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Fig.1  XRD patterns of the sample surface perpendicular to the 

alignment direction 
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Fig.2  Demagnetization curves for the sintered magnets (a), and the coercivity, remanence and energy product of the magnets with 

different TbH
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Fig.3  SEM micrographs of the sintered magnets with TbH
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 additions of 0% (a), 3% (b), and 7% (c) 

 

��������	
���������
���

������������������� !"#

�$��%�&�'(�"�(��%)*�+��

,-./�(01
2��(01
�345678

9�:;<

[17]

=>?������+@AB�(CD

�E�FGH5I8J����K�+.L��(M

�NO�PQR8BSTU�,�VW�XY+ZI

�([2\:;<&��]^�_` 3 +ab Tb c

dTefghi�H5j��cd Tb kl��cd

Nd\m��enop�qVr�)s� Tb�tu-

�vV�

[19]

�w` 3b )x�L��(yz{|}~

�V�����(yzK�j��cd Tb �      

(Nd, Tb)

2

Fe

14

B����{|�X�7tu� Nd

2

Fe

14

B

��L��(yz(Nd, Tb)

2

Fe

14

B���7�8���

�J�":;<������,�45��6789

:;<

[20,21]

��` 3b \k�` 3c �L��(yzv

�tu
�������tu����Z���� Tb

cdTe�� Nd

2

Fe

14

B �(�����

[19]

�Tb ��

Nd

2

Fe

14

B � 9 � Nd c d + � - & � � � �        

(Nd, Tb)

2

Fe

14

B ���W

[22]

���_ <¡¢X£�

Tbcd���Te��L���(Nd,Tb)-Fe-B¤z¥

3?�¦����� 

Tbcd�fg§B¨©�` 4~tcd�fgª

�V«f¬�̀ 4a~4c� Ndcd�4a

1

~4c

1

� Tbcd�

`­®¯{|°0±x�²�cd³��´µ Nd¶

Tb" Fe¶B·cd³��¨s¸W89��¹��`

4 �º|�»¼½������¾¿|�»¼½�

RFe

4

B

4

��ÀÁtu�L� R

2

Fe

14

B��� Nd

13

Fe

81

B

6

89��ÂÃÄ�ÅÆ�3K� TbcdÇÈ` 4aÉ�

\5 TbH

x

Ê%�� 3%�Ë%Ì89�������

�� Tb cd³�Í37ÇÈ` 4bÉ�ÎÏ? TbH

x

Ê

%�� 7%�89��Vr������tu Tbcd

³�R¥k��ÇÈ` 4cÉ�� Tb cdfg��

Nd

2

Fe

14

B L�Ð� Tb Te���tu�Ñ|��f

Ò�`�°Ó�w` 4c

1

)x�\5 TbH

x

Ê%�� 7%

�89�L�Ð� Tb Te���tu��Z��,

ÔÕ���� Tb ��Te��L��(���Tb c

d,Öfg§B?×-\89:;<ØÙ]^�¨s

_sÚR8B¢X�Ûf¬� 

����������	
��
��

89:;<\²�?8RÜ����:;<�R8

B3¨Ý���Þ

[23]

�89R8B ßàá5 â!

ãä���Jåæ�8RÜ�ç53¨ÝR8B

[24,25]

�

¨s©� ßàèé�\R8B��":;<�Û�

�

[26]

�w` 5)x�êëìí8Bî"�ïè�VR

�8��R�8�2ðñò:;<Íóô 1200 s�ï

ès 796 A/m·s �õX
��H5 â!�ö.y�

R�8�2ðóô3§�8÷	-ãä���Jåæ

RÜ� â!�"øX�Þ�	"8RÜùD��ú

��9�ö ßà9��Þ�y�R�8�óô 1200 

s ïè
�ûVWü�8÷RÜýþ����,V�


��8�ü� ßàèé��öâ!� H

f

�¨s©

��¼�%�/�9ü

[27]

�´µ�� ν=k

B

T/H

f

M

s

"

3

act

d v= Çν� ßà9��k

B

=1.38�10

-23

 J/K�øX

T=300 K�î"8BqX M

s

=1.6 TÉ

[25]

�/û ßà

01 d

act

�ÐÊ% TbH

x

� Nd

13

Fe

81

B

6

89 ßà01

� 5.1 nm�	ð5�(01�," Nd

2

Fe

14

B�98S


���ü 4.2 nm�
����(±z8S
���

"��? ßàR8B����

[23]

� 

w` 5��`)x��� TbH

x

Ê%�
��89

 ßà01 d

act

Zð�,��R8BS
01Zð�

´µ��

m

/A K= πδ  (δ

m

�8S
01�A���� 

Nd

2

Fe

14

B 

(Nd,Tb)

2

Fe

14

B 

2 µm 

c 

Nd

2

Fe

14

B 

(Nd,Tb)

2

Fe

14

B 

b a 



� 4�                        �  ������ !"#(Nd, Tb)-Fe-B��$�%&'()�*+                    �1381� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


 4  TbH

x

���� 0%�3%�7%��,- Nd& Tb��./0 

Fig.4  Element mappings of Nd (a~c) and Tb (a

1

~c

1

) for TbH

x

 additions of 0% (a, a

1

), 3% (b, b

1

) and 7% (c, c

1

) 

 

��K�8����J��)

[28]

� ßàR8B8S


01Zð²�VW�XY���8����J�� K


2

[29]

�,�V«ÔÕ Tbcd��L� Nd

2

Fe

14

B�

(�� Nd��(Nd, Tb)

2

Fe

14

B��TbH

x

����	¨

sAB89�(CD�E����(±z��t�01

Zð�,	-Zð�(±z�����8S
01

[23]

�

Y�,r�d �4567�(±zR8B����


�89�:;<�>?w! Tb cd_�(±zT

e���(����(±z���J�
��X-Z

I��(±zR8B���
qé!"-ZI�89

:;<
�#X-&�� 

��V«$� TbH

x

��"89:;<�Þ%�

\898����J�ÛÄ����̀ 6�&89'

("�()�Ä��8B*¼�\*¼+[�%�+

[¼���,(\²üö�8����J�

[10]

�H5

89~�EÍ3-.�/0tu8J²13Vì

[30]

�

©�Y�)234����J�²?�0tu�5

-ü�w` 6 ��`)x��� TbH

x

Ê%�
��

89���J�678¼J
��9å�,":;<


�9å3Vì�:;<
�k:		25895-

���J�
�k:�,ÔÕ895-���J��


�\:;<
q�;<3?L=��Tb cdfg

"~>?�tu���J�AB?89:;<��

67�L=��� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


 5  $1�234 1200 s�567 796 A·m

-1

·s

-1

�89:;$

1�2�$�%<=>?
�@ABCD� TbH

x

E;�

FG�HIJ 

Fig.5  Demagnetization curves for the sintered magnets after 

keeping the applied field fixed for 1200 s and then 

increasing the negative field at a sweep rate of 796 

A·m

-1

·s

-1

 (the inset shows the dependence of activation 

size on the TbH

x

 addition amount) 

0 1 2 3 4 5 6 7

2

3

4

5

-100 -80 -60 -40 -20 0

�

�

d

a
c
t

/
n
m

TbH

x

 Addition Amount, ω/%

7% TbH

x

5% TbH

x

3% TbH

x

2% TbH

x

1% TbH

x

0.5% TbH

x

0% TbH

x

∆
M
/
A
·
m

2

∆H/kA·m

-1

– – – – –

RFe

4

B

4

 

RFe

4

B

4

 

RFe

4

B

4

 

RFe

4

B

4

 

Nd

2

Fe

14

B 

RFe

4

B

4

 

(Nd,Tb)

2

Fe

14

B 

Nd

2

Fe

14

B 

Mass% 

a b c 

a

1 

b

1 

c

1 

Mass% 

Mass% 

Mass% 

Mass% 

Mass% 



�1382�                                          �������	
                                           � 50� 

 

 

 

 

 

 

 

 

 

 

 

 

 


 6  KL&ML��%<=NOP=>?
���Q1RS2T TbH

x

E;��U%J 

Fig.6  Magnetization curves and their linear extension in the direction of easy and hard magnetization axes (the inset shows the variation 

of magnetocrystalline anisotropy with the TbH

x

 addition amount) 

 

��������

1) ��������	Tb 
��
�����

Nd

2

Fe

14

B ������ Nd	��������� 

!�" 

2) #$ TbH

x

%&' 3%()*	+,���-.

( Tb 
��#/01	����23(456"#

$ TbH

x

%&'7 7%()*	������23( Tb


�89:/" 

3) ��-.);<(=>�)*?)@ABC

D(DE"Tb
���������-.=FGHI

JK((Nd, Tb)-Fe-B	LM)*��-.?)@=>

NOPQ�RR:S" 

4) Tb
����-.����23	��-.?

)@=>N(TGE�UVW	PQ�:XY�Z[" 

5) \@ Tb
�(+,	] Tb
�^_`/a+

,�����-.	`bRc�TG Nd-Fe-Bde)

*()K`" 

 

����    References  

[1] Sugimoto S. Journal of Physics D-Applied Physics[J], 2011, 

44(6): 64 001 

[2] Kronmüller H, Durst K D, Sagawa M. Journal of Magnetism 

and Magnetic Materials[J], 1988, 74: 291 

[3] Li Xiaoqiang, Li Li, Hu Ke et al. Transactions of Nonferrous 

Metals Society of China[J], 2014, 24(10): 3142 

[4] Ma Tianyu, Wang Xuejiao, Liu Xiaolian et al. Journal of 

Physics D-Applied Physics[J], 2015, 48(21): 215 001 

[5] Cao Xuejing, Chen Ling, Guo Shuai et al. Scripta Materialia 

[J], 2016, 116: 40 

[6] Chen Hongmei(VWX), Cao Yu(Y Z), Liu Ke([ \) et al. 

Rare Metal Materials and Engineering(�������	


)[J], 2019, 48(11): 3741 

[7] Pinkerton F E. J Magn Magn Mater[J], 1986, 54-57: 579 

[8] Hu Z H, Lian F Z, Zhu M G et al. Journal of Magnetism and 

Magnetic Materials[J], 2008, 320: 1735 

[9] Hirota K, Nakamura H, Minowa T et al. IEEE Transactions on 

Magnetics[J], 2006, 42(10): 2909 

[10] Lu Kechao, Bao Xiaoqian, Tang Minghui et al. Scripta Mate- 

rialia[J], 2017, 138: 83 

[11] Cheng Xinghua(
]^), Li Jian(_ `), Zhou Lei(a b)  

et al. Rare Metal Materials and Engineering(������

�	
)[J], 2019, 48(6): 2009 

[12] Yue Ming, Liu Weiqiang, Zhang Dongtao et al. Applied 

Physics Letters[J], 2009, 94(9): 92 501 

[13] Liu Qiaobo, Tang Xu, Chen Renjie et al. Journal of Alloys 

and Compounds[J], 2019, 773: 1108 

[14] Sagawa M, Fujimura S, Yamamoto H et al. IEEE Transac- 

tions on Magnetics[J], 1984, 20(5): 1584 

[15] Herbst J F. Rev Mod Phys[J], 1991, 63(4): 819 

[16] Liu Y H, Guo S, Liu X M et al. Journal of Applied Physics[J], 

2012, 111(7): 7A705 

[17] Wang Jing(c d), Liang Le(e f), Wu Mengyan(ghi) 

et al. The Chinese Journal of Nonferrous Metals(jk�l�

�mn)[J], 2014, 24(6): 1562 

[18] Zhao Rixin(opq), Lu Shuangfang(rst), Xue Haitao 

0 1 2 3 4 5 6 7

6

7

8

9

10

0 1 2 3 4 5 6 7 8 9 10

0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

0.016

0.018

0.020

�

�

H

a

/
T

TbH

x

 Addition Amount, ω/%

Nd

13

Fe

81

B

6

/7% TbH

x

Nd

13

Fe

81

B

6

/5% TbH

x

Nd

13

Fe

81

B

6

/3% TbH

x

Nd

13

Fe

81

B

6

/2% TbH

x

Nd

13

Fe

81

B

6

/1% TbH

x

Nd

13

Fe

81

B

6

/0.5% TbH

x

Nd

13

Fe

81

B

6

/0% TbH

x

 

M
/
A
·
m

2

H/T



� 4�                        �  ������ !"#(Nd, Tb)-Fe-B��$�%&'()�*+                    �1383� 

(uvw) et al. Oil & Gas Geology(xy�z5{|})[J], 

2019, 40(5): 1141 

[19] Samardzija Zoran, McGuiness Paul, Soderznik Marko et al. 

Materials Characterization[J], 2012, 67: 27 

[20] Chen Fugang, Zhang Lanting, Jin Yunxue et al. Materials 

Characterization[J], 2018, 144: 547 

[21] Zhao Y, Feng H B, Li A H et al. J Magn Magn Mater[J], 

2020, 515: 167 272 

[22] Liu X B, Altounian Z. Journal of Applied Physics[J], 2012, 

111(7): 7A701 

[23] Li Zhubai, Shen Baogen, Zhang Ming et al. Applied Physics 

Letters[J], 2015, 106(4): 42 403 

[24] Wohlfarth E P. J Phys F Met Phys[J], 1984, 14: 155 

[25] Zhang Hongwei(~��), Rong Chuanbing(���), Zhang 

Jian(~ �) et al. Acta Phys Sin(��mn)[J], 2003, 52(3): 

722 

[26] Li Zhubai(_��), Li Yun(_ �), Qin Yuan(� �) et al. 

Acta Phys Sin(��mn)[J], 2019, 68(17): 247 

[27] Li Zhubai, Shen Baogen, Niu E et al. Chinese Physics B[J],  

2013, 22(11): 117 503 

[28] Kneller E F, Hawig R. IEEE Transactions on Magnetics[J], 

1991, 27(4): 3588 

[29] Périgo E A, Titov I, Weber R et al. Journal of Alloys and 

Compounds[J], 2016, 677: 139 

[30] Pan Weimao(���) ,Liu Renhui([��), Zhou Toujun(a

��) et al. Nonferrous Metals Science and Engineering(�

l���m�	
)[J], 2020, 11(3): 109 

 

 

 

Effect of Element Diffusion on Magnetization Reversal and 

Coercivity in Sintered (Nd, Tb)-Fe-B Magnets 

 

Qin Yuan, Ma Binjie, Li Zhubai 

(Key Laboratory of Integrated Exploitation of Bayan Obo Multi-Metal Resources, School of Science, 

Inner Mongolia University of Science and Technology, Baotou 014010, China) 

 

Abstract: The magnetic properties could be improved in sintered magnets prepared by the dual-alloy method via mixing two different 

types of powders followed by pressing and sintering. In the present paper, the sintered magnets were prepared by mixing Nd

13

Fe

81

B

6

 with 

TbH

x

 powders to investigate the effect of Tb element diffusion on the magnetic properties. The coercivity is 358.2 kA/m in Nd

13

Fe

81

B

6

 

magnets, and it increases to 1592 kA/m with 3wt% TbH

x

 addition in the sintered magnets. Owing to the thermodynamical origin Tb atoms 

prefer to diffuse into the grain interior of Nd

2

Fe

14

B phase in the sintering rather than aggregate in the intergranular rare-earth-rich phase. 

Tb atoms could substitute for Nd and form (Nd, Tb)-Fe-B shell layer with higher anisotropy in the main phase, and so the nucleation field 

of reversed domain wall is improved at grain outer-layer, leading to the significant increase of coercivity. However, for an increase in the 

amount of TbH

x

 addition more than 5wt%, more amount of Tb atoms diffuse into the grain interior of Nd

2

Fe

14

B phase in the magnets. The 

enhancement effect of improving the nucleation field is weakened at grain outer-layer, resulting in the reduction of the increase amplitude 

of coercivity. It shows that regulating the atomic diffusion and optimizing the elemental distribution are necessary to further improve the 

magnetic properties in Nd-Fe-B magnets prepared by the dual-alloy method. 

Key words: (Nd, Tb)-Fe-B magnets; element diffusion; magnetization reversal; coercivity 
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