relative density of the pellets ranged from
65% to 75%, and heights of the pellets were �8mm. The pellets
with the lowest densities (65–70%) were the pellets made from
100 wt% recycled material. FAST/SPS presintering was
necessary for the generation of pellets with sufficient stability
to withstand the force applied by H-HP-D 25 during the flash
SPS deformation process. There is also evidence that suggests
that presintering conditions influence the inhibition of grain
growth in the flash SPS deformation step, as observed by
Maccari et al.[39]

Figure 2. Oxygen contamination of crushed Nd–Fe–B powder for various
particle sizes.
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2.4. Flash SPS Deformation of Presintered Pellets

Flash SPS experiments were performed in a hybrid FAST/SPS
device (H-HP-D 25 SD/FL/MoSi from FCT Systeme GmbH,
Rauenstein, Germany). Flash SPS parameters were chosen based
on the favorable results provided by Mishra et al.[37] All Flash SPS
experiments were done with presintered FAST/SPS pellets from
the previous step. Experiments were performed under a vacuum
of roughly 0.4 mbar. The presintered pellets were placed between
two graphite punches (diameter 60mm) with plane parallel sur-
faces. A load of 10 kN (roughly 32MPa for a 20mm sample) was
applied to the samples. The samples were then preheated to
300 °C via direct Joule heating with a maximum heating power
of 10 kW. The samples then dwelled at maximum temperature
for 120 s. After dwell, the samples were subjected to a pulse of
continuous direct current at a maximum power of 35 kW for a
duration of 30 s. At the end of the power pulse, current was
switched off to allow the sample to cool for 10min before the
vacuum was released and the chamber opened for sample extrac-
tion. The possibility of flash SPS processing with an outer die
exists but was not performed during this work. The goal of this
work was primarily to explore the limitations of adding scrap
Nd–Fe–B powder to commercial powder and directly compare
to the work of Mishra et al. and Maccari et al.[37,39]

2.5. Characterization of Deformed Samples

Density of the FAST/SPS presintered samples was measured
geometrically prior to deformation via flash SPS. Due to the
deformed edges of the flash SPS samples, a 20mm-diameter
cut was made in the center of the deformed samples to extract
the homogenous center for magnetic characterization and
density measurements. Magnetic characterization was per-
formed with Permagraph C-300 system (MAGNET-PHYSIK
Dr. Steingroever GmbH, Köln, Germany) after previous

magnetization in a pulsed field. Density measurements were per-
formed using the Archimedes principle. All density measure-
ments were compared to a theoretical density of 7.55 g cm�3.
For microstructural characterization, SEM was conducted with
FEG-SEM JEOL JSM-7600 (JEOL, Japan) operated in the SE
mode with a working distance of 8mm and an acceleration volt-
age of 15.0 kV. Energy-dispersive X-Ray analysis (EDX) was per-
formed with an Oxford Instruments X-Max 80mm2 detector
(Oxford Instruments, UK). Prior to SEM analysis, samples were
embedded in a nonconductive epoxy resin and ground to 1200
grit. Subsequently, samples were polished with 6, 3, and 1 μm
diamond paste and a water-free SiO2 suspension.

3. Results and Discussion

3.1. Properties of the Different Starting Powders

Table 1 provides the composition of all Nd–Fe–B powders used
in these experiments. As shown in this table, Ga, Co, and Pr were
added as a means to improve magnetic properties. Both the
MQU-F melt-spun powder and the recyclate materials contain
similar amounts of each alloying element.

Table 2 summarizes the interstitial contents and the magnetic
properties of all powders. LCM1 has the highest oxygen contam-
ination of all recycled powders (6060 ppm) and the lowest Br in
the aligned VSM measurements (1.06 T). As the scrap magnets
were already hot-deformed prior to crushing; all recycled pow-
ders in this study still maintain anisotropy from the initial mag-
net forming process. This can be seen in their flattened grain
shape in Figure 3. Therefore, magnetic properties differ when
measured in aligned or unaligned orientations. Also of note is
the grain size of RC1, RC2, and RC3: most grains have a lateral
diameter below 500 nm and a visually high width-to-height ratio.
This would ideally be maintained during the combination of
FAST/SPS presintering and flash SPS deformation. Of note,
RC3 has the highest Br and HcJ of all scrap material when mea-
sured in the aligned direction (Table 2). This is in disagreement
with the measurements of Li et al. who accomplished their
most optimized magnetic properties with regenerated crushed
powders of particle size 200–450 μm.[28] It is possible that their
additional annealing step at 1073 K for 1 h caused grain growth,
leading to a decrease in HcJ.

Despite being considerably smaller than RC3, RC2 still has a
RC2 still has a comparableHcJ and Br (1140 kAm�1 and 1.28 T).
RC1 has the lowest Br and HcJ (1.22 T and 1097 kAm�1) of all
(1.22 T and 1097 kAm�1) of all the powders crushed by RWTH
Aachen, yet has a higher Br than LCM1, despite being designed

Table 1. ICP–OES compositional analysis of all Nd–Fe–B starting
powders.

Powder Name Nd [wt%] Fe [wt%] B [wt%] Ga [wt%] Co [wt%] Pr [wt%]

MQU-F 30.6 60.0 0.80 0.54 5.57 0.11

LCM1 30.0 59.0 0.81 0.55 5.28 0.13

RC1 29.1 60.9 0.70 0.42 5.81 0.17

RC2 30.2 63.1 0.75 0.45 6.00 0.20

RC3 31.0 62.8 0.85 0.57 5.74 0.25

Table 2. Overview of magnetic powders and their properties, including aligned VSM measurements of magnetic properties.

Powder Name Origin Processing Particle Size
Range [μm]

O content
[ppm]

N content
[ppm]

HcJ [kA m�1] Br [T] (BH)max [kJ m
�3]

MQU-F Magnequench B55557 Melt-Spun <400 1120 100 1693 0.74 90.5

LCM1 WILO out-of-spec magnets Crushed by Less Common Metals <200 6060 1000 1312 1.06 179.0

RC1 WILO out-of-spec magnets Crushed by RWTH Aachen <200 6000 350 1097 1.22 225.6

RC2 WILO out-of-spec magnets Crushed by RWTH Aachen 200–125 2500 80 1140 1.28 284.3

RC3 WILO out-of-spec magnets Crushed by RWTH Aachen 500–1000 2350 230 1174 1.31 315.6
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to be as similar to LCM1 as possible. The cause for this is likely
not oxygen contamination, as the two powders have a very similar
amount of measured oxygen content (LCM1: 6060 ppm, RC1:
6000 ppm). LCM1 does have a significantly higher amount of
nitrogen, however, which could be responsible for hindering
the magnetic properties, perhaps through the formation of
nitrides.[44]

The wide difference in the morphology and size of the pow-
ders can be seen in Figure 3. The flat, platelet shape of the

MQU-F powder contrasts greatly with the blocky, irregular
shapes of the crushed magnets. The elimination of small par-
ticles and increase in size from RC1 to RC2 to RC3 are also
visible, with RC3 particles so large that only 1–2 particles
can be seen at the same magnification as all other powders,
which have tens to hundreds of particles visible in an image.
As RC3 has much larger particle size, fracture surfaces with
identifiable grain structures were more available to be imaged.
RC1 and RC2, due to their smaller particle size, provided

Figure 3. SEM (SE detector) images of A) MQU-F, B) LCM1, C) RC1, D) RC2, and E) RC3 displaying differences in particle morphology (left) and grain
size plus anisotropy (right).
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limited fracture surfaces oriented in the correct way for the
grain structure to be imaged via SEM. This is a possible
explanation for discrepancies in imaged grain alignment and
orientation. However, it is also important to note that as
this material was processed from scrap, discrepancies in
microstructure and composition may exist as is the case in
the present work.

3.2. Properties of FAST/SPS Presintered and Flash SPS
Deformed Samples

For direct comparison of properties of other magnet types to the
flash SPS magnets made from scrap magnet material, Table 3 is
provided as a reference. This reference includes work by Mishra
et al. in the flash SPS processing of 100 wt% LCM scrap Nd–Fe–B
powder, of which the same batch was used in this work.[37] The
properties listed represent the sample processed with the same
FAST/SPS and flash SPS processing parameters used in this
work. Ideally, the best compromise of HcJ and Br would be
achieved to develop as high of (BH)max as possible. On the other
hand, achieving higher (BH)max often increases processing costs.
As a consequence, a wide variety of magnet grades of varied Br

and HcJ values exist commercially for a wide range of
applications.[45]

Figure 4 and Table 4 display the magnetic properties of the
flash SPS deformed samples. The MQU-F reference sample
had the highest values across all magnetic properties
(HcJ= 1587 kAm�1, Br= 1.13 T, (BH)max= 243 kJ m�3). This
is close to and in agreement with the results of Mishra et al.
for the same parameters (HcJ= 1483 kAm�1, Br= 1.18 T,
(BH)max= 264 kJ m�3) with likely some variation in density caus-
ing the differences in Br.

[37] Further improvement to these prop-
erties by fine tuning the parameters has been performed by
Maccari et al.,[39] but these results were received too late for con-
sideration in this work. Flash SPS deformation led to an increase
in density in pellets ranging from 89 to 99% relative density.

The sample made from 100 wt% LCM1 (HcJ= 724 kAm�1,
Br= 1.1 T, (BH)max= 171 kJm�3) has properties similar to the
sample made from Mishra et al. with the same flash SPS param-
eter (HcJ= 809 kAm�1, Br= 1.1 T, (BH)max= 189 kJm�3).
Similar Br values are seen across decreasing wt% of LCM1 pow-
der, with a maximum of 1.11–1.12 T from 5 to 15 wt% LCM1.HcJ

of magnets containing LCM1 hover around 1500 kAm�1 until

20 wt% LCM1 is surpassed. The peak of HcJ

(HcJ= 1549 kAm�1) occurs at 10 wt% LCM1, while peak
(BH)max (231 kJ m�3) for the LCM1 mix is at 15 wt% LCM1.
Between 10 and 15 wt% may be the point at which enough
recycled material (which has already been deformed and there-
fore already has grain anisotropy and alignment) contributes pos-
itively to the magnetic properties of the sample. HcJ decreases
rather linearly with increased amount of LCM1.

RC1, which was mixed to be similar to LCM1, had a lower Br

than LCM1 at 100 wt% (Br= 0.96 T) and the lowest HcJ and

Table 3. Coercivity HcJ in kAm�1, remanence Br in T, and energy product (BH)max in kJ m�3 of differently processed Nd–Fe–B magnets, including an
example of polymer-bonded magnets made from recycled sintered Nd–Fe–B magnets.

Process Coercivity HcJ in [kA m�1] Remanence Br, in [T] Energy Product (BH)max, in [kJ m�3]

EDS[36,42] 1565 0.78 102

Hot-Pressing[37] 1569 0.83 120

FAST/SPS[37] 1683 0.84 123

Die-Upsetting[37] 1342 1.30 323

Flash SPS (MQU-F)[37] 1483 1.18 264

Flash SPS (LCM scrap Nd-Fe-B powder)[37] 809 1.10 189

Polymer Bonded (commercial, MQ1-12, Magnequench)[55] 675–800 0.74–0.80 92–99

Polymer Bonded (Nd-Fe-B powder from scrap sintered magnets)[28] 940 0.838 91.4

Figure 4. Br, HcJ, and (BH)max of flash SPS samples containing varied
amounts of recycled material.
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(BH)max of all 100 wt% recycled samples. Similar to LCM1, HcJ

values consistently decrease with increasing wt% of RC1. Mixes
of RC2, similar to LCM1, maintain consistent Br values, even
when approaching 100 wt% recycled material. 100 wt% RC2 is
the only fully recyclate sample to have a Br above 1.1 T.HcJ values
of RC2 mix surpass 1400 kAm�1, even at 20 wt% RC2, as
opposed to RC1, which sees a larger dip in HcJ at 20 wt%.
The removal of the fine powder fraction, when comparing
RC2 to RC1, clearly has a positive effect on the magnetic
properties.

In terms of magnetic properties, samples made from a mix of
RC3 outperformed all other samples in Br, with samples of up to
20 wt% RC3 reaching nearly 1.15 T. However, remanence
decreases abruptly beyond 50 wt% RC3, likely due to the drop
in density.[46] Much like the samples produced by Mishra
et al.,[37] the deformed samples after flash SPS tended to have
ragged, cracked edges and a more homogeneous center. This
effect was also much more pronounced with the 100 wt% RC3
sample, as shown in Figure 5. The edges of this sample were
mechanically unstable and would crumble to the touch.

Table 4. Properties of starting powders, FAST/SPS presintered pellets, and flash SPS deformed pellets.

Starting Powder Pre-Sintered State Deformed State

Sample Code Melt-spun
Material

Scrap
Material

Particle size range
[recyclate] [μm]

wt% of
Recyclate

Sample
height [mm]

Relative
density [%]

Sample
height
[mm]

Deform.
Degree

z-direction [%]

Relative
density [%]

HcJ [kA m�1] Br [T] (BH)max [kJ m
�3]

MQU-F MQU-F none N/A 0 7.4 80 3.09 58 96 1587 1.13 243

LCM1-9505 MQU-F LCM1 <200 5 7.55 78 3.53 53 97 1576 1.11 229

LCM1-9010 MQU-F LCM1 <200 10 7.92 75 3.32 58 96 1549 1.10 224

LCM1-8515 MQU-F LCM1 <200 15 8.04 73 3.52 56 96 1525 1.12 231

LCM1-8020 MQU-F LCM1 <200 20 7.82 75 3.47 56 94 1482 1.06 207

LCM1-5050 MQU-F LCM1 <200 50 8.15 72 3.70 55 97 1255 1.00 177

LCM1-0100 MQU-F LCM1 <200 100 8.4 70 3.68 56 95 724 1.10 171

RC1-9505 MQU-F RC1 <200 5 7.87 75 3.33 58 99 1540 1.13 235

RC1-9010 MQU-F RC1 <200 10 7.75 74 3.34 57 98 1485 1.13 234

RC1-8515 MQU-F RC1 <200 15 7.9 75 3.39 57 97 1433 1.11 225

RC1-8020 MQU-F RC1 <200 20 7.56 74 3.39 55 93 1379 1.10 221

RC1-5050 MQU-F RC1 <200 50 8.11 72 3.31 59 98 931 0.99 931

RC1-0100 MQU-F RC1 <200 100 8.95 65 4.06 55 96 257 0.98 69

RC2-9505 MQU-F RC2 125–200 5 7.74 75 3.43 56 96 1426 1.14 237

RC2-9010 MQU-F RC2 125–200 10 7.77 74 3.47 55 98 1452 1.09 218

RC2-8515 MQU-F RC2 125–200 15 7.66 75 3.46 55 97 1497 1.12 231

RC2-8020 MQU-F RC2 125–200 20 7.87 74 3.49 56 97 1546 1.10 223

RC2-5050 MQU-F RC2 125–200 50 8.1 72 3.67 55 98 1156 1.03 192

RC2-0100 MQU-F RC2 125–200 100 8.3 70 3.31 60 95 776 1.13 219

RC3-9505 MQU-F RC3 500–1000 5 7.61 77 3.30 57 95 1544 1.16 251

RC3-9010 MQU-F RC3 500–1000 10 7.88 74 3.27 59 92 1513 1.15 249

RC3-8515 MQU-F RC3 500–1000 15 7.66 77 3.27 57 93 1479 1.15 248

RC3-8020 MQU-F RC3 500–1000 20 7.65 77 3.06 60 98 1452 1.13 237

RC3-5050 MQU-F RC3 500–1000 50 7.85 73 3.31 58 95 1247 1.12 234

RC3-0100 MQU-F RC3 500–1000 100 8.34 71 2.72 67 89 836 0.96 157

Figure 5. Comparison of FAST/SPS presintered pellets with flash SPS hot-deformed pellets for A) 100% LCM1 and B) 100% RC3.
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Likewise, the sample with the lowest density was the sample
made from 100 wt% RC3. This is likely due to the fact that this
sample consisted entirely of large particles that were subjected to
hot deformation and were already fully dense and therefore more
resistant to second deformation. The particle size range of
500–1000 μm also did not permit for small particles to fill in
the gaps created by the larger particles. Shifting the particle size
range to include smaller particles, as those in the 200-500 μm
range, may improve the density.

When comparing the results of all magnetic properties, the
highest wt% mix of scrap with the best properties was 50 wt%
RC3 (HcJ= 1247 kAm�1, Br= 1.12 T, (BH)max= 234 kJm�3).
However, the large particle size of the scrap material leads to
high brittleness after deformation. This sort of brittleness may
not be optimal for net shaping of recycled magnets, which will
be a large aspect of our future work.

When considering a magnet made from 100 wt% recycled
material, RC2 is preferred. This powder fraction leads to the best
compromise of deformability andmagnetic properties. As shown
in Figure 5, 100 wt% LCM1 powder leads to a much more
homogenous and stable pellet. RC2, being very similar to

LCM1, behaves similarly and would be easier to deform than
RC3. Notable, though, is that RC2 only barely outperforms
LCM1 in mixes from 5 to 50 wt%. Therefore, LCM1 could still
be considered a viable recyclate option. During the crushing
process of hot-deformed scrap magnets, it is difficult to avoid
the formation of fine powder fractions, given the brittleness of
the material. However, the fine fraction can be easily removed
by sieving, leaving more desirable, large powder fractions for
processing. Unfortunately, this creates a waste stream of fine
powder, which, due to its high oxygen affinity, is difficult to
use in another direct recycling process. Potentially, a waste
stream like this could be recycled with a different technique,
such as remelting.

3.3. Microstructure Through Different Processing Stages

Figure 6 shows several SEM images for FAST/SPS presintered
and flash SPS deformed samples made from 100 wt% commer-
cial and scrap material. In comparison, Figure 7 provides SEM
images of samples with 15 wt% of recyclates LCM1 and RC3.
Arrows in the upper-right corner of each image show the

Figure 6. SEM (backscatter detector) images of the FAST/SPS presintered morphology, flash SPS deformed morphology, and granular microstructure of
A) 100 wt% MQU-F sample, B) 100 wt% LCM sample, and C) 100 wt% RC3 sample. Contrast has been enhanced for grain visibility. Examples of
unaligned grains are highlighted in red.
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direction of applied force in both the FAST/SPS presintering and
flash SPS deformation stages. The presintered stage shows large
porosity within the samples. This feature is what allows for the
direct production of new magnets via 100 wt% scrap material
through flash SPS deformation. In the industrial scale of hot
deformation process, samples must be near completely dense
by hot pressing prior to hot deformation. Industrially, the hot-
pressing step is performed at temperatures much higher than
500 °C used in the FAST/SPS presintering. This hot-pressing
step leads to accelerated grain growth, making it an unattractive
option for the direct recycling of anisotropic scrap magnet
powder through redeformation.

As shown in the presintered stage for samples containing any
amount of recycled material, the particles of recyclate are distinct
in size and shape to the melt-spun flakes of pristine MQU-F.
MQU-F can be seen wrapped around the abnormal shapes of
the recycled particles, some flakes even are cracked or broken
from conforming to the shapes of the recycled particles.
Excess cracking and wide variations in particle size create more
powder particle contact points, which in turn are expected to lead
to higher heat generation during flash SPS, according to the
Joule heating effect.[37] The higher heat generation from the tran-
sition points may lead to the easier melting of the Nd-rich par-
ticles during the deformation process. As shown in the deformed
100 wt% LCM1 and 100 wt% RC3 samples, bright regions (which
correspond to Nd-rich phase concentration) are much more fre-
quent and pronounced when compared to samples containing
high amounts of pristine MQU-F. This could be due to coarsen-
ing of already existing grain boundaries from the previous defor-
mation of the recyclate particles, combined with high heat
generated from a higher number of cracks and particle interfaces

generating segregation of the Nd-rich liquid phase in the pro-
cess.[41,47] Localized heating at cracks occurs due to the change
of direction of the electric current at the tips of the crack, causing
heat concentrations at the crack tips.[48,49] A high number of
cracks in the sample during the flash SPS phase could lead to
many localized hotspots with a higher rate of Nd-rich phase melt-
ing, potentially creating higher concentrations of this phase
throughout the sample. Formation of an especially thick Nd-rich
region is often associated with contaminants, such as oxygen, on
the particle surface and Nd surface segregation.[35] A high segre-
gation of Nd could be one of the reasons of the drop in HcJ seen
in all-high-recyclate percent samples in Figure 4, as in an ideal
case, the Nd-rich phase would surround the Nd2Fe14B grains,
decreasing the magnetic coupling and improving the coercivity.

Coarsening of the nanocrystalline grains is another reason for
the drop of HcJ. This effect occurs in all samples during the
deformation stage, but the most notable occurs at interfaces
and within what is suspected to be previously recycled particles.
In Figure 7, SEM analysis shows that the integration of recycled
particles into the matrix is relatively homogeneous. Recyclate par-
ticles, highlighted in the presintered stage with a blue outline,
cannot be differentiated in the deformed matrix anymore.
Therefore, in mixed recycled/commercial samples, attributing
certain features in the flash SPS microstructure to either the
MQU-F or recyclate powder is not always accurate.

The deformation stage with flash SPS is seen to promote ani-
sotropic grain growth and texture in the samples. In Figure 6, the
final stage 100 wt% MQU-F sample appears to have rectangular
grains of<500 nm, even though they are not very well aligned. In
Figure 7, 85 wt% MQU-F and 15 wt% RC3 have instances of
blocky, square-shaped grains. Though differentiation between

Figure 7. SEM (backscatter detector) images of the FAST/SPS presintered morphology, flash SPS deformed morphology, and granular microstructure of
A) 15 wt% LCM1 sample and B) 15 wt% RC3 sample. Contrast has been enhanced for grain visibility. Examples of unaligned grains are highlighted in red.
Recyclate particles are highlighted in blue.
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recycled powder and commercial powder is not quite possible in
the flash SPS SEM images, it can be inferred that the larger
grains originate from the isotropic growth of grains in the origi-
nally hot-deformed recyclate powder. This inference is made due
to the 100 wt% MQU-F sample not displaying similar grain
growth.

Unlike Mishra et al., texturing of Nd–Fe–B was not performed
successfully at the nanocrystalline level. In both Figure 6 and 7,
grains with a high degree of unalignment are highlighted in red.
Ideally, the grains would have elongated morphology and stacked
in a brick-wall-like structure perpendicular to the applied force.
However, this was not observed. In Figure 6C, the case of the
100 wt% RC3 sample, some alignment can be seen. This align-
ment likely came from the initial hot deformation of the magnet,
as the alignment is not perpendicular to the pressing direction
and is isolated to the observed particle. This lack of texture is part
of what drives the low Br observed in nearly all samples.
Improvement to texturing would lead to an improvement in
Br and consequently on the energy product.

The relatively high Br seen in RC3 samples is expected to be
due to the large particles creating islands of alignment within the
bulk of the magnet sample. In contrast, these islands may also be
counterproductive to Br, as the particles are randomly oriented in
the bulk, as schematically shown in Figure 1. An example of this
can be seen in Figure 7B, in the FAST/SPS presintered column.
A large RC3 particle (outlined in blue) shows particle texture
from its first hot deformation. Though this is not a view of
the granular structure; it can be assumed that, due to the nature
of the hot deformation process, the orientation of the grains is
similar to that of the particles. These particles are columnar, with
their long, lateral sides parallel to the pressing direction. Unless
the pressing force during deformation is large enough to pro-
mote full 90° rotation of the grains within the particles, to force
the c-axis perpendicular to the pressing direction, the magnet will
not achieve the highest possible remanence.[34]

Unaligned islands detract from Br, decreasing the perfor-
mance of the magnet, as seen in the large gap between aligned
and unaligned Br of the powders in Table 2. Literature suggests
that stress needed to die-upset Nd–Fe–B by 50% is roughly
�69MPa at 730 °C, which is very close to the maximum temper-
ature achieved during the flash phase of the flash SPS process.[35]

Increase of the applied pressure during the flash phase may lead
to better grain alignment and will be another focus of our ongo-
ing experiments.

A less common occurrence, though still observed, was the
presence of the secondary phase, likely Nd6(Fe,Co)13Ga. This
phase was observed in the 100% RC3 sample and analyzed
via EDX, as shown in Figure 8 and Table 5. Though the obser-
vance of this phase was extremely infrequent (only observed in
two samples), the presence of any secondary phase detracting
from the bulk magnetic properties as Nd6(Fe,Co)13Ga is
antiferromagnetic.[50–54]

3.4. Influence of Oxygen Contamination on Magnetic Properties

One key aspect of this work was the comparison on Nd–Fe–B
magnets crushed in a controlled (3 vol%) O2 environment
(RC1, RC2, RC3) compared to Nd–Fe–B magnets crushed in

an industrial environment (LCM1). As shown in Figure 2, even
in a controlled oxygen environment, the oxygen content increases
greatly in Nd–Fe–B particles beneath �100-200 μm. Therefore,
any volume of particles <100 μm had an effect on the final mag-
netic properties, most notably on HcJ. Figure 9 displays the rela-
tionships between particle size and oxygen content in starting
powders, along with the final HcJ measured from flash SPS
deformed samples made from 100 wt% of each powder.

LCM1 and RC1 show the highest oxygen content, at
>6000 ppm for each (Table 2). This is reflected in their respective
flash SPS samples having the lowest HcJ among all samples.
However, 100 wt% RC1 has a considerably lower HcJ

(257 kAm�1) despite having a comparable oxygen contamination
(6000 ppm for RC1, 6060 ppm for LCM1). RC1 was mixed to be
as similar to LCM1 as possible. In Figure 10, though, the particle
size distribution of RC1 shows a much higher frequency of very
small (10–50 μm) particles. It was assumed that a greater fine
powder fraction would lead to higher oxygen contamination,
but this does not seem to be the case, as LCM1 and RC1 have
very similar contamination levels. This may be due to RC1 being
processed in a more oxygen-controlled environment (3 vol% O2).

Oxygen contamination may not be the only contributor to a
very low HcJ. As shown in Figure 6, in the LCM1 images, the
presence of more small particles, therefore, more contact points,
contributes to greater Nd segregation and therefore poorer dis-
tribution of the Nd-rich phase. This is likely due to Joule heating
at the many interfaces between smaller particles and cracks
within the particles, alongside the higher Nd content at the sur-
face of the particles.[35,47] Poor distribution of the Nd-rich phase

Figure 8. FEG-SEM of 100 wt% RC3 after flash SPS deformation showing
EDX point data indicating a likely Nd6(Fe,Co)13Ga phase (red). Fine and
coarse Nd2Fe14B phases can also be seen in this image.

Table 5. Elements analyzed via EDX of the point spectrums of a and B
corresponding to Figure 8.

Spectrum Fe Co Ga Nd

A 57.02 7.37 7.76 27.85

B 78.54 7.75 – 13.71
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means that Nd2Fe14B grains can be in contact and magnetically
coupled, which is detrimental to coercivity. Also, as smaller par-
ticle sizes lead to more interfaces, and interfaces generate more
heat during the flash SPS process, grain growth along interfaces
could be more pronounced, also diminishing coercivity.

In contrast, 100 wt% LCM1, RC3, and RC2 all maintained sim-
ilarHcJ (724, 836, and 776 kAm�1, respectively). While RC3 was
expected to outperform LCM1 and RC2 significantly, due to it
having much lower oxygen contamination, it ultimately behaved
similarly and faltered in Br due to its subpar densification. The
primary difference between RC1 and RC2 is the elimination (or
inclusion) of Nd–Fe–B particles <125 μm. Eliminating powders
<125 μm from a batch of crushed Nd–Fe–B led to a near-3 times
increase in HcJ and a 15% increase in Br. Likely magnetic

properties of LCM1 could be improved through the sieving
out of material <125 μm. However, that would lead to a large
volume of discarded powder, as LCM1’s d50 is below 100 μm.

4. Conclusion and Outlook

In the context of circular economy, end-of-life or out-of-spec
Nd–Fe–B hot-deformed magnets have become attractive recy-
cling candidates due to their high amounts of REEs. Among
other direct alloy technologies for recycling of Nd–Fe–Bmagnets,
we have shown that is possible to generate magnets from scrap
material mixed with commercial Nd–Fe–B melt-spun flakes.
Flash SPS-formed magnets with 20 wt% of recycled material
were capable of reaching HcJ above 1300 kAm�1 and (BH)max

of over 200 kJ m�3. Even magnets made of 100 wt% recycled
material still showed anisotropic properties though they were
at the expense of HcJ. Detailed microstructural analysis did
not show the desired pronounced texture, but anisotropic grain
growth was still achieved, exhibiting the possibility for further
optimization and texture development, for example, through
the increase of pressure during hot deformation. The particle
size of the magnet scrap had a distinct influence on the resulting
properties. The use of Nd–Fe–B particle fractions that were too
small (<125 μm) both introduced more oxygen contamination
into the system due to the higher specific surface and produced
excessive Nd-rich segregated regions. The resulting magnetic
properties in samples made from scrap material are not
competitive with in-spec, commercial, anisotropic hot-deformed
magnets. Nevertheless, magnets with clearly pronounced aniso-
tropic properties were produced, which is not the case for other
scrap recycling techniques such as polymer bonding or EDS.

The optimization of flash SPS parameters for the deformation
of recycled Nd–Fe–B material is still ongoing for the fine tuning
of the microstructure. Improving textures during the deforma-
tion step would further improve the Br of the final magnets.
This technology is suitable for planar-shaped magnets, but less

Figure 9. Comparison of particle sizes (d10, d50, and d90) (blue) and oxygen contamination of starting powders (red) with HcJ (grey) measured from
FAST/SPS presintered and flash SPS deformed samples made from 100 wt% of each powder.

Figure 10. Particle size distribution difference between RC1 (green) and
LCM1 (purple).
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so for ring-shaped magnets. Modifying the process for the net
shaping of these magnetic powders into their final shape, with
a large diameter-to-height ratio, is also of utmost priority.
However, the results presented in this work are a crucial step
within the framework of a direct recycling strategy for scrap
Nd–Fe–B magnets.
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