
� 48�    � 8�                                    ��������	                                Vol.48, No.8 

2019�      8�                         RARE METAL MATERIALS AND ENGINEERING                      August 2019 

 

�����2018-08-10 

���	����	
���21171018�51271021������������������2016-T02� 


����   �!�1991 �"�#$�%&
'(�������������%& 100083�)*�010-62333213�E-mail: 

yinzhang330@163.com 

 

��������	
����� 

 

�  �

1

��  �

1

����

2

��  	

2

�
��

1

 

(1. %&
'(� ������������%& 100083) 

(2. �+,-./0123�45 ,6 721013) 

 

�  ��7�8 Zr-Sn-Nb9 SZA-4.:;�<=)>?@AB�CDE?@FG7 SZA-4.:H@IJ@KLM

8NOPQRSTU�VNWXKYZ7@KLM8NOPQRSTU[\]^_�`a)>?@FGbc�SZA-4

.:;�QH@Ide�H@If?@FGgGh:iLjk9[lmnoOp^_�.:)>?@qrst^

uvwxy@KLy�z{|}~.:��[`a?@FGbc��@KLyQ��de[7@KLyQ�\�O

p^_�?@FG��F�@KLy� δ-ZrH

1.66

�nw�`a?@FGbc�@KLy�Q δ-ZrH

1.66

��Ide�?

@ 24 hq�@KLy� ε-ZrH

1.801

�J δ-ZrH

1.66

�nw[7?@�s 400 �/6 hWXKYZABq���@KLy��

<x�de��rst{|������@KLp�[�\�Opl���F@KLy� ε-ZrH

1.801

������Q

δ-ZrH

1.66

@KL��~ δ-ZrH

1.5

@KL[z� 400 �/96 h WXKYZABq�@KLy��� ¡��@KLWXO

P¢�s�[ 

����.:�)>?@�@KL 

�������TG146.4

+

14        ������A        �� ��1002-185X(2019)08-2602-07 

 

��������	
����������

����������� !"#$%&'(�)*

+,-./01234.�*+,156/04. 

 

[1-4]

78*+,9:;<=>	#���23?@�

���)A�BC��*+DCEF7��DC1E

F�GHIJ*+KL1EFM?8NO>PQ$�

����7RE8���	1STPUV�#W��

���1EX=YSTZ[\#=]1E^?_EJ

`1abcd7� Zr-Hefgh

[5]

#���@ Hai

1jkEJ`� 2 O#lmn fcc 561 δ-EJ`

oZrH

1.5~1.66

p� fct561 ε-EJ`oZrH

1.8~2

p7qr

EJ`�sk1iltP#uvnw�e#xy1c

d?z{���231wJ#|}LYE~����

oDHCp1���

[6,7]

7����#EJ`1����

��l� ����231����������(

'

[8-10]

7 

n�����E�EJ`����23��1�

�_�Ew��#������������1�E

� �YEJ`1l�!¡7¢£¤�1�E¥¦�

F§�E¦�¨©ªE¦���«ªE¦�¬ªE

¦

[11,12]

7¬ªE¦®sOV'1ªE¥¦#¯��

�8¬ªE=>	BC1°±�56²³¢£´µ

¶����#�·¬ªE¸¹	EJ`aº�l�

_�e56»³1� ¼�½¾7¿À#Á��Â'

�¬Ã1¬ªEÄÅ����Æ<ªEÇ�#��

�ªE\È�vÉJÊËÄÅ��E��EJ`ÌÍ

�l�1��� #_:n�����1�E� Î

ÏÐÑ��ÒÓÔ7 

��������

ÐÑÂ'1 SZA-4���Õ4�Ö×ØÙ�ÚÛ

ÜÝÞÎÏ#YßàJ�iln Zr-0.8Sn-0.25Nb- 

0.35Fe-0.1Cr-0.05Ge

[13]

7SZA-4 ���Õ4áân

Φ9.50 mm×0.57 mm#Yãä§nå5æÊË§7ªE

£çÕè¸¹éi 8 mm �1�ê#|lm'ëì�

íîïð¸¹ñ�7ÁÐÑÂ'¬ªE¦�¸¹Æ

<ªE#Â' 0.5 mol/Lòóôn¬õ#ö÷nøZ#

¸¹nùZ#¬ÃúPn 0.3 A/cm

2

#¬ªE�Pn

65±2 û#¸Ñ	ü=ý³¬ªE\Èo4#8#16

� 24 hpþ���E��1�E¸¹7�E¸¹1E



� 8�                                �   £¤.:)>?@¥¦Nno§�CD                              ¨2603¨ 

��Â'�������	1 LECO RH-404 ÍkE

lc
Æ<�k#��kE��\�¹� 0.1~0.15 

g#�O¹�lc 3 �Y�v�#������ 10 

µg/g7SZA-4�����E¸¹1E���� 10 µg/g7

¬ªE�i�#��E¸¹Â' 400 û/6 h� 400 

û/96 h 2 O��1ÊËÄÅÆ<��vÉJÊËÇ

�#5��¸¹��)A� �7 

nlc SZA-4�����¬ªE\È���v

ÉJÊËÄÅ¸¹1EJ`!"P³J�EJ`aº

�l�³J#Â' ZEISS-SUPRA55 #$¬
�%&

oSEMp1'()¬
i*+b,-Õ.1EJ`!

"P³J#_�ç¸¹/ 10% HF+80% HNO

3

+10% 

H

2

O

2

Tõ���#Â' Axio Imager�e�%&lc

EJ`1aº�l�³J7Â' Rigaku TTRIII X)0

1)
oXRDplc��203¸¹1`e°i7�

�®Õè¸¹#4_�ç 8 mm �1Õè¸¹56é

7|8�i÷è#åÂ'@Õè¸¹e�1¬ªE

ÄÅÆ<ªEÇ��Æ<`e�k7XRD�¸\Õ¬

�n 40 kV#Õ¬Ãn 30 mA#Â' Cu9#|:;<

Æ#$¥b#<ÆtPn 0.02°#<Æ\Èn 1 s##

$=>n 30°~75°7 

��������

���������	
�������

f 1 n����E��ªE\È³J?07�f

gh#�@¬ªE\È�9#SZA-4 ���Õ41

�E�}L7� SZA-4���1�E�o∆Hp@ªE

\ÈotpAÈ·BÆ<C�oDf	E�0p#BF

G�HIJ`0¥>K∆H=at

b

#q@LM½¾1��

��EN��¥>s~

[12]

7ÀO#�LM½¾1

Zr-2.5Nb��

[14]

�N18��

[15]

� Zr-4��

[16]

¬ªE

\�E�@ªE\ÈAÈ·BÆ<C�#BFxy1

�E�@ªE\ÈAÈPHIJ`0·B#5QDf

14�74O���¬ªEÄÅR���E�@ªE

\ÈAÈ1J`0·BR��Dñ 1 4�7�ñ 1 g

h#SÕTO���8¬ªE\�E�@ªE\È

MUVJ`0·B#¯�����8��¬ªEÄ

Å3�E�@ªE\ÈAÈUV1J`0¥>R��

�#xy1J`0¥>R�@ªEÄÅúée·75

�f 1 �ñ 1 gh#���8¬ªE\#Â'W�

1ªE�P�W�1ªE¬ÃúP#g_þ�W�1

E��#DÁ��	 SZA-4���4�7 

���������	
��������������

f 2n��¬ªE\È1 SZA-4���Õ4¸

¹EJ`l�1�e�'()¬
X÷7��eX÷ 

 

 

 

 

 

 

 

 

 

 

© 1  .:H@If?@FGk9ªj 

Fig.1  Relationship between hydrogen absorption amount and 

hydrogen charging time of zirconium alloys 
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Table 1  Fitting relational parameter values of hydrogen absorption amount and hydrogen charging time for zirconium alloys 

∆H=at

b

 Electrolytic hydrogenation process parameter 

Material 

a b Electrolytic solution Current density/A·cm

-2

 Temperature/� 
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2

SO

4
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Fig.2  Optical micrographs and backscatter electron images (inset) of SZA-4 samples after electrolytic hydrogen charging 

for 4 h (a), 8 h (b), 16 h (c) and 24 h (d) 
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Fig.3  XRD patterns of SZA-4 samples at different electrolytic 

hydrogen charging time 
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Fig.4  Optical micrographs and backscatter electron images (inset) of SZA-4 hydriding samples after 400�/6 h homogenizing annealing: 

(a) 4 h, (b) 8 h, (c) 16 h, and (d) 24 h 
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Fig.5  Variation curves of hydride layers thickness for SZA-4 

hydriding samples before and after 400 �/6 h homogeni- 

zing annealing 
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© 6  SZA-4H@�s 400 �/6 hWXKYZqQ XRD©¶ 

Fig.6  XRD patterns of SZA-4 hydriding samples after 400 �/6 

h homogenizing annealing 
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Fig.7  Optical micrographs of SZA-4 hydriding samples after 400 �/96 h homogenizing annealing: (a) 4 h, (b) 8 h, (c) 16 h, and (d) 24 h 
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Fig.8  Schematic diagram of electrolytic hydrogen charging 

of zirconium alloy

[17] 
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Fig.9  Schematic diagrams of hydrogen concentration distribution 

of SZA-4 samples during electrolytic hydrogen charging: 

(a) initial stage, (b) after a period of time, and (c) after 24 h 
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Fig.10  Schematic diagrams of hydrogen concentration distribu- 

tion of SZA-4 hydriding sample for 24 h after different 

homogenization annealing process: (a) after 400 �/6 h 

homogenization annealing and (b) after 400 � /96 h 

homogenization annealing 
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Study of Electrolytic Hydrogen Charging Process and Microstructure 
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Abstract: The cladding tubes of a newly designed SZA-4 zirconium alloy of Zr-Sn-Nb system were hydrided using electrolytic hydrogen 

charging technique. The effect of electrolytic hydrogen charging time on the hydrogen absorption amount and the type and distribution of 

hydrides, as well as the effect of homogenization annealing time on the type and distribution of hydrides in SZA-4 zirconium alloy were 

investigated. The results show that the hydrogen absorption amount of samples increases with the increase of hydrogen charging time, and 

a parabola relationship between hydrogen absorption amount and hydrogen charging time was found. Microstructure analysis shows that 

the hydride layers form on the surface of the samples after electrolytic hydrogen charging, while the inner part remains the zirconium alloy 

matrix. And the thickness of the hydride layers increases with the increase of hydrogen charging time. The phase structure analysis shows 

that the hydride layer is merely composed of δ-ZrH

1.66

 at the beginning and increases with hydrogen charging time. When hydrogen 

charging time reaches 24 h, the hydride layer is composed of ε-ZrH

1.801

 and δ-ZrH

1.66

 phase. After 400 �/6 h homogenization annealing, 

the thickness of the hydride layer of hydriding samples further increases, and platelet-like hydrides precipitate within the tubes along the 

circumferential direction. The phase structures analysis of the homogenization annealing of hydriding samples shows that ε-ZrH

1.801

 

disappears and the original δ-ZrH

1.66 

hydride transforms into δ-ZrH

1.5

 hydride in hydride layers. And after 400 �/96 h homogenization 

annealing treatment, all of hydride layers disappear, and thin platelet-like hydrides evenly distribute in the samples. 

Key words: zirconium alloy; electrolytic hydrogen charging; hydride 
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