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Fig.1  Schematic illustration of explosive welding condition 
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Table 1  Chemical composition of experiment materials (ω/%) 

Material C Ni Cr Mn P Si S Fe 

45 0.5 0.25 0.25 0.6 0.035 0.3 - Bal. 

Q235 0.2 - - 0.6 0.045 0.3 0.05 Bal. 
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Table 2  Tensile strength and hardness of the plates 

Material 

Tensile 

strength/MPa 

Hardness, HV/ 

×10 MPa 

Q235 325 100 

45(as-received) 357 105 

45(heat treated) 895 268 
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Fig.2  Model of explosive welding in the simulation 
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Table 3  Material parameters of the Johnson-Cook model 

Material 

Shear modulus/ 

GPa 

Yield stress/ 

GPa 

Hardening 

exponent 

Strain rate 

constant 

Thermal softening 

exponent 

Melting 

temp./K 

Ref. strain 

rate/s

-1 

Q235 53.5 0.270 0.16 0.015 1.03 1795 1.16 

45(as-received) 71.8 0.300 0.36 0.022 1.00 1811 1.00 

45(heat treated) 81.8 0.820 0.36 0.022 1.00 1811 1.00 
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Fig.3  Comparison of interface morphologies (a, b) and simulation results (c, d) of 45 steel (as received) 
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Table 4  Parameters of wave interface 

Parameter Specimen Simulation result 

λ/µm 220 226 

L/µm 88 91 

å5M�~V½��h¡��
 4b�4cH�$%�£

!�-ª�½��h¡¤$%�	�\(�¥���

~V�Ø�� 5Ø�¡¢½�~V¦§H5¦§Ö

 �� �¨Ö5-�½�©ª�:«M~V�®�

�
 4e�&¬�¨Ö5�$%�£!��~V��Ò

h¡��
 4fH 

TU[«Ox()�·�ÍË!(�Jhij0

�~VUä­®�
�õË Bahrani ��tu[hi

j0~V�¯°�Í±�Hº��TUcdýþ·�

ÍË!(�I
 4g~4l MÃV��� �ijQ��

®¨\²Á��&�)½�ÀÁ��ijÂRÃV��

���À Bahrani ��tu�¯°Nõ¯�Hº��

�¯�åQîï Bahrani��tu³Î��¹�H 

��������������

´B Bahrani ��tuÍË
u¦§¨j0h~

V�Ìµ�º�[*$%�×¶Ûj0h�!úÅÆ

å·N¸°H¹ºTU
 5aÍË!(��$%�×¶

Ûán���#�ù��»#¢B�º�j0hön

N�Ò£!"��Uä�¼~V�h��®¯À½×

$%��¯G_«å·N­®~V��
 5bõ�HÈ

É�./ Bahrani ��tu`����j086�q

�¾KA���� �¿
 5b�j0��À´ÍË!

(ÁÂ�KAij�q*³Ò��j0�º�I
 6 

a 

Q235 

Steel 45 as received 

Q235 

45 Steel (as received) 

200 µm 

50 µm 

200 µm 

50 µm 

b 

c 

d 



�1980�                                          �������	
                                           � 49� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


 4  Bahrani������������ 

Fig.4  Comparison of the Bahrani wave formation model (a~f) and the results of SPH simulation (g~l) 
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Fig.5  Numerical simulation results of interface morphology (a), temperature distribution (b), velocity distribution and 

direction of interfacial particles (c) 
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Fig.6  High magnification image of interface morphology 
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Fig.7  Simulation results of temperature distribution on the interface 
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Fig.8  Interface morphologies of thermal treated 45 steel: (a) un- 

polished and (b) polished 
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Fig.9  Temperature distribution on the interface of thermal 

treated 45 steel: (a) particles unrefined and (b) particles 

refinement 

 

��:�uv	
­��µ¶����J Bahraniµ¶

	
GH���-ù	
GH �-r��GH�À

Á¸Í?@���Å6�z1��
�J��uv�

�u\<���uv<oB½ABÈÌ�����B

��­�J Bahraniµ¶·© ��'()*+,� 2

/`a�ðñt��uvfgw�xn�56ST�

9q���\<z156������GH423�

�§GH`aD�-r��  

��������

1) ¯æ�h-r��GH��Á?@���u

v��JÅ6 @�Å6�z1����uv��u

\<�2�����B��:� Bahrani µ¶·©�

�­�  

2) ����	
�'()*+, 2 /��-`

a�ðñtfgw�xn�56ST:���-W.

Ó23 nS56���	
GH��n���:�

�;	
<ÈÌ56�GH���  

3) xn�Ö×ÚT�Îàá�Ö×ß��Ûn

Å6õ2�øT�!9��»:�hã¢���îï

Ét�¯æ�h��OÖ×��ù¬�GH`aD�

-�  

 

����    References 

[1] Fu Yanshu(CDE), Wang Zhen(F G). Rare Metal Materials 

and Engineering(�������	
)[J], 2018, 47(8): 2458 

[2] Wang Y X, Li X J, Wang X H et al. Fusion Engineering and 

Design[J], 2018, 137: 91 

[3] Bataev I A, Tanaka S, Zhou Q et al. Materials & Design[J], 

2018, 169: 1 

[4] Zhang T T, Wang W X, Zhang W et al. Journal of Alloys and 

Compounds[J], 2018, 735: 1759 

[5] Luo Ning(H I), Shen Tao(J K), Xiang Junxiang(*LM). 

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


)[J], 2018, 47(10): 3238 

[6] Zhang Z L, Feng D L, Liu M B. Journal of Manufacturing 

Processes[J], 2018, 35: 169 

[7] Bahrani A S, Black T J, Crossland B. Proceedings of the Royal 

Society A: Mathematical, Physical and Engineering Sciences 

[J], 1967, 296: 123 

[8] Li Xiaojie, Mo Fei, Wang Xiaohong et al. Science and 

Technology of Welding and Joining[J], 2012, 17(1): 36 

[9] Zhou Qiang, Feng Jianrui, Chen Pengwan. Materials[J], 2017, 

10(9): 984 

[10] Cowan G R, Bergmann O R, Holtzman A H. Metallurgical 

and Materials Transactions B[J],1971, 2(11): 3145 

[11] Cowan G R, Holtzman A H. Journal of Applied Physics[J], 

1963, 34: 328 

[12] Zhang Dengxia(NOP), Li Guohao(QRS), Zhou Zhihong 

(TUV) et al. Chinese Journal of Theoreical and Applied 

Mechanics(WXXY)[J], 1984, 16(1): 73 

[13] Zeng Xiangyu(012), Li Xiaojie(QZ[), Cao Jingxiang 

(\]^) et al. Explosive and Shock Waves(56�_`)[J], 

2019, 39(5): 139 

[14] Zeng X Y, Li X J, Chen X et al. Welding in the World[J], 2019, 

63: 967 

[15] Li Kebin, Li Xiaojie, Yan Honghao et al. Journal of 

Energetic Materials[J], 2018, 36(4): 377 

[16] Wang Yuxin(F2a), Li Xiaojie(QZ[), Wang Xiaohong 

(Fbc) et al. Explosive and Shock Waves(56�_`)[J], 

2014, 36(6): 716 

[17] Li Xiaojie(QZ[), Yang Wenbin(def), Xi Jinyi (ghi) 

et al. Explosive Materials(5jk�)[J], 1999, 28(3): 22 

[18] Li Xiaojie(QZ[). Explosive and Shock Waves(56�_

`)[J], 1991, 11(2): 134 

[19] Wang Xiaoxu(Fbl), Wang Jinxiang(F�m), Zhao Zheng 

(n o) et al. Rare Metal Materials and Engineering(���

����	
)[J], 2014, 43(3): 682 

[20] Chu Q, Zhang M, Li J H et al. Materials Science and 

Engineering A[J], 2017, 689: 323 

a 

b 



� 6/                                  0123456789:����;<=>                                �1983� 
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Abstract: In order to study the formation mechanism of explosive welding wave interface, the interface morphology and the welding 

processes were analyzed by explosive welding experiment and numerical simulation. The results show that the plates with lower initial 

strength are more likely to form periodic wave interface when the welding parameters are within the weldable window, and the molten 

material within two wavelength after the collision point still has a high velocity and continues the movement along the interface. However, 

the plates with higher initial strength and smooth surface are difficult to form wave interface. The results indicate that the formation of the 

wave interface requires the accumulation of disturbance to trigger the Bahrani etching mechanism. In addition, the molten metal within two 

wavelength after the collision point will continue to move along the interface and eventually form a stable interface wave. 

Key words: explosive welding; wave interface formation mechanism; interface disturbance; numerical simulation 

 

Corresponding author: Li Xiaojie, Ph. D., Professor, Department of Engineering Mechanics, Dalian University of Technology, Dalian 

116024, P. R. China, Tel: 008-411-84706163, E-mail: robinli@dlut.edu.cn 


