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Table 1  EPD parameters 

Voltage/V Time/s Electrode gap/mm Temperature/w 

90 30, 60 30 30 

 

 

 

 

 

 

 

 

¦ 1  /@AB§¨¦ 

Fig.1  EPD schematic diagram 
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Fig.2  Magnet images after EPD: (a) macroscopic image and   

(b) SEM image of magnet prepared at 90 V/60 s 

 

 

 

 

 

 

 

 

 

 

 

¦ 3  90 V/60 sABªPAB�4GT XRD¦« 

Fig.3  XRD patterns of magnets before and after EPD at 90 V/60 s 

 

{" 5 -:±:Z^:±0�{²³�^¾»�È

C�kÔ�:±:Z�l\^:±0��må�²³

�^¾»nÞDol�p�F:±²³�²³;Ø�

q4���²³ºY�Ô�:±:Z�l\�l\�

&r@:±:Z��Ô�:±0��må�²³ºY

D�sdtu� 

" 6Å�[:±0����6s SEM"�� �

�l��:±²³Õ�µ½��#vtD��- 30 s

:±²³Õ�µ½tD»��d 60 s�w& 60 s:±

²³��-xÙy.� Al �c�z
��Q��"

6c� ��& 30 s��-ÉKl�{|}�IK~� 

10 µm 

b 

≈11.39 µm 

a 

10 mm 

20 30 40 50 60 70 80

♦

♦

♦

♦

♥

♥

♥

After EPD

 

I
n
t
e
n
s
i
t
y
/
a
.
u
.

♥

 

♦

♦

♦

 

♦ Nd

2

Fe

14

B

♥ Al

Before EPD

♦

2θ/(°) 

PEI 

Al 



� 6�               ���¬1��/@AB Al­{\]^_®¯TEF NdFeB4GTabF�P4ef             ¤2127¤ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

¦ 4  MN/O°�/@AB 60 sTAB±~qrPAB²³ 

Fig.4  EPD amount (a), thickness and deposition rate (b) of EPD 

at different voltages for 60 s 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

¦ 5  90 V°�/@ABMNQRTAB±~qrPAB²³ 

Fig.5  EPD amount (a), thickness and deposition rate (b) of EPD 

at 90 V for different time 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

¦ 6  MN/@QRT´µHI SEM�© 

Fig.6  SEM images of sample surface at different EPD time: (a) 30 s, (b) 60 s, (c) agglomeration at 60 s, 

and (d) enlargement of the box in Fig.6b 
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 7  �������, 550 ������������ ! 

Fig.7  Hysteresis loops of magnets treated by grain boundary 

diffusion at 550 � with different EPD time 
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Table 2  Magnetic performance parameter of magnets treated 

by grain boundary diffusion at 550 �

��

� with different 

EPD time 

Parameter As-prepared 30 s 60 s 

H
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/kA·m

-1

 732 917 914 

Amplification/% 0 25.3 24.8 

J

r

/T 1.40 1.40 1.39 
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Fig.8  SEM-BSE images of magnet microstructure before (a) and 

after (b) grain boundary diffusion 
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Fig.9  SEM-BSE image and EDS analysis point of magnet 

section after grain boundary diffusion 
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Table 3  EDS results of marked points in Fig.9 (ω/%) 

Point Nd Fe Al 

A 28.25 71.75 0 

B 66.17 25.13 8.70 

C 60.24 36.26 3.50 

 

! AlÄÅ~a�F� NdE�-Æm� 3.50%~8.70%

ÇÈma?É'Ê-
Ë9Ì|}e!�Ínu

[15]

-

"E1���S���LM Al !��	Al �ÎTU

���E!ÏÀ-XY���E!Ð�<-ÑÒ��

�EË"E!ÓÔ<-%z-1234H���E!

a�Õ2���!^_Ëz�Ö-V
��F5�I

JK!NO	 

���������	
��
����

& 10
1234 1 h×Ø�-$G5�. 500 0

ghi-)*H5�. 450\500\550] 600 034

��5�!5678	� 4 
9E:;!5<�=�

>?	AB��-Ù�34Ús!NO-5�!IJ

KÛÜOHTU-9�-500 034��5�!IJ

KÝO-P 953 kA/m-E[$G5�NOQ 30.2%-

E[ 500 0/1 hhi!$G5�NOQ 20.3%	12

34 AlH-³¡Þß� NdE´µ!¹�-ABXY

"E!5¨©dª-ÝàtuIJK!`�XY-¤

& 8�§	 

á{NO34ÚsZ 550 0Bâ-IJKã�T

U� -
A�Ë34ÚsÜO�tu!1�w`�

Ö	R5ä�-34�H�å'^-
�%
34H

Ã`�a AlÄÅæ��F� NdE�-pSlç"E

èË"E��·;-¤& 9�§	@� 4�é-500 0

34��5�!5�*ÝO-P 342 kJ/m

3

-E[$G

5�NOQ 11.4%	
�L1234H-500 034�

�5�!5<�ê�ë�ÑÒ-
ìíL�/î�)

* Ald
34qAB��D<�ïð! NdFeB5�	 

5�� T~T

0

Úsñò�!góo<AB�/R

5Úsô?(α)]IJKÚsô?(β)õ�ö-Â÷(1)

](2)�§c 

r r 0

r 0 0

( ) ( )

100%

( )( )

I T I T

I T T T

α

−

= ×

−

                  Ç1É 

ci ci 0

ci 0 0

( ) ( )

100%

( )( )

H T H T

H T T T

β

−

= ×

−

                Ç2É 

& 11 �1234H5�IJK]R5ÙÚs!

^_ø8	 ��-34�H5�R5Úsô?!Ã:

ù� 0.29 %/KTU� 0.19 %/K-IJKÚsô?!Ã

:ùú� 0.67 %/K�T� 0.60 %/K	
�L-34H

5�:Úsóo<ê��ûNO	 


Qü}34�H5�!IJKý�-AB�/

¹º�þ�l½a¾-Â÷(3)�§c 

c A eff s

( ) ( ) ( )H T H T N M Tα= −                Ç3É 

9�-H

A

(T)] M

s

(T)ab
"E!Á�ð<�]�]

5_¶s	H

c

(T)�OÚ�5�!IJK-α Ë2��

��tu!Á�ð<�TU�Ö-N

eff

ú�@5���

�5���o	& 12�@¹º�þ��êD!8<�

®ø8		
%� α� 0.28ÜO� 0.32-
íL34

H5��"EË� Nd E,!2���ê�ï_-¤

& 8�§	(+-�5%� N

eff

� 0.80NO� 0.84- 

 

 

 

 

 

 

 

 

 

 

 


 10  ������?@������� ! 

Fig.10  Hysteresis loop of magnet treated with different grain 

boundary diffusion temperatures 
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Fig.11  Temperature dependent curves of coercivity (a)  

and remanence (b) of magnets after grain boun- 

dary diffusion 
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Microstructure and Magnetic Properties of Sintered NdFeB Magnets Optimized 
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Abstract: An Al film was deposited on the surface of sintered NdFeB magnets by electrophoretic deposition (EPD). It is found that 

different EPD voltages and times have a great influence on the deposition of Al films. We also investigated the effects of different grain 

boundary diffusion processes on the microstructure and magnetic properties of the magnet. The results show that the best EPD process is 

90 V/30 s. At this time, the combination of the film and the magnet is well, and the thickness is even and moderate. When the grain 

boundary diffusion process is 500 °C/1h, the magnet obtains the best comprehensive magnetic properties, and its coercivity, remanence and 

maximum magnetic energy product are 953 kA/m, 1.41 T and 342 kJ/m

3

, respectively, which increases by 30.2%. 0.7% and 11.4%, 

respectively. Through microstructure and composition analysis, it is found that after the grain boundary diffusion, a flatter and smoother 

rare earth-rich phase thin layer forms between the crystals, which helps to reduce the demagnetizing field and enhance the magnetic 

isolation effect, and finally leads to the improvement of coercive. 
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