


sintered material is wasted in this step.9,10 The use o
processing waste rom Nd−Pr−Fe−B magnets is a promising
alternative to recycling due to the volume and chemical
composition o the waste produce as it contains up to 30 wt %
o rare earth, which are considered critical elements due to
their ubiquity in high-demand technological applications.11

Moreover, these production wastes require careul storage.
Due to their pyrophoricity, they are considered hazardous as
they react vigorously with oxygen.
Nd−Pr−Fe−B sintered magnets consist o a erromagnetic

phase RE2Fe14B (RE = Nd and Pr) and an RE-rich thin
intergranular phase, ormed by the segregation o RE atoms at
grain boundaries. The magnetic nature o this RE-rich phase
determines the degree o exchange coupling between RE2Fe14B
grains, leading to a decrease in coercivity (HC) when they are
erromagnetic. HC is expected to increase when non-
erromagnetic intergranular phases are ormed, leading to
exchange decoupling between erromagnetic grains.12

In sintered Nd−Pr−Fe−B magnet machining processes,
oxygen rom air is the major contaminant. Kim evaluated the
eects o oxygen on the magnetic properties o Nd−Fe−B
magnets and ound that the magnetic properties gradually
decreased with increasing oxygen content.13 This deterioration
is due to the degradation o the RE-rich phase14 as this phase is
most susceptible to oxidation. Powders containing large
amounts o oxygen exhibit decreased content o RE-rich
phase, resulting in low-density sintered magnets and decreased
magnetic properties, such as HC and (BH)max, due to
insufcient exchange-decoupling o erromagnetic grains.15

Oxygen also reacts with the RE2Fe14B phase. Edgley et al.16

studied the oxidation o bulk samples o Nd−Fe−B in a pure
oxygen atmosphere (above 500 °C) and in air (temperatures
between 350 and 600 °C). In a pure oxygen atmosphere, three
exothermic reactions occurred corresponding to the oxidation
o the Nd-rich intergranular regions, to the matrix phase
Nd2Fe14B, and the α-Fe ormed during the oxidation o the
Nd2Fe14B phase. The matrix phase dissociated and ormed an
adherent surace layer that grew transgranular instead o
occurring along the grain boundaries, probably due to a
reaction in the Nd-rich regions that prevented rapid diusion
o oxygen along the grain boundaries The dissociation o the
Nd2Fe14B matrix into α-Fe nanocrystals was observed, which
contained small precipitates o oxides, such as Fe2O3, NdO,
and Nd2O3, rom oxidation o the RE-rich phase.16

When Nd−Pr−Fe−B alloys are in powder orm, the
oxidation rate is higher than that o solid materials. Thereore,
there is a relationship between the particle size and the kinetic
parameters o the dissociation o the Nd2Fe14B phase.14 The
larger oxidation rate may be related to the increase in the
surace area o the powder particles and the resulting increased
surace reaction with atmospheric oxygen.17 Despite the higher
oxidation rate, the oxidation mode and oxidation products are
similar to the bulk samples.18

In an aqueous environment, as is the case in machining
processes, the reactions are dierent. Tokuhara et al.
investigated the corrosion mechanism o Nd−Fe−B magnets
in a high-humidity environment. The authors observed a
mixture o Nd(OH)3, Nd2Fe14B, and Nd1.1Fe4B4 in the dust
layer ormed in the tested magnet, which was coated with a
corrosion protection layer. They attributed the corrosion
mechanism o selective oxidation at the grain boundaries o the
Nd-rich phase to the Nd(OH)3 orm.19 The selective

dissolution o the grain boundaries causes the Nd2Fe14B grains
to detach without signicant oxidation.20

The selective oxidation process shown in the ollowing
equations should be considered when analyzing machining
waste.21,22

(Nd, Pr)Fe B H O Nd Pr 14Fe B H O14 2 2+ + + + +

(1)

Nd 3H O Nd 3OH 3H 3e

Nd(OH) 3H 3e (in solution)

2
3

3

+ + + +

+ +

+ +

(2)

Nd(OH) NdO(OH) H O3 2+ (3)

2NdO(OH) Nd O H O, similarly2 3 2+ (4)

Pr 3H O Pr 3OH 3H 3e

Pr (OH) 3H 3e (in solution)

2
3

3

+ + + +

+ +

+ +

+

(5)

Pr (OH) PrO(OH) H O3 2+ (6)

2PrO(OH) Pr O H O2 3 2+ (7)

Currently, RE−Fe−B machining waste is used or indirect
recycling to recover rare-earth elements.5,23,24 This multistep
process recovers a high percentage o rare-earth elements. On
the other hand, indirect recycling involves high processing
costs, a high volume o liquid waste, and an environmentally
harmul CO2 ootprint.25 Another recycling strategy that
receives researchers’ attention is direct or alloy recycling,
where the end product is a material that can be reinserted
directly into the production chain.4 One o the processes being
investigated to do that is the calciothermic reduction process,
where the magnetic alloy is directly recovered.26−31 The
decision process or a recycling route takes into account
economic and technical aspects such as process costs,
efciency, and environmental impact.
The existing literature on the recycling o RE−Fe−B

machining wastes ocuses on the processes used, while the
properties o the eedstock are hardly addressed.9,10,26−29,32−34

Particle morphology, chemical composition, and phases
present in machining wastes are oten addressed and, in
some cases, particle size analysis is also shown.9,10,28−32,34

More recently, Xu et al. showed the improvement o
magnetization o recycled Nd−Fe−B machining sludge due to
the eectiveness o the recycling process used.28,29 They
showed that the Nd−Fe−B sintered magnet machining waste
was mainly composed o the Nd2Fe14B phase and had a high
oxygen and carbon content, which aected the magnetic
properties and made the direct reuse into the production o
Nd−Pr−Fe−B magnets uneasible. However, not enough
structural and magnetic inormation about the sludge was
ound to understand the eects o the machining processes on
the magnetic properties o the Nd−Pr−Fe−B waste and to
help optimize the recycling processes.
As mentioned earlier, sintered Nd−Pr−Fe−B machining

wastes are promising materials or recycling due to their high
content o critical rare-earth elements. Since various processes
can be used to machine sintered magnets, it is important to
understand their eects on the characteristics o the resulting
machining sludges, especially beore using these materials in
recycling routes. Thereore, it is expected that a detailed
knowledge o the characteristics o machining residues and the
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evaluation o the easibility o dierent machining processes on
the magnetic, structural, and morphological characteristics o
waste residues should support the optimization o the recycling
processes used.
The objective o this study is to evaluate the structural and

magnetic characteristics o Nd−Pr−Fe−B machining residues
produced by two dierent common machining processes or
sintered magnets. One process involves cutting the magnet
with a diamond cutting wheel, and other involves a grinding
operation.

■

EXPERIMENTAL SECTION

Samples. Nd−Pr−Fe−B magnets are hard (Vickers
hardness 600), brittle (tensile strength 100 MPa), and a very
appropriate material to use the same technologies used to
machine ceramics or their production.35 Due to their
mechanical properties, Nd−Pr−Fe−B sintered magnets are
considered difcult to machine by conventional machining
processes. Some processes used industrially to machine Nd−

Pr−Fe−B magnets are electrical discharge machining, grinding
operations, and the use o diamond tools. While some papers
do not speciy which machining process was used, others
mention that the sludges studied were obtained in grinding
operations using an epoxy-resin-bonded diamond grinding
wheel34 and a multiwire cutting process.29

The sintered Nd−Pr−Fe−B magnet machining sludges
investigated here originated rom two dierent machining
processes, both o which are used in the production chain o
sintered magnets. The rst machining residue investigated
originated rom a cutting process using a diamond wheel, and
the second was rom a grinding operation using an alumina
wheel.
Samples o diamond cut machining residue were obtained in

the laboratory on a cutting bench. A commercial Nd−Pr−Fe−
B-based magnet, class N42, was cut using a 15-series diamond
cutting wheel (LC Diamond, Buehler). The cutting uid used
was a water solution containing 10% in volume o ECOCOOL
SYN 1977 BF, soluble type (Fuchs Lubricants o Brazil). From
this point, the machining residues generated by this process are
called diamond cut residues.
Ater the machining processes, the wastes were collected and

cleaned. The same cleaning procedure as described by Yue31

was applied to the diamond cut residue. In this process, rst
water is added to the material ater it is immersed in an
ultrasonic bath or 5 min so that the particles are released and
then dried in an oven at around 85 °C.
The grinding residues were obtained by machining Nd−Pr−

Fe−B magnet class N38 on an industrial machine with a
vertical axis and rotary table surace grinding machine. The
uid used was a 5 % solution o Syntilo 9902 (Castrol SDS).
This is a synthetic oil-based uid, with additives to protect
machine tools and parts rom corrosion; it does not contain
mineral oil or ormaldehyde-releasing agents. The machining
residues produced by this process will be called grinding
residues in the text.
To remove the machining oil-based uid rom the grinding

residues, a method by Xu et al.28 was used, in which the
purication was carried out by alcohol centriugation and
vacuum drying at room temperature. The process or cleaning
the grinding residues was carried out using alcohol as the
cleaning uid, a 5 min ultrasonic cleaning bath, and drying at
around 85 °C.

Characterization. Various characterization techniques
have been used to study how the degradation o crystallo-
graphic phases and magnetic properties occurs in the
machining waste samples. Scanning electron microscopy
(SEM) with backscattered electrons was used to analyze
particle morphology and surace changes due to machining
eects. Particle size analysis by laser diraction was used to
determine particle size distribution. X-ray uorescence (XRF)
and elemental analysis were used to determine chemical
composition. X-ray diraction (XRD) was used to determine
crystallographic phases. X-ray photoelectron spectroscopy
(XPS) was used to evaluate the valence states and initial
degradation o the samples. Mössbauer spectroscopy (MS) was
used to quantiy how the machining process aects the
environment o the iron atoms in Nd2Fe14B. Vibrating sample
magnetometer (VSM) with rst-order-reversal-curves
(FORCs) was used to evaluate magnetic properties and
particle interaction.
Particle size distribution was determined using laser

diraction particle size analysis (Mastersizer 3000). The
analysis was perormed using the Fraunhoer scattering
model36 and a dry dispersion method.37

XRF measurement was perormed using an XRF spectrom-
eter. Oxygen content was measured by the inert gas melting
method38 (ONH836, LECO), and the carbon content was
determined by direct combustion and inrared detection (CS
300, LECO).
XRD measurements were perormed in Bragg−Brentano

geometry with Cu Kα radiation (λ = 1.540560 Å) and a 2θ

measurement range rom 10 to 90°. The high-resolution data
were rened using the Rietveld method and FullPro Suite
sotware.39 The crystallographic inormation les used to rene
the measured diraction patterns were obtained rom the
Inorganic Crystal Structure Database (ICSD) [collection code
number: 41393 or the Nd2Fe14B phase and 399 or the
Nd(OH)3 phase].
X-ray photoelectron spectra rom the suraces o the Nd−

Fe−B machining sludge samples were measured using a
SPECS system equipped with a Phoibos-150 analyzer and an
Al Kα (1486.6 eV) monochromatic X-ray source. The base
pressure in the ultrahigh-vacuum chamber was maintained
around 10−10 mbar during acquisition. The high-resolution
spectra were acquired with a pass energy o 20 eV and an
energy step o 0.1 eV. The C 1s peaks or adventitious carbon
at 284.6 eV were used as energy reerences or the charge shit.
MS measurements were perormed at room temperature,

without the application o an external magnetic eld, with a
conventional constant acceleration spectrometer in trans-
mission geometry, using a 57Co source in an Rh matrix. The
spectra were adjusted using the NORMOS sotware package
developed by R. A. Brand.40 Isomeric deviations were
standardized relative to natural Fe (α-Fe).
The magnetic properties o the powders were measured at

room temperature with a maximum applied eld o 1.5 T and a
sweep rate o 0.003 T/s using a LakeShore, model 7404 VSM.
FORCs provide inormation not apparent rom major

hysteresis loops. FORC curves provide inormation on the
distribution o switching and interaction elds and identiy
multiple phases in composite or hybrid materials containing
more than one phase. A FORC is measured by saturating a
sample in a eld HS, decreasing the eld to a reversal eld HA,
and then measuring moment versus eld HB as the eld is
swept back to HS. This process is repeated or many values o
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HA, yielding a series o FORCs. The measured magnetization
at each step as a unction o HA and HB gives M(HA, HB),
which is then plotted as a unction o HA and Hb in eld space.
The FORC distribution ρ(HA, HB) is the mixed second
derivative.41

H H
M H H

H H
( , )

1

2

( , )
A B

A B

A B

=
²

(8)

When plotting a FORC distribution, it is convenient to
change the coordinates rom {HA, HB} to HC=(HB−HA)/2,
HU=(HA + HB)/2. A FORC diagram is a 2D contour plot o a
FORC distribution with HC and HU on the horizontal and
vertical axes, respectively. HU represents the distribution o
interaction or reversal elds and HC represents the distribution
o switching or coercive elds o hysterons (undamental
hysteretic entities that may be directly associated with
erromagnetic particles and/or even erromagnetic domains).41

A FORC diagram not only provides inormation about the
distribution o interaction and switching elds but also serves
as a “ngerprint” that provides inormation about the domain
state and the nature o interactions occurring in magnetic
materials. In a FORC diagram, ully closed contours are usually
associated with single-domain (SD) behavior, while open
contours that diverge in the direction o the HU axis are
associated with the multidomain (MD) state, while open and
closed contours together are associated with pseudo-SD (PSD)
behavior. The term “PSD” empirically describes a continuous
transition between SD and MD behavior. The PSD range can
also be populated by strongly interacting SD particles, as well
as binary or ternary mixtures o SP, SD, and MD particles.42

■

RESULTS AND DISCUSSION

Morphology and Particle Size. The particles o the
machining sludges (Figure 1) are irregularly shaped due to the
brittle mechanical behavior o the Nd2Fe14B phase. SEM
images indicate that grinding residue samples have larger
particle sizes than the samples o diamond cut residue.

Measurements o the particle size distribution (Figure 2)
showed that both machining wastes had a nonmodal
distribution. Grinding residues exhibited a mean particle size
o D̅GR = 6.12 μm, while the mean particle size o the diamond
cut residues is smaller D̅DCR = 4.28 μm. The values ound are
consistent with the mean grain size o Nd−Fe−B-based
magnets ound in the literature. In the case o machining waste
samples, D̅ has been ound to vary between 3.0 and 3.2
μm,9,10,28−30 although 1.1 μm32 was also reported. It is
important to consider that larger values o particle sizes or

both types o residues may be related to agglomeration due to
magnetic interactions between particles o the machining
residue.
A lognormal unction o the orm shown in eq 9 was used to

determine the particle size distribution (Figure 2a,b).43
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The particle size distributions measured or each sample had
several local maxima due to the wide range o particle sizes
measured. Thereore, it was necessary to use a superposition o
multiple distributions to t each measurement. The area under
the curve or each lognormal distribution is given by A,
introduced as a multiplying actor in eq 9. The tted
parameters were the area under the curve (A), the standard
deviation (σ) o ln(D), and the mean diameter (D̅). The tting
o the multimodal particle size distributions required the use o
5 and 4 distributions or grinding and diamond cut residues,
respectively.
Analysis o the tting parameters (Table 1) revealed that

both residues had similarities in particle size distribution. Both
residues presented a similar trend, that is, the most populated
distributions; those with the largest area under the curve had D̅
> 1000 μm, ollowed by distributions with D̅ ≈ 8 μm. The
wide range o D values in these samples will contribute to
reduce their BxH energy product.

Chemical Composition. The chemical compositions
obtained rom the XRF measurements are shown in Table 2.
The rare-earth content in the diamond cut residue (40.96 %)
was higher than that in the grinding residue (30.71 %). The Dy
content is also higher in the diamond cut residue, but Ce was
not ound in its composition. This high amount o rare-earth
elements ound in both cases is consistent with the amount
needed to produce magnets.27 The dierences observed
between grinding and diamond cut residues should not have
an inuence on the selected recycling/recovery processes. The
chemical composition can vary between magnet producers due
to the variety o specications and application o the related
magnetic components.
Elemental analysis indicated that diamond cut sludge

samples present oxygen and carbon contents o 6.3 and 1.3
%, which are higher than those ound in grinding residue
samples, being 4.7 and 0.4 %, respectively. Such diering values
may be related to the machining uid removal. The machining
uid o the diamond cut residue was removed using water, and
in the case o the grinding residue, it was used ethanol. An
increase o oxygen content rom 3 to 7 wt % when the
machining sludge was stored underwater was reported by
Kruse et al.34 Both oxygen and carbon content values are
similar to published data, e.g.9,28,29,31,32,34 which show the
oxygen content ranging rom 5.1 to 16 wt % and the carbon
contamination rom 0.6 to 2.3 wt %.
Both residues have high rare-earth content, and the major

contaminants are oxygen and carbon. Since carbon and oxygen
are deleterious to magnetic properties, directly reusing these
sludges into sintered magnet production chains is not possible.

Crystallographic Phases. XRD measurements (Figure 3
and Table 3) showed that both residues exhibit two crystalline
phases, Nd2Fe14B and Nd(OH)3. The Nd2Fe14B crystal
structure has a tetragonal structure with space group P42/
mnm, matched with ICSD collection code 41393. According to
McCain20, the Nd(OH)3 phase results rom the oxidation o

Figure 1. SEM morphology o the (a) grinding residue and (b)
diamond cut residue.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c08249
ACS Omega 2023, 8, 12246−12258

12249



the Nd-rich phase in an aqueous environment. Using the
Rietveld renement method, it was possible to identiy that
both samples are mainly ormed by the Nd2Fe14B phase. This
is consistent with the results reported in the literature,10,28,32,34

which indicate that the sludge samples studied are mainly
ormed by the Nd2Fe14B phase. Other phases such as Nd2O3,

Fe2O3, and α-Fe have been ound in other studies;9,29,31

however, they have not been detected in the samples studied in
this work. In both samples, the renement statistics indicated a
good t among experimental and calculated data. For the
grinding residue χ

2, Rp and Rwp values are 2.01; 5.62; and
7.17. For the diamond cut residue χ

2, Rp and Rwp values are
5.72; 0.77; and 1.13.
The unit cell parameter values obtained (Table 3) are

similar in both samples; they dier rom the values expected
or the ICSD Nd2Fe14B phase by less than 0.5 and 0.3 % or
the grinding residue and diamond cut residue, respectively,
indicating that the Nd2Fe14B crystalline phase was not
signicantly aected by the cutting process.
XRD data showed that the Nd-rich phase was oxidized into

Nd(OH)3 due to direct contact with water rom the cutting
uid. The amount o this phase was higher or the grinding
residue sample, indicating that the grinding process resulted in
a more accentuated degradation. Also, this technique did not
indicate Nd2Fe14B phase modication.

Mössbauer Spectroscopy. As ar as the authors know,
there has not been ound any published report o 57Fe
Mossbauer spectroscopy measurements or Nd−Pr-Fe−B
machining sludges, previous to this work. Mössbauer measure-
ments shown in Figure 4 or (a) grinding residue and (b)
diamond cut sludge samples were tted with 11 subspectra. A

Figure 2. Lognormal unction tting o particle size distributions or the (a) grinding residue and (b) or diamond cut residue.

Table 1. Lognormal Fitting Parameters or Each Distribution Required to Fit the (a) Grinding Residue and (b) or Diamond
Cut Residue Particle Size Distribution

D̅ (μm) σ A

value std error value std error value std error R2

(a) Grinding residue

peak 1 4.91 1.33 0.90 0.07 9.30 2.74 0.99964

peak 2 8.73 0.03 0.56 0.01 65.42 2.38

peak 3 48.69 0.03 0.27 0.90 9.63 5.25

peak 4 117.59 5.25 0.32 0.06 21.74 2.11

peak 5 1364.23 95.25 0.84 0.04 805.68 32.69

(b) Diamond cut residue

peak 1 5.52 1.67 0.94 0.06 24.38 8.90 0.97998

peak 2 28.33 0.35 0.59 0.05 27.25 7.17

peak 3 67.86 8.42 0.38 0.10 13.76 3.41

peak 4 1116.49 172.47 1.03 0.09 840.46 60.16

Table 2. Chemical Composition o Grinding and Diamond
Cut Machining Wastes Obtained by XRF Analysis

Element (wt %) (a) Grinding residue (b) Diamond cut residue

Nd 21.5 ± 1.08 30.2 ± 1.51

Pr 7.03 ± 0.35 9.62 ± 0.48

Dy 1.29 ± 0.06 2.14 ± 0.11

Ce 0.89 ± 0.04 −

Fe 66.4 ± 3.32 52.4 ± 2.62

Co 1.02 ± 0.05 2.16 ± 0.11

Cu 0.26 ± 0.01 1.07 ± 0.05

Ni 0.03 ± 0.01 0.04 ± 0.01

Al 0.14 ± 0.01 0.18 ± 0.01

P 0.44 ± 0.02 0.54 ± 0.03

Ca 0.21 ± 0.01 0.32 ± 0.02

Nb 0.21 ± 0.01 0.11 ± 0.01

others*a bal. bal.
aOthers*: Si, S, Cl, Cr, Zn, Zr, Sn, Ba, and Ga.
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set o six sextet subspectra are associated with each o the six
nonequivalent iron sites in Nd2Fe14B.

44 Table 4 shows the
tting parameters corresponding to each subspectra [relative
area (A), isomeric shit (δ), quadrupole shit (2ε/ΔQ), and
hyperne eld (BHF)]. The remaining subspectra are a wide
sextet with a BHF ∼ 25 T, which was assigned to a Nd2Fe14B
phase containing deects caused by machining, a sextet
attributed to metallic Fe (α-Fe), resulting rom the dissociation
o the Nd2Fe14B phase, and three doublets corresponding to
nonmagnetic phases, one related to a hydrated iron oxide
phase, identied as errihydrite [(Fe3+)2O3*H2O], and two
iron-based phases with oxidation state Fe3+ and Fe2+.
The parameter values shown in Table 4 allow us to analyze

the degradation eect o the Fe-containing phases in the sludge
samples studied. Note that the relative spectral area o each

phase is proportional to its content in the sample. Hence, the
sum o the spectral areas corresponding to the six non-
equivalent Fe sites o the Nd2Fe14B phase shows that both
types o sludge samples contain similar amounts o such
Nd2Fe14B phase (∼69 %). The α-Fe phase is ound in similar
quantities (∼10 %) in both cases.
The hyperne elds o the R2Fe14B (R = rare-earth element)

compound decrease in the ollowing order: 8j2 > 16k2 > 16k1 >
4e > 8j1 > 4c.44 Any modication in the environment o the Fe
atoms at each site may result in the variation o the site-specic
BHF value o the Nd2Fe14B phase, which should be addressed
ultimately to a variation in the number o nearest neighbors
and species, or in the intensity o the 3d−3d exchange
interactions between Fe−Fe atoms or 4−3d interactions
between Nd−Fe atoms, being the latter an order o magnitude
weaker. A detailed study or Nd2Fe14B can be ound in Kamal
and Andersson45 and reerences therein. Kamal and Ander-
sson45 estimated a 34.4 T average value o BHF or Nd2Fe14B
based on polarized neutron studies by Givord et al.46 The
spectra analyzed have been tted with a sextet, having reduced
BHF 25 T, which has been introduced to account or
modications in the Nd2Fe14B phase promoted by the
machining processes o the magnets. Such processing methods
may lead to the migration o Nd to grain boundaries to orm
Nd-rich phases, resulting in decreased 4−3d interactions, or

Figure 3. XRD patterns o the (a) grinding residue and (b) diamond cut residue. Black curves are experimental data and red curves are simulated
patterns obtained using the Rietveld renement method. The blue [green] rods reer to the reection positions that correspond to Nd2Fe14B
[Nd(OH)3 phase].

Table 3. Rietveld Refnement Results or the Nd2Fe14B
Phase in Each Type o Machining Residue.

χ

2
Nd2Fe14B
phase (%) a (Å) c (Å)

ICDS 41393 100 8.800 ± 0.005 12.200 ± 0.007

(a) Grinding
residue

2.4 94 8.842 ± 0.002 12.267 ± 0.003

(b) Diamond
cut residue

5.6 96 8.829 ± 0.002 12.250 ± 0.003
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may involve the ormation o α-Fe and other Fe phases, and
thereore a reduction in 3d−3d exchange interactions between
Fe−Fe neighbors. The relative spectral area corresponding to
degraded Nd2Fe14B is about ∼13 % o the total spectral area in
both samples. Hence, approximately 82 % o the Fe spectral
area corresponds to Nd2Fe14B phases. Fe phases corresponding
to errihydrite [(Fe3+)2O3*H2O], Fe3+, and Fe2+ have been
ound. The most prominent dierence regarding Fe phases is
the appearance o Fe2+ phases in grinding residue samples.
Diamond cut sludge samples exhibit higher amounts o
errihydrite and Fe3+ possibly due to the more eective heat
dissipation mechanisms during the machining o the magnets
(no Fe2+ phases were ound).
X-ray Photoelectron Spectroscopy. XPS results (Figure

5) revealed typical signals o Nd 3d, Pr 3d, and Fe 2p in both
samples. The Nd 3d peak is tted with six lines and the Nd
3d5/2 peak is decomposed in O (KLL) Auger, Nd 3d5/2
satellite, and Nd 3d5/2 main peak. The Nd 3d5/2 at 982.7 eV
and the satellite peak at 978.2 eV indicate the trivalent
neodymium on the residue surace o both diamond cut
residue and grinding residue, with the O (KLL) peak being
more intense or the surace o the grinding residue sample.47

The Pr 3d peaks point out trivalent praseodymium on the
surace o both samples. For the diamond cut residue, Pr 3d
peaks are tted with our lines, the satellite peak at 929.6 eV
and the spin−orbit splitting between the Pr 3d peaks
equivalent to 20.7 eV.48,49 For the grinding residue sample,
the Pr 3d peaks are tted with six components. In particular, Pr
3d5/2 presented three components, two Pr 3d5/2 main peaks or
Pr3+ and Pr4+ centered at 933.4 and 935.9 eV and another at
928.0 eV corresponding to a satellite related to Pr3+.50

The analysis also pointed to the presence o trivalent iron in
both samples. The occurrence o the main peak at 710.8 eV
and the satellite peak at 720.2 eV is the most important
signature that points to trivalent iron on the diamond cut
residue surace.51,52 Dierently, or the grinding residue, Fe 2p
is decomposed with six components. Fe0 is denoted by the
peak at 707.4 eV and Fe3+ is indicated by the peak at 711.2
eV.53

XPS analysis showed a large degradation on the suraces o
the machining residues. Also, based on the valence state, it is
possible to iner that the degradation process is relatively
dierent or each sample, which may be due to the

particularities o the distinct machining processes used to
obtain the samples, such as machining tools and heat
dissipation mechanisms. The segregation o rare-earth
elements rom the alloy (as demonstrated in eqs 1−7) caused
by the machining process could produce changes in structural
and magnetic properties, in particular, or very small particles
having increased specic surace area. Knowledge o the
compounds ormed and the level o degradation that arises
during the machining process o Nd−Fe−B magnets could
guide the reuse o residue wastes.

Magnetic Properties. To evaluate the magnetic properties
o the samples, VSM and FORC measurements were
perormed (Figure 6). Major hysteresis loops measured with
a maximum applied eld o 1.5 T, allowed us to obtain
coercivity (HC), magnetization at a maximum applied eld o
1.5 T (M), and magnetic remanence (MR) values or the
grinding residue samples and diamond cut samples. The latter
exhibited lower values (Table 5). Both remanence and
coercivity values are low due to the presence o contaminants
and other phases having dierent magnetic behavior than the
Nd2Fe14B phase. Recent literature reports show machining
sludges having MS in the range o 110−123 Am2/kg or an
applied eld o 3 T and low values o coercivity. When the
sludge particles are puried to remove the machining uid,
these values are ound to increase up to 125−137 Am2/kg.28,29

Structural dierences arising rom the machining processes
due to the deormation o the particles or surace modications
o the Nd−Fe−B grains can aect the magnetic properties o
residues. The structural aspects ound in the XRD, XPS, and
MS results o the machining residues evaluated here can act as
nucleation sites or reverse domains and, thereore, decrease
the coercivity values.
Figure 6a,b shows the 100 FORC curves obtained or both

grinding residue and diamond cut residue samples measured
under the same conditions. Using the FORCinel sotware,54

FORC data (Figure 6a,b) are converted into the FORC
diagrams that allow obtaining the distribution o interaction
elds (HU) and switching elds (HC) (Figure 6c,d). The
samples were measured in powder orm; note that the
demagnetizing eld has not been removed to obtain the
eective magnetic eld acting on the sample.
The FORC-2D distribution values helped to identiy the

presence o harder or soter magnetic phases, depending on

Figure 4. Mössbauer spectra o 57Fe at room temperature o machining residues. (a) Grinding residue and (b) diamond cut residue samples.
Experimental data (black dots) and tted spectrum (black curve). The phases corresponding to each subspectra are shown in the inset.
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their magnitude, and the number o distributions o these
peaks. In both samples, it was observed that there is only one
distribution peak, represented by the highest ρ(HA, HB) values
(more reddish coloration).
Both distributions o interaction and switching elds are

inuenced by the grain size distribution o the particles within
each sample. SEM measurements and laser diraction particle
size analysis revealed the extremely wide distribution o particle
size or each type o residue sample, ranging rom 10−1

−103

μm, having the most populated distribution mode between 1
and 10 μm. In an ensemble o particles where several
distribution modes can be ound, a variety o coexisting
magnetic behaviors were observed. For instance, in the case o
sintered magnets with typical grain size in the 10−6 m range,
the existence o particles smaller than 1 μm inuences
signicantly the magnetization reversal process. Furthermore,
the existence o nanosized deects near grain boundaries is also

o critical importance in the magnetization reversal process.55

Note that in the samples studied, the wide range o particle size
measured includes particles that must be polycrystalline,
ormed by several grains, and small particles that may be
ormed by a single grain.
The possible appearance o sot and hard phases would

maniest as magnetization kinks or abrupt variations in the
shape o the hysteresis loop on the magnetization axis,
proportional to the relative abundance o each magnetic
phase. Note that the coercivity o erromagnetic particles varies
nonmonotonically with the particle size, and above the critical
size or single-domain behavior, it increases with decreasing
size. This critical size or Nd−Fe−B is 0.1 μm or the
Nd2Fe14B phase.56 Ramesh and Srikrishna57 showed that HC

varies inversely to the logarithm o the surace o the grains.
Thereore, or a multimodal distribution o noninteracting
particle sizes, a kink in magnetization would be observed or

Table 4. Hyperfne Parameters at Room Temperature o the Machining Residues: (a) Grinding Residue and (b) Diamond Cut
Residue

Long et al.44 (a) grinding residue and (b) diamond cut residue

Occupation

Site Fe Nd δ ± 0.05 (mm/s) 2ε/ΔQ ± 0.05 (mm/s) BHF ± 0.5 (T) Area ± 0.5 (%)

8j2 12 2

re. 44 0.08 0.66 34.3

(a) 0.09 0.62 34.3 9.9

(b) 0.06 0.77 34.3 9.7

16k2 10 1

re. 44 −0.12 0.30 30.6

(a) −0.11 0.23 30.3 19.7

(b) −0.11 0.16 30.2 19.5

16k1 9 0

re. 44 −0.04 0.30 28.7

(a) −0.05 0.20 28.8 19.7

(b) −0.06 0.17 28.2 19.5

8j1 9 2

re. 44 −0.06

(a) −0.06 0.27 27.4 9.9

(b) −0.07 0.28 27.9 9.7

4e 9 3

re. 44 −0.01 −0.62 27.8

(a) −0.07 −0.65 27.2 4.9

(b) −0.03 −0.62 27.8 4.9

4c 8 2

re. 44 −0.09 −0.30 25.0

(a) −0.07 −0.09 25.0 4.9

(b) −0.13 −0.13 25.0 4.9

Nd−Fe−B

(a) −0.03 0.44 25.0 13.4

(b) −0.03 0.22 24.5 13.1

α-Fe

(a) 0 0 33.1 9.6

(b) 0 0 33.1 10.1

Ferrihydrite

(a) 0.37 0.70 − 2.4

(b) 0.30 0.70 − 5.6

Fe3+

(a) −0.16 1.37 − 3.9

(b) −0.08 1.38 − 3.9

Fe2+

(a) 0.03 0.75 − 1.6

(b) − − − −
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each mode in the particle size distribution, each having a
characteristic switching eld distribution. On the other hand,
magnetostatic interactions between particles may lead to
particle agglomeration and the concomitant ormation o
closed loops o magnetization chains that would aect both
coercivity and magnetization values.
It should be noted in Figure 6a,b that no evident kink in

magnetization has been observed, which may be attributed to
particle agglomeration, or even a particle rotation within the
powder samples studied. Also, a large number o particles with
low coercivity, as expected or Nd2Fe14B particles with a mean
diameter less than 3.0 μm,56 should induce a magnetization
reversal o particles with larger HC i particle interactions are
signicant. Figure 6c,d exhibits continuous and wide
distributions on the values o HU (y-axis) and HC (x-axis). It
is noteworthy that grinding residue samples exhibit stronger
magnetostatic interactions HU or particles with HC less than
0.2 T compared to diamond cut residues. Its switching eld
distribution is also larger. The HC peak or this sample is
centered at a much lower value than that o diamond cut
residue samples, which may be related to the larger average

particle size. The latter exhibits narrower HU and HC

distributions. The FORC diagram obtained or diamond cut
residues shows a wide distribution o coercivities with the peak
o the distribution centered at HC ∼ 0.04−0.14 T (rst
contour) and magnetic interactions centered at HU ∼ 0.006 T.
It is possible to observe that particles HC < 0.1 T also exhibit a
wider spread along the HU axis than that or hard-phase
particles, indicating that the smallest particles experience
stronger magnetostatic coupling than those with larger HC.
However, grinding residue samples show a larger portion o
low-coercivity particles, observed as a peak o lower intensity
centered at HC < 0.08 T, which experience a wider and more
asymmetric distribution o magnetostatic interactions than that
observed or the diamond cut particles with similar coercivity.
The large distributions o particle sizes observed in both

samples hamper the interpretation o the FORC diagrams
measured. Following the description provided in Ramesh and
Srikrishna,57 it may be argued that diamond cut samples
exhibit a FORC diagram that may be assigned to single-
domain particles based on the closed contours observed;
however, grinding residues also exhibit contours that diverge

Figure 5. XPS detailed spectra o machining residues: (a) 1−3 grinding residue and (b) 1−3 diamond cut residue.
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toward the HU axis, characteristic o multidomain-like particles.
Roberts et al.58 identied such cases as PSD domain behavior.
A Day diagram59 expressing the shape o hysteresis loops in

terms o coercivity ratio HCR/HC and the remanence ratio
MRS/MS (also known as squareness) was obtained rom the
major hysteresis loops in Figure 6. It is used to determine the
domain state o magnetization along with summarizing the
major magnetic properties o samples. The values o the Day
Plots obtained rom the major hysteresis loops in Figure 6a,b
show an SD state or the diamond cut residue, while the
grinding residue shows a PSD state.
The irreversible coercivity distributions (ICDs) obtained

rom FORC data indicate the point where the irreversibility
starts in the FORC curve o diamond cut residue and grinding
residue, as shown in Figure 7. The irreversible coercivity values
or the diamond cut residue and grinding residue are around
0.1030 and 0.0909 T, respectively.

In summary, the characterization techniques demonstrated
that the Nd2Fe14B phase was degraded in the machining
processes. XRD data showed the presence o nondegraded
Nd2Fe14B and Nd(OH)3, while MS analysis indicated a
Nd2Fe14B phase with modication in the iron vicinities as well
as a nondegraded Nd2Fe14B, α-Fe, errihydrite, and iron phases
(Fe2+ and Fe3+). XPS data conrmed that the Nd2Fe14B phase
degradation starts at the surace o the particles with the
segregation o rare-earth elements. Regarding the particle size
analysis, both machining residues presented a nonmodal
particle size distribution. All o these characteristics along
with the oxygen and carbon contamination ound on both
residues contributed to changes in the magnetic properties o
the residues detectable by VSM and FORC analysis.

■

CONCLUSIONS

Sintered Nd−Fe−B magnet machining wastes are promising
materials or recycling due to their high content o critical rare-
earth elements. The process used to machine sintered magnets
has signicant eects on the properties o the machining
sludge, making it especially important to understand the eect
o each step o the recycling route on the magnetic properties
o the sludge generated. Based on chemical, structural, and
magnetic characterization, this work identied that the
machining residues present degradation eects due to
machining processes that hamper the direct reuse o those
residues in the magnet production chain.
It was possible to evaluate the degradation o the grinding

and diamond cut machining residues both on the surace and

Figure 6. VSM hysteresis curves in blue and FORC measurements in black, respectively: (a) grinding residue and (b) diamond cut residue. 2D
FORC distribution o switching elds (HC) and interaction elds (HU) or samples: (c) grinding residue and (d) diamond cut residue.

Table 5. Values o Coercivity, Magnetization, and Magnetic
Remanence, Obtained rom Major Hysteresis Curvesa

HC
(±0.0002 T) *M (±0.1 Am2/kg) MR (±0.1 Am2/kg)

(a) Grinding
residue

0.1248 86.6 33.7

(b) Diamond
cut residue

0.1331 93.6 49.9

a
*M values were obtained at a maximum applied eld o 1.5 T and by
subtracting the paramagnetic signal o each sample rom the major
hysteresis loop.
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bulk scale by using characterization techniques with dierent
sensitivities and depths o analysis. These particularities led to
dierent results among the techniques used in this work. Some
o the reasons to the dierences ound are, or example, that
57Fe MS has specic sensitivity or the iron environment. Also,
the techniques have dierent depths o analysis, or example,
XPS measurements allowed us to get surace inormation,
while XRD analysis revealed volumetric inormation. Also, in
XRD measurements, the presence o a majoritarian phase can
occult others, especially in polycrystalline samples without a
dened texture where there are multiple diraction peaks.
The structural and magnetic properties o machining sludges

rom cutting and grinding operations demonstrated that there
is a partial degradation o the Nd2Fe14B phase and also changes
in the vicinity o the Fe atoms in the Nd2Fe14B phase.
Moreover, regarding the Nd-rich phase, the use o water in the
machining uid results in Nd(OH)3 due to its oxidation. XPS
data indicated that the onset o phase degradation occurs at the
surace o the residues.
The magnetic properties (remanence and coercivity) o both

residues are reduced due to contaminants and the occurrence
o other phases, dierent rom the Nd2Fe14B phase. Magnetic
characterization allowed the dierentiation among the magnet-
ization states o the grinding and diamond cut residues. The
grinding residue shows a pseudo-domain state, while the
diamond cut residue shows an SD state.
Beore proceeding to reuse these materials or magnet

manuacturing, a selection o particle size is required. The
widespread particle sizes obtained during machining processes
result in the spread o magnetic behavior. FORC measure-
ments showed that the sludge samples studied have complex
magnetic behavior due to size-dependent eects on coercivity
and the distribution o interactions. The selection o samples
with monomodal particle size distribution would assist in the
interpretation o their magnetic behavior and the selection o
the materials according to uture magnet applications.
The comparison o data obtained rom the detailed

characterization o residues rom dierent machining processes
allows us to conclude that the dierences ound in grinding
residues and diamond cut residues are caused by machining
process particularities such as heat dissipation mechanisms,
machining tools, and uids.
Nevertheless, raw materials obtained rom waste sludges

contained signicant amounts o the tetragonal phase o Nd−

Fe−B which justiy the recycling eort to recover directly the
erromagnetic phase required or the production o new and
greener magnets. However, to use these materials or
permanent magnet manuacture, urther processing should be
applied to obtain magnetic anisotropy values required or the
selected application.
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Gassmann, J.; Güth, K.; Buckow, A.; Gauß, R.; Stauber, R.; Gutleisch,
O. Towards an Alloy Recycling o Nd−Fe−B Permanent Magnets in a
Circular Economy. J. Sustain. Metall. 2018, 4, 163−175.
(5) Yuksekdag, A.; Kose-Mutlu, B.; Siddiqui, A. F.; Wiesner, M. R.;
Koyuncu, I. A holistic approach or the recovery o rare earth
elements and scandium rom secondary sources under a circular
economy ramework − A review. Chemosphere 2022, 293, 133620.
(6) Bonante, M. C.; Raspini, J. P.; Fernandes, I. B.; Fernandes, S.;
Campos, L. M. S.; Alarcon, O. E. Achieving Sustainable Development
Goals in rare earth magnets production: A review on state o the art
and SWOT analysis. Renew. Sustain. Energy Rev. 2021, 137, 110616.
(7) Raspini, J. P.; Bonante, M. C.; Cu ́nico, F. R.; Alarcon, O. E.;
Campos, L. M. S. Drivers and barriers to a circular economy adoption:
a sector perspective on rare earth magnets. J. Mater. Cycles Waste
Manag. 2022, 24, 1747−1759.
(8) Ciacci, L.; Vassura, I.; Cao, Z.; Liu, G.; Passarini, F. Recovering
the “new twin ”: Analysis o secondary neodymium sources and
recycling potentials in Europe. Resour. Conserv. Recycl. 2019, 142,
143−152.
(9) Machida, K.; Masuda, M.; Suzuki, S.; Itoh, M.; Horikawa, T.
Eective Recovery o Nd−Fe−B Sintered Magnet Scrap Powders as
Isotropic Bonded Magnets. Chem. Lett. 2003, 32, 628−629.
(10) Machida, K.; Masuda, M.; Itoh, S.; Horikawa, M.; Horikawa, T.
Eective Recovery o Nd−Fe−B Sintered Magnet Scrap Powders as
Microwave Absorbing Materials. Chem. Lett. 2003, 32, 658−659.
(11) Yang, Y.; Walton, A.; Sheridan, R.; Güth, K.; Gauß, O.;
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