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Abstract
A large amount of wastes are generated during sintered NdFeB production, and recycling of those wastes shows huge eco-
nomic and environmental benefits. In this work, grain boundary diffusion process is employed to enhance the coercivity of 
waste sintered (Nd,Ce,Gd)FeB magnets. Pr40Tb30Cu30 alloy is employed as the diffusion source. The coercivity of the waste 
magnet increased from 763 to 1287 kA/m without a consumption of remanence by optimized diffusion treatment. The maxi-
mum energy product and temperature stability of the magnets were also improved. The waste N30 magnet was successfully 
upgraded to N30M, close to N30H. It is found that that the shell/core structure with a Tb/Pr-rich shell and Nd/Ce/Gd-rich 
core was formed in the grain boundary diffused magnets, which is the main reason for the enhancement of coercivity and 
temperature stability. The detailed investigations clarified the distribution preference of different rare earth elements. Tb 
prefers entering into the main phase, while Pr tends to diffuse along the grain boundaries with large diffusion depth. The Nd, 
Ce and Gd elements also show different capacities of being replaced. These results suggest that the grain boundary diffusion 
process can be used as an efficient recycling method for those waste NdFeB magnets which were not seriously oxidized.
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1  Introduction

With the expansion of application fields, NdFeB magnets 
play an increasingly important role in modern industry [1, 
2]. In recent years, the output of NdFeB showed a significant 
growth, which is also expected in the next couple of years 
[3]. Presently, over 90% of NdFeB magnets are fabricated 
by the sintering process. However, during the traditional 
processing of sintering, a large amount of raw materials are 
converted into NdFeB wastes. If the magnets after their life 
cycles are included, the total amount of NdFeB wastes is 
huge. Developing environmentally friendly and cost-effec-
tive recycling processes is very crucial for the NdFeB indus-
try and related fields [4].

There are two types of NdFeB wastes, including seri-
ously oxidized wastes and non-oxidized wastes. For the 
former, direct use of the waste magnets is difficult. A com-
mon method is to extract the valuable elements, especially 
the rare earth elements (REEs), from the wastes [5–8]. 
For example, REEs can be recovered from NdFeB magnet 
wastes by selective chlorination using NH4Cl [9], FeCl2 [10] 
or MgCl2 [6]. For the latter, the extraction process seems 
costly and unnecessary. Directly preparing the NdFeB-type 
materials or other magnetic materials, such as regenerated 
magnetic powders [11–13], regenerated sintered magnets 
[11, 14], regenerated bonded magnets [15, 16] and wave 
absorbing materials [17], for certain applications from the 
NdFeB wastes has become achievable. Regenerating NdFeB 
magnets from wastes has already been employed in industry 
and proved effective; however, the pulverization or remelt-
ing process is still essential, and the reproduced magnets 
show inferior magnetic properties to those made from fresh 
powders. Hence, industries are eagerly looking for simple 
and effective recycling processes.

Since formally proposed in 2005 [18], grain boundary 
diffusion process (GBDP) has been widely accepted as 
an effective method to enhance the coercivity of NdFeB 
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magnets in both laboratory and industry [19–22]. The alloys 
or compounds containing heavy rare earth element (HREE) 
are used as the diffusion sources. The formation of shell/
core structure is believed to be the key mechanism of coer-
civity enhancement in this Tb/Dy introduced GBDP. Since 
2010, it has also been proved that the eutectic Pr/Nd-M (M: 
low melt point metal such as Cu and Al) alloys can also be 
used as diffusion sources, and they improve the coercivity 
by modifying the grain boundary. Industrially, GBDP has 
been employed to fabricate the commercial NdFeB mag-
nets with extremely high coercivity, but it also provides us a 
new approach to enhance the performance of waste magnets. 
Our previous work [23] has shown that the coercivity of 
waste NdFeB magnets can be enhanced by Pr–Cu diffusion 
treatment.

On the other hand, light rare earth elements (LREs) such 
as Ce, La, Gd, and Y have been frequently employed to sub-
stitute Nd in NdFeB magnets for improving performance/
cost ratio of the low grade magnets. Due to the low intrin-
sic magnetic properties of RE2Fe14B phase (2:14:1 phase) 
formed by LREs [24], the decrease of magnetic properties 
is inevitable. How to enhance their properties, especially the 
coercivity, is also a major topic [25–27].

In this work, GBDP is employed for restoring and 
enhancing the coercivity of the waste (Nd,Ce,Gd)FeB mag-
nets. Ternary Pr–Tb–Cu alloy was employed as the diffu-
sion source, which is expected to combine the advantages 
of HRE and eutectic alloy diffusion sources. In addition, the 
relatively low melt point of this ternary alloy can contribute 
to the formation of RE rich with good wettability, leading 
to the high diffusion efficiency of Tb atoms. The magnetic 
properties and microstructures of the waste NdFeB magnets 
before and after GBDP were analyzed in this paper. The 
diffusion behavior of REEs were also investigated in detail.

2 � Experimental

The waste sintered NdFeB magnets, containing relatively 
large amount of LREs of Ce and Gd, was taken from the 
production line of low-grade magnets N30, which are 
only slight oxidized. The wastes were cut into a size of 
7 × 7 × 2 mm as the diffusion substrate with the c-axis par-
allel to the 2 mm side. The Pr40Tb30Cu30 ribbon was used as 
diffusion source, which was prepared by arc melting using 
99.9% pure elements and melt-spun at a wheel with a speed 
of 30 m/s. The melting point of the Pr40Tb30Cu30 alloy was 
determined as 600 °C by differential scanning calorimetry 
(not shown here). The 7 × 7 mm surfaces of the magnets 
were coated with the melt-spun ribbons. Two consecutive 
heat treatments under vacuum, i.e., 800–900 °C for 2–8 h 
followed by 460–540 °C for 3 h were employed for diffusion.

The magnetic properties at room temperature and from 
300 to 450 K were measured by a vibrating sample mag-
netometer in the physical property measurement system 
(PPMS, Quantum Design, PPMS-9) with a maximum field 
of 5 T along the c-axis of the magnet. The microstructures 
were investigated by a scanning electron microscope (SEM, 
FEI NOVA NANOSEM 430) and electron probe micro-
analyzer (EPMA, Shimadzu, EPMA-1600). Transmission 
electron microscopy (TEM) observations were performed 
using FEI Tecnai G2 F20 S-TWIN with an acceleration volt-
age of 200 kV.

3 � Results and discussion

The magnetic properties of the initial (Nd,Ce,Gd)FeB 
waste magnets (N30) were characterized in the beginning. 
The coercivity (Hcj), remanence (Jr) and maximum energy 
product ((BH)max) were characterized to be 763  kA/m, 
1.08 T and 202 kJ/m3, respectively. Compared to the stand-
ard of N30 magnet, i.e., Hcj ≥ 960 kA/m, Jr ≥ 1.08 T, and 
(BH)max ≥ 223 kJ/m3, the waste magnets have both lower 
coercivity and lower maximum energy product. Here, 
it should be noted that all standards for the properties of 
Nd–Fe–B magnets in this paper refer to the Chinese National 
Standard, GB/T 13560-2017. Figure  1 shows the SEM 
image of the initial magnets. A large amount of RE-rich 
phase aggregation was found in the magnet, and the areal 
fraction of the RE-rich phase was estimated to be 10.3% 
by calculation from Fig. 1 based on binarization, which is 
higher than that of ordinary NdFeB magnets. Except the 
main phase and RE-rich phase, some pores were also found 
in the magnets. These non-hard magnetic areas lead to a 
deterioration of magnetic performance, especially the Jr. The 
energy-dispersive spectroscopy (EDS) point analysis was 

Fig. 1   SEM image of the waste-sintered NdFeB magnet
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employed to observe the element distribution. The results are 
summarized in Table 1. Points 1, 2 and 3 are from the main 
phase of the 2:14:1 phase, and Points 4, 5 and 6 are from 
the RE-rich phases. The present magnets contain a large 
amount of Ce + Gd. Due to the relatively low intrinsic prop-
erties of Ce2Fe14B and Gd2Fe14B, the magnetic properties of 
wastes are limited. Assuming the saturation magnetization 
of the (Nd,Ce,Gd)2Fe14B phase is a linear superposition by 
the 2:14:1 phases of Nd, Ce and Gd, the saturation mag-
netization of the main phase can be estimated to be ~ 1.35 T, 
which is the main reason for insufficient Jr. In addition, some 
white areas such as Point 6 were noticed in Fig. 1. These 
parts were significantly oxidized grain boundary phase and 
consumed more Nd elements, having a negative effect on 

the magnetic performance. The analysis of initial magnets 
suggests that the low density and local oxidation, except the 
composition effect, may result in the low magnetic proper-
ties in the waste magnets.

The diffusion heat treatment was optimized, as demon-
strated in Fig. 2. Two-stage heat treatment was carried out 
for all samples. Figure 2a, c show the magnetic properties 
of the magnets prepared with different first-stage heat treat-
ments, i.e., 800–900 °C for 2–8 h, while the second-stage 
heat treatment was fixed at 500 °C/3 h. It is found that the 
Hcj and (BH)max increased with the increase of heat treat-
ment temperature, which indicated that the short-term 
heat treatment was not sufficient for diffusion. The rela-
tively high Hcj and (BH)max were obtained after diffusion 

Table 1   Results of elemental 
point analysis in Fig. 1

Wt% O Al Fe Cu Ce Nd Gd Total

Point 1 0 0.62 75.76 0 7.89 10.30 5.42 100.00
Point 2 0 0.65 75.73 0 8.13 10.44 5.06 100.00
Point 3 0 0.58 75.84 0 8.14 10.16 5.28 100.00
Point 4 0 0 44.09 0.10 46.27 9.54 0 100.00
Point 5 0 0 45.51 0.06 47.88 6.55 0 100.00
Point 6 19.96 0 4.85 0.17 21.88 41.06 12.08 100.00
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Fig. 2   Magnetic properties of the diffused magnets
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at 900 °C/4 h + 500 °C/3 h. As shown in Table 2, the Jr, Hcj 
and (BH)max increased from 1.08 T, 763 kA/m and 202 kJ/
m3 to 1.10 T, 1287 kA/m and 221 kJ/m3, respectively, which 
basically meets the standard of the N30M magnet, i.e., 
Jr ≥ 1.08 T, Hcj ≥ 1114 kA/m, and (BH)max ≥ 223 kJ/m3, and 
are close to the standard of N30H (Hcj ≥ 1353 kA/m). The 
great enhancement of coercivity can be easily understood, 
since the Tb2Fe14B phase formed after diffusion has a large 
anisotropic field. The results also indicate that a proper dif-
fusion heat treatment can efficiently enhance Hcj without a 
decrease of Jr and (BH)max, despite the antiferromagnetic 
coupling between Tb and Fe [28]. This may be attributed to 
the improved squareness of demagnetization curve result-
ing from the optimized microstructure. The deterioration of 
magnetic properties by excessive diffusion, referring to the 
6–8 h high temperature heat treatment, was observed. This 
phenomenon was also reported in other literature [29, 30], 
which can be attributed to the enlarged grains and severe 
aggregation of RE-rich phase. To further optimize the heat 
treatment, the second stage heat treatment with different 
temperatures from 460 to 540 °C were also carried out. The 
results in Fig. 2b, d demonstrate that 500 °C is the optimal 
annealing temperature in this case.

Figure 3a gives the demagnetization curves at various 
temperatures from 300 to 450 K for the magnet diffused at 

900 °C/4 h + 500 °C/3 h. The temperature coefficients of Hcj 
(|β|) and Jr (|α|) decrease from 0.591%/K and 0.187%/K to 
0.491%/K and 0.163%/K, respectively. Here, the temperature 
c o e f f i c i e n t s  |β |  a n d  |α |  a r e  d e f i n e d  a s 
|
|
|
|
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|
|
|
|

 and ||
|
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ΔT⋅Jr(300 K)
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|
|
|
 . 

According to the properties, standards for sintered NdFeB 
magnets, the reference values of |β| and |α| for N30M in the 
temperature range 20–100  °C are 0.65–0.80%/K and 
0.090–0.124%/K, respectively. If we extrapolate/interpolate 
the results in Fig. 3b to this temperature range for calcula-
tion, the diffused magnet is qualified by |β| of 0.56%/K and 
|α| of 0.124%/K. Even more, the present magnets also meet 
the requirements for N30H magnets, whose reference values 
of |β| and |α| in the temperature range 20–100  °C are 
0.60–0.75%/K and 0.090–0.124%/K, respectively. This 
enhancement of temperature stability is also attributed to the 
formation of the Tb2Fe14B phase. Table 2 gives the magnetic 
property parameters of waste magnet, optimally diffused 
magnet and the standards for N30 series magnets. The waste 
magnet has been successfully upgraded to the level close to 
N30H.

Figure 4a shows the EPMA mappings of the magnet 
after diffusion at 900 °C/4 h + 500 °C/3 h. Pr and Tb ele-
ments originally in the diffusion source were diffused from 

Table 2   The magnetic 
properties of the studied 
magnets and the standards for 
N30 series magnets

Hcj (kA/m) Jr
(T)

(BH)max
(kJ/m3)

|α| (%/K)
(20–100 °C)

|β| (%/K)
(20–100 °C)

Waste magnet 763 1.08 202 0.149 0.77
GBDP treated magnet 

(900 °C/4 h + 500 °C/3 h)
1287 1.10 221 0.124 0.56

N30 ≥ 960 ≥ 1.08 ≥ 223 0.090–0.124 0.70–0.82
N30M ≥ 1114 ≥ 1.08 ≥ 223 0.090–0.124 0.65–0.80
N30H ≥ 1353 ≥ 1.08 ≥ 223 0.090–0.124 0.60–0.75

(a) (b)

Fig. 3   a Demagnetization curves of the magnet after diffusion at 900 °C/4 h + 500 °C/3 h and b temperature stability of the magnets before and 
after diffusion at 900 °C/4 h + 500 °C/3 h
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the surface into the magnet. It is found that the diffusion 
depth of Pr element is deep, whereas the Tb element is 
mainly concentrated within 300 μm from the surface. Also, 
the Nd element has a lower concentration at the surface 
of the magnet. It indicates that Nd was substituted by Tb 
and Pr, and diffused to the surface of the magnet in the 
opposite direction, leading to the enhancement of Hcj and 
temperature stability.

Figure  4b shows the surface region of the diffused 
magnets. It is widely known that, in Tb- or Dy-diffused 
NdFeB magnets, the typical shell/core structure of (Tb/
Dy,Nd)2Fe14B grains consists of Nd2Fe14B core and Tb/
Dy-rich (Tb/Dy)2Fe14B shell. But in this case, at the out-
ermost layer of the magnet, the (Tb,LRE)2Fe14B grains are 
surrounded by shells with lower concentration of Tb, the 
so-called “anti-shell/core” structure [31]. This “anti-shell/

Fig. 4   EPMA images of magnet after diffusion at 900 °C/4 h + 500 °C/3 h
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core” structure results from the different speeds of element 
in grain boundary diffusion and intergranular diffusion. At 
the first stage of the diffusion process, the concentration of 
Tb at the grain boundaries is higher than that at inner grains, 
leading to the inward diffusion of Tb atoms. At the second 
stage, such as the consumption of diffusion source and the 
faster speed of grain boundary diffusion, the concentration 
of Tb at grain boundaries is lower than that at the inner 
grains, which results in the outward diffusion of Tb. Li et al. 
[31] reported that the anti-shell/core structure has a negative 
effect on the coercivity of diffused magnets, based on the 
fact that the coercivity increased after removing the layer 
with the “anti-shell/core” structure [31]. In fact, the outer 
layer of diffusion-treated magnet tends to have more defects, 
such as disorientation and oxidation. It is hard to conclude 
whether the shell/core structure leads to a reduction of coer-
cicity. However, one thing for sure is that this structure can-
not achieve efficient use of Tb elements compared to the 
typical shell/core structure.

Unlike the surface region of the diffused magnet, the 
magnet at depth of 100 μm below the surface exhibits differ-
ent microstructure and its EPMA images are shown in Fig. 5. 
At this depth, the magnet has clear shell/core structure. The 
grains consist of the cores with higher concentrations of Nd, 
Ce and Gd and shells with higher concentrations of Tb and 
Pr, which are also confirmed by the line scanning results 
in Fig. 7. This structure has been widely discussed and is 
believed to effectively improve the coercivity without a sig-
nificant remanence reduction.

Since the EPMA mapping gives the concentration infor-
mation of each element at the same position, we can get the 

composition information of each pixel in the EPMA images. 
Based on this idea, a statistic content variations of REEs 
in the main phase with depth are shown in Fig. 6, which 
can help us to qualitatively analyze the different diffusion 
behavior of each REE. The curves of Tb and Pr, which came 
from the diffusion source, show significant difference. The 
content of Tb in the main phase decreases obviously with the 
depth, and the content of Pr does not show significant varia-
tion. This result demonstrates that the substitution effect of 
the Tb element is much stronger than that of the Pr element. 
In terms of the Nd, Ce and Gd, their content presents an 
increased trend with depth, which indicates that they are 
replaced by the Tb and Pr. In addition, judging from the 

Fig. 5   EPMA images of the magnet at a distance of 100 μm from the surface after diffusion at 900 °C/4 h + 500 °C/3 h
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slope of the curves, the capacity of being replaced by Nd is 
greater than Ce, which is greater than Gd.

The results in Fig. 6 indicate the different main phase-
forming abilities for each REE. This different abilities can be 
further understood by analyzing the distribution preference 
of REEs in Fig. 7c. Unlike other REEs, Tb element prefers 
substituting Nd in the Nd2Fe14B-type main phase rather 
than entering into the RE-rich phase. On the contrary, other 
REEs, Pr, Nd, Ce and Gd, prefer forming RE-rich phase. 
By comparing the intensity of the element signals in the 
main phase and RE-rich phase, we can qualitatively rank the 
distribution preference of these four REEs. The tendency of 
distribution in the RE-rich phase from strong to weak are: 
Pr, Nd, Ce and Gd, which is consistent with the analysis in 
Fig. 6.

4 � Conclusions

Pr40Tb30Cu30 alloy was employed as the diffusion source 
to restore and enhance the coercivity of waste N30 sintered 
magnets containing mixed Nd and LRE elements. The rela-
tionship between microstructure evolution and coercivity 
enhancement was investigated. By optimized diffusion treat-
ment, the unqualified N30 magnets was upgraded to N30M, 
close to N30H, and the coercivity was increased from 763 
kA/m to 1287 kA/m. A two-step diffusion heat treatment 
generated the shell/core structure via the substitution of Nd, 
Ce and Gd atoms by Tb and Pr atoms, which is concluded to 
be the main reason for coercivity enhancement. Five REEs 
involved in this work show significantly different behaviors 
during diffusion. The Tb element prefers entering the main 
phase rather than staying in the RE-rich phase, while the 
Pr element prefers distributing in the RE-rich phase with a 
larger diffusion depth. In terms of the originally contained 
REEs, Nd, Ce and Gd, the tendency of being replaced from 
strong to weak is: Nd, Ce and Gd. This work demonstrates 

that GBDP is an effective approach for restoring and upgrad-
ing the properties of waste NdFeB magnet, providing a novel 
route for NdFeB waste recycling. The results of the prefer-
ence of REEs distribution and substitution are believed to 
give a reference for the REE utilization in GBDP and other 
multi-REE system research.
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