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Abstract

The particular microstructure of hot-deformed Nd-Fe-B magnets leads to difficulties in
finding a direct recycling route. In this work, a combination of field-assisted sintering tech-
nology/spark plasma sintering (FAST/SPS) and spark plasma texturing (SPT) is used as
pre-compaction and deformation techniques, respectively, for the consolidation of crushed,
hot-deformed Nd-Fe-B scrap. Field-assisted sintering has the unique advantage of main-
taining fine microstructures during material densification, making it an ideal candidate
for direct recycling of this material. Recycled magnets, made from 100 wt% crushed
magnet scrap, were able to achieve energy products of over 200 kJ m−3 after FAST/SPS
pre-compaction and SPT deformation. These recycled magnets could then be smoothed
and cut to the size of industrial bar magnets for testing in the motor of a water pump.
When tested, the recycled magnets could achieve 95% of the electromotive force compared
to industrial standard magnets.

Keywords: recycling; field assisted sintering; permanent magnets; functional materials;
circular economy; rare earth elements

1. Introduction
Currently, the strongest known commercially available magnets are Nd-Fe-B magnets,

boasting a theoretical energy product, (BH)max, of 512 kJ m−3. This high energy product
has led to their usage in a huge variety of market applications, ranging from consumer
electronics to electric vehicles to wind turbines [1–3]. Specific properties of these magnets,
such as temperature resistance, are tuned through the introduction of heavy rare earth
elements (REEs), like Dy and Tb [4,5]. While the demand for Nd-Fe-B magnets continues to
grow, the geographic and geological availability of mined REEs remains limited. Because
profitable extraction of REEs is limited to a few regions worldwide, geopolitical depen-
dencies and supply risks can arise. Recycling Nd-Fe-B magnets could mitigate potential
supply risk in the mid-term, and a variety of recycling techniques have been considered for
extracting valuable elements from Nd-Fe-B magnets in e-waste, such as pyrometallurgy,
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hydrometallurgy, and solvent-based and kinetics-based techniques [6–11]. Direct recycling
of Nd-Fe-B has also been of interest, as it does not involve chemical modification of the
Nd-Fe-B magnets. However, the application of direct recycling for hot-deformed Nd-Fe-B
magnets has been limited so far.

There are multiple preparation routes for Nd-Fe-B magnets. Two routes involve pro-
ducing Nd-Fe-B magnets with 100 wt% magnetic material, with the first being the sintering
of Nd-Fe-B. Sintered Nd-Fe-B magnets are formed through compacting microcrystalline
Nd-Fe-B powders into a green body, exposing that green body to an external magnetic
field during compaction, then freely sintering the green body into a dense part [12]. Sin-
tered Nd-Fe-B is capable of being directly recycled via hydrogen-decrepitation-desorption-
recombination (HDDR), a process in which H2 reacts with the RE-rich phase, leading
to a volume expansion in the grain boundary phase. This volume expansion leads to
cracks along the grain boundaries, followed by the decrepitation of the magnet into a
coarse powder [13–15]. This magnetic powder can then be recycled into a polymer-bonded
magnet via injection molding or cold-pressing, or it can be re-sintered into a new sintered
magnet [16–18]. Sintering recycled powder leads to a decrease in magnetic performance
with each subsequent recycling, most probably due to the oxidation of the grain boundary
layer, dampening its ability to form a liquid phase during sintering. Pure Nd would need
to be added to the recycled powder to mitigate this effect [14].

The second production route for Nd-Fe-B magnets with 100 wt% magnetic material is
hot deformation. Hot deformation starts with melt-spun nanocrystalline Nd-Fe-B powder,
which is hot-compacted into a pre-form. At this stage, the grain boundary is melted,
and anisotropic grain growth begins. This pre-form is then hot-deformed at 800 ◦C to
thermomechanically align the crystal grains and increase the grain aspect ratio (targeting
a lateral diameter of 200–500 nm, and a thickness of 20–50 nm) [19,20]. Simultaneously,
the c-axis of the Nd-Fe-B grains rotate parallel to the uniaxial pressing direction. It is
possible to perform HDDR on hot-deformed magnets to produce a powder. However,
recycling of this powder either via sintering or repeated hot deformation will lead to a
decrease in magnetic performance, as the grains will expand beyond their target aspect
ratio due to the high processing temperatures [21]. HDDR powders also contain coarser
grains, leading to greater deformation resistance during hot deformation when compared
to nanocrystalline powder and a higher risk of samples cracking [22,23]. The texture of
a sample made from repeated hot-deformed HDDR powder is also suboptimal [24–26].
Recycling hot-deformed Nd-Fe-B powder via polymer bonding is possible, but decreasing
the volume fraction of magnetic material through the introduction of a binder will decrease
the overall magnetic performance. The option of re-melting hot-deformed magnets exists
as well, such as through melt-spinning new nanocrystalline Nd-Fe-B flakes to restart the
hot deformation process from the beginning. While this option is also considered “short
loop” and comparable to direct recycling, it involves high energy input for melting the
material [13].

In an ideal case, the direct recycling of hot-deformed Nd-Fe-B scrap would accomplish
two main goals:

1. Full densification, so the entire magnet volume consists of magnetic material.
2. Microstructure control, avoiding disturbance to the already established anisotropic

and fine-tuned grain size.

A possible method for directly recycling hot-deformed Nd-Fe-B scrap is through
electric current-assisted sintering (ECAS). In ECAS processes, the application of an electric
current leads to Joule heating within the material bulk. ECAS is often paired with the
application of uniaxial pressure, which also improves the densification and development
of the microstructure. Several ECAS methods have been investigated for the processing
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of Nd-Fe-B magnets in general, such as electro discharge sintering (EDS) [27,28] and flash
spark plasma sintering (flash SPS) [29]. Flash SPS in particular was investigated for its
parallels to hot deformation while still being capable of tuning the crystallographic texture
of Nd-Fe-B on the nanoscale [30,31]. Flash SPS showed promising results in the processing
of anisotropic magnetic scrap into new magnets, but it suffered from samples cracking
at their edges and the inability to generate a 100 wt% recycled Nd-Fe-B magnet with a
(BH)max higher than 200 kJ m−3 [32,33].

For better control over the integrity of sample edges, another ECAS technique was
considered, known as spark plasma texturing (SPT). SPT behaves in a similar way to
hot deformation, in which a dense or semi-dense part is deformed to a final shape. In
the case of SPT, though, the heat necessary for the hot deformation is generated through
Joule heating. In this work, SPT is combined with the established field-assisted sinter-
ing technology/spark plasma sintering (FAST/SPS) as a hot compaction step, necessary
prior to SPT. The FAST/SPS process works through compacting powder in a conduc-
tive tool made of two punches and a die with uniaxial pressure. Simultaneously, direct
current flow heats the powder and the die by Joule heating. The speed at which Joule
heating occurs allows for fast heating rates, leading to quick densification. This helps to
avoid long dwell times at high temperatures, which would lead to excessive grain growth
in anisotropic Nd-Fe-B.

FAST/SPS has been explored as an alternative to hot compaction by many au-
thors, who have demonstrated its capabilities in densification of Nd-Fe-B in numerous
studies [23,25,34–40]. However, single-stage FAST/SPS for hot compaction does not lead to
texture development in Nd-Fe-B. The introduction of SPT as a deformation stage makes up
for this. In SPT, a self-supporting pre-form is placed within a die of a larger diameter size.
The same application of Joule heating and uniaxial pressure is applied, as with FAST/SPS.
Rather than just compacting a powder, though, the introduced heat reduces flow stress,
and the application of a uniaxial pressure leads to a stress larger than the flow stress,
leading to a plastic deformation of the pre-form. This deformation ideally transforms the
morphology of isotropic grains into platelets or forces anisotropic grains to rotate, causing
their c-axes to be parallel to the pressing direction. If executed correctly, SPT would lead to
a brick-wall-like texture of Nd2Fe14B grains surrounded by a thin Nd-rich grain boundary
layer. SPT has been successfully implemented to generate anisotropic Nd-Fe-B magnets
from commercial melt-spun MQU-F powder [41]. SPT has yet to be considered for direct
recycling of Nd-Fe-B magnets thus far.

In this work, SPT is explored as a substitute hot deformation method for recycling
anisotropic Nd-Fe-B scrap. Hypothetically, SPT could allow for the rotation of already
anisotropic grains to a newly introduced orientation through uniaxial pressure without
excessive grain growth due to its quick heating time. In this case, the Nd-rich grain
boundary phase would be partially or fully liquefied due to a liquid phase beginning to
form at 665 ◦C [42]. Then, the application of pressure is expected to cause the Nd2Fe14B
grains to rotate. While the presence of a liquid phase could imply mass transfer for grain
growth, it is supposed that the short duration of the deformation at temperatures above
600 ◦C will mitigate this effect. Figure 1 displays the overview of the process flow as
applied in this work, including the hypothetical and ideal microstructure of the Nd-Fe-B
samples through various processing stages.
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Figure 1. Schematic process overview of the steps of this work, including the hypothetical shape and
microstructure of the Nd-Fe-B samples at various processing stages.

2. Results and Discussion
2.1. Powder Overview

Prior to sieving all fractions < 180 µm, the oxygen content of LCM was 6060 ppm. For
reference, MQ, the commercial Nd-Fe-B powder, had an oxygen content of only 1120 ppm.
Previous experiments on recycled anisotropic Nd-Fe-B powder showed that higher oxygen
content in the starting powder negatively affected the magnetic performance, likely due to
excess Nd oxidation [43]. Once LCM was sieved to only the 180–200 µm fraction, oxygen
content went down significantly to 3750 ppm. While the O content of LCM after sieving
was still over that of MQ, sieving the smaller fractions brought the O content of LCM down
nearly 38%. The oxygen contamination of the smaller fractions unfortunately rendered
them unusable in this recycling case. If this technique were to be implemented on a larger
scale, a secondary recycling option, such as hydrometallurgy, would be necessary for the
processing of finer powder fractions. Besides Nd, Fe, and B, both MQ and LCM contain
roughly 5 wt% Co and <1 wt% of Ga and Pr, when analyzed via inductively coupled
plasma–optical emission spectroscopy in previous work [32].

Clear microstructural and morphological differences are seen between the two pow-
ders in Figure 2, as is expected. LCM, coming from crushed hot-deformed magnets, displays
a more three-dimensional particle morphology when compared to the flat, melt-spun MQ.
This additional dimension made the packing of LCM powder more uneven, as it does not
stack as neatly as the flakes of MQ. Due to the lack of smaller particle size fractions, LCM
would likely have more issues packing densely into a die prior to sintering. This would
create pores that would have to be pressed out by the subsequent deformation sequence.
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Figure 2. (A) LCM particle morphology imaged via back-scattered electron (BSE) scanning electron
microscopy (SEM) and microstructure imaged via secondary electron (SE) SEM, (B) MQ particle
morphology imaged via BSE SEM and microstructure imaged via SE SEM.

The microstructures of the two powders also highlight two separate challenges for
their future deformation. LCM already contains the ~500 nm diameter grains and thin
grain heights indicative of the ideal anisotropic microstructure, while MQ grains are nearly
spherical in nature. Deformation of any samples with these powders mixed would have
to accomplish the dual goals of maintaining the microstructure of LCM while inducing
anisotropic grain growth in MQ.

2.2. Behavior of Pre-Compacted Pellets

The goal of the variation of pre-compaction temperatures was to increase the resistance
to the applied uniaxial stress during the deformation stage of SPT, as low-density forms
could collapse. Pre-compaction at 500 ◦C (C1) was chosen due to its similarity to samples
deformed via flash SPS in a previous study [32], while pre-compaction at 700 ◦C (C3)
would be closer in temperature to the most successful SPT samples made from commercial
material in a previous study [41]. For a mid-point, 600 ◦C (C2) was selected. While 700
◦C may have been favorable for isotropic starting powders, this temperature could be
detrimental to anisotropic powders. The wetting-phase transition of the Nd-rich grain
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boundary phase is roughly 690 ◦C, with the eutectic phase temperature being 665 ◦C [42,44].
The wetting-phase transition refers to the beginning temperature at which the contact angle
between a liquid phase and a solid phase is zero, leading to a continuous liquid phase
at the grain boundaries. Increasing the temperature from the wetting-phase transition
increases the percentage of Nd2Fe14B grains that are fully wetted by the Nd-rich liquid
phase, with a temperature of 690 ◦C leading to roughly 15% of all grain boundaries in
an Nd-Fe-B system being wetted [44]. Due to the occurrence of thermal gradients and
hot-spots possible under FAST/SPS conditions, C2 likely causes points inside the bulk to
reach temperatures significantly over 600 ◦C. Therefore, more liquid phase is expected
to be present in C3 and C2 than in C1, encouraging excessive grain growth at the pre-
compaction stage. Evidence of some Nd-rich phase segregation can be seen in Figure 3,
with the LCM_C2 and LCM_C3 pre-compacted samples displaying some larger, bright
Nd-rich regions when compared to LCM_C1. In LCM_C1, primarily, powder particles
are connected by weak sintering necks, but the indication of Nd-rich phase segregation
is not as prevalent. The greater presence of a partially liquid phase may have helped
in the densification of LCM_C2 and LCM_C3, as their higher sintering temperatures led
to relative densities 10–20% higher than that of LCM_C1. In the higher magnifications
of Figure 3, two different BSE SEM magnifications of all three pre-forms are shown. In
the lower magnification, distinct particles of crushed hot-deformed magnet are visible,
having not fully consolidated. Inside these particles are the bands of melt-spun flakes
that were used to generate the initial hot-deformed magnets, before they were crushed for
recycling. In the higher magnification, the rectangular Nd2Fe14B grains, which are dark
grey, are seen suspended in the lighter grey of the Nd-rich grain boundary phase. Irregular
grain shapes occurred at expected regions, such as interfaces between these melt-spun
flakes. Excessive grain growth, however, was not observed throughout the entirety of
pre-compacted samples, even at the maximum temperature of 700 ◦C.

Figure 3. BSE SEM images of pre-compacts A. LCM_C1, B. LCM_C2, and C. LCM_C3, listed with
their average relative densities. Pressing direction of deformation is indicated with white arrows in
the upper left corner of the images. Contrast has been adjusted for grain visibility.
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Table 1 lists the heights, diameters, and relative densities of all pre-forms made in
this series. Of note, most samples have a diameter larger than the expected Ø 20 mm.
Tolerances of the graphite die often allowed for the diameters of the samples to be slightly
larger than anticipated. However, LCM_C4 samples pushed the limit of these tolerances.
As seen in Figure 4A, LCM_C4 pellets would experience a bowing effect during sintering,
with wider diameters of the sample in contact with the punches and a smaller diameter
towards the center. Likely, LCM_C1, LCM_C2, and LCM_C3 experienced a similar bowing,
but the additional mass in LCM_C4 made the issue more prominent. The bowing could
be attributed to the upper and lower portions of the sample receiving the most stress and
deforming in response. It could also be due to wall friction, with a lower density in the
middle of the sample leading to higher shrinkage. This bowing would not only warp the
geometry of the sample, but it would also almost always cause cracking and breaking
of the graphite dies upon extraction. Therefore, all LCM_C4 pre-compaction cycles were
transferred to a TZM die and performed in the FCT HP-D25 device (FCT Systeme GmbH,
Rauenstein, Germany), as shown in Figure 4.

Table 1. Heights, diameters, and relative densities of pre-compacted samples. * C4 diameter variation
was quite high due to bowing and had an influence on the calculation of the density.

Sample Height (mm) Diameter (mm) Relative Density (%)

LCM_C1 16.4 20.5 74%
LCM_C2 13.5 20.6 88%
LCM_C3 12.9 20.6 95%
LCM_C4 15.0 20.7 * 92%

L75_M25_C1 16.2 20.5 73%
L75_M25_C2 13.8 20.5 87%
L75_M25_C3 12.9 20.6 93%

Figure 4. (A) LCM_C4 pre-form, of roughly 15 mm in height, showing bowing from sample top to
bottom, emphasized with orange arrows and (B) FAST/SPS set-up in the FCT HP-D25 device using a
TZM die for C4 hot compaction.

As listed in Table 1, pre-compaction schemes C1, C2, and C3 were also performed on
L75_M25 powder, while C4 was not. This is due to C4 only being used to produce 100 wt%
recycled demonstrator magnets using the LCM powder.

2.3. Performance of SPT Deformed Samples

After pre-compaction, all pellets were subjected to the same deformation parameters
via SPT. Small portions of these samples were then measured via Permagraph to determine
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their magnetic performances, which are listed in Table 2. SPT of LCM_C4 is not listed, as
all LCM_C4_SPT samples were considered to be almost identical to LCM_C2_SPT, and
all LCM_C4_SPT samples were to have their shape kept intact for use as demonstrator
magnets. Magnetic measurement of LCM_C4_SPT would be taken from its bar magnet
form after testing in the pump motor.

Table 2. Magnetic performance of all SPT deformed samples.

Sample HcJ (kA m−1) Br (T) (BH)max (kJ m−3)

LCM_C1_SPT 1108 0.94 153
LCM_C2_SPT 1049 1.11 228
LCM_C3_SPT 943 1.24 277

L75_M25_C1_SPT 1144 1.00 175
L75_M25_C2_SPT 1060 1.28 313
L75_M25_C3_SPT 1057 1.24 295

The target values specified by WILO SE were HcJ > 1300 kA m−1 and Br ≥ 1.3 T.
This would match the performance of their standard hot-deformed Nd-Fe-B magnets used
in pump motors. According to DIN standard IEC 60404-8-1, this would correspond to
an anisotropic, sintered rare earth-iron-boron (RE-Fe-B) magnet of designation REFeB
340/130 (code number: R7-1-14) [45]. In terms of Chinese commercial magnet grades,
this corresponds to grades of roughly N38H, N40H, or N42H [46,47]. As seen in Table 2,
no sample was capable of reaching these values. Of the samples made with 100 wt%
recycled material, LCM_C3_SPT had the highest (BH)max of 277 kJ m−3. LCM_C2_SPT
had a lower (BH)max (228 kJ m−3) but a better balance between coercivity and remanence
(HcJ = 1049 kA m−1, Br = 1.11 T). The addition of 25 wt% MQ with the C2 pre-compaction
(L75_M25_C2_SPT) further improved the performance, with significant improvements to
both remanence and energy product (Br = 1.28 T, (BH)max = 313 kJ m−3). The addition of
MQU-F likely offset some negative effects of excessive grain growth while contributing
well-aligned grains of a target size, developed from the starting isotropic microstructure.
L75_M25_C3_SPT only differed slightly from L75_M25_C2_SPT, having only slightly lower
magnetic performance (HcJ = 1057 kA m−1, Br = 1.24 T, (BH)max = 295 kJ m−3). This
could be attributed to some grain growth in the recycled material that happened during
C3 pre-compaction.

Both samples pre-compacted with C1 have the lowest respective (BH)max. This is likely
due to the samples collapsing during the SPT cycle. Rather than the denser C2 and C3
samples resisting the applied pressure and deforming to the larger diameter, C1 samples
would crumble during the beginning of pressure application, causing an alarm in the FCT
HP-D25 device and triggering immediate cessation of the program. When the TZM die was
opened for examination, the C1 samples were found crushed back into powder. The weak
bonds formed between particles and high porosity could not withstand the deformation
pressure. Nevertheless, the SPT cycle was repeated with the C1 samples in this crushed
state, and the magnetic performance values more reflect how the SPT parameters densified
the powder once again. As the pressure of SPT was more utilized for compaction than
deformation, grain alignment was not well realized in the C1 samples. This led to a lower
Br and subsequent (BH)max relative to samples that experienced higher deformation during
SPT. When comparing these values to commercial Nd-Fe-B magnet grades, the LCM series
is roughly capable of reaching the DIN IEC 60404-8-1 designation [45] of REFeB 290/80
in coercivity and remanence (HcJ = 800 kA m−1, Br = 1.23 T, (BH)max = 290 kJ m−3), while
the addition of 25 wt% MQ fully achieves REFeB 290/80 designation, including the energy
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product. In terms of Chinese standards, the LCM series can achieve a grade of roughly N38
or N35, with the 25 wt% additional MQ increasing the grading to N40 [46,47].

SEM analysis of the samples indicates that some grain alignment was induced by the
deformation, even with the recycled anisotropic LCM powder. This was not universal
across the sample bulk. Figure 5 shows examples of well-aligned and poorly-aligned
regions within the bulk. Both microstructures were taken from the area between “center”
and “edge” as indicated in Figure 6A. Ideally, the c-axes (orange arrows) of the Nd2Fe14B
grains (dark grey) would be parallel to the pressing direction (white arrows). The well-
aligned region shows near-parallel alignment, while the poorly-aligned region shows some
oversized isotropic grains and some majorly misaligned grains. Notably, however, the
poorly-aligned region does not appear to show a completely random orientation of grains,
suggesting some influence from the deformation was induced on a granular level. This
would agree with the thought that thermomechanical grain alignment in Nd-Fe-B magnets
begins at roughly 800 ◦C [48]. It is possible that, because of the pyrometric measurement
of temperature, some regions of the sample were not at the target temperature of 800 ◦C
during the application of pressure, inhibiting thermomechanical grain rotation. It is also
possible that, due to the nature of SPT allowing for space between the sample’s edge and
the die walls, thermal gradients occurred that influenced the alignment, as the surrounding
void between the sample and the die wall would not have the same heat conductivity as the
punches directly in contact with the sample. There is also the possibility that some grains
were already favorably aligned, based on how the powder particles fell into the die [32].
An external magnetic field was not used to align the powder in the die, but it could be a
route to improving alignment in the future.

Figure 5. BSE SEM images of LCM_C2_SPT showing regions of (A) well-aligned and (B) poorly-
aligned grains. The direction of C-axes of the grains is indicated with light orange arrows, regions of
oversized grains are outlined in orange boxes, and majorly misaligned grains are outlined in a yellow
box. Pressing direction of deformation is indicated with white arrows in the upper left corner of
the images.
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Figure 6. (A) Diagram of section cut from LCM_C2_SPT for SEM analysis, and BSE SEM images of
LCM_C2_SPT comparing (B) center with (C) edge. The directions of C-axes of the grains are indicated
with light orange arrows. Pressing direction of deformation is indicated with white arrows in the
upper left corner of the images.

Another influence on the microstructure was the friction of the die wall. As seen in
Figure 6, the sample center is the area with the more well-aligned grains, while the edge
of the sample consists of grains either with C-axes nearly perpendicular to the pressing
direction or that have become large and isotropic. This is likely due to the flow of the
Nd-Fe-B material during deformation against the wall of the die, being shoved upward
by wall friction. As the sample taken for magnetic analysis was an Ø 8.5 mm disk taken
from the bulk near the center of the sample, the influence of such misaligned grains at
the edge was not reflected in the measurements of magnetic performance. Likewise, bar
magnets cut from the SPT-deformed samples did not contain any of the edge region. If
the possibility ever came to test the whole of an SPT-deformed Nd-Fe-B magnet, the edge
could significantly detract from the magnetic behavior.

To confirm the increased alignment of the grains, X-ray diffraction (XRD) analysis was
performed on LCM_C2 and LCM_C2_SPT. This measurement was performed on the planes
parallel to the pressing direction and in the center of this plane for both samples, as shown
in Figure 7A. From these XRD measurements, given in Figure 7B, the value of the I(006)/I(105)
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ratios for each sample was calculated. This value can be used to assist in quantifying the
degree of alignment, and a higher value represents a higher degree of alignment and higher
anisotropy, as (105) is close to the c-axis direction [49–51]. Special attention was also given
to the (00L) peaks, as their growth in intensity can also signal increased alignment [52].
XRD analysis showed that the I(006)/I(105) increased upon deformation by SPT, from
0.59 prior to SPT deformation to 0.81 after. Increased intensity was also observed in
the peaks of (004), (006), and (008), also indicating an increase in alignment.

Figure 7. (A) Diagram showing the location of the XRD measurement on a given sample and
(B) XRD measurements of LCM_C2 and LCM_C2_SPT with specific peaks relevant for alignment
labeled and indicated with blue lines.

For the production of demonstrator magnets, the pre-compaction scheme C2 was
chosen. While this pre-compaction does not lead to the highest energy product or rema-
nence, its balance of coercivity and remanence, its behavior during deformation, and its
regions of alignment made it the favorable candidate for demonstration. Figure 8A shows
the significant squareness of the hysteretic curve of LCM_C2_SPT when compared to its
counterparts, which were pre-compacted at higher and lower temperatures. In general,
more squared hysteresis curves are preferred. Likewise, Figure 8B shows how the inclusion
of just 25 wt% MQ improves the squareness for both C2 and C3 samples. However, while
this improvement is evident, the goal of this work was to generate new magnets from
100 wt% recycled material. SPT of 100 wt% LCM magnets with the pre-compaction scheme
C4 were chosen to make demonstrator magnets. The major difference between C2 and
C4 as pre-compaction schemes being the inclusion of more mass in C4, giving additional
height to the SPT magnet necessary to reach target specifications after refinement.
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Figure 8. Hysteresis curves for the (A) LCM and (B) L75_M25 samples after SPT deformation.

2.4. Use of Demonstrator Magnets in a Water Pump

With the extra 16% mass increase from the pre-compaction C2 to C4, the average
height of the LCM_C4_SPT samples was measured to be roughly 4.3 mm. This allowed
for 1.2 mm of tolerance during the smoothing of the sample faces. As seen in Figure 9A,
SPT samples had irregular faces with craters from the deformation process. The reason
for this is unclear but could possibly be attributed to varied Nd-rich phase liquification
causing mixed malleability in the sample. Pockets of Fe could have been reacting with
the C-foil during deformation, or the soft nature of the foil could have allowed for dips or
folds in the surface to occur during deformation. The samples could be smoothed via cup
grinding, as seen in Figure 9B. If the possibility of SPT scale-up is ever considered, though,
improving the SPT process to generate smoother samples could help avoid the need for
post-deformation grinding.

Figure 9. LCM_C4_SPT samples (A) directly after extraction and (B) after smoothing of the faces.

Figure 10A,B shows the bar magnets extracted from the LCM_C4_SPT samples
through electrical discharge machining by WILO SE, shaped to their target dimensions of
33.5 × 16.2 × 3.1 mm. Damage and cracking were observed in the bar magnets. SPT
deformation likely caused this damage, either from incomplete deformation, damage upon
extraction, or sample flaking due to internal cracking. It was not uncommon for pieces
of SPT magnets to break or flake from the surface during extraction. Cleavage was often
observed at the edge of samples, running towards the sample center. As seen in Figure 10B,
a crack runs from the edge of the LCM_C4_SPT bar magnet down towards the center.
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Cracks were also observed in other samples. These cracks could be due to several reasons,
including stresses or wall friction during sample extraction from the TZM die or mechan-
ically weakened regions in the bulk. Rarely were cracks seen in the portions of samples
taken for SEM analysis, and they were made most obvious after machining. The few cracks
that were seen via SEM did run perpendicular to the pressing direction, but they did not
appear to follow significant Nd-rich segregations. If this SPT technique were to be repeated
industrially, further mechanical testing and crack imaging may be necessary to determine
the reason behind the cracks forming. In the scope of this project, it was not possible to
demagnetize and image the bar magnets after they were shaped and tested. Nevertheless,
the bar magnets were successfully installed into a rotor, shown in Figure 10C, used for the
Stratos MAXO 40/0.5-4 Circulating Pump by WILO SE. The set-up for electromotive force
(EMF) measurements is shown in Figure 10D.

Figure 10. Photos of (A) a bar magnet from LCM_C4_SPT after electrical discharge machining,
showing damage in the corner from the deformation process, (B) a side-view of the bar magnet with
a visible crack down the magnet bulk, (C) the rotor where the bar magnets were installed, along
with the WILO SE circulating pump where the rotor was utilized, and (D) the set-up of the EMF
measurement. Photos, electrical discharge machining, and EMF tests provided by WILO SE.

EMF of the two tested rotors is listed in Table 3. When exposed to a rotational speed of
4000 RPM, the standard rotor delivered an EMF of 80.55 V. The rotor with the LCM_C4_SPT
magnets produced an EMF of 76.51 V, roughly 5% lower than the standard rotor. This
translates to a 5% lower torque, if the pump was in operation.
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Table 3. Comparison of the EMF of a standard WILO rotor to rotor with DEMO magnets installed at
the same rotational speed.

Magnets in Rotor Rotational Speed (rpm) Electromotive Force (V)

WILO standard 4000 80.55
LCM_C4_SPT 4000 76.51

While the LCM_C4_SPT bar magnet was not far in EMF behavior from the WILO
bar magnets, Permagraph measurements of the two bar magnets shows further discrepan-
cies in their magnetic performances, as seen in Figure 11. As mentioned earlier, it was as-
sumed that LCM_C4_SPT would behave similarly to LCM_C2_SPT (HcJ = 1049 kA m−1,
Br = 1.11 T). LCM_C4_SPT did indeed perform similarly (HcJ = 954 kA m−1, Br = 1.09 T),
with slight decreases in both remanence and coercivity. These can be attributed to the size of
LCM_C4_SPT, which was measured as an entire bar magnet as opposed to a small portion cut
from a sample. This increase in size also suggests an increase in inhomogeneities, including any
deviation from optimal microstructure from sample center to edge. The influence of defects
inside the bulk does not appear to be too stark, though, as the LCM_C4_SPT bar magnet still
achieves a (BH)max of 221 kJ m−3. While considerable for a recycled magnet, it still falls short of
the magnetic performance of the typically used WILO NdFeB 38/120 sintered bar magnet typi-
cally used in the pump motor (HcJ = 1487 kA m−1, Br = 1.24 T, (BH)max = 299 kJ m−3). While the
energy product of LCM_C4_SPT is only 75% that of the WILO standard, the energy product of
the WILO magnet is likely higher than necessary for operation of the pump due to modifications
for aspects like temperature resistance. For instance, because the HcJ of the LCM_C4_SPT mag-
nets is lower than that of the standard WILO magnets, their behavior relative to temperature will
also be worse. When Nd-Fe-B magnets are exposed to higher temperatures, their demagnetiza-
tion curve contracts, leading to decreases in HcJ, Br, and (BH)max [53]. As the HcJ of LCM_C4_SPT
(1060 kA m−1) is considerably lower than the target values (1300–1400 kA m−1) and the magnet
tested (1487 kA m−1), this would lead to a quicker decrease in magnetic performance with
rising temperatures.

Figure 11. Magnetic hysteresis response comparison between a standard WILO bar magnet and
LCM_C4_SPT as a bar magnet.

There are a number of reasons as to why this technique could not achieve magnets
at the standards set by WILO SE. First and foremost, the recycled, crushed LCM powder
was generated from out-of-spec magnets from the beginning. If there were issues with the
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LCM powder that included oversized grains or compositional problems, alignment via
SPT could not fix them. In an ideal situation, SPT would be used on magnetic powder from
magnets that are in-spec but needed to be crushed and reprocessed due to an issue with the
magnet bulk, such as breakage or other mechanical damage. Secondly, even with the fine
particle fraction sieved away from LCM, the oxygen content in LCM was still over double
that of MQ. While a small amount of oxygen is necessary for the stability of the Nd-rich
grain boundary phase, too much oxygen generates more paramagnetic Nd oxides than
necessary, which detracts from the magnetic performance [54]. Thirdly, the morphology of
LCM certainly led to a lower packing density when filling the SPS dies when compared
to the morphologically flat MQ powder. While the LCM_C samples could be successfully
deformed during SPT, the packing of the powder likely had an influence on aspects like
distribution of pressure and material flow during deformation. While there is certainly
room to improve the SPT process and fine-tune deformation parameters, the quality of the
final magnet will be heavily dependent on the quality of the starting powder.

3. Materials and Methods
3.1. Starting Powders

Two magnetic powders were selected for processing. The first was Magnequench
MQU-F melt-spun powder (Neo Performance Materials, Toronto, ON, Canada) (batch
number B55557), which is a commercially available melt-spun Nd-Fe-B powder used in
magnet production. This powder is referred to “MQ”. In this work, MQ was used solely
in mixes with recycled powder to enhance magnetic performance. The second was a
recycled powder consisting of crushed out-of-spec Nd-Fe-B magnets from the company
WILO SE (Dortmund, Germany), crushed by Less Common Metals (Cheshire, UK) (LCM
Batch J9348/FP33302 delivered by WILO SE). The powder fraction delivered was of a
particle size <200 µm. From this batch, the fraction < 180 µm was sieved off, leaving a
powder of the particle size range 180–200 µm. This was done to eliminate powder fractions
that were rich in oxygen contamination, which would have degraded the final magnetic
performance [32]. This powder is referred to as “LCM” in this work. A mix consisting
of 75 wt% LCM, 25 wt% MQ was prepared through mixing for 10 min via tumble mixer
and is referred to as “L75_M25” in this work. Particle morphology and microstructures
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, Jena,
Germany). A classical Everhardt-Thornley detector was used to image the morphology, and
an InLens—SE (secondary electron) detector was used for the microstructures. Oxygen
content of these powders was analyzed via carrier gas hot extraction (CGHE) performed
by a TCH 600 device by Leco (Leco Corporation, St. Joseph, MI, USA).

3.2. Pre-Compaction by FAST/SPS

Compaction of powders into a pre-form was performed in a FAST/SPS device (HP-
D5, FCT Systeme GmbH, Rauenstein, Germany), and all experiments were performed
under vacuum. A total of 30 g of magnet powder was pre-compacted into a graphite die
(SIGRAFINE R7710, SGL Carbon GmbH, Wiesbaden, Germany) with an inner diameter of
20 mm. Specialized graphite punches, which were cut to be shorter than normal, were used
to compensate for the extra height from the 30 g of material. This allowed the die set-up
to fit properly into the HP-D5 device. For tool preservation and protection, a graphite
foil of 0.38 mm (SIGRAFLEX, SGL Carbon GmbH, Wiesbaden, Germany) was used in the
inner circumference of the die and between the punches and powder. In order to achieve
stable Nd-Fe-B compacts with varying porosity, the powder was heated to a maximum
temperature of 500, 600, or 700 ◦C with a heating rate of 100 K min−1 (Table 4). At 500 ◦C
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(parameter set C1), dwell was increased to 120 s due to success with this dwell time for flash
SPS samples in the work by Maccari et al. [31]. A shorter dwell time of 60 s was used for
higher temperatures to avoid excessive grain growth at the pre-compaction stage. A constant
load of 16 kN, resulting in a nominal uniaxial stress of 50 MPa, was applied throughout
the procedure. One series was an exception to these experimental parameters, shown
as C4 in Table 4. This series consisted of samples made from 35 g of LCM rather than
30 g, as it allowed for a taller sample after SPT with more flexibility for smoothing the
faces of the magnet after deformation. C4 pre-compaction was performed in a Ø 20 mm
titanium-zirconium-molybdenum alloy (TZM) die with TZM punches (Plansee, Reutte,
Austria) using the same parameters as C2. However, in this case, sintering was performed
in the hybrid FAST/SPS device (H-HP-D25 SD/FL/MoSi, FCT Systeme GmbH, Rauenstein,
Germany) due to the increased height of the die and punches.

Table 4. FAST/SPS parameters for different pre-compaction trials.

Set
Name

Powder
Mass (g) Dwell Time (s) Temperature (◦C)

Force (kN)/
Pressure

(MPa)
Diameter

(mm)
Heating Rate

(K min−1)

Number of
Samples
Prepared

C1 30 120 500 16/50 20 100 1
C2 30 60 600 16/50 20 100 1
C3 30 60 700 16/50 20 100 1
C4 35 60 600 16/50 20 100 6

3.3. Spark Plasma Texturing

SPT experiments were performed to generate clean, crack-free edges in the Nd-Fe-
B samples. SPT experiments were done using TZM dies and punches (Plansee, Reutte,
Austria), as these could withstand much higher pressures than graphite tools. A pre-
compacted Ø 20 mm Nd-Fe-B sample was placed in the center of the Ø 40 mm TZM die.
The inner diameter of the TZM tool was lined with a 0.38 mm thick graphite foil, and the
punches and Ø 20 mm Nd-Fe-B sample were separated by Ø 40 mm disks of the same foil
(type SIGRAFLEX, SGL Carbon GmbH, Germany). The TZM tool containing the Ø 20 mm
compact centered in the die was then mounted in the hybrid FAST/SPS device (H-HP-D25
SD/FL/MoSi, FCT Systeme GmbH, Germany). The SPT cycle was then initiated, which
consisted of the following steps:

1. A starting force of 10 kN was applied to the Ø 20 mm pre-compact. Temperature was
increased to 800 ◦C at a rate of 100 K min−1.

2. Once the target temperature of 800 ◦C was achieved, the maximum force of 126 kN
(100 MPa on Ø 40 mm) was applied over a duration of 30 s, leading to an applied
increase of stress with a rate of 3.33 MPa s−1.

3. Maximum nominal stress and temperature were subsequently held for an additional 10 s.
4. After the dwell period, the power pulse is switched off and the sample is allowed

to cool.

This parameter set was chosen based on previous SPT experiments, which had shown
that deformation needed to occur in a quick yet controlled fashion to generate favorable
magnetic behavior. Deformation at a higher rate often caused the Nd-rich grain boundary
phase to pool in pores, leading to a phase segregation that negatively influenced magnetic
performance. Holding the maximum pressure for several seconds after full application also
showed favorable influence. Diagrams of both set-ups for FAST/SPS pre-compaction and
SPT deformation are shown in Figure 12.
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Figure 12. Diagram of set-up of FAST/SPS for pre-compaction of Nd-Fe-B and SPT for deformation
of the pre-compacted form.

3.4. Analysis of Density, Microstructure, and Magnetic Performance

Density of the samples was calculated via geometric measurements, with relative den-
sity compared to the considered Nd-Fe-B density of 7.55 g cm−3. Magnetic characterization
was performed with the Permagraph C-300 system (MAGNET-PHYSIK Dr. Steingroever
GmbH, Köln, Germany) after previous magnetization in a pulsed field. An Ø 8.5 mm
disk was cut from a sample’s bulk in order to be tested. Permagraph measurements were
performed by WILO SE. For scanning electron microscopy (SEM) of pre-compacted and
deformed samples, a Zeiss Gemini 450 (Carl Zeiss AG, Jena, Germany) was used. All
SEM images were taken with a back-scattered electron (BSE) detector. Pre-compacted
samples were analyzed with an acceleration voltage of 15 kV. X-ray diffraction (XRD)
was performed via a Bruker D8 Discover (Billerica, MA, USA) using a Cu Kα radiation
source. XRD measurements were taken on the flat faces of the magnet, parallel to the
pressing direction.

3.5. Formation of Demonstrator Magnets for Use in Water Pumps

After SPT, the recycled magnets had rough faces that needed to be smoothed. This
was performed at Ruhr-Universität Bochum via cup grinding to achieve a final magnet
height of 3.1 mm. From then, the smoothed magnets were sent to WILO SE to be cut
into bars of 33.5 × 16.2 mm via electro discharge machining. Four cut magnets were
then tested in a rotor designed for a Stratos MAXO 40/0.5-4 Circulating Pump (WILO SE,
Dortmund, Germany). The electromotive force (EMF) was measured at a rotational speed of
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4000 RPM. This was compared with a rotor rotating at the same speed containing standard
hot-deformed Nd-Fe-B magnets produced by WILO. The EMF measurement was carried
out by installing a stator of the pump motor into the test setup and then driving the rotor
via the drive unit of the test setup. A torque measurement shaft was connected between the
rotor and the drive unit, and the induced voltage within the stator winding was measured.
Measurements from the stator are transmitted to a 3-channel storage oscilloscope.

4. Conclusions and Outlook
With a combination of pre-compaction at 600 or 700 ◦C and a specified SPT cycle,

involving deformation at 800 ◦C and 100 MPa, new magnets can be generated from 100 wt%
scrap hot-deformed Nd-Fe-B in a FAST/SPS device with energy products over 200 kJ m−3.
When mixed with 25 wt% commercial MQU-F powder, pre-compaction at 600 ◦C, and the
same SPT cycle, recycled Nd-Fe-B magnets can achieve energy products over 300 kJ m−3.

Magnets made from 100 wt% recycled material were smoothed and cut into bar
magnets for use in an electric engine of a water pump. They were able to generate an EMF
at 95% of standard hot-deformed magnets. While the target grade of the recycled magnets
was around DIN IEC 60404-8-1 designation REFeB 340/130 (Chinese commercial grade
N38H, N40H, and N42H), fully recycled magnets could achieve most aspects of designation
REFeB 290/80 (Chinese commercial grade of around N38 or N35). With the addition of
25 wt% commercial melt-spun material, all aspects of designation REFeB 290/80 could be
achieved (roughly commercial grade N40). While this is a downgrade, these magnets still
have an energy product high enough for uses outside of their original intent, such as in
consumer electronics.

Currently, the SPT process only generates enough magnet material for one bar magnet
at a time. However, SPT at a larger diameter could produce a disk where several magnets
could be cut at once. Further investigation is necessary to figure out the relationship
between diameter change, flow, and subsequent grain alignment during SPT. Net-shaping
also remains a possibility, and experiments on geometries beyond the standard cylinder
could eliminate machining steps entirely, further reducing the amount of waste.
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Kobe, S.; et al. The sintering mechanism of fully dense and highly coercive Nd-Fe-B magnets from the recycled HDDR powders
reprocessed by spark plasma sintering. J. Alloys Compd. 2019, 774, 1195–1206. [CrossRef]

26. Ikram, A.; Awais, M.; Sheridan, R.; Walton, A.; Kobe, S.; Pušavec, F.; Žužek Rožman, K. Spark Plasma Sintering as an Effective
Texturing Tool for Reprocessing Recycled HDDR Nd-Fe-B Magnets with Lossless Coercivity. Metals 2020, 10, 418. [CrossRef]

27. Leich, L.; Röttger, A.; Krengel, M.; Theisen, W. Recycling of NdFeB Magnets by Electrodischarge Sintering—Microstructure,
Magnetic, and Mechanical Properties. J. Sustain. Metall. 2019, 5, 107–117. [CrossRef]

28. Leich, L.; Röttger, A.; Theisen, W.; Krengel, M. Densification of nanocrystalline NdFeB magnets processed by electro-discharge
sintering—Microstructure, magnetic, and mechanical properties. J. Magn. Magn. Mater. 2018, 460, 454–460. [CrossRef]

29. Castle, E.; Sheridan, R.; Zhou, W.; Grasso, S.; Walton, A.; Reece, M.J. High coercivity, anisotropic, heavy rare earth-free Nd-Fe-B
by Flash Spark Plasma Sintering. Sci. Rep. 2017, 7, 11134. [CrossRef] [PubMed]

30. Prasad Mishra, T.; Leich, L.; Krengel, M.; Weber, S.; Röttger, A.; Bram, M. NdFeB Magnets with Well-Pronounced Anisotropic
Magnetic Properties Made by Electric Current-Assisted Sintering. Adv. Eng. Mater. 2023, 25, 2201027. [CrossRef]

31. Maccari, F.; Mishra, T.P.; Keszler, M.; Braun, T.; Adabifiroozjaei, E.; Radulov, I.; Jiang, T.; Bruder, E.; Guillon, O.; Molina-Luna,
L.; et al. Nanocrystalline Nd–Fe–B Anisotropic Magnets by Flash Spark Plasma Sintering. Adv. Eng. Mater. 2023, 25, 2300252.
[CrossRef]

32. Keszler, M.; Grosswendt, F.; Assmann, A.-C.; Krengel, M.; Maccari, F.; Gutfleisch, O.; Sebold, D.; Guillon, O.; Weber, S.; Bram, M.
Direct Recycling of Hot-Deformed Nd–Fe–B Magnet Scrap by Field-Assisted Sintering Technology. Adv. Energy Sustain. Res. 2024,
5, 2300184. [CrossRef]

33. Keszler, M. Field Assisted Sintering Technology/Spark Plasma Sintering in the Direct Recycling of Hot-Deformed Nd-Fe-B Scrap and
PM T15 Steel Swarf ; Forschungszentrum Jülich GmbH Zentralbibliothek, Verlag: Jülich, Germany, 2025. Available online:
https://juser.fz-juelich.de/record/1048190 (accessed on 9 June 2026).

34. Liu, W.Q.; Cui, Z.Z.; Yi, X.F.; Yue, M.; Jiang, Y.B.; Zhang, D.T.; Zhang, J.X.; Liu, X.B. Structure and magnetic properties of
magnetically isotropic and anisotropic Nd–Fe–B permanent magnets prepared by spark plasma sintering technology. J. Appl.
Phys. 2010, 107, 09A719. [CrossRef]

35. Hu, Z.; Chu, L.; Li, J.; Liu, Y. Enhanced magnetic properties in Nd-Fe-B magnets prepared by spark plasma sintering via
die-upsetting process. J. Rare Earths 2011, 29, 660–663. [CrossRef]

36. Liu, Z.W.; Huang, Y.L.; Huang, H.Y.; Zhong, X.C.; Yu, H.Y.; Zeng, D.C. Isotropic and Anisotropic Nanocrystalline NdFeB-Based
Magnets Prepared by Spark Plasma Sintering and Hot Deformation. Key Eng. Mater. 2012, 510–511, 307–314. [CrossRef]

37. Wang, T.; Yue, M.; Li, Y.; Tokita, M.; Wu, Q.; Zhang, D.; Zhang, J. Tuning of Microstructure and Magnetic Properties of
Nanocrystalline NdFeB Permanent Magnets Prepared by Spark Plasma Sintering. Magn. Lett. IEEE 2015, 6, 5500304. [CrossRef]

38. Tomše, T.; Samardžija, Z.; Scherf, L.; Kessler, R.; Kobe, S.; Žužek Rožman, K.; Šturm, S. A spark-plasma-sintering approach to the
manufacture of anisotropic Nd-Fe-B permanent magnets. J. Magn. Magn. Mater. 2020, 502, 166504. [CrossRef]
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