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 1  !"(TA1)#!$(N6)%&'()�  

Table 1  Chemical composition of pure titanium TA1 and pure 

nickle 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 

Ã0.06 Ã0.1 Ã0.05 Ã0.1 Ã0.1 Ã0.005 Ä99.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Å 1  @ÆEF$ÇÅ 

Fig.1  Rolling composite process of raw material 

 

 

 

 

 

 

 

 

 

 

 

 

Å 2  Ti/Ni@Æ�JKÅ 

Fig.2  Micro-structure of Ti/Ni multi-layer after cold rolling 

 

 

 

 

 

 

 

 

 

 

 

Å 3  9:;$ÇÅ 

Fig.3  Diagram of heat treatment processing 
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Å 4  720 �|Èuv9:;N Ti/NiHI 

Fig.4  Ti/Ni interface after rolling (a) and heat treatment at 720 � for different time (b~f): (b) 1 h, (c) 5 h, (d) 10 h, (e) 20 h, and (f) 30 h 
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Å 5  720 �|Èuv9:; Ti/NiHIN SEMÉÊ 

Fig.5  SEM images of Ti/Ni interface after rolling (a) and heat treatment at 720 � for different time: (b) 1 h, (c) 5 h, (d) 10 h, (e) 20 h,  

and (f) 30 h 
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Å 6  Ti/NiCDEF./HI SEMÉÊ` EDSËTUÌÍ 

Fig.6  SEM images and interface EDS point scan position of 

Ti/Ni multilayer composites with thickness of 0.2 mm 

after rolling (a) and 720 ×10�  h (b) 
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Table 2  EDS results of each point in Fig.6 (at%) 

 Point 1 2 3 4 5 
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Å 7  720 �|Èuv9:; Ti/NiHIN SEMÉÊ 

Fig.7  SEM images of Ti/Ni interface after heat treatment at 720 � for different time: (a) 1 h, (b) 5 h, (c) 10 h, (d) 20 h, and (e) 30 h 
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Å 8  720 �|Èuv9:; Ti/NiHI EDS^TU 

Fig.8  Ti/Ni interface and EDS line scan after heat treatment at 720  � for different time: (a) 1 h, (b) 5 h, (c) 10 h, (d) 20 h, and (e) 30 h 

 

�KCsCl ���L� TiNi ×£ B19’��K�ÌÍ¹

��L� TiNi1j¨¡AR&M� 20 hR�����

3 B2�� TiNi4�ÇÎh��ÏÊñl B19’���

TiNi1�Ð�ÑA%Ò Ni� TiNi4�� B2���j

Ò Ti� TiNi�� B19’��

[19]

1aá	Ú¡AR&Ã

ºR�����3P�ÒÓ NiÒÓ�4KNi£ Ni

3

TiL�

ÜRF-� TiNi VWò�Ó�ÃSÔB� Ti . Ni�

þÕ ÑARÖ¿F-V¯êQ��� TiNi1©¡A

R&�»¼ª«�Ni £ Ni

3

Ti YZhi×�����

Ti.yYZ}G� TiNi�)*�aØF-Ò Ti� TiNi

��þÕ ÑAR�Ï�Êñl B19’��� TiNi1 

� 10aÚ 720 ×10�  h !"� TiNi/Ti

2

Ni¬�

TEM-SAED�1
 10a¬�3C�l��W<9:

��×ÌÙò��Ú�F��Ø��W Ti

2

Ni �ÛÚ

Kpò��]ÜG�V4¬ÝÞ¨�1��56÷

y7�ß��à�òóC§�¬�W��Ú TiNi

KB19’L<9:4��WÚ Ti

2

Ni123�56 1�,

� B19’4�3à�Á�ár��âÜÚ[0002]�� 10a

356 2 �, Ti

2

Ni ��âÜÚ[020]1� 10b . 10c

ò�Ú TiNiKB19’L<9:4. Ti

2

Ni4�� TEM�

¢���1C¢ðl� 10b� TiNiKB19’L��3�

ÞúÚ�P�1� 10c 3 Ti

2

Ni �Ûãä;XêÞ�

G:ÚKpò��]Ü��ÁK�ÛãäåÚ 1 µm1

aá	Ú Ti

2

Ni Ú Ti/Ni ¬)*+,æ(-�/�

0�G��Û��Éçèé��¬ÝÞ1 

� 11. 12ò�Ú 720 ×10�  h. 720 ×30�  h 

!"� TiNi/Ti

2

Ni ¬��� TEM ��1
� 11 C

×�¼�¨ !"��Ú 720 ×10�  hR�¬P�

¨�� TiNi. Ti

2

NiV4����·6�aá\7V

4�-òTB�bc%4ÅfcF-��23��·

6 Ti

2

Ni �Û§�êGë-F�P��§�M

�ÉéÝÞ�; Ti

2

NiW��Û��êQ1�� Ti-Ni

ìÒ4�¤��þÕ�~3�Ò Ti � TiNi ¿YZó

¼ Ti

2

Ni 4�aØF-
 Ti

2

Ni íÛò�� TiNi �®

��·6FîK�� 10a. 11a�	L1
� 11a. 12a

3C×�¼�©b !"R&�ª«�¬!²�/

�0 TiNi . Ti

2

Ni =&�·6f8î�¬�·6

Ti

2

Ni�ÛãäEÞ�¬ Ti

2

Ni�Û§�Þúë-P

��
¬!} Ti

2

Ni W'*�§¨ÜR¬ï�Ò

Óef�'(�; EDS ñ�ÀÔ��-ò}Kp 

 

 

 

 

 

 

 

 

 

 

 

Å 9  720 �|Èuv9:;EF./N XRDÅY 

Fig.9  XRD patterns of the composites after heat treatment at  

720  � for different time 
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Å 10  720 ×10�  h9:; TiNi/Ti
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NiHI TEM-SAED¢f�Å 

Fig.10  TEM-SAED image-pattern of TiNi/Ti
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Ni interface after 720 ×10�  h: (a) interface, (b) TiNi(B19’), and (c) Ti
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Å 11  720 ×10�  h 9:; TiNi/Ti
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NiN TEMÉÊ 

Fig.11  TEM images of TiNi/Ti
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Ni interface after720 ×10�  h heat treatment: (a) interface, (b) TiNi(B19’), and (c) Ti
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Å 12  720 ×30�  h9:; TiNi/Ti

2

NiHIN TEMÉÊ 

Fig.12  TEM images of TiNi/Ti
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Ni interface after 720 ×30�  h heat treatment: (a) interface, (b) TiNi(B19’), and (c) Ti
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Fig.13  Fracture morphologies of Ti/Ni composite after heat treatment at 720 � for different time: (a) 1 h, (b) 5 h, (c) 10 h, (d) 20 h, and 

(e) 30 h 
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Fig.14  Phase transition behavior of Ti/Ni composite after heat treatment at 720  � for different time 
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Table 3  Transformation behaviour of Ti/Ni composites under 

different annealing conditions ( )�
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Abstract: The interface evolution of Ti/Ni multi-layered composites produced by six-cycle accumulative roll bonding after heat treatment 

was investigated. And the interfacial structure, chemical composition and phase transition temperature of Ti/Ni multi-layered composites 

with different heat treatments were studied by scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray 

diffraction (XRD) and differential scanning calorimeter (DSC). With the annealing time increasing, the compounds formed by Ti/Ni 

interface diffusion transform from unstable state to stable state, and the composition curves of Ti and Ni elements in the interface gradually 

changes from a cross-steep ladder to two nearly straight parallel lines. With time prolonging, the microstructure of Ti-rich Ti/Ni composites 

treated at 720 °C transforms from a regular layered structure to a mixture structure with alternating TiNi and Ti

2

Ni layers. When the 

holding time is less than 10 h, the structure of TiNi phase is composed of B19’ with complex monoclinal structure and B2 with CsCl 

structure, while when the time is more than 10 h, only B19’ phase exists. In the process of cooling/heating, a good martensitic and 

reversible phase transition of A→M/M→A occurs in each sample. With the increase of time, the phase transition hysteresis (A

p

-M

p

) 

increases from 22.4 °C of the 1 h heat treatment sample to 31.9 °C of the 30 h sample.  

Key words: Ti/Ni multi-layered composite; heat treatment time; interface structure; phase transition behaviors 
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