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X³G���HI:�V��+�JK.SL\

­M[14]³N#O�ª«Ü§å=PQ³��j(T)�

³�÷~(t)�ìíÐ�R��S(ν)�TUÜ§PQ 4

ÔýV.JKéêaQ L16W4

3

XJK.`Y 16Åé

ê�ìíÐJK.SL�. 1.ÝZ�XYPQHØ

ìíÐ¡/bcd:;�[
4î�V\?9]^�

NìíÐé_��eéê.ìíÐ,�¡/bcd�

e:;�ª«�­M[18]�V,-�l�� I�ËÌ8

`ï�ec�ÇËu�+�ÑÒa"ÏÐ. 

NugëìíÐþ��/bcd.� w�Ä¾

ÅÆbcÎd5�"efO39"#:;H�ô=.

��/bcd�NugëìíÐ,�þ��9A:Û

��:;d5.Û�å=PQgAWHAcX�hAWHClX

2 Ô�Li×þPQ/ w9jk"#�;6��i

PQ9l"#�:;. 

�gëìíÐédU�¥lm/bcdn8,é

_�opXW10 mm×10 mm×5 mmX.qNurs8,�

turm/ w�opX 10 mm×10 mm×1.5 mmW1.5 

mmXvjX�9.�/ wQf
wx 9148y
z

yY�%Â{f|}m.é_`T���Q~�9.

�"�������
w. 

"#Û�aQ HCl� HAc 2Ô.3+�hAÛ�

1��å¹ 37%��hA��� Cl

-

�jX 1 mol/L�

éê HClÛ��gAÛ�1Øý��A����jX

1 mol/L�éê HAcÛ�.V\

7"#éêST

aQ PARSTAT MC�½���;

7,-��Q2 
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Table 1  Orthogonal Test of heat treatment test 

Process No. T/¼ t/h ν/¼·h

-1

 

1 500 1 30 

2 500 2 60 

3 500 4 90 

4 500 6 120 

5 540 1 60 

6 540 2 30 

7 540 4 120 

8 540 6 90 

9 580 1 90 

10 580 2 120 

11 580 4 30 

12 580 6 60 

13 620 1 120 

14 620 2 90 

15 620 4 60 

16 620 6 30 

,�/ w� 2 ÔÛ�%�¶
�|�,é��aQ

Tafel��. 

2  ���� 

2.1  ����� 

½u����`��/-t-ibcd�H�£�

ec�ec¢��£�¢�opÄ��.mm¬::�

ÝíX�
L�Ó���Xj�0q�Y�X

Interface.3vj����,���¸P­M[19,20]�

��X 0.1 mm.Ó�op\é_op#O. 

aQ ABAQUS HÙ¦åæ��¡�eé_¢�

ÑÒu�"�Ó-����x Ó�¡¢ 1 �£.i

w Q345R�tw TA2�/w Zr702�aQ¤¥lx 

¦6t¦ C3D8R�§¨©å�ª«�`.H��¬m�

%&6Ó�¡­®�¯°�jú±

[15]

��NuãäÅ

þL���²G�ÜÝV��qg³²­®¡L�´

j�ª«.¢�w Interface aQ 8 ¥l COH3D8 %

&6t¦�µ¶·å­®�µ¶��X Y ��.¢ 1

XHÙ¦Ó�S�°0qY�£¸¢.�eéê+9

�eé_�2�e��+��é_%¹+þº»"�

Ã¼8`��º»�½ ï�U�¾w0q\ïw0

q~�¢�w¿aÀÁ]åE.ÜÝ�S��HÙ¦

Â¢Ã�¡¢ 1a�£�Ã¼8`¡¢ 1b�£.¢ 1b

+�½uÄY8`�\¸Pl��mÃ¼8`.0q

S�°­®·å¡¢ 1c� 1d�£. 

2.2  ���� 

 

 

 

 

 

 

 

 

 

 

 

½ 1  ¾¿K¹ÀÁÂLghsÃÄ��ÅMÆÇÈÉs±²

¾¿ÊË½ÌÍÎ�Y 

Fig.1  Boundary condition (a); binding of reference point and 

plane (b); schematic diagram of material setting (c); mesh 

generation (d) 
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¡�� Q345R�+~w TA2 � w Zr702 "�

ÅÆ:0q¸¹Y�.aQ%&6 Cohesivet¦�6


¢�w Interface��eu�+�ÑÒÇ
�Y�È

�É�¦6ÊËX3 Traction-separationÊË.�2V

ãäÅÌL���,-

[14]

�Y�%&6 CohesiveÓ�

¸¹¡. 2 �£.. 2 +�¸¹Í��oÎ¡/-t-

ibcd"�67:;éê����NìíÐÅ�é

êe��ÑÒ�*���¥�%&6 σ

n

�σ

n1

Wσ

n2

Xå

=X 325.50�183.21W183.21XMPa.1/-t-ibc

d¤¥éê,Ï�¤¥:;¦6Ã¼�|�ecÐ|

:Ñ6Ã¼ÒÓ�"eÔYm¢�w�Õ¢;��Ö

S G

C

.×QØ�HÙ¦ÙÚ����ÔY¢�w�¤

¥Ó� G

1

� G

2

�]ÛS¢�w
�ë:�ÔY3Å

:Ó� E. 

3  ��	
� 

3.1  �	
��
����� 

/-t-ibcd�eé_¢�ÑÒu��Ü�kj

Ý
¸¹ SDEGWscalar stiffness degradationXÞ¢¡¢ 2

�£�¢+ U

22

.£ Y��8`Ã¼.¢ 2./�%ß

í¢�w� SDEGoÎà*á8���`â��á8�

5U¢�w� SDEG�à*�2 0�./¢�5�à*

�ÎÑÒ.Þ¢+ SDEG¹�ÈÎãä 1�%ßñ��

t¦¿aà*ÀÁ�ÀÁ�åeæÀY<=ç`�;6.

Èè�éÃ¼áêä#Y���5U¢��%&6t¦

ëÂÀÁ�ì¸í�¢��ëÑÒ�Uï0q�ÎîE. 
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Table 2  Parameters of cohesive zone model 

(E/K

nn

)/MPa (G

1

/K

nn

)/MPa (G

2

/K

tt

)/MPa σ

n

/MPa σ

n1

/MPa σ

n2

/MPa G

C

/N·mm

-1

 

4420 1700 1700 325.5 183.21 183.21 3.69 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

½ 2  bc U

22

i±²GHLM SDEGÑ½  

Fig.2  SDEG cloud charts of material bond interface under different U

22

: (a) 0, (b) 0.001, (c) 0.0113, (d) 0.0142, (e) 0.0148, (f) 0.0159,   

(g) 0.0186, and (h) 0.0246 
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XYY���¢�ÑÒu�\8`Ã¼�ïÓ�¢

3 ðmY%ßít¦ÑÒ¸¹ SDEG °ÑÒ�ñ¸¹

STATUS Wstatus, some failure modelsX�8`Ã¼�[


.1¢ 3a./�'%&6t¦�ÑÒ�joÎò�á

8���"�óYU�ôõ�SDEG ��8`Ã¼�|

:áê�È�ö÷���øùãäÈ�� 1.ÑÒ¸¹

STATUS×þ.£t¦>úÀÁ�¹�ûH 1� 0�}i

Ì~üH+~�.1¢ 3b./�é8`Ã�ù 0.017 mm

÷�STATUSà*ïR�./Ý÷%&6t¦MNÀÁ�

æÀç`;6.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

½ 3  LMNOP% SDEGÌ STATUS 

Fig.3  SDEG (a) and STATUS (b) change in interface damage  

process 

 

¢ 4XHÙ¦\éê�¦6-Ã¼�|¡|�3+ý

�¦6�þd�X 5.5%.1¢ 4./�HÙ¦��Ïä

�¢��e6[
�|\éêe�{��3ÊÔ:Ïä

YêG.ì./�. 2 �%&6¸¹×þ¡/-t-ib

cd� I�ÑÒu�"�ÊÔ6
. 

3.2  �������� 

¢ 5ðmY�ìíÐÃ�ï��eé_¢�� SEM

yÈ.å¢ 5a+×þ��3¾¿ä12����,�e

y��¬::£Ìef�ÝZ?¾¿ä���V��Ã

��Ë�yÈ.¢ 5b X#í£ý\£��¾¿e�.

å¢ 5b+×þ�m�Ç»V�s	�òÄ�À
ó��

./¢�åEu����Âåó��À
�ÜÝ� I �

`âï�¢��ÎY
���:ÇË.£ý\£��m

m�ô�ÚÐ��ÜÝ'íX���ÚÐÇË.£ý\

£�uv��\éê�8¦6��{#O��¤¥6�

ª«ï�y�Yò�eO���1|�¤¥��.×��

I �8`ï�¢�5�.mm�:ÇË<ð�e£ý\

£�uv��.mm�:ÚÐÇË����:ÇË<

ð��X�cÇËÓz. 

3.3  ���������� !"# 

3.3.1  Tafel ������ 

V\aQ Tafel ¶
�|,�gëìíÐÃ�ï/

 w�9"#:;�
Ú�Û�p� Cl

-

�jX 1 mol/L

hA.bcd�"�ìíÐ÷�/ w� Tafel ¶
� 

 

 

  

 

 

 

 

 

 

 

½ 4  ¹ÀÁ�I1KLMÒ--ÓÔ ¡{Õ 

Fig.4  Comparison of interface stress-displacement curves  

between finite element and test 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

½ 5  GHIÖLM[× SEMØÙ 

Fig.5  Fracture SEM morphologies of bonding samples: (a) macro- 

scopic fracture surface and (b) crest and trough  
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¶X�¶

Ã���ÜX
��j��Q¡¹�.1

¢ 6 ×þ�m�/ w� Tafel �|×åX 4 õ.W1X

ABõ���
Ã�á8�½u/ w�
��jïR�

øùÈ±l B�W2XBC õ�äã B lþ����
Ã

á8�"#
� �U��Ý÷ Bl¡¦�
Ã×þ!

X>/ w�'Û�"�+�#"#
Ã��-0.41 

V(SCE)�W3XCD õ���
Ã�á8�/ w�
�

ö÷U�.@Ü>12/ wUÎ�#wO��
��

$%Y
��ò�áê.�|��S���0q�&


��O�.3+�CD õ� AB õø|õ�Kl F #$

!X>0q�'Û�"�+�"#
��W4XDE õ�

é¶

Ãá8ù Dl÷�"#
�q\ò�U��Ý

÷ Dl�
Ã#$'X()
Ã

[21,22]

.@Ü>/0�h

AÛ�+12
Ã��� Cl

-

ÀÁY/ wU�&
��

/ wU�Îl"#.()
Ã D×þ!X>/ w�

'Û�+�l"#
Ã��+0.35 V(SCE). 

éê����/ w.�mmY��l"#*+.

�� NB/T 47011-2010,/` 6-./ÜÊ��+¹

��� 1 mol/L� Cl

-

Û�+�̄ /�l"#
ÃX+0.38 

V(SCE)�0�2V\éêÏä�/bcd w�l"#


Ã+0.35 V(SCE).1Ý×Ï�Nu����þ��/

bcd�9l"#:;H�ïR��ú±
Ã÷1×;

.mml"#m2. 

��JKéê. 1�
ÔìíÐ,��gëìíÐ

�ñï/ w�"#
��j�"#
Ã�()
Ãe

��. 3.1.×3���³��j���³�÷~4

ê�/ w�l"#
ÃR±�9

7"#:;0H

ïR.�V\éê56%�/ w�"#
��j�"

#
Ã�()
Ã]��Îú�[
."#
��56

å 10

-5.6

[
ù 10

-4.5 

A/cm

2

�"#
Ã56å-0.45 V[


ù-0.39V(SCE)�()l"#
Ãå+0.28 V(SCE)[


ù+0.35 V(SCE).ìíÐ��þ��/bcd w�9 

 

 

 

 

 

 

 

 

 

 

½ 6  @¢£	Úde^
F HCl¤¥JK Tafel�� ¡ 

Fig.6  Tafel polarization curve of Zr cladding in HCl solution 

"#:;j±2¯/0q.ìíÐ³��j���³�

÷~�ê�()
Ãå +0.35 V(SCE)ïRù +0.29 

V(SCE)�9"#:;ïR�/	. 

3.3.2  ��	
��
���� 

XY�B7EF�hAÛ�"�¡|�9aQ�j

X 1 mol/L�éê HAcÛ�¡/ w"�

7"#é

ê�,�3 Tafel¶
�|.¢ 7X/ w� 1 mol/L HAc

Û�+� Tafel�|(/bcd�"�ìíÐ).1¢ 7× 

 

� 3  	
��
�������������������

���� 

Table 3  Corrosion current densities, corrosion voltages and 

breakdown voltages of Zr cladding after different 

heat treatments 

Process No. 

log(corrosion 

current density/ 

A·cm

-2

) 

Corrosion 

voltage/ 

V(SCE) 

Breakdown 

voltage/ 

V(SCE) 

0 (without heat 

treatment) 

-5.0 -0.41 +0.35 

1 -4.8 -0.44 +0.33 

2 -4.9 -0.45 +0.33 

3 -4.6 -0.43 +0.32 

4 -4.8 -0.41 +0.31 

5 -4.6 -0.41 +0.31 

6 -4.5 -0.40 +0.31 

7 -5.5 -0.42 +0.32 

8 -5.6 -0.42 +0.30 

9 -4.7 -0.41 +0.30 

10 -5.0 -0.39 +0.30 

11 -5.1 -0.41 +0.31 

12 -4.8 -0.44 +0.29 

13 -4.6 -0.42 +0.30 

14 -4.6 -0.43 +0.29 

15 -4.8 -0.44 +0.29 

16 -4.8 -0.45 +0.28 

 

 

 

 

 

 

 

 

 

 

 

½ 7  Úde^@¢£F 1 mol/L HAc¤¥JK Tafel ¡ 

Fig.7  Tafel curve of zirconium coating in 1 mol/L HAc solution 

(without heat treatment) 
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3�HAcÛ�+� Tafel�|\ HClÛ�{|�È�ô

=>5Ã�|g^�()
Ã�� HAcÛ�+/0�V

g^�l"#m2.é¶

Ã®u"#
Ãþ��/

0q�
��j�SVöá8�g^��2()
Ã�

 [l.��
Ã����0q�"#¿a88. 

4  �  � 

1) I�8`ï�ËÌ1%ßíÍÎ�]
�¨�ù

5Uec¢�.t-i¢�5�.mm�:ÇË<ð�e

£ý\£�uv��.mm�:ÚÐÇË����:

ÇË<ð��X�cÇËÓz. 

2) HCl Û�/ w� Tafel �|^�/	�()


Ã�e� HAcÛ�+�Vg^�../� HClÛ�+/

 wþl"#X��e� HAcÛ�+þjk"#X�. 

3) �� NB/T 47011-2010 ÜÊ��+¹��� 1 

mol/L � Cl

-

Û�+�Zr 90�l"#
ÃX+0.38 

V(SCE)�0�2V\éêÏä�/bcd wW�"�

ìíÐX�l"#
Ã+0.35 V(SCE).Nu����þ

��/bcd�9l"#:;H�ïR. 

4) �V\ìíÐéê56%���³��j���

�³�÷~�4ê�/ w�l"#
ÃR±�/	�

h>:�[
g�.ìíÐ��þ��/ w�9"#

:;±2¯/0q. 
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Abstract: The cohesive zone model was used to study the interface damage process of zirconium-titanium-steel clad plate in bonding test, 

and the interface fracture mode was analyzed by SEM. The corrosion resistance of the surface under different heat treatment conditions 

was studied by orthogonal test, and the effects of holding temperature, holding time and rise and fall rate of temperature were analyzed. 

The results show that the interface damage starts from the inner wall and gradually develops to the whole interface under mode-I loading. 

The whole interface belongs to brittle fracture, while the transition slope of wave crest and wave trough is mixed fracture. The results of 

Tafel polarization curves show that the main corrosion mode of zirconium coating is spot corrosion in HCl solution and uniform corrosion 

in HAC solution. After explosive welding, the corrosion resistance of zirconium composite plate is lower than that of pure zirconium 

material, and worse corrosion-proof ability can be obtained under higher temperature and longer holding time. 

Key words: zirconium clad plate; heat treatment; shearing strength; cohesive zone model; Tafel polarization curves 
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