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The waste of sintered Nd-Fe-B magnets was recycled using the method of dopingPrNd nanoparticles. The effect

of PrNd nanoparticle doping on the magnetic properties of the regenerated magnets has been studied. As the

content of the PrNd nanoparticles increases, the coercivity increases monotonically, whereas both the remanence

and the maximum energy products reach the maximum values for 4 wt% PrNd doping. Microstructural

observation reveals that the appropriate addition of PrNd nanoparticles improves the magnetic properties and

refines the grain. Domain investigation shows that the self-pinning effect of the rare earth (Re)-rich phase is

enhanced by PrNd nano-particle doping. Compared to the magnet with 4 wt% PrNd alloy prepared using the

dual-alloy method, the regenerated magnet doped with the same number of PrNd nanoparticles exhibits better

magnetic properties and a more homogeneous microstructure. Therefore, it is concluded that PrNd

nanoparticle doping is an efficient method for recycling the leftover scraps of Nd-Fe-B magnets.
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1. Introduction

Sintered Nd-Fe-B permanent magnets have been widely

used due to their excellent magnetic properties [1-3]. The

increasing demand has resulted in the enormous production

of Nd-Fe-B magnets. At the same time, a great deal of

waste is produced in the processes of industrial production,

which include breaking raw materials, milling, pressing,

and machining processes.It is necessary to recycle the

waste and decrease the manufacturing cost.Therefore,

studying the recycling of Nd-Fe-B magnet scrap is of

considerable practical significance [4].

The aim of previous recycling processes was to purify

the rare earth elements via chemical method for subsequent

re-utilization [5]. However, the recovery ratio of this

method is very low. The regenerated magnet can be

prepared by milling the alloy particles of Nd-Fe-B waste

which are used widely in factories, even though its mag-

netic properties are much inferior to those of conventional

magnets. How can the recovery efficiency be improved

and the loss of magnetic properties reduced? Many works

have been attempted to increase the magnetic properties,

such as by adding pure elements of Dy, Cu, and Al [6, 7].

Recently, it has been found that the magnetic properties,

especially the coercivity, were enhanced greatly by doping

nano-powder in the boundary of the Nd2Fe14B matrix

grains [8, 9]. The recovery procedure is always accom-

panied by some Re-rich phase loss [10]. In work by

Chao. Li et al., sintered magnets were recycled by doping

NdH nanoparticles [11]. In this work, we concentrate on

the method of doping PrNd nanoparticles in order to

recycle left over scraps of sintered Nd-Fe-B magnets, and

a comparison of magnetic properties is made between the

magnets prepared by mixing PrNd nano-powder and by

using the dual-alloy method.

2. Experimental Procedure

2.1. Regenerated magnet prepared by doping PrNd

nano-particles in the boundary of matrix grains

Leftover scraps of sintered Nd-Fe-B magnets were used

as starting materials. The nickel on the surface was

removed from the selected magnets. Mechanical sanding

and alcohol cleaning were applied to remove the oxide
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layer. Subsequently, hydrogen decrepitating at 150oC for

3 h [12-14] and ball milling for 45 min in petroleum ether

were carried out to obtain fine Nd-Fe-B powders with an

average size of 4.0 µm. On the other hand, PrNd nano-

particles with a composition of Pr25.5Nd74.5 (wt%) were

fabricated using the inert gas condensation method.The

doping quantities of PrNd nanoparticles in the Nd-Fe-B

powders were set to be 0 wt%, 2 wt%, 4 wt%, 6 wt%, 8

wt%, and 10 wt%. The two powders were mixed using

high-energy ball milling without a medium. The mixed

powder was then pressed under a pressure of 30 MPa

after alignment in a pulse magnetic field of 3 T. The

vacuum sintering was carried out at 1160oC for 2 h. The

magnets were annealed at 930oC for 110 min and

subsequently at 620oC for 110 min. The densities of

magnets were measured using the Archimedes principle.

The magnetic properties were examined using a NIM-

200C hysteresis graph. The phases, microstructure, and

morphology of the sintered magnets were investigated

using an x-ray diffraction (XRD) spectrum, scanning

electron microscope (SEM), and dynamic domain obser-

vation instrument (Kerr microscope), respectively.

2.2. Regenerated magnet prepared using the dual-

alloy method

The same amount of PrNd alloy as that of the PrNd

nanoparticles was doped in Nd-Fe-B alloy. The two alloys

were crushed and melted under an argon atmosphere in a

vacuum induction furnace [15]. The ingots were mechani-

cally pulverized into powders with a grain size of 3-5 µm

using a pan grinder and a ball mill. Magnetic alignment

was carried out in a pulsed field of 3 T, and the mold was

then pressed at a pressure of 30 MPa. The sintering pro-

cess and post annealing were performed in the same way

as that for the magnets doped with PrNd nanoparticles.

3. Results and Discussion

Fig. 1 shows the scanning electron microscope (SEM)

image of PrNd nanoparticles. Most of the PrNd nano-

particles are about 50 nm in diameter.

Fig. 2 shows the magnetic properties of regenerated

magnets as a function of PrNd nanoparticles content.

The magnet without PrNd nanopowders show very low

remanence (Br = 4.213 kGs), coercivity (Hcj = 0.152 kOe),

and maximum energy product ((BH)max = 0.192 MGsOe).

Br, (BH)max and demagnetization curve rectangularity (Q)

increase with the increase in the number of PrNd nano-

particles, and achieve maxima of 11.34 kGs, 31.16 MGsOe,

and 0.951 for the magnet with 4 wt% PrNd doping. With

increasing the PrNd nano-powder, the Hcj increases, but

the increment becomes slow when the number of

nanoparticles is higher than 4 wt%. 

The densities of the regenerated magnets are shown in

Fig. 3. It can be seen that the density reaches a maximum

of 7.406 g/cm3 for 4 wt% PrNd nanoparticle doping. The

compactness of the samples deteriorates gradually when

the nano-powder doping is higher than 4 wt%. The related

factors of remanence are expressed as 

,

where A denotes the volume fraction of domains, θ is the

angle between the magnetization and the c-axis, Ms is

Br = A 1 β–( )cosθ
d

d0

-----Ms

Fig. 1. SEM image of PrNd nanoparticles.

Fig. 2. Magnetic properties of regenerated magnets as a func-

tion of PrNd nanoparticle content.
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spontaneous magnetization. d/d0 is the opposite relative

density of magnets and β is the volume fraction of the

non-magnetic phase. Br is enhanced by improving the

magnet density and properly reducing the volume of the

Re-rich phase.

Fig. 4 shows XRD patterns of regenerated magnets with

different PrNd nanoparticle contents.There is no new

phase after doping of the PrNd nanoparticles, indicating

that the composition of the regenerated magnets did not

change, as shown in Fig. 4. It can be seen that the inten-

sity of the diffraction peak of Pr2O3 and Nd2O3 becomes

stronger with the increase of the nano-powder content,

indicating that the volume of the Re-rich phase increases.

In addition, the diffraction peaks of the Nd2Fe14B phase

are broadened for the nano-powder doping, and the peak

width changes insignificantly for a PrNd nanoparticles

content higher than 4 wt%. This result could indicate the

grain refinement due to the addition of PrNd nanoparticles.

SEM images of regenerated magnets are shown in Fig.

5. It can be seen that the microstructure of the magnet

without PrNd nano-powders is inhomogeneous, and the

grains are large. The major reason for the low coercivity

is the abnormal grain growth caused by the absence of

Re-rich phase in the recovery procedure. The grain size

becomes smaller with the addition of PrNd nano-powders,

which is responsible for the enhanced coercivity. In

addition, a small amount of Re-rich phase is observed in

Fig. 5(a), which attaches to the surface of the Nd2Fe14B

grains, taking the form of the particle phase. With increas-

ing PrNd nanoparticles content, the Nd-Fe-B grains are

wrapped in a thin layer of the Re-rich phase (shown in

Fig. 5(c)). The Re-rich phase is mostly enriched at the

grain boundary which weakens the coupling between the

hard phase grains. The abnormal grain growth is restrain-

ed favorably when the Re-rich phase is formed in an

appropriate amount. Furthermore, the enriched Re-rich

phase at grain boundaries provides a mass transport pass

for the growth of oriented Nd-Fe-B grains with the easy

magnetization axis paralleling the direction of magnetic

alignment. This leads to the enhancement of coercivity in

the PrNd nanoparticles doped magnet. An obvious

agglomeration phenomenon is observed in the Re-rich

phase for 8 wt% and 10 wt% PrNd nanoparticles doped

magnets as shown in Fig. 5(e) and Fig. 5(f). The

agglomeration of the Re-rich phase, which results from

the excessively doped PrNd nanoparticles, reduces the

compactness of the sintered regenerated magnets and

causes the decrease of remanence.

In order to further investigate the mechanism of

coercivity enhancement, the Kerr microscope was used

for domain observation in high magnetic fields [16-18].

The change of microstructure with PrNd nanoparticles

addition is also realized from the microscope image in

Fig. 6, which is accordant with that observed by SEM.

Dark and bright domains are observed in the same grain,

indicating that the direction of magnetization is parallel or

antiparallel to the c-axis. In Fig. 6(a), many continuous

domains through the adjacent grains are observed in the

regenerated magnet without PrNd nano-powder, which is

not a local phenomenon (shown in Fig. 6(a)). One of the

reasons for this phenomenon is the Re-rich phase loss,

which should be responsible for the poor magnetic

properties. In Fig. 6(b), for the doping 4 wt% PrNd

nanoparticles, there are rarely continuous domains in the

magnet, which is consistent with the self-pinning mechanism

of Zhao et al. [19, 20]. 

According to Zhao et al. [19], the magnetic reversal in

nanostructured permanent magnets is normally composed

of three steps: 1. nucleation of the domain wall at the

Fig. 3. Density of regenerated magnets with different PrNd

nanoparticle contents.

Fig. 4. (Color online) XRD patterns of regenerated magnets

with different PrNd nanoparticle contents.
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defects where the crystalline anisotropy is locally small,

2. the evolution of the domain wall near the nucleation

center, and 3. the motion of the domain wall into the main

phase [21]. The coercivity is given by the pinning field

which hinders the motion of the domain wall. Without the

addition of the PrNd nanoparticles, the domain walls can

move freely in the main phase between different grains as

can be seen in Fig. 6(a), which decreases the coercivity

significantly. The addition of the PrNd nanoparticles at

the grain boundaries enhances the self-pinning field

considerably, so that the domain wall is limited in the

grain with the defect (Fig. 6(b)). As a result, the domain

wall is restrained near the nucleation center in the

demagnetization process and the self-pinning field and the

coercivity can be increased significantly.

Other popular coercivity models in permanent magnets

are the nucleation and pinning models [22, 23]. Accord-

ing to the nucleation model, the coercivity is given by:

,

where the microstructural parameter, α, describes the

reduction of the ideal nucleation field due to the micro-

structure. K is the magnetocrystalline anisotropy constant.

The effective demagnetization factor, Neff, takes into

account the enhanced local stray fields at the edges and

μ0Hc = 
K

Ms

------α Neff– μ0Ms

Fig. 5. SEM patterns of regenerated magnets for different PrNd nanoparticles contents: (a) 0 wt%, (b) 2 wt%, (c) 4 wt%, (d) 6

wt%, (e) 8 wt%, and (f) 10 wt%.
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corners of the polyhedral grains. With the proper adoption

of the parameters, the nucleation model can yield values

of the coercivity comparable to those shown in Fig. 2.

However, it is difficult to explain the enhancement of the

coercivity due to the addition of the PrNd particles in the

present work based on the nucleation model, which is

basically a pinning mechanism. The traditional pinning

model, on the other hand, does not provide the origin of

the domain wall (which is the nucleation at the defects

based on the self-pinning model), so that it cannot explain

the coercivity mechanism completely [24].

Compared with the regenerated magnet with 4 wt%

PrNd nanoparticles, the magnet prepared with the dual-

alloy method with 4 wt% PrNd alloy shows relatively

weaker magnetic properties (Br = 10.35 kGs, Hcj = 11.96

kOe, (BH)max = 25.16 MGsOe). The microstructure of the

magnet with 4 wt% PrNd alloy is shown in Fig. 7. Even

though the Re-rich phase is more inhomogeneous than

that of the magnet with 4 wt% PrNd nanoparticles shown

in Fig. 5(c), the agglomeration of the Re-rich phase is

observed, which is the reason for the worse magnetic

properties in the magnet prepared using the dual-alloy

method. 

4. Conclusions

Leftover scraps of Nd-Fe-B sintered magnets were

recycled using the method of doping PrNd nanoparticles.

As the PrNd nanoparticles content increases, the Hcj is

enhanced progressively, while Br and (BH)max achieve

maximum values for 4 wt% PrNd doping. Microstructure

investigation shows that for the doping of 4 wt% PrNd

nanoparticles, the Re-rich phase is mainly enriched at

grain boundaries, which is beneficial to the compactness

of the regenerated magnet and the microstructure homo-

genization. The uniform distribution of the Re-rich phase

has the self-pinning effect at grain boundaries, there by

improving the coercivity of the regenerated magnets.

Compared with the magnet prepared using the dual-alloy

method with 4 wt% PrNd alloy, the regenerated magnet

with 4 wt% PrNd nanoparticles shows better magnetic

properties and a more homogeneous microstructure.

Finally, PrNd nanoparticles doping is a valuable method

for recycling the waste of Nd-Fe-B magnets.
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