
� 49�    � 7�                               ��������	                                     Vol.49,  No.7 

2020�      7�                     RARE METAL MATERIALS AND ENGINEERING                           July   2020 

 

�����2019-07-15 

���	����	
��
(51271102) 


��
��  ����1982������������
��������� 200072��� 021-66132135�E-mail: ctchen@shu.edu.cn 

 

������� Ni

3

Fe �	
��
��� 

 

�  �

1

����

1,2 

 

(1. ���� ��!"#��� 200072) 

(2. ���� $%&'()*+��� 200444) 

 

�  ��,-./012345678�!"9:;<=1>?@ABC Ni

3

FeD
EFGHIJK%LMN�OD


E:;< C

B

P0.06%(Q<RS)T�1>?@ABC Ni

3

Fe D
EHFGUSV C

B

HWXYZ[\]�YFG^_`

Z[W�KO C

B

>0.06%a�1>?HFGUSV C

B

HWXYbcde�YFG^_`fAgeK>?hijk78

l)9:>?@ABC Ni

3

FeD
Emnop�qrK=s!":;<=ABC Ni

3

FeD
E1FGUSt=D
@1

uvwE1xy?Hz-�{|:>?\]ABC Ni

3

FeD
@1uvwEH1x}~�H����:>?\]91>

?@D
EH�mFGUSK 

����:;<�1FG�mn�>?hijk�� 

�������TG146.1

+

5        ������A        �����1002-185X(2020)07-2358-07 

 

������ Ni

3

Fe ����	
 L1

2

	���

�����
�����-������� Ni� Fe�

����
������ !"#$%&'
()*

+,-./������ Ni

3

Fe 
0�1�2%��

30�()*+,�45��6 Ni

3

Fe ��
��.

789:
;<=>��3��.;<?=@9:


=>��AB����C
DE���6 Ni

3

Fe ��


=>FG�HAIJK

[1-5]

-�������=@;

<?:L;<=>
M��;<?
=@N%O��

PQ
()*+,:LR�S�TU�=@N%VS

�WXYZ=2%�=2%[(\]^_���`�

Wabcde�fg��:Lhi>j

[6-10]

-k�l

mnl

[11,12]

o2%pqrs��6 Ni

3

Fe ��?.;

<?=@9:
=>�o2%rs��6 Ni

3

Fe ��

?.=@9:
;<=>M�Zto2%ud���


vwx�yz{v|}~�JK{��
�����

��{��
jW��

[12,13]

�5�o2%���yz

{��6 Ni

3

Fe ��?
=2%�v\]��

[14]

�f

g�E���6 Ni

3

Fe ��?
��o2%pq��

rs��?.=@9:
;<=>-��&�P��A

B��?o0�
DE�=2%���6 Ni

3

Fe��?


\]����yz�\]�1���U�DE

[14]

-

�����

[15-18]

��
��{zo0����6

Ni

3

Fe ���=@;<?
 ����=\]��


¡¢�:£o2%
E_JK{��6 Ni

3

Fe ��


vw¤C�=���6 Ni

3

Fe ��?
\]��AB

o0�
DE�yz-Ko0�¥>0.07%,  �N�¦

���6 Ni

3

Fe ��?.=@9:
;<=>FG�

¡¢
��&�P�to0�� 0.06%§���6

Ni

3

Fe ��
 ���¨©�=>4%�¨z
�ª

o0�«�DE§���6 Ni

3

Fe ��
 ����

¬­y�=>4%HAIDE�®¯�°±�²z7

³�´�o���6 Ni

3

Fe ��vwµ
ud��¶

·¸

[19]

-®��Ko0����6 Ni

3

Fe ��?=2

%
\]¹Z
º»¼½¾��
��-¿À¡[(

��Ko0����6 Ni

3

Fe ��?=\]¹Z
¡

¢�ÁÂo2%rs��6 Ni

3

Fe ���=@?;<

=>
¡¢ÃÄ���&�Å�Æ/Ç_ÈÉo2%

rs��6 Ni

3

Fe��;<=>
M�- 

��������

lm¬Ê¢ËÌ
ÍÎYNZtNi

3

Fe�Ni

3

Fe- 

0.03%B�Ni

3

Fe-0.06%B�Ni

3

Fe-0.10%B�Ni

3

Fe-0.12%B�

Ni

3

Fe-0.14%B( �N��­Ï)-Ê¢ÐCK/ 99.9%


 Fe�Ni � Fe-19.7%B ���Ñ$ÒÓÔÕY}~

Z 25 mm×11 mm ×100 mm
ÖË-ÖË�×ØÙÚ

ÛÜÑ 1100 ÝÞß�àá 24 h â�� 1150 Ýãä

åæCZ 2.5 mm 
ÖË-ãäÖÑçèéêë�ì



� 7�                                �  �� :;<=ABC Ni

3

FeD
E1FGHIJ                         �2359� 

â�íîäåæCï 1.0 mm-�äsðñÑ$áòó

ôõsöY÷øù}~Z 12 mm × 3 mm × 1 mm
ú

ûüý�üý�×ØÙÚÛÜÑ 800 Ýþ� 2 hâíÑ

Øî����6ý�-Å��6ý��×ØÙÚÛÜÑ

( 470 Ý/200 hµ�âAÓî�����6ý�- 

¬�üý¯Ñ(���	åPQ
�-üý
�


=�¢�¶
=�

[20]

�üýN�� 25�35�45 Ý

­^¹ 5 h 
=��
=â
üýÞ�×Ø?úû-

úûüm���;<�
 MTS-810 $-���ËÌü

mMx^¹�×Øúû§;<�
×ØCK/ 2 × 10

-2

 

Pa-úûâ
üýj���Ê¢ SU-1510��$�^

¹���`��j�x�vj�
ÇC-./�
=

üýj�xPQ �v>�jW!
wQ
³"�4

5�¢�wQxAM#$ 15 %&'���vjW!


ÇC�(â¢5 15%&
ÇC¸
³Þ¸¡Z�


=üý�vjW!
ÇC¸- 

Å$X)
�*+,vw
ý��d-.%/

¥focus ion beam�FIB¦0öxôõ��0�vw


2%12 345¥atom probe tomography�APT¦�

ü¬67
2bý�

[21]

-¢ CAMECA 4000X HR 	

89$¶2%12(local electrode atom probe, LEAP)


�
���e APT�:-�e APT�:§, N3�

×ØC<10

-8

 Pa�ý�
�CZ 50 K, ;<=>Z 250 

kHz, �
;<��Z 60 pJ, .?@MABCs$D

EFGKÊ�³ÞH 100 %$;<��IJFG1K

L� 1 %MN-Ê¢ IVAS 3.6.2 OP�L�
 APT

�:^¹N3- 

������	
�

QRÅo0�Z 0%, 0.03%, 0.06%, 0.10%, 0.12%�

0.14% ( �N�, ­Ï)
��6 Ni

3

Fe��üýN��

25�35�45 Ý� 45 mA/cm

2

­
= 5 h�(âÅ
=â


üý�×Ø;<?^¹úûüm-S 1Z
Ïo0�

��6 Ni

3

Fe ��üý� 45 Ý�¶�
=â
úûj

���-.S 1 p¾��
=��6 Ni

3

Fe ��
úû

j���ÞZtüýPQ Z�v>�jW!��üý


Ü ZTvU�jW!-AB��?o0�
DE��

�6 Ni

3

Fe ��üýPQ 
�v>�jW!
ÇCEV

�W��üýÜ 
TvU�jW!
XCEVDY- 

Z:�
=
2��\]�[p\�ª�
=]P

^_§�=2%���6 Ni

3

Fe ��?
\]���^

_
-®�lm&��Â���Ï�
=]P­�AB

��?o0�
DE�üýj�xPQ>�jW!
Ç

CAI`W¥S 1¦-.5p¾�o0��=2%���

6 Ni

3

Fe ��?
\]a���¡¢-Z{��o0�

�=2%���6 Ni

3

Fe ��?\]a�
º»�[(

���
=üýj�x�v>�jW!
ÇC��¢§

�bâ�?@��=2%���6 Ni

3

Fe ��?
\]

�� D

[14]

�.5cÈo0��=2%���6 Ni

3

Fe�

�?\]a�
¡¢-=2%���6 Ni

3

Fe ��?


\]�� D
?@d�Z

[22]

t 

2

6

d

D

τ

=

                              (1) 

�?�dZ�
=üýPQ 
�vjW!ÇC�τZü

ý
�
=§�- 

Z:
Ï�C­�
=��6 Ni

3

Fe��üýú

ûj�x
�vjW!ÇC�e¢d�¥1¦?@�

�{�
Ï�
=�C­=2%���6Ni

3

Fe��

üý?
\]���f&�gP 1¬Â-hP 1?�

:p¾���Ï
�
=]P­�=2%���6

Ni

3

Fe ��?
\]��ABo0�
DE�EV`

W-AB�
=�C
GK�=2%��ÏYN��

6 Ni

3

Fe��?
\]��EVDE-��Ï
�


=]P­�ª��?o0�K/ 0.1%â�ABo0

�
DE�=2%���6 Ni

3

Fe��?\]��y

iAI��`W-j

.S 1p¾���
=
Ïo0�
��6 Ni

3

Fe

��
úûj�xÞ��k]�v>�jW!�Tv

U�jW!
Nwó-Z:\]�[�p\=2%�

�
=üý?
NlZtüýPQmC¨K�AB.

üýPQø.
DE�=2%
mCnoyz-.�


=��6 Ni

3

Fe ��
úûj�x��
>�jW

!�U�jW!
Nwópqpj����6 Ni

3

Fe

��?��k%qw=mC�ª��?
=mCr�

st(5qwmCâ���
jWð�u:L{ 


��

[12]

�v��
jW��.TvU�jW��Z�

v>�jW��-.P 1 ?
�:p¾�AB��?

o0�
DE�=2%���6 Ni

3

Fe-B ��?
\

]��AIyz�v=2%���?
\]¹ZV�

wrs�fg��úûj�x
�vjWÇCx'x

y¥S 1¦�vo2%�wyz{��6 Ni

3

Fe���

=@;<?
=>FG�- 

hlm?�:£�ª��6 Ni

3

Fe ��?
o0

� C

B

 > 0.1%§�25 Ý­�
=
��6 Ni

3

Fe��

úûüýj�xz{��
��v>�jW!|��

35 � 45 Ý­�
=§����6 Ni

3

Fe ��
úû

üýj�xpq���æC²W
�v>�jW!

¥S 1¦����j�x
�vjW!ÇCAo0�


��²W�}P�=2%���?
\]��HAI

��~W¥P 1¦- 



�2360�                                       �A
������                                              � 49� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 1  ��:;<ABC Ni

3

FeD
@ 45 ��01 5 ha��@34E56aH���� 

Fig.1  Fractographic fractures of ordered Ni
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Fe alloys with different boron contents precharged hydrogen at 45  for 5�  h in vacuum:   

(a) 0%, (b) 0.03%, (c) 0.06%, (d) 0.10%, (e) 0.12%, and (f) 0.14% 
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0 50.6 2.37  60.4 3.38  71.3 4.71 28.55 

0.03 25.1 0.58  31.5 0.92  37.2 1.28 32.9 

0.06 15.9 0.23  20.7 0.40  25.8 0.62 41.22 

0.10 14.2 0.19  17.8 0.29  21.1 0.41 31.98 

0.12 - -  15.8 0.23  18.6 0.32 - 

0.14 - -  13.9 0.18  16.7 0.26 - 
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Fig.2  Relationship between hydrogen diffusion coefficients and 

boron contents for the ordered Ni
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Fe alloys precharged 

hydrogen at different temperatures 
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Abstract: The effect of boron content (C

B

) on the diffusion of hydrogen was investigated in the ordered Ni

3

Fe alloy by the methods of the 

cathodic charging hydrogen and vacuum stretching. It can be found that the diffusion coefficient of hydrogen decreases while the diffusion 

activation energy increases with the increase of boron content when C

B

P0.06%. The diffusion coefficient of hydrogen is subjected to 

negligible changes and the diffusion activation energy decreases slightly when C

B

>0.06%. The atom probe chromatography reveals the 

boron atoms segregate at grain boundaries in the ordered Ni

3

Fe alloys. Through the comparative study of the effect of boron content on 

hydrogen diffusion coefficient and hydrogen embrittlement factor, it is confirmed that boron atom can reduce the hydrogen embrittlement 

sensitivity of ordered Ni

3

Fe alloy in hydrogen environment because boron atom decreases the intergranular diffusion coefficient of 

hydrogen in the alloy.  
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