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The low-temperature heat treatment process can be used to replace the traditional two-stage heat 

treatment process during the production of the Dy-doped Nd-Fe-B magnets, which saves the energy 

and also shortens the production period. In this work, the microstructure and corrosion behaviors of 

Nd-Fe-B magnets doped with Dy were analyzed by the scanning electron microscope observation, 

electrochemical and mass loss test. The results indicated that the corrosion resistance of the magnet 

with one-stage low-temperature annealing process was better than that with two-stage annealing 

process. Lots of (Pr, Nd, Dy)-oxide and Dy-oxide formed on the surface of the magnets after one-stage 

low-temperature annealing process, which decreased the electrode potential differences between the 

main phase grains and these oxide particles, and this further reduced the corrosion reaction driving 

force of the magnets. 
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1. INTRODUCTION 

Because of outstanding magnetic properties such as high magnetic energy product and high 

coercivity Nd-Fe-B magnets have received many investigations in the last few decades. Most of them 

focused on how to improve the coercivity [1-6] and the corrosion resistance by doping with different 

elements [7-9]. Some investigations are also carried out to improve the corrosion resistance of the 

Nd-Fe-B through various coating technologies [10-12]. However, few studies were performed to reveal 
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the effect mechanism of different annealing processing on the corrosion behavior of the Dy-doped 

Nd-Fe-B magnets. Our previous studies showed that the magnetic and mechanical properties of the 

Dy-doped sintered Nd-Fe-B magnets after the one-stage low-temperature annealing process at 400-600℃ 

for 2 h were basically the same as the ones heat treated by two-stage process consisting of 800-900 °C 

× 2h and 400-600 °C × 2h [13-15]. The corrosion behavior of these Nd-Fe-B magnets has not been 

well studied. The present study further compared the microstructure and the corrosion behavior of 

Nd-Fe-B magnets with the two different heat treatment processes. 

As one knows that the two-stage annealing process is widely applied during the preparations of 

Nd-Fe-B magnets doped with Dy. This method has the certain drawbacks such as high 

energy-consumption and low fabrication efficiency. In order to study the possibility that the traditional 

two-stage annealing process can be replaced by the one-stage low-temperature annealing process, it 

was necessary to further study the difference of the microstructure and corrosion resistance between 

the magnets with different annealing processes. In this paper, the different microstructure and the 

corrosion resistance between the Dy-doped Nd-Fe-B magnet with one-stage low-temperature 

annealing process and the one by two-stage annealing process were analyzed, and the mechanism 

about the different corrosion resistance was discussed. 

 

2. EXPERIMENTAL 

2.1. The experimental materials  

The composition of these magnets was shown in Table 1. The detailed preparation technique of 

the Nd-Fe-B magnets has been described in our previous paper [14]. Dy-doped sintered Nd-Fe-B 

magnets with one-stage annealing process of 400-600 °C for 2h (namely, low-temperature process) had 

almost the same magnetic properties as the ones by the heat treatment process of 800-900 °C for 2h 

and 400-600 °C for 2h (namely, two-stage process). 

 

Table 1. Composition of the sintered NdFeB magnets（wt%）doped with Dy 

 

Elements Nd Pr Dy Co B Cu Al Fe 

wt (%) 21.32 5.33 4.35 0.9 1.07 0.01 0.01 Bal. 

 

The microstructure of the magnets was characterized using the optical microscope and 

scanning electron microscope (SEM) equiped with an energy dispersive X-ray spectrometer (EDS, 

SU-70 model made in Japan). 

Electrochemical corrosion behaviors of the two tested samples were conducted in 3.5 wt % NaCl 

solution at 25 °C ± 1 °C. The 3.5 wt.% NaCl solution was prepared using analytical-grade sodium 

chloride and distilled water. The electrochemical behaviors of the tested alloys were obtained using a 

CHI660E (Shanghai Chenhua Instruments Corp., Ltd. Shanghai, China) electrochemical workstation 

and a three-electrode electrochemical cell, and the method was described in the literature [16]. 

Potentiodynamic polarization was performed at a scan rate of 0.333 mV/s from −500mVSCE below the 

open circuit potential (OCP) and terminated when the current density reached to 100 mA/cm2. All 
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measurements were repeated at least three times in naturally-aerated 3.5 wt.% NaCl solution without 

stirring to ensure the reproducibility. View software was used to fit the electrochemical data.  

The mass loss tests were conducted using an environmental test chambers (EHS-221, ESPAC 

instrument and Analysis Company, Japan). The sample was a small cylinder, and three magnet samples 

were taken for each state. Prior to the experiment, the samples were gradually ground with SiC papers 

down to 1200 grit, polished with a diamond paste of 0.1 μm, then cleaned in ethanol, and finally dried 

with hot air. The corresponding surface area was calculated, and the mass was weighed by electronic 

balance, and then put into the test chamber for experiment. The temperature and the relative humidity 

were 120 °C and 100%, respectively. Prior to the mass loss tests, the weight of the sample was 

weighted and recorded for m0. The samples were taken out every 48 hours and the total teste time is 

480 h. Five specimens were taken for this experiment from two states of magnets, respectively. The 

mass loss rates of the two tested samples after each interval of immersion were calculated based on the 

mass loss, Δm, using Equation (1) shown as following: 

0 1m m
m

S t

−
 =


 (1) 

where m0 is the weight (mg) of the sample before the corrosion test, m1 is the weight (mg) of the 

sample after the corrosion test, S is the surface area of the sample (cm2), and t is the immersion time.  
 

3. RESULTS AND DISCUSSION 

3.1 Microstructure observations 

Figure 1 shows the optical microscope images of the as-sintered Nd-Fe-B magnet without 

annealing (Figure 1(a)), the magnet after two-stage annealing process (Figure 1(b)) and the magnet 

after one-stage annealing process (Figure 1(c)). Three colors (light, black and grey) can be observed in 

Figure 1, which corresponds to the main phase Nd2Fe14B grains, the grain boundary Nd/B-rich phase 

and poles, respectively. In Figure 1(a) it can be seen that the grain boundaries of the matrix phase  

were not clear, and the Nd-rich phase on grain boundaries was unevenly distributed, mainly gathering 

at the Nd2Fe14B corners. This results in a strong magnetic exchange coupling effect among the 

Nd2Fe14B phase grains. Therefore, the coercivity of as-sintered magnets was low. From the Figure 1 (b) 

and (c), it can be seen that the grain boundaries were very clear. The Nd rich phase was evenly 

distributed on the grain boundaries, which was advantageous to increase the coercivity of the magnets 

because it made magnetic exchange coupling effect among the matrix phase grains reduce. Compared 

to the grains of the magnets after heat treatment with the low-temperature process, the grains of the 

magnets after heat treatment with the two-stage process were fine. The increased grain boundaries 

induced by grain refinement provided more channels for corrosion, which caused the corrosion 

resistance degradation. However, the grain size of the magnets after heat treatment with 

low-temperature process was bigger and there were a lot of sediment on grain surface, which caused 

the increase of surface roughness. Grain boundaries, precipitation phases and the surface roughness 

played the role of separation of main grains, weakness the static magnetic coupling of adjacent grains 

and pinning domain wall, which can improve the magnet coercivity [17].  
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Figure 1. Metallographic images of (a) as-sintered (b) two-stage process and (c) Nd-Fe-B magnet after 

low-temperature process  

 

3.2 SEM observation and EDS analysis 

From Table 2, it can been seen that Dy content of the magnets after heat treatment with 

two-stage process on the grain boundary phase, in the main phase grain boundaries and the interior of 

grains was 1.62 wt %, 5.42 wt % and 4.23 % , respectively. Obviously, Dy elements gathered in the 

main phase. The content of Pr and Nd on the grain boundaries of the main crystal phase was 21.66 

wt %, which was lower than the ones inside the main grains. This is because some of Pr and Nd 

elements were replaced by Dy element in the main crystal phase grains, which formed (Pr, Nd, Dy) 

2Fe14B hard magnetic shell with high magneto crystalline anisotropy field, and at the same time, Nd 

element in main phase was replaced by Dy element which formed (Nd, Dy)2Fe14B. As a result, the 

intrinsic coercivity of magnets was improved. The two-stage process provided enough dynamics 

condition for Dy element diffusion, and the liquid Pr/Nd-rich phase at high temperature provided 

diffusion paths for Dy. Al and Cu elements increase the wetting ability of the grain boundary phase that 

made Dy element diffuse from the corner of grain boundaries to the grain boundaries of the main phase 

and further into the main crystal phase.  

 

 

(b) Dy

 

(c) Nd

 

 

(d) Pr

 

(e) Cu

 

(f) Co

 

 

(g) Fe

 

(h) Al (i) O

 
 

Figure 2. Element distribution on grain boundary phase, the interface between the main crystal phase 

and inner main grain phase of NdFeB magnets doped with Dy and heat treatment by two-stage 

process 
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Table 2. Compositions of the triple junctions (1), interface of the main crystal phase (2) and inner main 

phase grains (3) of two-stage NdFeB magnets doped with Dy (wt%) 

 

Position Nd Pr Dy Fe Al Cu Co O 

1 40.71 14.95 1.62 32.96 1.35 / 6.83 1.59 

2 17.37 4.29 5.42 68.86 0.75 0.02 2.47 0.82 

3 17.78 4.28 4.23 69.69 0.84 0.40 2.05 0.74 

 

 

 

(b) Dy

 

(c) Nd

 

 

(d) Pr

 

(e) Cu

 

(f) Co

 

 

(g) Fe

 

(h) Al

 

(g) O

 
 

Figure 3. Element distribution on grain boundary phase, the interface between the main crystal phase 

and inner main grain phase of the NdFeB magnets doped with Dy and heat treatment by 

low-temperature process 

 

 

Table 3. Compositions of the triple junctions (1), interface of the main crystal phase (2) and inner main 

phase grains (3) of the NdFeB magnets doped with Dy (wt %) and heat treatment by 

low-temperature process 

 

Position Nd Pr Dy Fe Al Cu Co O 

1 40.14 12.74 1.75 35.21 1.52 / 7.11 1.53 

2 15.99 3.41 5.91 70.72 0.74 / 2.18 1.04 

3 17.59 3.11 0.91 73.53 0.78 / 3.10 0.97 

 

From Table 3, it can been seen that Dy element contents of low-temperature heat treatment 

magnets on the grain boundary phase, in the grain boundaries of the main phase and the interior of the 

grains was 1.75 wt%, 5.91 wt% and 0.91% , respectively. Compared to the magnets with two-stage 

heat treatment process, the Dy element tends to gather in the grain boundaries of the main crystal 

phase. This special Dy-rich shell structure can decrease magnetic dilution that caused by 

antiferromagnetic coupling between Dy atoms and Fe atoms, and avoid the negative impact on the 

magnetization. It revealed that the distribution of Dy elements in the magnets with low-temperature 

process was more reasonable than in the ones with two-stage process. At the same time, the content of 
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Pr and Nd on the main phase grain boundary was 19.3 wt %, which was lower than that inside grains 

(20.7 wt %). It was illustrated that part of Pr and Nd was replaced by Dy element on the main grain 

boundary, which formed (Pr, Nd, Dy) 2 Fe14B phase. Hence, there was a layer of hard magnetic phase 

on the grain boundary of the main crystal phase about the magnets after heat treatment with 

low-temperature process. Cu was not detected in the corresponding point scanning because the amount 

of Cu was little and its distribution was uneven on grain boundary. 

 

 

 
 

Figure 4. Distribution of the elements in the triple junctions and the main crystal phase of the magnets 

heat treatment by low-temperature process 

 

 

Table 4. Composition of the triple junctions (1,2) , surface region of the main crystal phase (3) and 

inner main phase grains (4) of the NdFeB magnets doped with Dy (wt %) and heat treatment by 

low-temperature process 

 

Position Nd Pr Dy Fe Al Cu Co O 

1 55.18 21.43 2.48 3.33 0.22 1.59 14.27 1.50 

2 40.31 14.28 1.12 35.30 0.74 1.61 5.89 1.48 

3 18.05 3.96 5.35 70.64 0.82 / 0.32 0.86 

4 16.95 3.92 5.95 70.30 0.89 / 1.03 0.96 

 

In order to study the distribution of Cu element in the magnets after heat treatment with 

low-temperature process, further analysis was carried out in Figure 4. The result was shown that in 

Figure 4 and Table 4. The position 1 was relatively brighter than the position 2. It can be seen that the 

content of Pr and Nd at position 1 was 76.61 wt %, which was more than the one at position 2 that was 

54.59 wt %. The content of Co was 14.27% at position 1, which was much higher than 0.9 wt % that 

was added into the magnets. The content of Dy and O was also higher than the one at position 2. It was 

showed that the elements on the grain boundary phase were not uniform. According to the results of 
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map scanning and the point scanning analysis of the position 1 and 2, the content of Pr and Nd 

between position 1 and 2 varied wildly but the difference of O content was not big. It can be deduced 

that it was not O element that caused the different contrast area of the grain boundary phase. It was 

different with the research results of Li [18]. W. F. Li thought the contrast of the grain boundary phase 

was different because of the different O content. In combination with the surface scanning results 

analysis, Cu element mainly distributed in the corner area of the grain boundary of Pr, Nd and Co but 

its distribution at the corner area of the grain boundary was not uniform. Cu element was not on the 

grain boundary of the main crystal phase and the internal main phase grain. A small amount of Cu was 

added into the NdFeB magnets doped with Dy and it can effectively reduce the eutectic temperature of 

the rare earth phase on the grain boundary [19]. Therefore, the distribution of the grain boundary phase 

of the magnets was improved and formed a continuous thin layer on the grain boundaries by 

low-temperature heat treatment process. At the corner of grain boundary where gathered rich (Pr, Nd, 

Co), the content of Dy was more on the main grain boundary and inside main grain than the one at the 

corner of grain boundary. 

Through the above analysis, Dy element diffused from the grain boundary to the main phase 

grain boundary and formed hard-magnetized thin layer structure that was beneficial to improve the 

coercivity. Part of Cu and Al with low melting points dissolved into the main crystal phase, or 

distributed on grain boundary phase that changed the grain boundary eutectic transformation 

temperature of Nd rich phase. The wettability between the grain boundary phase and the main crystal 

phase was improved by low melting eutectic phase. The demagnetization exchange coupling effect 

among the main crystal phase was enhanced, and the coercivity was increased. Co element gathered at 

the corners. Moneim and Camp investigated the corrosion behavior of the magnets doped with Co and 

found that Co can lead to the formation of (Nd, Co) intermetallic compound or Co bearing Nd3O phase. 

It improved the corrosion resistance of rare earth phase on the grain boundary so that the corrosion 

resistance of the magnets was improved [20, 21].  

 

3.3 Back scattered electron observation 

Figure 5 compared the microstructure of the magnets after heat treatment with two-stage 

process and the one after heat treatment only with low-temperature process. Both small particles (~100 

nm) and big particles (~1 μm) can be seen on the surface of the magnet after heat treatment with 

low-temperature process. However there were not such particles on the surface of the magnet after heat 

treatment with two-stage process.  EDS results were shown in Table 5. It showed that there were three 

kinds of particles: (Pr, Nd, Dy)-rich oxide particles, (Dy, Cu)-rich particles, and Dy-rich oxide particles. 

Particles with the size about 1 μm were mainly (Pr, Nd, Dy)-rich oxide particles. The electrode 

potential difference between (Pr, Nd, Dy)-rich oxide particles and Dy-rich oxide particles was reduced 

because of the higher electrode potential of (Pr, Nd, Dy)-rich oxide particles and Dy-rich oxide 

particles, which decreased the corrosion reaction driving force of magnets. Therefore, the corrosion 

resistance of the magnets after heat treatment with one-step low-temperature process was superior to 

the ones after heat treatment with two-stage process. 
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Figure 5. SEM images of the two tested samples (a) two-stage process and (b) low-temperature 

process 

 

 

Table 5. Composition of the particles on the surface of the magnets in Figure 5(b) (wt %) 

 

Position Nd Pr Dy Fe Al Cu Co O 

1 / / 47.57 33.95 0.48 18.00 / / 

2 52.50 13.16 11.05 / 0.04 / / 22.25 

3 16.70 4.29 6.26 67.77 0.74 0.18 3.21 0.85 

4 47.58 12.68 9.54 5.64 0.05 / / 24.52 

 

 

 

3.4 Electrochemical behavior 

   The corrosion potential of the Nd-Fe-B magnets in 3.5 wt % NaCl solution was shown in 

Figure 6. It can be seen that the two magnets gradually reached a steady state of -0.81 VSCE and -0.845 

VSCE for low-temperature ageing magnets and two-stage ageing magnets respectively. Therefore, the 

corrosion behavior of low-temperature annealing magnet is similar to that of two-stage annealing 

magnets. 

Potentiodynamic polarization curves of two tested samples in 3.5 wt % NaCl solution was 

shown in Figure 7. It is seen from Figure 7 that both samples exhibited active dissolution, and no sigh 

of passivation was observed.  The corrosion current density (icorr) for the two-stage processed sample 

and low temperature aged sample was 6.81 × 10−6 A·cm−2 and 3.54 × 10−6 A·cm−2, respectively. The 

lower Ecorr and higher icorr of the two-stage processed sample suggested that the low temperature aged 

sample had a superior corrosion resistance [22]. 
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Figure 6. Corrosion potential of the two tested samples in 3.5wt% NaCl solution. 
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Figure 7. Potentiodynamic polarization curves of the two tested samples in 3.5wt% NaCl solution 

 

 

Table 6. Electrochemical parameters of the two tested samples 

 

 Ecorr (VSCE) Icorr (A/cm2) 

Two-stage process -0.97 6.81×10-6 

Low-temperature process -0.89 3.5×10-6 

 

There were many factors affecting the electrochemical corrosion of NdFeB magnets, such as 

the corrosion potential difference between precipitated Nd rich phase at grain boundaries and the 

matrix Nd2Fe14B phase, grain size and magnet density, etc. Nevertheless, the key factor was the 

corrosion potential between the Nd rich phase and the matrix Nd2Fe14B phase. The greater the potential 

difference, the easier to corrosion. The intention of aging treatment was to improve the distribution 

homogeneity of Nd-rich phase, so as to decrease the coupling between neighbouring grains and then 

increase the coercivity. However, the results showed that the rich Nd phase distributed in thin layer 



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

  

6174 

form might be one of the main reasons that decreases the corrosion resistance, and this will be further 

examined in future. At the same time, more grain boundaries appeared in the two-stage aged magnets, 

which was also one of the key factors that resulted in the worse corrosion resistance. 

  

3.5 Mass loss test 

Accelerating weight loss method was adapted to characterize oxidation corrosion [23]. In order 

to quantitatively evaluate the corrosion resistance of the magnets by low-temperature heat treatment 

and the ones by two-stage heat treatment, mass loss test was carried out for these two kinds of samples.   

The color of samples was shiny silver prior to the mass loss test and then turned to blue-black 

after 480 hours. The existence of pulverization was on the surface of the tested samples after mass loss 

test. It was found that the oxygen content on the surface of the magnets was increased after the mass 

loss testing. It can be preliminary inferred that the appearance of the blue-black corrosion products 

resulted from the corrosion of samples. Figure 8 showed the mass loss rate curves of the two tested 

samples vs CE time. Two plateaus of no mass loss appeared in the mass loss rate curve. The mass loss 

rate linearly increased with immersion time when the immersion time was less than 96 h. This 

phenomenon is in good agreement with the result of potentiodynamic polarization test indicating the 

tested samples in the state of active dissolution [24-26]. Then the first plateaus appeared when the 

immersion time prolonged to 192 h. In this stage, the mass loss rates of samples were no longer 

changed and maintain stable. This may be the formation a layer of compact and chemically stable 

oxide film that spontaneously covers the metal surface which is mainly composed of Boron-containing 

[27]. According to the published literature [28], the reaction between the Nd-riched grains and water 

vapor can induce the generation of H atoms. The reaction between the H atoms and the Nd rich phase 

would lead to the generated Nd3H. The generation of Nd3H can induce the volume expansion of grain 

boundary which eventually leaded to the fracture of grain boundary. This would lead to the increasing 

of mass loss rate when the mass loss test time prolong to 192 h. 
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Figure 8. The mass loss curve of the two tested samples vs CE time 
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4. CONCLUSION 

The electrochemical corrosion behavior showed that the two tested samples were dominant by 

anodic dissolution in 3.5 % NaCl solution. The mass loss test result was consistent with the 

electrochemical behavior. This indicated that the low-temperature processed sample has superior 

corrosion resistance. Because of the existence of (Pr, Nd, Dy) oxides and Dy oxide in the magnets by 

low-temperature heat treatment, the main crystal phase electrode potential difference was decreased, 

and then the corrosion reaction driving force of the magnets was reduced. Therefore, the corrosion 

resistance of the magnets by low-temperature heat treatment was superior to the ones by two-stage heat 

treatment. 
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