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Abstract In order to recover valuable rare earth elements
from Nd-Fe-B permanent magnet scraps, a high-temper-
ature pyrometallurgical process was developed in this
work. The magnet scraps were first pulverized and oxidized
at 1000 °C in normal atmosphere. The oxidized mixtures
were then selectively reduced by carbon in the temperature
range of 1400-1550 °C. In this way, the rare earth ele-
ments were extracted to the form of oxides, whereas Fe and
B were separated to metal phase. For improving the purity
of rare earth oxides, the effects of temperature and reaction
time on the reduction of B,0; in oxide phase were inves-
tigated. It is found that increasing reaction temperature and
extending reaction time will help the reduction of B,0O3
contents in rare earth oxide phase. Almost all rare earth
elements can be enriched in the oxide phase with the
highest purity of 95 %.
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1 Introduction

Since the invention of sintered Nd,Fe,,B-based permanent
magnet by Sagawa et al. [1-3] in 1980s, it is widely used in
many electromagnetic applications. However, about 1/4 of
the alloy materials are produced as useless scraps during
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the manufacturing processes [4]. Under high-temperature
environments, the high oxidation rate impairs magnetic
properties and shortens the service life of the magnets [5—
7]. It is important to find an economic way to extract rare
earth elements from magnet scraps and sludge.

Several types of methods for extracting rare earth ele-
ments from magnet scraps have so far been reported in the
literature. Most of the methods were based on the wet
processing using commercial acid [8, 9]. A large amount of
industry waste acid will thus be produced. This will
unavoidably bring the environmental issues. Some of the
methods introduced a new kind of metallic media to form
intermediate alloys containing rare earth elements [10-13]
and then separate the rare earth elements from the inter-
mediate alloy. The way using the metallic media seems
uneconomical, and these methods are not applicable to the
partial oxidized magnets scrapes. The methods of selective
chlorination of rare earth elements were also proposed [4,
14]. By using FeCl, or NH4Cl as a chlorinating agent, the
rare earth elements were selectively chlorinated, and the
rare earth chlorides were separated from FeCl, and Fe
residues by further vacuum distillation or leaching process.
Based on the different affinities of rare earth elements and
Fe to oxygen, a high-temperature process for extraction of
the rare earth element was recently reported by Nakamoto
et al. [15].

A pyrometallurgical process to recover rare earth ele-
ments from Nd-Fe-B permanent magnet was proposed in
the present work. The magnet scraps were first pulverized
to fine particles. The scrap powders were then fully oxi-
dized at 1000 °C. High-temperature treatment was finally
applied in order to selectively reduce Fe and B oxide
impurities from mixture. The rare earth elements were
successfully separated from Nd—Fe-B magnet scraps in the
form of oxides.
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2 Experimental
2.1 Experimental procedures

The experimental process is illustrated in Fig. la. The
commercial Nd—Fe-B magnets without magnetization were
used as raw materials in the present work. The main
compositions of the magnet are Fe, Nd, Pr, La, Al and B,
and the concentration of each element is shown in Table 1.
The Nd-Fe-B ingots were mechanically pulverized into
fine particles and sieved to less than 150 pm to accelerate
the following oxidation process. The Nd-Fe-B powder
mixtures were heated up to 1000 °C in a muffle furnace
under air atmosphere for 2 h. After the oxidation process,
the Nd-Fe-B material converted to the mixture of the
oxides, mainly containing rare earth oxide (REO), Fe,03,
Al,O3; and B,Os. Then, the oxides were treated in the
reduction process. The production of the reduction process
was REO-containing oxides slag and the iron metal phase.
By the separation of slag and metal, the REO-containing
oxides were finally obtained.

In the reduction procedure, the oxidized Nd-Fe-B par-
ticles were placed in graphite crucible (32 mm in inner
diameter and 50 mm in height) in an electric furnace with
MoSi, heating elements. Carbon powders were put on the
bottom of the crucible in order to protect the graphite
crucible and accelerate the rate of the reduction process.
The samples were then heated up to the designed reduction
temperature (1400, 1500 and 1550 °C, respectively) under
Ar atmosphere for 1, 3, 5 and 7 h, respectively. The Ar

Table 1 Composition of bulk NdFeB magnet (wt%)

Fe Nd Pr La B Al

61.60 30.73 4.39 0.96 0.83

flow rate was controlled at 200 ml-min~'. The samples
were then cooled down to room temperature under the Ar
inert atmosphere. Details of the experimental set-up are
given in Fig. 1b.

2.2 Characterizations

The NdFeB samples were analysed by differential scanning
calorimetry and thermogravimetry (DSC-TG, NETZSCH
STA 449F3) at the heating rate of 10 K-min~' in the
temperature range of 50-1000 °C in air. The enthalpy
curves were normalized to 1 mg. Calibration was achieved
using Al,O3; as the reference material. The oxidation
products at different temperatures were characterized by
X-ray diffraction (XRD, D/MAX2200 V, Rigaku) using a
Cu-Ko radiation with the scanning speed of 8 K-min™".
The microstructures of the high-temperature reduced
samples were examined using the backscattered-electron
scanning electron microscopy (BSE-SEM, SU-1510,
Hitachi) and energy-dispersive spectrometer (EDS, Oxford
INCA EDS system). The REO-containing slag and metal
phase were observed by optical microscopy (OM, DM
6000M, Leica). The chemical compositions of Nd, Pr, La,
Fe, Al and B were analysed using inductively coupled

a REO-containing
oxides
Raw NdFeB | 1A: L Ae:
magnets | | NdFeB scrapsf—{ Oxides [—{Oxides and metal
Metal
b Gag outlet \ﬂ e Stainless steel seal cover
Furnace 9 &— Water cooling channel
Thermocouple
Furnace wall
Graphite crucible
Supporting brick . Oxides

Gas inlet ——'U

Graphite powders
Bottom of crucible

Fig. 1 Illustration of experimental process for recovery of rare earth elements from permanent magnet a and demonstration of apparatus used in

reduction process b

@ Springer

Rare Met. (2022) 41(5):1697-1702



Recovery of rare earth elements from permanent magnet scraps by pyrometallurgical process 1699

plasma atomic emission spectrometer (ICP-AES, PE400,
PerkinElmer).

3 Results and discussion
3.1 Oxidation process

The DSC-TG curves of Nd-Fe-B powders during oxida-
tive heating process are shown in Fig. 2. In the low tem-
perature range of 100-300 °C, the DSC curve shows a
series of small exothermic reactions. In the temperature
range of 350-450 °C, it shows two further exothermic
peaks, marked as Peaks 1 and 2. Peak 3 is observed at
around 720 °C. In order to identify the oxidation products
at different temperatures, XRD analysis was performed for
samples heated up to 320, 390, 700 and 1000 °C, respec-
tively. The corresponding XRD patterns are shown in
Fig. 3.

The sample before oxidation consists of three phases:
Nd,Fe 4B matrix phase, Nd-rich boundary phase and
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Fig. 2 DSC-TG curves of magnet powders in temperature range of
50-1000 °C under air atmosphere at heating rate of 10 °C-min~"

0 FeNdO, A Fe,0; #Fe v Nd,0,
Ay A 1000°C.2h
o A A AA
_ W g Ly A AA
E; A A A 700°C, 2 h
z A Vy A v A DA
g Amorphous L e 320°C, 21
—oDhOUS e bt
wm SVl

20 30 40 50 60 70 80
20/ (°)

Fig. 3 XRD patterns of NdFeB samples at different oxidation
temperatures for 2 h
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Nd, ;Fe4B,4 phase [7]. Nd,Fe 4B Phase was identified by
XRD analysis, as shown in Fig. 3. The contents of other
two phases are small, and Nd-rich phase and Nd, ;Fe B4
phase are overlapped. After oxidation roasting at 320 °C
for 2 h, the XRD patterns show that the main Nd,Fe 4B
phase begins to disappear, and Fe and amorphous Nd,O3
phase appear. It is concluded that at the temperatures of
<320 °C, the original Nd-rich phase is oxidized and part
of Nd,Fe 4B phases are decomposed into Nd,Os;, B,O3
and Fe according to Reactions (1) and (2). XRD patterns
of samples at 390 °C show that Nd,Fe 4B phase disap-
pears and amorphous Nd,Os increases. It reveals that the
further decomposition of the remaining Nd,Fe 4B phase is
around Peak 1 in DSC curve. The difference of XRD
patterns between 390 and 700 °C shows the appearance of
Fe,0;5. It can be concluded that the exothermic Peak 2 is
corresponding to the formation of Fe,O3, represented by
Reaction (3). Because B content is quite low, there is no
signal of B,O;3 found in XRD patterns. However, boron is
rather easy to be oxidized, as indicated by Reaction (4).
At temperature around 720 °C, an exothermic reaction
occurs. From the difference of XRD patterns, it can be
confirmed that Reaction (5) takes place to form FeNdO;
at 720 °C [16].

2Nd + 3/20, = Nd,03, AG°(300°C) = —1642 kJ-mol "

(1)
Nd,Fe 4B + 9/40, = Nd, 03 + 1/2B,05 + 14Fe,
AG°(320°C) = —2743 kJ-mol (2)
2Fe + 3/20, = Fe,03, AG°(700°C) = —565kJ-mol !

(3)
2B + 3/20, = B,03,AG°(700°C) = —1025kJ-mol

(4)
Nd,O3 + Fe, O3 = FeNdOs,
AG°(1000°C) = —1091 kJ-mol ! (5)

Based on above observations, the overall oxidation
reaction of Nd-Fe-B magnet scraps can be written as
Reaction (6). It assumes that Nd,Os, B,O5 and Fe,O5 are
the final forms of oxides in the powder mixtures.

Nd,Fe ;4B + 51/402 = Nd,03 + 1/2B203 + 7Fe, 03 (6)

From TG curves it can be seen that the mass increase
ends at around 900 °C. The final mass gain is 33.76 %. The
mass gain calculated according to the chemical
compositions listed in Table 1 is 34.4 %, assuming that
all elements are fully oxidized. It is thus confirmed
experimentally that all the elements in the powder
mixtures are close to be fully oxidized.

@ Springer
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3.2 Reduction process
3.2.1 Separation of rare earth elements and Fe

The chemical potentials of oxygen for each reaction
between the elements and the corresponding oxides were
calculated using the HSC Chemistry software. The calcu-
lated results are shown in Fig. 4. The rare earth elements
Nd, Pr and La have very similar thermodynamic properties,
so only the oxygen potential of Nd is shown. The calcu-
lated results show that Fe,O3; can be reduced to iron by
carbon at >700 °C. B,0; will be reduced by carbon at
temperatures of >1650 °C. The other oxides, such as alu-
mina and rare earth oxides, are hardly reduced by carbon in
the experimental temperature range. Based on the differ-
ence of the reduction temperature, Fe,O3 can be reduced
into metal phase and the rare earth elements remain in
oxide phase.

Figure 5a shows macroimage of the oxides of Nd—Fe-B
materials after roasting in a muffle furnace for 2 h at
1000 °C and Fig. 5b shows the cross section of the sample
after reduced at 1550 °C for 1 h. It clearly displays that the
green rare earth oxides containing slag cover the Fe-based
metal phase. The oxide and the metal were further exam-
ined using microscope observations. Figure 6a shows OM
image of the slag. Some Fe droplets exist in the oxide
phase. Because of the difference of density between oxide

0
200
T 400
o
g
Z 600
S 800
~1000
~1200

200 400 600 800 1000 1200 1400 1600 1800
Temperature / °C

Fig. 4 Chemical potentials of oxygen in different reactions

Fig. 5 Macroimages of a oxides of NdFeB and b cross section of
reduced product
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and metal phase and the high viscosity of the oxide phase,
it is assumed that the metal droplets gradually grow and
aggregate to the bulk metal phase during the reduction
process. Nevertheless, this process is time-consuming, and
some Fe droplets will remain in the slag during an inade-
quate reaction holding time. OM image of the Fe-based
metal phase, as shown in Fig. 6b, shows the typical eutectic
structure of Fe metal phase, indicating that the content of
carbon in the metal is at about 4.3 %.

The slag was further examined by BSE-SEM and EDS
analysis, as shown in Fig. 7. The dark phase in BSE image
is the metal particles, as confirmed by EDS element map-
pings. There are two different phases in the oxides: the
grey and the white phases. The grey phase in regular shape
is the rare earth oxide phase with a certain amount of
alumina. The white phase containing less alumina is
mainly the rare earth oxides. Table 2 lists the contents of
the main elements distributed in the different phases. The
content of the rare earth elements is almost equal to the
content of Al in the grey phase. From the XRD pattern of
the slag shown in Fig. 8, it is identified as REAIO;, a
peroskite phase. Alumina can hardly be reduced to metal
phase in the experimental conditions, and it will go finally
to REAIO; (RE = Nd, Pr, La) phase [17, 18]. Alumina will
become an impurity that cannot be removed in this
pyrometallurgical process. Because the rare earth oxide can

Fig. 7 BSE image of oxide phase a and EDS element mappings of
b Nd, ¢ Al and d Fe

Rare Met. (2022) 41(5):1697-1702



Recovery of rare earth elements from permanent magnet scraps by pyrometallurgical process 1701

Table 2 Contents of elements in different phases of rare earth con-
taining slag by EDS

Elements  Dark phase White phase Grey phase
wiwt%  xlat%  wiwt%  xlat%  wiwt%  xlat%
Nd * ¥ 61.85 25.06  76.18 54.12
Pr * *10.70 444  14.60 10.62
La * * 297 1.25 4.19 3.09
Al * * 1355 29.36 * *
o * * 1092 39.90 5.02 32.17
Fe 99.12 96.05 * * * *
C 0.88 3.95 * * * *

* Undetected

Vv Nd(OH),+Pr(OH),
v A AINAO,+AIPrO,
+ B0,

* Nd,O,

Intensity (a.u.)
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Fig. 8 XRD pattern of rare earth containing slag

easily adsorb moisture, it will gradually convert to rare
earth hydroxide [19]. The rare earth hydroxide identified in
Fig. 8 is considered as the result of the deliquescent effect
of the rare earth oxides. In the present investigation, most
of the rare earth oxides change to rare earth hydroxides
after setting in the air for about 72 h.

3.2.2 Concentration of oxide phase

The concentrations of the oxide phase are displayed in
Table 3 after removing Fe particles by magnetic

separation. The results in Table 3 were normalized. As
indicated in Fig. 4, rare earth oxides and alumina will
hardly be reduced to metal phase in the current experi-
mental conditions. The concentration of rare earth oxides
and alumina shows no variation neither with the tempera-
ture of the reduction process nor with the reaction time,
while Fe,O5 can be reduced to metal phase completely at
the experimental conditions.

Boron oxide in the oxide phase decreases with the
increase in treating temperature. It means that B,O3 can
be reduced to metal phase by carbon in the experimental
temperatures. The content of boron oxide in oxide phase
can also be reduced with the increase in reaction time, as
shown in Table 3. This rather agrees with the experi-
mental observation by Nakamoto et al. [15]. Higher
reduction temperature and long reaction time will help to
extract high-purity rare earth oxides from magnet scraps.
The purity of the rare earth oxides reaches 95 % at
1550 °C after holding for 7 h. Because of lack of
physicochemical properties of RE,03;-B,03;-Al,05 sys-
tem, the optimal conditions for the high-temperature
extraction process still require to be investigated in the
future.

4 Conclusion

A new high-temperature pyrometallurgical process for the
extraction of rare earth elements from waste Nd-Fe—B
permanent magnet scraps was proposed. The process
involves two steps, i.e. first oxidization of the magnet
particles and then selective reduction of the oxides. Rare
earth elements in Nd,Fe 4B powder mixture are first oxi-
dized to rare earth oxides. Fe is then oxidized at relative
higher temperatures. FeNdO; forms around 700 °C. Here,
Nd also represents the other rare earth elements Pr and La
for simplicity. The final oxidation product consists of
Fe, 03, FeNdOj; and a small amount of Nd,O; after heating
to 1000 °C for about 2 h. Iron oxides in the mixture can be
easily reduced to metal phase by carbon at temperature
range of 1400-1550 °C. Almost all the rare earth elements
remain in oxide phase. The purity of the rare earth oxide

Table 3 Composition oxide phase under different experimental conditions

T/°C Holding time/h w(Nd>O3)/wt% w(Pr,O3)/wt% w(La,O3)/wt% w(Al,O3)/wt% w(B,03)/wt%
1400 1 75.75 10.63 5.93 2.40 5.29
1500 1 76.34 10.68 5.47 2.85 4.66
1550 1 77.62 10.88 5.31 2.52 3.67
1550 3 77.16 10.95 6.14 245 3.30
1550 5 78.76 10.93 5.17 2.15 2.98
1550 7 79.02 11.21 5.12 2.69 1.96
Rare Met. (2022) 41(5):1697-1702 9 Springer
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can reach 95 % at 1550 °C for 7 h. Increasing reduction
temperature and extending treated time help in removal of
B,05 in rare earth oxides.
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