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Table 1  Chemical composition of pure titanium TA1 and pure nickel N6 board (ω/%) 

Fe Si C N H O Ti 

TA1 

0.15 0.1 0.05 0.03 0.015 0.15 Bal. 

Cu Fe Mn C Si S Ni+Co 

N6 

*0.06 *0.1 *0.05 *0.1 *0.1 *0.005 +99.5 

 

 * Φ170 mm×300 mm�÷ø�5N Ti/Ni/Ti	
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¬ 1  DEFG­®¬ 

Fig.1  Principle of the ARB 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

¬ 2  �¯°�o��� 2 hVWX� Ti/NihiOP 

Fig.2  Microstructures of Ti/Ni interface at different temperatures for 2 h: (a) 550 �, (b) 600 �, (c) 650 �, and (d) 700 � 
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¬ 3  ARB 5HI^ 700 �¯°��VWXRS Ti/NihiOP 

Fig.3  Microstructures of Ti/Ni interface after 5 ARB pass and heat treatment at 700  � for different time: (a) 0 h, (b) 0.5 h, (c) 1 h, (d) 2 h, 

(e) 4 h, and (f) 8 h 
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¬ 4  ARB 5HI^¯°�oVWX 2 h�RS Ti/Ni[\ef 

Fig.4  Microstructures of Ti/Ni interface after the 5 ARB pass and heat treatment at different temperatures for 2 h: (a) RM, (b) 550 �,      

(c) 600 �, and (d) 650 � 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

¬ 5  ARB 5HI^ 700 �±²¯°��RShiOP³ EDS´bbµ 

Fig.5  Interface microstructures and EDS composition distributions of specimens after the 5 ARB pass and annealing at 700  for different �

time: (a) 0 h, (b) 0.5 h, (c)1 h, (d) 2 h, (e) 4 h, and (f) 8 h 

Ni 

 

Ti 

 

Shear band 

Ti 

 

Ni 

 

Ni 

Ti 

Ni 

 

Ti 

 

50 µm 

d 

c 

a b 

Ni 

Ti 

 

Ni 

 

TiNi

3

 

 

TiNi 

 

Ti

2

Ni 

 

Solid solution 

 

Ni 

TiNi

3

 

Ti 

Ti

2

Ni 

Ni 

TiNi

3

 

 

TiNi 

 

Ti

2

Ni 

 

Ti 

c 

Solid solution 

 

TiNi

3

 

 

TiNi 

 

Ti

2

Ni 

 

Ni 

 

Ti 

 

a 

b c 

d e 

f 

30 µm 

5 µm 

5 µm 

5 µm 

5 µm 

5 µm 

Ni 

 

TiNi

3

 

 

TiNi 

 

Ti

2

Ni 

 

Solid 

solution 

 

Ti 

 

0 2 4 6 8 10 12 14 16 18

�

�

I
n
t
e
n
s
i
t
y
/
c
p
s

Distance/µm

���

���

0 2 4 6 8 10

�

�

I
n
t
e
n
s
i
t
y
/
a
.
u
.

Distance/µm

���

���

0 1 2 3 4 5 6 7 8

�

�

I
n
t
e
n
s
i
t
y
/
a
.
u
.

Distance/µm

����

����

0 5 10 15 20

�

�

I
n
t
e
n
s
i
t
y
/
a
.
u
.

Distance/µm

���

���

Ti 

c 



� 3�                                   �����Ti/Ni�	
��
��������                           �927� 

� 2  � 5 ������	
 EPMA ���
������ 

Table 2  EPMA results of the marked points 1~10 in Fig.5 (at%) 

Element contents and corresponding phases of marked points 

t/h 

Elements 1 2 3 4 5 6 7 8 9 10 

Ti 2�02 1.93 5.99 33.36 37.76 60.44 68.62 97.52 99.11 99.22 

Ni 97.98 98.07 94.01 66.64 62.24 39.56 31.38 2.48 0.89 0.78 

0.5 

Phases Ni Ni Ni 

  TiNi

3

, 

TiNi 

  TiNi

3

,  

TiNi 

  Ti

2

Ni,  

TiNi 

Ti

2

Ni Ti Ti Ti 

Ti 1.94 2.60 7.84 35.81 36.97 43.04 60.31 60.42 64.78 84.63 

Ni 98.06 97.4 92.16 64.19 63.03 56.96 39.69 39.58 35.22 15.37 
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TiNi

 

  TiNi

3

,  

TiNi

 

  TiNi,  

TiNi

3

 

  Ti

2

Ni,  

TiNi 

Ti

2

Ni Ti

2

Ni Ti

2

Ni, Ti 

Ti 2.44 4.24 32.49 33.01 40.97 63.70 63.58 65.22 79.71 99.91 

Ni 97.56 95.76 67.51 66.99 59.03 36.30 36.42 34.78 20.29 0.09 
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Ti 

Ti 2.24 8.04 33.04 34.85 34.81 59.94 61.89 68.48 90.59 99.57 

Ni 97.76 91.96 66.96 65.15 65.19 40.06 38.11 31.52 9.41 0.43 
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 Ti/Ni��
����� 

��������	
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��y������������� 3 ��!"��

#$%�� y��&'��(�)* 3+ 

,* 3���(-./012�� 550 �/30 min

���3����$%��4 1.1 µm�56789:

�;<������=>;<�?78 8 h 3���

��4 4.9 µm�;<� 3.8 µm+568��@A��

750 �/30 min���3������4 5.83 µm�7

8 8 h3�����BC 16.93 µm�;< 11.1 µm+D
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NO�P8�QR6JK�ST�UVW�XY6�

�Z��[P\XY]^�
�_`ab`cdef

a�+ 

D-����gh����������i2_
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p 7gq+ 

,p 6 789:j Ti-Ni ������klmn

/012��_�����8�
�Ti/Ni �����

�j789:rsatu(kl+������567

89:�;<P;v�w;<xyz{|}+~�[4

��
���������� 2 h�78��.���

�������� TibNiJK�����HI+[��

��x�����789:v� 4 h9�56����

��Ti/Ni �
��g�����������;��

TibNi r'��������
����z{ ¡�

������¢£¤4���xy�}_���¥E+

_¦�§¨��HI����©�����xy}+[

���
����;�xyz{|}+ 

p 7.�_��789:
�Ti/Ni ������

5���8��@A;�ªx�«¬ Arrhenius

[31]
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Table 3  Data of interface diffusion layer thickness and heat  

temperature, holding time 

Experimental thickness/µm 

Calculated 

thickness/µm 

T/� t/h 

y

1

 y

2

 y

3

 

y

 

y 

0.5 1.11 1.25 0.97 1.11 1.17 

1 1.38 1.52 1.66 1.52 1.71 

2 2.22 1.66 2.5 2.13 2.49 

4 3.88 4.16 4.44 4.16 3.62 

550 

8 4.99 4.72 4.99 4.9 5.28 

0.5 2.41 2.08 1.87 2.12 1.97 

1 3.88 4.16 3.88 3.98 2.79 

2 4.72 5.27 4.99 4.99 3.95 

4 6.21 6.38 6.45 6.38 5.60 

600 

8 8.05 7.77 7.77 7.86 7.94 

0.5 2.85 3.91 2.73 2.82 3.08 

1 6.31 5.76 6.31 6.13 4.25 

2 7.99 8.27 7.99 8.08 5.85 

4 10.44 10.27 10.10 10.27 8.07 

650 

8 13.04 12.76 13.32 13.04 11.11 

0.5 4.35 4.14 4.14 4.21 4.54 

1 7.12 7.19 6.84 7.05 6.09 

2 9.59 9.59 9.17 9.45 8.16 

4 12.17 12.78 12.22 12.5 10.94 

700 

8 15.06 14.74 14.74 14.88 14.66 

0.5 5.83 5.55 6.11 5.83 6.36 

1 8.05 8.33 8.33 8.24 8.29 

2 9.99 10.27 10.27 10.18 10.81 

4 13.18 13.46 13.74 13.46 14.09 

750 

8 16.65 16.93 17.21 16.93 18.36 
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 6  Ti-Ni ������������� 

Fig.6  Thickness (y) vs holding time (t) curves of Ti-Ni diffusion  

layer 

 

 

 

 

 

 

 

 

 

 


 7  Ti-Ni ����������� 

Fig.7  Thickness (y) and temperature (T) curves of Ti-Ni 

diffusion layer 
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��8����Tà�®( nb��xyÐ()* 4+ 

,* 4./012�, 550~750 ��Ti/Ni����

��l( Kb��®( ná��¹ âE�Ð(�P�

568��@A��l( K��;v�ã 650 �ä��

�®( n å'æµ ��çè+D-éê[32]���®
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 8  Ti/Ni ������������������ 

Fig.8  Double logarithm curves of the thickness and time of Ti/Ni 

diffusion layer  
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Table 4  Growth coefficient K and the growth index n of 
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Fig.10  Curve of growth index (n) and diffusion temperature (T)  
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Abstract: The samples of Ti/Ni multilayered composites fabricated by 5 cycles ARB (accumulative roll bonding) were treated with 

different heat treatments. The microstructure, interface structure and thickness of Ti/Ni interface diffusion layer were analyzed by optical 

microscope (OM) and scanning electron microscopy (SEM) combined with the dynamic theory to study the diffusion behavior of Ti/Ni 

interface. The results show that the Ti/Ni interface does not diffuse during accumulative roll bonding processes. After heat treatment of 

(550~750 °C)/(0.5~8 h), diffusion occurs in the Ti/Ni interface; the thickness of diffusion layer is a power function of the experimental 

time, while the thickness is an exponential function of temperature. With the increase of heat treatment temperature, the growth of Ti-Ni 

diffusion layer transforms gradually from the body diffusion control under 650 °C to grain boundary diffusion control. Through the 

calculation and verification we can get the dynamics equation of reaction layer growth of Ti/Ni interface of Ti/Ni multi-layer structure 

composite material produced by 5 cycles ARB: 

4 1.2009 0.0008

78202

1.7043 10 exp

T

y t

RT

−

 

= × −

 

 

. 

Key words: Ti/Ni multilayer composites; heat treatment; interface diffusion behavior; dynamics theory 
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