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Low melting point Ce-Al-Cu alloy was employed as the grain boundary diffusion source to prepare the 

NdFeB sintered magnets. Compared to the original Nd-Fe-B magnet, the coercivity Hcj can get 36.7 % 

increments for the Ce-Al-Cu diffused magnet. Meanwhile, the microstructure of the diffused magnet 

has been refined with the grain size of 10~20 μm and the corrosion potential Ecorr is increased to -0.68 

V. Further investigation of mass loss of magnets in hot/humid atmosphere demonstrates that the 

addition of low melting point alloys can improve the corrosion resistance of NdFeB sintered magnets. 
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1. INTRODUCTION 

With the expanding application field and increasing demand of rare earth permanent magnets, a 

large number of key rare earth elements (Pr, Nd, Dy, Tb, etc.) are consumed excessively, while the rich 

and abundant rare earth elements (La, Ce, Y, etc.) are overstocked [1]. High abundance rare earth 

permanent magnets can not only reduce production costs, but also achieve rarity. Considering the 

strategic safety of national rare earth resources, the production cost of raw materials and the 

sustainable development of rare earth industry, the comprehensive and balanced utilization of land 

resources has become one of the hotspots in the research and development of rare earth permanent 

magnets with high performance-price ratio and high abundance. In recent years, many researchers have 

carried out extensive research on high-value balanced utilization of high-abundance rare earth 

permanent magnets [2-6]. 

In addition, the grain boundary diffusion (GBD) method has attracted wide attention to prepare 

the low rare-earth and high magnetic performance of the Nd-Fe-B magnets [7-11]. The GBD method 

firstly needs to attach a layer of rare earth alloy or compound on the surface of the magnet. After heat 

treatment, rare earth elements gradually permeate from the surface to the interior of the magnet along 
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the grain boundary, and diffuse from the grain boundary phase to the main phase. H. Sepehri-Amin et 

al. [12] found that after diffusion through grain boundaries, rare earth shells formed between the main 

phase grains and the grain boundaries, which promoted the magnetic hardening of the main phase 

grains. Meanwhile, Zhang et al. [13] demonstrated that Cu and Zr co-addition can result in relevant 

improvement in the magnetic properties, electrochemical stability and corrosion resistance. However, 

the magnetic properties of the NdFeB magnets are still not impressive, especially for the coercivity 

(Hcj) remains not significantly improved and the preparation process is relatively complex. 

In this paper, in order to further enhance the magnetic properties of NdFeB magnets, the effects 

of the Ce-Al-Cu diffused on the magnetic properties, microstructure, and corrosion resistance of the 

NdFeB magnet are systematically investigated.  

 

2. EXPERIMENTAL PART 

The sintered NdFeB alloy with the composition of Nd14.63Pr4.52Fe72.96Cu0.16Al1.47Nb0.21B6.03 (at. 

%) was used as the original magnet with the size of Φ10 ×5 mm, which was prepared by the traditional 

powder metallurgical technology and then by polished the surface of the magnet, remove the surface 

lines, oil impurities, etc., and use the polished and cleaned magnet as the diffusion matrix. The low 

melting point Ce-Al-Cu alloy with the composition of Ce65Al15Cu20 was prepared by arc melting for 

four times to ensure homogeneity under high purity Ar atmosphere and subject to by melt-spun method 

onto the Cu crucible in an argon atmosphere with a wheel speed of 25 m/s. As-quenched Ce-Al-Cu 

ribbons were milled for 3 hours as the diffusion sources by the high-energy ball milling (HEBM, Spex-

8000M). The height of the diffusion sources (Ce-Al-Cu powders) on the surface of the NdFeB magnet 

is 1.5 mm. The diffusion treatments were performed at 600 ~ 850 ℃ for 3 ~ 5 h in the vacuum of 

lower than 5 × 10-4 Pa. 

The phase constitution and microstructure of the magnets were analyzed by the Rigaku D/max 

2500 X-ray diffraction (XRD) with a Cu Kα radiation (The wavelength of X-ray is λ = 1.5406 Å, the 

scanning angle range is 20 ° ~ 100 °, the scanning step length is 0.02 °, and the scanning speed is 

1 °/min) and SEM (Hitachi-TM3000). The magnetic properties of the magnets were measured by the 

Pulsed Field Magnetometer (PFM) with the maximum magnetic field of 7.5 T. Polarization curves in 

2.5 wt.% NaCl aqueous solution were determined with a PARSTAT 2273 advance electrochemical 

system. Accelerated corrosion test was performed by placing magnets in 120℃, 2 bar and 100% 

relative humid atmosphere for 24, 48, 72 and 96 h, respectively. 

 

3. RESULTS AND DISCUSSION 

Fig. 1 shows the demagnetization curves of the original magnet and Ce-Al-Cu diffused magnet. 

According to the magnetic properties results of Fig.1, the significant coercivity enhancement has been 

obtained for the Ce-Al-Cu diffused magnet. The coercivity Hcj is increased from 1582 kA/m to 2163 

kA/m for the original magnet and Ce-Al-Cu diffused magnet, respectively. Compared to the original 

NdFeB magnet, the coercivity Hcj can get 36.7 % increments for the Ce-Al-Cu diffused magnet. 

However, the remanence Br decreases from 1.12 T to 0.95 T as the reason of increasing volume 

fraction of non-magnetic phases in grain boundaries for the Ce-Al-Cu diffused and the Ce element 

enters into the main phase Nd2Fe14B phase [14,15]. 
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Figure 1. Demagnetization curves of the original magnet and Ce-Al-Cu diffused magnet. 

 

In addition, by the diffusion of Ce-Al-Cu into the NdFeB magnet, the maximum energy 

product (BH)max is decreased from 239 kJ/m3 to 221 kJ/m3 due to the low remanence Br in the 

demagnetization curve. 
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Figure 2. XRD patterns of the original magnet (a) and Ce-Al-Cu diffused magnet (b). 

 

Fig. 2 shows the XRD patterns of the original NdFeB magnet and with Ce-Al-Cu diffused 

NdFeB magnet. It can be see that the diffraction peaks of two samples are from the Nd2Fe14B 

(P42/mnm) hard magnetic phase and a small amount of the Nd-rich phase. Moreover, the intensities of 

(004), (006), (008) planes are much higher than that of (410) plane in Nd2Fe14B standard powder. This 

indicates that a strong (00L) orientation characteristic has been obtained for the two studied samples. 

To illustrate the degree of (00L) orientation characteristic in the magnets, the value of I(006)/I(105) is 

calculated in each samples shown in Fig. 2. The results showed that the value of I(006)/I(105) for the 

original magnet is 1.29, which is higher than the Ce-Al-Cu diffused magnet (1.19). It indicates that low 

value of I(006)/I(105) for the diffused magnet results in lower remanence Br and the maximum energy 

product (BH)max, indicating that the intensity of the orientation is decreased with Ce-Al-Cu diffused, 

which is mainly due to the Ce element enters into the main phase Nd2Fe14B phase and reduces the 

anisotropy of magnetocrystalline, that is consistent with the results for NdFeB magnets by PrGa-doped 

[16]. 
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Figure 3. Polarization curves of the original magnet and Ce-Al-Cu diffused magnet in 2.5 wt.% NaCl 

solution. 

 

To elucidate the contribution of low melting point Ce-Al-Cu alloy to the corrosion resistance of 

NdFeB magnets, the corrosive medium 2.5 wt.% NaCl solution is used for evaluating the corrosion 

inhibition from the magnets. Fig. 3 shows the polarization curves of the original magnet and Ce-Al-Cu 

diffused magnet at room temperature. In polarization curve analysis, the corrosion potential Ecorr is 

usually used to characterize the degree of difficulty of corrosion in solution environment. The higher 

the corrosion potential, the more difficult it is to corrode. The corresponding results of the corrosion 

potential Ecorr and corrosion current density icorr obtain by the Tafel extrapolation method [17] is listed 

in Table 1. Compared to the original NdFeB magnet, the corrosion potential Ecorr is increased from -

0.82 V to -0.68 V for the Ce-Al-Cu diffused magnet. Besides, the corrosion current density icorr is also 

decreased from 92.45 µA/cm2 to 78.15 µA/cm2. It indicates that corrosion potential of the grain 

boundary phase can be significantly increased by adding low melting point Ce-Al-Cu alloy at grain 

boundary, which reduces the potential difference between the main phase and grain boundary [18], and 

improves the corrosion resistance of diffused NdFeB magnet. 

 

Table 1. The corrosion potential Ecorr and corrosion current density icorr of the original magnet and Ce-

Al-Cu diffused magnet tested in 2.5 wt.% NaCl aqueous solutions. 

 

Alloy Ecorr(V) icorr(µA/cm2) 

Original -0.82 92.45 

Ce-Al-Cu -0.68 78.15 

 

 
 

Figure 4. SEM images for the original magnet (a) and Ce-Al-Cu diffused magnet (b) after corrosion. 
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Fig. 4 displays the SEM images for the original magnet and Ce-Al-Cu diffused magnet after 

corrosion. As shown in Fig. 4 (a) for the original NdFeB magnet, it can be seen that there are some 

black holes in the permanent magnet, which may be due to the poor fluidity of liquid phase and 

insufficient thermal driving energy to make the small grains grow. The black holes disappear in the 

Ce-Al-Cu diffused magnet (Fig. 4 (b)). Meanwhile, compared to the original magnet, the grain size in 

the Ce-Al-Cu diffused magnet has been refined, where the average grain size of the original magnet 

and the diffused magnet is determined to be 15~25 μm and 10~20 μm, respectively. Furthermore, a 

small amount of flocculent oxide exists on the surface of the Ce-Al-Cu diffused magnet after 

corrosion, which is mainly due to the oxidation corrosion of Nd-rich phase at grain boundary and 

hydrogen absorption and pulverization caused by acid corrosion solution. Furthermore, the Nd-rich 

phase at grain boundary for the Ce-Al-Cu diffused magnet has good corrosion resistance, which is 

consistent with previous results of polarization curves. 
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Figure 5. Mass loss of the original magnet and Ce-Al-Cu diffused magnet in hot/humid atmosphere 

for different times. 

 

Corrosion resistance, as an important index of magnet service, is very important for the 

practical application of magnets. The corrosion resistance of Ce-Al-Cu diffused magnet in hot and 

humid environment will also be studied. Fig. 5 shows the mass loss of the original magnet and Ce-Al-

Cu diffused magnet in hot/humid atmosphere for different times. Under the same test conditions, it can 

be seen that the mass loss of the original magnet and the Ce-Al-Cu diffused magnet before 60 hours is 

almost negligible, below 0.7 mg/cm2. As the test time increase to the 96 h, the mass loss for the 

original magnet and the Ce-Al-Cu diffused magnet reach to the 2.56 mg/cm2 and 1.43 mg/cm2, 

respectively. The mass loss for the Ce-Al-Cu diffused magnet is obvious lower than the original 

NdFeB magnet. It means that the addition of low melting point Ce-Al-Cu alloys can improve the 

corrosion resistance of NdFeB sintered magnets in hot/humid atmosphere environment. Similar to the 

results for the NdFeB magnets by other low melting point intergranular addition [19,20]. 

 

4. CONCLUSION 

The corrosion resistance of NdFeB magnets can be enhanced with the low melting point Ce-Al-

Cu alloy by the grain boundary diffusion method. The coercivity is increased from 1582 kA/m to 2163 

kA/m for the original magnet and Ce-Al-Cu diffused magnet, respectively. Furthermore, compared to 



Int. J. Electrochem. Sci., Vol. 15, 2020 

  

3273 

the original NdFeB magnet, the corrosion current density icorr is also decreased from 92.45µA/cm2 to 

78.15 µA/cm2, indicates that corrosion potential of the grain boundary phase can be significantly 

increased. Further investigation of mass loss of magnets in hot/humid atmosphere demonstrates that 

the addition of low melting point alloys can improve the corrosion resistance of NdFeB sintered 

magnets. 
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