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Given the increasing concern regarding the global decline in rare earth reserves and the environmental
burden from current wet-process recycling techniques, it is urgent to develop an efficient recycling tech-
nique for leftover sludge from the manufacturing process of neodymium–iron–boron (Nd–Fe–B) sintered
magnets. In the present study, centerless grinding sludge from the Nd–Fe–B sintered magnet machining
process was selected as the starting material. The sludge was subjected to a reduction–diffusion (RD) pro-
cess in order to synthesize recycled neodymium magnet (Nd2Fe14B) powder; during this process, most of
the valuable elements, including neodymium (Nd), praseodymium (Pr), gadolinium (Gd), dysprosium
(Dy), holmium (Ho), and cobalt (Co), were recovered simultaneously. Calcium chloride (CaCl2) powder
with a lower melting point was introduced into the RD process to reduce recycling cost and improve recy-
cling efficiency. The mechanism of the reactions was investigated systematically by adjusting the reac-
tion temperature and calcium/sludge weight ratio. It was found that single-phase Nd2Fe14B particles
with good crystallinity were obtained when the calcium weight ratio (calcium/sludge) and reaction tem-
perature were 40 wt% and 1050 �C, respectively. The recovered Nd2Fe14B particles were blended with
37.7 wt% Nd4Fe14B powder to fabricate Nd–Fe–B sintered magnets with a remanence of 12.1 kG (1 G =
1 � 10�4 T), and a coercivity of 14.6 kOe (1 Oe = 79.6 A�m�1), resulting in an energy product of
34.5 MGOe. This recycling route promises a great advantage in recycling efficiency as well as in cost.

� 2020 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction centerless grinding. During these manufacturing processes, about
Green energy is playing an increasingly important role in mod-
ern society. Some forms of green energy require strong support
from permanent magnet (PM) materials, such as ferrite, alnico,
samarium cobalt, and neodymium–iron–boron (Nd–Fe–B) [1,2].
Nd–Fe–B sintered magnets are the most popular choice, as they
possess the highest energy product of all commercial PM materials
[3,4]. With the development of clean energy equipment such as
wind turbines and hybrid electric vehicles, the consumption of
Nd–Fe–B sintered magnets is growing yearly, and reached a global
level of 132.8 kt in 2016 [5]. To obtain final products of a
desirable size, Nd–Fe–B sintered magnets are subjected to various
machining processes, including wire-electrode cutting, slicing, and
25 wt% of scraps are generated [6]. More than 30 wt% of rare earth
elements (REEs) are contained in the Nd–Fe–B scraps, including
neodymium (Nd), praseodymium (Pr), gadolinium (Gd), dyspro-
sium (Dy), terbium (Tb), and holmium (Ho), which are all essential
elements in various industrial applications. The recycling of Nd–
Fe–B scraps is thus an important part of maintaining a sustainable
supply chain for REEs.

Nd–Fe–B scraps usually contain irregular bulk scraps and
sludge. Hydrogen decrepitation (HD) has been conducted on
irregular bulk scraps to obtain recycled Nd–Fe–B sintered magnets,
and has proven to be a potential route for commercial-scale appli-
cation [7,8]. However, Nd–Fe–B sludge has mainly been used as a
valuable secondary resource for the recovery of REEs. The selective
extraction of REEs is the major aim in recycling Nd–Fe–B sludge.
Comprehensive reviews have summarized the approaches taken
thus far to recover REEs from sludge [9,10]. Wet chemical
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processes are generally preferred; these processes usually consist
of complete dissolution of Nd–Fe–B sludge in an acid, followed
by selective precipitation of the REEs as sulfates or fluorides. Such
recycling processes consume a large amount of chemicals such as
hydrochloric acid (HCl), sulphuric acid (H2SO4), hydrofluoric acid
(HF), and sodium hydroxide (NaOH), and generate considerable
volumes of waste water [11–13], thereby creating a heavy environ-
mental burden [14]. On the other hand, pyrometallurgical pro-
cesses such as selective chlorination, vacuum induction melting,
thermal isolation, and roasting can selectively and efficiently
extract REEs from Nd–Fe–B scraps [15,16]. However, these recy-
cling processes are always operated at a high temperature above
950 �C and are thus quite energy intensive and expensive.

In addition to the rare earths, other valuable elements are con-
tained in the Nd–Fe–B sludge, such as cobalt (Co), gallium (Ga), zir-
conium (Zr), and niobium (Nb). However, Nd–Fe–B sludge is usually
severely contaminated by the cutting fluid and other impurities
during themachining processes, and thus exhibits high oxygen con-
tent. Calcium (Ca) metal has a strong thermodynamic affinity with
oxygen, and has been applied to synthesize neodymium magnet
(Nd2Fe14B) powder through the reduction–diffusion (RD) process
[17]. This process provides a potential route for the recycling of
the sludge. An effective method was proposed in Refs. [18–21] to
recycle Nd–Fe–B sludge as bonded magnets without acid; this
method involves removing carbon by heating the sludge at a high
temperature in air, and subsequently reducing oxygen through a
calciumRD process. Based on thismethod, our group obtained recy-
cled Nd–Fe–B sintered magnets from the sludge. The sludge was
pretreated by distillation to remove organic impurities and then
used to synthesize Nd2Fe14B powder via the RD process. After dop-
ing with rare earth hydride, recycled Nd–Fe–B sintered magnets
with good magnetic properties were prepared through sintering.
The best magnetic properties of the recycled Nd–Fe–B sintered
magnets—namely, a remanence of 12.2 kG (1 G = 1 � 10�4 T),
coercivity of 10.3 kOe (1 Oe = 79.6 A�m�1), and energy product of
35.2 MGOe—were recovered from the sludge through doping with
10wt% of hydroneodymium compound (NdHx) particles. It was also
found that the RD process has advantages when recycling Nd–Fe–B
sludge in comparison with the conventional recycling process: It is
more environmentally friendly, energy saving, and high efficiency,
as we have reported in detail [22,23].

Although the Nd–Fe–B sludge can be successfully recovered as
magnets by the RD process, the mechanism of the RD process, recy-
cling efficiency, and cost have not been further discussed. In this
study, we have designed an efficient recycling route for Nd–Fe–B
sludge in order to address these points. Centerless grinding Nd–
Fe–B sludge was selected as the starting material from a variety
of sludges in order to improve the recycling efficiency. Calcium
chloride (CaCl2) powder was introduced to assist the chemical
reactions and reduce the usage of calcium granules, thereby reduc-
ing the recycling cost. In order to systematically investigate the
mechanism of the RD process, the reaction temperature and cal-
cium/sludge ratio were adjusted in this study. Moreover, Nd4Fe14B
powder was doped into the recycled powder as a rare-earth-rich
alloy during the sintering process in order to achieve a high mag-
netic performance, which can also improve the utilization effi-
ciency of rare earths and reduce the recycling cost. Furthermore,
the application of a rare-earth-rich alloy in the sintered process
increases the feasibility of industrial applications.
Fig. 1. Schematics of the recycling process of Nd–Fe–B sludge.
2. Materials and methods

The Nd–Fe–B sludge was obtained from Anhui Earth-Panda
Advance Magnetic Material Co. Ltd., and was stored in a plastic
sealed barrel with ethyl alcohol. Fig. 1 shows the recycling route
of the Nd–Fe–B sludge in this study. Before the RD process, the
sludge was dried at 60 �C for 2 h in air. The dried sludge, Ca
granules, and CaCl2 powder were mixed and loaded in a
stainless-steel crucible under an argon (Ar) atmosphere. CaCl2
powder was added as a fluxing agent to ensure full reduction.
Reaction mixtures with a calcium/sludge weight ratio of 20 wt%,
30 wt%, 40 wt%, and 50 wt%, respectively, were prepared and
mixed with 30 wt% of CaCl2 powder. The calcium/sludge weight
ratios were decided by the oxygen content of the sludge, as men-
tioned below. To study the reaction mechanism of the RD process,
reaction temperatures of 600, 850, 950, and 1050 �C, respectively,
were conducted for 2 h with the optimal calcium/sludge weight
ratio. After the RD process, the samples were washed with ice
water under a nitrogen atmosphere for 1 h to remove calcium
oxide (CaO), calcium chloride hydroxide (CaClOH), and residual
Ca, and then dried in a vacuum.

To obtain recycled Nd–Fe–B sintered magnets, Nd2Fe14B pow-
der recovered from the sludge was blended with Nd4Fe14B powder
for sintering. Appropriate size distribution of the recycled Nd2Fe14B
powder was achieved through 90 min of ball milling with a ball-to-
powder ratio of 10:1. The Nd4Fe14B powder was prepared through
smelting, HD, and a jet-milling process. Because the rare earth con-
tent of the recovered Nd2Fe14B powder decreased after the RD pro-
cess, the milled powder was mixed with different amounts of
Nd4Fe14B powder, ranging from 33.3 wt% to 45.8 wt%, and then
pressed together under a magnetic field of 2 T. The green compacts
were sintered at 1090 �C for 3 h under a vacuum of 1 � 10–3 Pa;
they were subsequently annealed at 900 �C for 3 h and then at
480 �C for 2 h.

The chemical composition and crystal structure of the Nd–Fe–B
sludge, RD-treated Nd2Fe14B powders, and final recycled magnets
were determined with an inductively coupled plasma optical emis-
sion spectrometer (ICP-OES), a C–H–O elemental analyzer, and X-
ray diffraction (XRD) with Cu-Ka radiation. The morphology of
the sludge powder, RD-treated powders, ball-milled powder, and
Nd4Fe14B powder and the microstructure of the recycled Nd–Fe–
B sintered magnets were observed using scanning electron
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microscopy (SEM). The particle sizes of the ball-milled powder and
the Nd4Fe14B powder were examined with a laser particle size ana-
lyzer (LPSA). The magnetic properties of the recycled magnets were
measured with a B–H loop tracer, and the densities of the magnets
were determined by the Archimedes method.

3. Results and discussion

3.1. Characterization of Nd–Fe–B centerless grinding sludge

To obtain a product with a desirable size, numerous machining
processes are necessary in the preparation of sintered magnets.
These processes include grinding, slicing, centerless grinding,
trepanning, and wire-electrode cutting. During the machining pro-
cess, some processes require high temperatures and use organic
cooling liquid, such as the wire-electrode cutting process. There-
fore, the sludge obtained from the wire-electrode cutting process
is severely contaminated and oxidized. The raw material selected
in this study was Nd–Fe–B centerless grinding sludge, which is
generated from the centerless grinding process with water cooling.
To reduce the surface roughness of the cylindrical product, the cen-
terless grinding process is conducted on the surface of the
magnets.

Fig. 2 shows the morphology, XRD pattern, and chemical com-
position of Nd–Fe–B centerless grinding sludge that was dried at
60 �C for 2 h in air. As shown in Fig. 2(a), the particles do not have
sharp edges, and needle-like and hexagonal flaky particles appear
on the surface of the sludge powder. The sludge powder is com-
posed of hydrogen neodymium oxide (Nd(OH)3) and ferroferric
oxide (Fe3O4), as determined by the XRD scan shown in Fig. 2(b).
The core of the large sludge particles is composed of Nd2Fe14B
hydride (Nd2Fe14BHx). Since the cooling liquid is water, less impu-
rity remains in the centerless grinding sludge, aside from oxygen
and hydrogen, as shown in Fig. 2(c). Due to various grades of
Nd–Fe–B sintered magnets being processed in the same machine,
the chemical composition of the sludge is complex, and contains
the rare earths Nd, Pr, Gd, Dy, and Ho; the substituted elements
Co, aluminum (Al), copper (Cu), Ga, and Zr; and the basic elements
iron (Fe) and boron (B). Machine oil is responsible for the carbon
and hydrogen content in the centerless grinding sludge, which
can be reduced in the RD process, as described in the next section.
Although the centerless sludge has a high oxygen content, it is an
Fig. 2. Nd–Fe–B centerless grinding sludge dried at 60 �C for 2 h in air. (a) SEM secondary
earth; Bal: balance.
ideal starting material for recycling into Nd–Fe–B sintered magnets
through the RD process.

3.2. Calcium RD process

The calcium RD mechanism has been studied previously with
commercial REEs oxide as the reactant [24–26]. However, to the
best of our knowledge, use of the RD mechanism with Nd–Fe–B
sludge as the starting material has not been reported. In this study,
a range of reaction temperatures (600, 850, 950, and 1050 �C) was
studied in order to determine the reaction kinetics during the RD
process. Fig. 3 shows the XRD patterns, before and after washing,
of the RD powders for different reaction temperatures, and Fig. 4
shows the SEM images of the RD powders, after washing, for differ-
ent reaction temperatures. For the reaction temperature of 600 �C,
a series of peaks can be identified as alpha-iron (a-Fe), neodymium
oxygen chloride (NdOCl), and calcium chloride tetrahydrate
(CaCl2∙4H2O) (Fig. 3(a), part (i)) before washing; however, no
Nd2Fe14B phase can be detected, which indicates that the tetrago-
nal structure of Nd2Fe14B was destroyed and the NdOCl phase was
formed. After washing, the peaks of a-Fe and NdOCl appear dis-
tinctly in part (i) of Fig. 3(b). On the other hand, the Fe3O4 particles
contained in the Nd–Fe–B sludge were reduced to Fe at 600 �C. The
SEM image in Fig. 4(a) shows that numerous small particles have
adhered to the larger particles, which differ from the sludge parti-
cles shown in Fig. 2(a). Since the temperature is lower than the
melting point of calcium (839 �C), the calcium granules are not
involved in the chemical reaction. In this stage, the CaCl2 powder
has already reacted with the sludge; this finding differs from what
has previously been reported [27].

When a higher temperature was used (850 �C), some peaks of
the Nd2Fe14B phase were present (Fig. 3(a) part (ii) and (b) part
(ii)), suggesting that the NdOCl phase was reduced and subse-
quently formed the Nd2Fe14B phase because the reaction tempera-
ture reached the reactivity of calcium. At this stage, aggregation of
small spherical particles on the surface of a large particle was
clearly observed, as shown in Fig. 4(b). This is the beginning of
the nucleation of the Nd2Fe14B grains, which implies that the Nd
and B atoms have diffused into the matrix of a-Fe particles to form
Nd2Fe14B grains. This finding aligns with the results reported by
Chen et al. [28]. Despite the formation of the Nd2Fe14B phase at
850 �C, distinct peaks from a-Fe can be seen in Fig. 3(b) part (ii),
electronic image; (b) XRD pattern; (c) chemical composition of the sludge. RE: rare



Fig. 3. XRD patterns of Nd–Fe–B sludge treated by the RD process with a calcium/sludge weight ratio of 50 wt% (a) before and (b) after removing CaO, for different reaction
temperatures: (i) 600 �C; (ii) 850 �C; (iii) 950 �C; (iv) 1050 �C. Calcium granules were removed from the sample after annealing at 600 �C.

Fig. 4. SEM images of Nd–Fe–B sludge treated by the RD process with a calcium/sludge weight ratio of 50 wt% at different temperatures: (a) 600 �C; (b) 850 �C; (c) 950 �C;
(d) 1050 �C.
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implying that a higher reaction energy is needed to improve the
nucleation driving force. It is also worth mentioning that
peaks indicating CaClOH rather than CaCl2 appear in Fig. 3(a) part
(ii), which indicates that the CaCl2 powder was involved in the
chemical reactions. When the reaction temperature reached
950 �C, Nd2Fe14B was obtained as the main phase, but a weak peak
indicating the a-Fe phase remained in the XRD pattern, as shown
in Fig. 3(b) part (iii). Nevertheless, more Nd2Fe14B grains were pre-
sent on the surface of a large particle, which did not have clear
edges due to the low driving force of nucleation. Therefore,
clean-cut and smooth-faced Nd2Fe14B particles were clearly
observed when the reaction temperature reached 1050 �C, as
shown in Fig. 4(d).

Meanwhile, sharpened peaks can be seen in the XRD pattern of
Fig. 3(b) part (iv), which indicate the single-phase of Nd2Fe14B. It is
clear that reaction temperature is a crucial parameter when syn-
thesizing Nd2Fe14B particles from Nd–Fe–B sludge through the
RD process. The sequence of each reaction during the RD process
can be stated as follows:

Step 1:

Nd2Fe14BHx þ 4CaCl2 þ 2Nd OHð Þ3 þ 2H2O

¼ 4NdOClþ 4CaClOHþ Fe2Bþ 12Fe
x
2
þ 3

� �
H2

ð1Þ

Fe3O4 þ 4Ca ¼ 3Fe þ 4CaO ð2Þ
Step 2:

2NdOCl þ 3Ca ¼ 2Nd þ CaCl2 þ 2CaO ð3Þ

CaO þ H2O ¼ CaðOHÞ2 ð4Þ

Ca(OH)2 þ CaCl2 ¼ 2CaClOH ð5Þ
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Step 3:

2Nd þ 12Fe þ Fe2B ¼ Nd2Fe14B ð6Þ
Step 4 (washing process):

Ca þ 2H2O ¼ CaðOHÞ2 þ H2 ð7Þ

CaO þ H2O ¼ CaðOHÞ2 ð8Þ

Nd2Fe14Bþ x
2
H2 ¼ Nd2Fe14BHx ð9Þ

To minimize the amount of calcium granules used in the RD
process, a range of calcium/sludge weight ratios (20 wt%, 30 wt%,
40 wt%, and 50 wt%) were studied. Figs. 5 and 6 show the XRD pat-
terns and SEM images of the washed samples after the RD process
Fig. 5. XRD patterns of Nd–Fe–B powder treated by the RD process with different
calcium/sludge weight ratios: (a) 20 wt%; (b) 30 wt%; (c) 40 wt%; (d) 50 wt%.

Fig. 6. SEM images of Nd–Fe–B powder treated by the RD process with different c
for different weight ratios of calcium/sludge. In the case of 20 wt%,
the presence of the a-Fe phase can clearly be observed in Fig. 5(a),
indicating that this amount of calcium is insufficient to reduce the
total oxide contained in the starting materials. The irregular parti-
cles with good crystallinity shown in Fig. 6(a) were identified as a-
Fe particles that had formed due to the high reaction temperature
of 1050 �C. Nd2Fe14B peaks appeared in the sample at 30 wt% of
calcium; however, the presence of a-Fe peaks suggested that the
sludge was not fully reduced by the calcium granules. In this sam-
ple, spherical particles of Nd2Fe14B and irregular particles of a-Fe
were concomitant, as shown in the SEM image (Fig. 6(b)). When
the amount of calcium reached 40 wt%, only the Nd2Fe14B phase
was observed in the XRD pattern (Fig. 5(c)); furthermore, spherical
particles of Nd2Fe14B were observed (Fig. 6(c)), indicating that this
amount of calcium was sufficient to remove the oxygen contained
in the sludge. However, the Nd2Fe14BHx (x = 1–5) phase appeared
instead of Nd2Fe14B (Fig. 5(d)) when the calcium/sludge weight
ratio reached 50 wt%, indicating that this amount of calcium was
excessive. The residual calcium granules generated hydrogen (H2)
gas vigorously during the washing process with water (H2O), and
the hydrogen diffused interstitially into the lattice of Nd2Fe14B to
form Nd2Fe14BHx according to Eqs. (4) and (6). This finding is con-
sistent with the results reported by Claude et al. [29]. Nevertheless,
the obtained recycled particles maintained regular shapes, as
shown in Fig. 6(d).

According to Fig. 2(c), the oxygen content in the sludge powder
was 21.8 wt%, which—in theory—would consume the calcium
granules at 54.5 wt%. However, this study showed that fewer cal-
cium granules can fully reduce the sludge powder and form
single-phase Nd2Fe14B, indicating that CaCl2 plays an important
role during the RD process. Due to the presence of oxygen and
chlorine, oxychloride can easily be formed at high temperatures,
and contributes to consuming oxygen. Furthermore, the melting
point of CaCl2 is lower than that of the calcium granules, so it pro-
vides a liquid system for the chemical reactions. Hence, the pres-
ence of CaCl2 is beneficial for decreasing the overall calcium
usage and improving the efficiency of the RD process in order to
alcium/sludge weight ratios: (a) 20 wt%; (b) 30 wt%; (c) 40 wt%; (d) 50 wt%.
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recoup the cost of recycling. In addition, the formation of Nd2Fe14-
BHx is more stable than that of Nd2Fe14B, which reduces corrosion
[30]. As shown in Table 1, the carbon, hydrogen, and oxygen con-
tents in the final product were 0.08 wt%, 0.22 wt%, and 0.42 wt%,
respectively, indicating that the carbon content is reduced after
the RD process. On the other hand, the most valuable elements
contained in the sludge were efficiently recovered as recycled pow-
ders, as shown in Table 1, which is a merit of the calcium RD pro-
cess with CaCl2.

3.3. Preparation of recycled magnets and their magnetic properties

Recycled Nd–Fe–B powder was recovered from the Nd–Fe–B
centerless grinding sludge through the RD process with 50 wt% cal-
cium and 30 wt% CaCl2 at 1050 �C for 2 h. Fig. 7(a) shows the SEM
morphology of the RD powder. It can be observed that most of the
particles are sphere-like crystals with diameters of less than
10 lm. However, the size distribution of the particles is rather
wide. Further analysis through LPSA indicated that the particle size
exhibits a bimodal distribution, with two mean diameters of 4 and
8 lm, as shown in the inset of Fig. 7(a). To prepare recycled mag-
nets, ball milling was applied to the RD powder in order to achieve
particles with uniform size distribution. After milling, most of the
particles had equiaxed shapes, with an appropriate size distribu-
tion and a mean diameter of 3.5 lm, as shown in Fig. 7(b). In addi-
tion, the recycled powders had a rare earth content of 30.26 wt%
and an oxygen content of 0.42 wt%, indicating that additional rare
earth needed to be added in order to fabricate fully dense magnets.
In previous studies, rare earth hydrides were blended with the
powder when fabricating Nd–Fe–B sintered magnets [31,32]. How-
ever, the hydrides are easily oxidized in the ball-milling process,
which reduces the utilization efficiency of the rare earth. In our
previous studies, powders prepared from rare-earth-rich alloys
proved to be effective additives for the fabrication of Nd–Fe–B sin-
tered magnets with good magnetic properties [7,33]. Therefore,
Nd4Fe14B powder was prepared through the previously used
method, yielding a good size distribution with a mean size of
3 lm, as shown in Fig. 7(c).
Fig. 7. SEM images of (a) RD powder, (b) recycled Nd2Fe14B powder milled for 1.5 h, and (
powders. �d is the diameter of the particles.

Table 1
Chemical composition of the recycled powder and magnets for different doping amounts

Specimen Chemical composition (wt%)

Nd Pr Gd Dy Ho Co Al

Recycled powders 19.30 6.30 3.60 0.55 0.51 0.76 0.5
Specimen A 27.15 4.70 2.35 0.65 0.34 0.50 0.5
Specimen B 27.75 4.50 2.15 0.65 0.33 0.48 0.5
Specimen C 28.85 4.30 2.00 0.65 0.30 0.44 0.5
Specimen D 30.20 4.25 1.90 0.65 0.29 0.43 0.5
Recycled Nd–Fe–B sintered magnets were obtained by adding
different amounts of Nd4Fe14B powder, ranging from 33.3 wt% to
45.8 wt%. Fig. 8 shows the demagnetization curves of the recycled
magnets. It can be observed that the curves exhibit good square-
ness, which is a necessary condition for their practical application.
To compare the magnetic properties and density in detail, the
obtained parameters are shown in the inset table of Fig. 8. It can
be seen that the recycled magnets are fully dense and that their
magnetic properties have reached the level of commercial sintered
magnets. Moreover, it can be seen that the changes in the densities,
remanences, and energy products are negligible when the additive
amount of Nd4Fe14B powder is increased linearly, as shown in
Fig. 8. Furthermore, the coercivity increases slowly when the addi-
tive amount ranges from 33.3 wt% to 41.6 wt%, and subsequently
decreases when the doping amount is 45.8 wt%.

For clarification, SEM images of recycled Nd–Fe–Bmagnets with
additive ratios of 33.3 wt% and 45.8 wt%, respectively, are shown in
Fig. 9. It can be observed that the microstructure of both magnets is
similar, indicating that the magnets may possess similar magnetic
properties. However, the rare earth and oxygen contained in the
two magnets are quite different, as shown in Table 1. With an
increasing rare earth content, the oxygen content of the recycled
magnet increases, which undermines the coercivity and reduces
the corrosion resistance of the magnet. In addition, redundant Nd-
rich particles induce magnetic dilution and deteriorate the
microstructure of the recycledmagnets. On theother hand, reducing
the amount of rare earth added during the recycling process can be
part of a green design to cut the recycling cost and promote resource
circulation. Nevertheless, minimizing the rare earth additive
amount to obtain a recycledmagnetwith optimizedmagnetic prop-
erties during the recycling process is a goal for future research Fig. 9.
4. Conclusions

This paper presented an efficient recycling route for fabricating
Nd–Fe–B sintered magnets from centerless grinding sludge, involv-
ing the calcium RD process and a rare-earth-rich alloy-doping
c) jet-milled Nd4Fe14B powder. Inset is the particle size distribution of corresponding

of Nd4Fe14B powder.

Zr Cu Ga B Fe C H O RE

0.050 0.11 0.12 0.85 Bal 0.08 0.22 0.42 30.26
0.050 0.08 0.08 0.80 Bal 0.05 0.09 0.58 35.19
0.050 0.07 0.08 0.75 Bal 0.06 0.08 0.62 35.38
0.050 0.07 0.08 0.75 Bal 0.04 0.07 0.78 36.10
0.035 0.07 0.08 0.75 Bal 0.05 0.07 0.86 37.29



Fig. 9. SEM images of recycled magnets doped with different ratios of Nd4Fe14B
powder: (a) 33.3 wt%; (b) 45.8 wt%.

Fig. 8. Demagnetization curves of recycled Nd–Fe–B magnets doped with Nd4Fe14B
powder: (a) 33.3 wt%; (b) 37.7 wt%; (c) 41.6 wt%; (d) 45.8 wt%. The inset table
provides the corresponding properties of the magnets. J: magnetic polarization; H:
magnetic field; Br: remanence; Hcj: coercivity; (BH)max: magnetic energy product;
q: density.
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technique. To reduce the recycling cost and improve efficiency dur-
ing the recycling process, the mechanism of the RD process and the
role of the additive amount of Nd4Fe14B powder were investigated.
CaCl2 powder played an important role as an assistant agent in pro-
moting the efficiency of the chemical reaction. The Nd-rich alloy
Nd4Fe14B made a great contribution to the magnetic hardening of
the recycled Nd–Fe–B sintered magnets, thereby making it possible
to achieve good magnetic performance. The best magnetic proper-
ties, with a remanence of 12.1 kG, a coercivity of 14.6 kOe, and a
maximum energy product of 34.5 MGOe, were obtained for a mag-
net doped with 37.7 wt% Nd4Fe14B powder. The magnetic perfor-
mance of the obtained magnets reached that of mid-level
commercial Nd–Fe–B sintered magnets, indicating that the recy-
cling technique described here provides a potential route for recy-
cling Nd–Fe–B sludge into sintered magnets on a commercial scale.
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