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.�شد NiTi در اين تحقيق تركيب بين فلزي:��9 همچنين مكانيزم. نانوساختار از طريق آلياژسازي مكانيكي پودرهاي نيكل وتيتانيوم توليد
و انتالپي تشكيل آن محاسبه شدNiTiتشكيل  اينـد نانوسـاختار در فر  NiTi نتايج بررسيها نـشان داد كـه تـشكيل. حين آسياب كاري مشخص

مي آلياژسازي مكانيكي با تشكيل ساختار لايه  و نفوذ اتمهاي تيتانيوم در نيكل آغاز با گذشت زمان محلـول جامـد فـوق اشـباع نيكـل. شود اي
مي) تيتانيوم( به به دست از. شود غيراستوكيومتري تبديل مي NiTiآيد كه با ادامه فرايند  B2-NiTi ساعت آسياب كاري، تركيـب60در نهايت پس

و كرنش25با اندازه دانه مي%2/1 نانومتر 63برابـر در دمـاي محـيط NiTiمحاسبات ترموديناميكي نشان داد كه انتـالپي تـشكيل. آيد به دست
و الاستيكي است .كيلوژول بر مول است كه اين مقدار بيشتر ناشي از انتالپي شيميايي در مقايسه با انتالپي ساختاري

5��� �����
، نانوساختار، آلياژسازي مكانيكي، انتالپي NiTiيب بين فلزيترك : 

Formation Mechanism and Enthalpy of Mixing of Nanocrystalline NiTi 
Intermetallic during Mechanical Alloying 

 
T. Mousavi, M. H. Abbasi, F. Karimzadeh, and M. H. Enayati  

 

Department of Materials Engineering, Isfahan University of Technology (IUT) 
 

Abstract: The nanocrystalline NiTi intermetallic was synthesized by mechanical alloying from the initial powders of nickel 
and titanium. Mechanism and enthalpy of NiTi formation were also investigated. The results showed that synthesis of NiTi begins 
with the formation of a lamellar structure of components and dissolution of Ti in Ni. Then supersaturated solid solution Ni(Ti) is 
formed which converts to non-stoichiometric NiTi by subsequent milling. Finaly, after 60 hrs of milling, B2-NiTi is formed with 
grain size and lattice strain of about 25 nm and 1.2%, respectively. The enthalpy of NiTi formation at room temparature was 
obtained to be 63 kJ/mole with greater contribution from chemical enthalpy than from structural and elastic ones. 
 
Keywords: NiTi intermetallic, Nanocrystalline, Mechanical alloying, Enthalpy, Supersaturated solid solution. 
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 ���` *�  .�M@ R�	 v��6 �?{Gs �d NW&? *W�/D  <W� Y���=

 �W�P ��:�W� R�	 @ Y�� Tl�� *W� T2K1W6 	 .	 �W�d  .v��W�'

 p<' .�&��)2� <���   �?�1�%�? p<' ��	 Y��` �� ]�~.[

J��d TKW�   �- /s)+(�/W45� T2K1W6 �W� Y�d�1W�

 J��V V	 ���D���	 Y�� V�9` .�- ]�2�` �r�� .�)W���� �?

 ��P ��:�� �? �02�' R�	 .	�?*� �Y��` ��  �W�<; �02�' J	/6

�- TKW� �W? J�W�F�d �&�6	 e/�' �W�P ��:�W� .<W2; V�W9` �.	

*�  /� .�4B�� ���O R�	   	<�V �W��- *Ws �W��? �W&�6	 �W- .	

��P ���(� <?	<? @ N- �2)? ��	 �d.

TK� �? �D/6 �?)x%��	(V	 }= �x3.�W- ]�2�` �r�� 

*4B	 y2= @  <? Y@�rNiTi �J��u�d TK2' �? �/?<� .�&K2= 

�'	   /D@ .*W� �W8�'	 �02�'   ]�2W�` �W��	<� �W�	 	 �W?  @

 �W? �/W?<� .�W&K2= @ t^O v��6 �? F2' TK2' .�&K2= �.�-

NiTi �?  /W� <d�Q <��/M E/B .T2K1W6 /W8�� �W? R�	<?�W�?

 V�WW� TWW��-NiTi .V�WW�\�2�` �WW��	<� �J` J�WW� ��:�WW�/'�' @

V �6 *K2'�K� ���� ��	  <6P�? .�&'�� .TKW�)�(m	<W= ./WH�	

  /= �/4(�p/2'��26�3%TK2'�3T2K16 V	 }= 	 NiTi J�1W'

*� V	 }= J`   �-�d $3�r�� .�W&K2= .�- ]�2�` TWK2' 

���- Y�� R&= .�&K2= _�� @ t^O NiTi*� Y�d�1�  /� .

.	<? X2-<6 .�&K2= �2LM/� {2M  *�<?NiTi �W��O   

N8�� .��:�W� /�-�� N8���' @+XW2-<6 NiTi �W� �GW��5� .

�? �? .��:�� /�-�� *4- /s *� J�2? <�V E/B  /�]�3:[
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n

1
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�=C:$��? @ �? �$4�  X�!$? A$�B� �$���"��CD:���CD�!

���� �  T? ���
 F���� >�"B� ��2����NiTi 

P��H;:��2��? U�8E$� 	�
�� %�&=��  � ��7  B2-NiTi 

2=K*4B	 .�& NiTi 2=KG�<?	 .�&K�NiTi 

)�D ( θ2 (hkl) )�D ( θ2 (hkl) 

$/~� )xx3( �/�� )x33(

#/$x )�33( �/�� )xxx(

+/�# )�xx( x/�3 )�x3(

~~/�+ )��3(

�� �L� R�	  F�:�� /�-�� �.�fnNW6	 *;��-	<= /�-��~np	 

��KGW�  un,vn,wnNWW6	 �W2LM/� <H'�WW2?n@ �KGWW�   p	 hkl 

�KG�   R�/4? E�5�B <42� A:�� �'	 .�WK��	 �W? �WD/6 �W?

 *���)�<- ��:��NiTi �/W' V	 B2)*���)W�<- ��:�W� �?�1W�

CsCl ( TK2' .�&�6	 �2LM/� ���	)p/2'��26 �� (��/;   �W? �Wd

(� E�l�)333 (p/2'��26 .�&�6	 �2LM/� @)TK2' �� (FW-<�  

 E�l�(� �? XLK�)�/x��/x��/x(��	 ./�-�� ���	 R�	 <?

 .��:��B2-NiTi�? �� �G��5� <�V E/B:

)lkh(iexpffF BA ++π+= )+(

�� �L� R�	  ATWK2' .�&�6	 <H'�2? )p/2'�W�26 �W� (@B<H'�W2? 

p/2'��26 .�&�6	)��TK2' (��	 .�� �L� {Gs)+(*��W02�' J	/W6

 <W;	 �- ��<;h+k+l �W� �L� ��W��? �@V )~(�W? �/W?<� �W-

 *4B	 .�&K2=�NiTi <;	 @ Y /? 	<M<? ��	 h+k+l ��W��?  <� 

�� �L� )�(�KGW�<?	 .�W&K2= �? �/?<� �-$NiTi 	<WM<? �W�	 

*� ���? .@ *4WB	 .�W&K2= �W2LM/� @ <W42� A:�W� R�	<?�W�?

?	 .	<? �KG�<B2-NiTi �?E/B�@�D)x(�� �G��5�.

2
BA

2 )ff(F +=  )~(

)�(2
BA

2 )ff(F −=

�}WK�	 /6<= m	<= ./H�	    /D/� .�&K2= �2LM/� �)���� �?

 TK�)�(�@�D   Y��` ��  �? v���' �? �)x(*W� �02�'  /W�

 /6<= m	<= ./H�	   Y�� Y�d�1� .�&K2= �-�W? �/?<� }K�	

 *4B	 .�&K2=NiTi <d�WQ �KGW�<?	 .�&K2=V	 y� �2d @ ��	 

��	 Y�1' .*� R�	<?��? ��<; �02�' J	/6NiTi Y�W�` �W�  �?

�W�	 N8���W' �KG� .		  .TW2�  �W? N8���W' ��:�W� T2K1W6

 Y<�O ��'�� �KG� ]/2r *��HI o�	F�	 *��0?�' @ �d �W- �W��d

�  �0�	 .�- ]�2�` ���	<� R2O* /�]x3.[

.�&K2= <H�  *;Z�@NiTi �}WK�	 /W6<= m	<W= ./H�	   

TK�)�(RW&= RW�	 J 	  �G)W' �W? �W- �W��&'` *;�� R&= �

�'	  J�� F� @ o'<- J	F2� �? *;�� o'<W- @ �W'	  YV	�'	 ��d

 �KG�NiTi J/)W��24�@ �7?	 V	 Y ����	 �?%�W� �GW��5� ��Wd .

TK�)$(J�1' 	 E�G��5� R�	 �02�' *��d  .J�W�d �W- /Ws

 *� �8O�� T2K16 �2�@	 .�&'��V    /�NiTi �W? �W'	  YV	�W'	 

�WO �W6 .�W- ]�2�` J��V o�	F�	 �? E�� +�od�W-<��/'�' 

*� �?�� .V	 }=�3�r�� �W? �W'	  YV	�W'	 od�W- .�- ]�2�` 

V	 }W= �W��&'   @ �W��<; E/WB .<��- X2�$3�r�W� 

�? �'	  YV	�'	 .�- ]�2�`���W� *�<��/'�W' .��W�	 RW�	  

 *� o�	F�	 .�- ]�2�` J��V o�	F�	 �? �KG� o'<- }= @ �?��

 V	�3�r���G�<�6 �.�- ]�2�` yW� F' *� �WL6 	��� y� �?

*� V	 }= ���&'   @  /�$3�r�� �W? .�W- ]�2W�` �/x%

*� �� ..P�W? .�W&'��V   �W'	  YV	�W'	 �W?�� 	��� �? J�2�

 - ]�2�` *� 	 .� *��0?�' >�06 R2? � �L6 .	<M<? �? J	/6 �Wd

  	  �G)' *r<� .�dV<� T2K16 R2O �&'` *?��V�? @]x3.[

.�&K2= �2LM/� {2M  *�<? �?NiTi TKW� �)�(Y�d�1W� �
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�=V:%�&= K��
 � %� ! .� ��  NiTi���
 F���� >�"B� ��2���� �! �=W:%�&= �"� ��? NiTi �! ���
 F���� >�"B� ��2���� 

�=X:��� � !$+� ��� -�$���"��]JC[

�2)W? 	�W�� �W? .�- ]�2�` J��V o�	F�	 �? �&K2= R�	 �- ��

 �?�D <�;F? .��	@V ��� �? *�FD *� �D �'/� .�KGW� <��	�W=

NiTi �W02�' �W- �W� �G��5� J` .�&K2= {2M  �2LM/� .@ V	 

  E�G��5� R�	TK�)�(�W�	 Y�W� Y 	  J�1' .�)W���� �W?

 �KGWW� <��	�WW=NiTi �WW? .�WW- ]�2WW�` �WW4�(� .�WW&'��V   

J` *LM	@	�WW��)+/3XWW2-<6 .	<WW? <��/'�WW' B2-NiTi]#([

*� Y�d�1� T2K16 �2�@	 .�&'��V   �-  /�NiTi �KG� <��	�= �

J�W�V o�	FW�	 �W? v��W6 �? @ ��	 <��-�2)? *LM	@ ���O V	

*� <�K� F' *LM	@ 	��� �? �.�- ]�2�`  /�.

*W� *LM	@ ���O V	 �KG� <��	�= t	<5'	 �W? �/W?<� �W'	/6

 *��2�2� X2-<6 <22S6NiTi .<��/2-/��	 ���O V	 x:x���? .�?

T2K16 pF2'�K� �K��	 �? �D/6NiTi �?.�W&�6	 ��W5'	 E/B

p/2'��26   TK2' *� ��� J�2? T2K16 .	��?	   ��; J	/6NiTi 

.�W&�6	 �J�W�V J /WG' *��W- �4r �?p/2'�W�26 �W��O V	 <W��- 

.<��/2-/��	x:x�KG�   NiTi �'	 ���<; 	<M .��L� *�<s V	

 *�6	p/2'��26 ��L� V	 <�;F? TK2' �KGW� <��	�= R�	<?��? ���	 

NiTi ��	 *LM	@ 	��� V	 <��- �2�@	 .�&'��V   .�W? v��6 �?

 	�W�� �W? @ �W���� o�	FW�	 �KG� <��	�= �.�- ]�2�` o�	F�	

 *� <�K� F' *LM	@  /� .*� �WL6 	 /W�' �W? �WD/6 �W? R2W�u�d

TK2'-p/2'��26�TK�)#(*� Y�d�1� Y��` ��  �? v���' �-  /�

  	  �W�?�7� 	 /W�' R�	 �? �/� .V	<W�NiTi XW2-<6   _W��

 [�:p/2'��26%�3%TK2'%�3YV�W? yW�  @ ���	�'  /D@ V	 .	
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�W�	 	���= *��2�2� X2-<6 .T2K1W6 <2)W� R�	<?�W�?NiTi V	 

*� 	 *��2�2� X2-<6 ��5� J	/6 �?	 /�'   �- *'�K2= E/B

 TK� .V��)#( 	  J�1' �Y�� A(1�.

M:J:%&��,� ��"�  ���� �[NiTi 

�? X2-<6 �K��	 �? �D/6 NiTi *� 	 �W��D �/45� y� J	/6

  <- �<� N8��]�$[�T2K16 *C���'	NiTi ��<8' ���	 <? .�d

 �� �G��5� ����D �/45� T2K16 .	<?  /D/� .T2K1W6 *C���'	

 �Y�W�d  T2K16 A��:  	/� V	 ���D �/45� oW(? �W� T��W�

 .��:�� @ *K2��P	 �*��2�2���	]��.[

)$(structuralelasticchemicalsolutionsolid HHHH ∆+∆+∆=∆

�W��O   �&�6	 R2? �'/2= .\<'	 E@��6 V	 *��' *��2�2� o(?

 NW0O E@�W�6 V	 *W��' y2�W�P	 o(? ���5'	 ���O @ �2�@	

 .\<W'	 �W? �/W?<� .��:�W� o(? @ Y�� TO Nd   .�&�6	

 E@���� *���)�<- .�d��:��   ���D �/45���	.

M:J:;:�[��"�  ����+�= KB� 

��  ����� *?<06 ��2' ��]��[R2W? �W'/2= .\<W'	 E@��6

 ./26�WH'@<�K�	 E@�W�6 �? ��5'	 ���O @ �2�@	 ���O   �&�6	

 Y 	  �G)W' �W&�6	 f7�   J@<�K�	 *��HI E@��6 @ <l�r @ 

*�  /� .��W5'	   *C��W�'	 *��2�2W� oW(? ��� R�	 ���	 <?

 �7�	@ E	F4�A@B*� J�2? <�V �� �L� E/B �? /�]��.[

( ) ( ) 



 ∆+ϕ∆−×

+

+

=∆

∗
−−

3/2
ws

2
3/1B

ws
3/1A

ws

3/2
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s
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)VXVX)(c(f2
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)�(

�W� �L� R�	  V�*�/W� NW0OX�*�/W� <)W-wsn*��WHI

J@<WW�K�	 *57WW�#�∗ϕ@ �WW�@ X)WWO<? �WW- >?�WW6 P@Q

N�)2� �? ��)?	@ @ *?<06 .�d<��	�= 	�'.)c(f s�W� �L� R�	   

�849 >?�6��W��D �/45� @ >��� �� ���D �/45� .	<? @ ��	 

N8��).F4� R2? X2-<6 (EP �WL� {WGs XW26<6 �W?)#(@)�(

*� ��<L6  /�:

)#(s
B

s
A

s c.c)c(f =

)�(])c.c(81[c.c)c(f 2s
B

s
A

s
B

s
A

s +=

�/� �� �L� @   s
Ac@s

Bc.�W&�6	 *57� �849 X26<6 �?

A@B�W�	 �/45�   ..�W&�6	 R2W? ��W�6 f7W� �/W�0�

�' �W�	 *W�&� <��	�= ��5'	 *��2�2� .\<'	 �G��5�   �?�1�

 �WD/6 �? N6	 *57� �849 �<��	�= R�	 R��<; <8'   .	<? �-

�? @ Y�� EP �L�  	@ *�/� <)- @ *�/� N0O �?<W�V E/B

*� ��<L6  /�.

)x3(3/2
BB

3/2
AA

3/2
AAs

A
VxVx

Vx
c

+
=

�� �L� .	�� �L� �?�1� )x3(.	<?s
Bc*� ��/' J	/6 .

M:J:J:�[��"�  ���"�S  KB� 

NWd  Y�� TO .�&�6	 N0O E@��6 V	 *C���'	 *K2��P	 o(?

 Y��  �0�	 ��2)W2��P	 �W�<8' @ �KGW� *�0O ��<8' {2�46 �? @

�? <�V E/B*� ��<L6  /�]�#.[

)
VG4V.K3
)V(G.K2X

VG4V.K3
)V(G.K2X(XXH

BAAB

2
AB

A
ABBA

2
BA

BBAelastic +
∆+

+
∆=∆

)xx(

R�	   �� �L� K�G@V�2G4WB �@�W� XW26<6 �W? x3 �@�W� �

*�<?xx*�/� N0O @�'	.

M:J:M:�[��"�  ���"#�� KB� 

�W��D .�W&�/45�   _�� .��:�� *C���'	 �7W�	@ FW4� @ 

)N�)2� ��'��Ni-Ti ( 	   /D@ .�W4�(� .�&�6	 .<2;	<M  

 *� ���D �/45� E@���� *���)�<- .�d��:�� �? �'	/6)FCC �

BCC @HCP ( .�d��:�� R�	 V	 y� <d T2K16 �-  /� <0��

 *W� 	<WM .\<W'	 f7� y�  	 ���D �/45� �*���)�<- �Wd  .

*W� E�1' �2LM	@ R�	 V	 .��:�� *C���'	 E	FW4�   �W-  <W2;

�7�	@ .�&���2?@	 �- .	d	  <= ��2' .�2)W? *W'@<�K�	 <?	 ��'

 .\<W'	 @ .FW4� �W'/2= �4�)� R�	 �- ��	 E	F4� <��� V	 <��/M

 *� 	<M <2��6 �56 E�� �? 	 �'/2= �d ]��.[ �Wr �- �0'` V	 
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�=\:�"���] ��2���"��  	)* �� %^� � _ ��� �[��"�  z�!

_��6"� ���")��
 ��`��"#��]MD[

�=;D:�[��"�  ���a� ���H P$�,� ���"#�����-�$���"�� �! 

>�"B� ��2&�
�� 

P��HJ-%� ��`�"� ��? ���� �[��"�  %&��,� � �� %"�� ��
NiTi b�,� ���! �! ]J\-MJ�MM[

G(GPa) K(GPa) )KjV( 1−Q)cmKjV( 12 −−P)V(∗ϕnws (10
23

e/cm
3
)V (cm

3
/mol) 

$/��+/x��~/x+� x/x~�/�+$/�$/$TK2' 

�$/~#/x3�~/x+� x/x~$�/+x#/+$/x3p/2'��26 

*H��)�dx� V	 <��W�� E	FW4�   *���)�<- ��:�� J` ��G'  �? @

�'/2= .\<'	 *� ���	 .�W&'@<�K�	  	�WL6 �W- ��	  �8�'	 J	/6

 ���2?@	d�7W�	@ E	F4� *���)�<- ��:�� .@ <? 	^W; <2��W6 

���? .TK�)�(*W�2�<Q .�W&'@<�K�	 X)O<? .\<'	 E	<22S6x+ 

*� J�1' 	 �@	��� *���)�<- ��:�� ��   �d  .

T2K1W6 �7W�	@ FW4� @  V	 �W- .���D .�&�/45� ��� ��	

 *� .��:�� *C���'	 ��5� V	 	 �'	 Y�� XW�<�6 �/� ��'�� J	/6

  V]+x.[�7W�	@F4� �W��D .�&�/45�  %�W'/2= ��7W�	@ FW4� 

F4� @  �2�<Q .�&'@<�K�	 R2H'�2� V	 <���� *'@<�K�	 <?	 @ .F4�

��	 .*� }= <d �? J	/6 yW� ����D �/45� V	 *��2�2� X2-<6

 �W� �L� V	  �r R�	 �-  	  �G)' �2�<Q J@<�K�	  �r)x�(�W?

*� ��  ��`]+�.[

)x�(BBAA zxzxz += 

z@ �WWW��D �/WWW45�   *WWW�2�<Q .�WWW&'@<�K�	 R2H'�WWW2�z

�'���D �/45� Y��d  T2K16 E	F4� *�2�<Q .�&'@<�K�	 ..	<W?

 TK� ��'�� .	 /�' N�)�(���D �/45� .	<?Ni-Ti ���O �

�? >D<� *C��W�'	 V	 �W- �� ���<; <8'   *��	 _: y� E/B

TWWK2' *���)WW�<- ��:�WW�)FCC (p/2'�WW�26 @)HCP ( �WW��O  

 *� A��:  ^; .Y ����	 �? @ �/� >D<� �? �G)' 	 /�' }C�

 �� �L� V	)x+(�?E/BTK�)x3(��` ��  �?]+x.[

)x+()z(H)z(HH refstr
structural −=∆

�� �L� R�	  )z(Href @)z(Hstr @ >WD<� *C��W�'	 XW26<6 �?

.�WW&'@<�K�	 R2H'�WW2�   �7WW�	@ E	FWW4� .��:�WW� *C��WW�'	

*�2�<Qz��	 .

M:J:R:���� �[��"�  _�&��,� %L�"� NiTi 

   /WD/� .�Wd<��	�= V	 Y ���W�	 �? �@�WD)�(�W� <Wd �

N�)W2�   N8�W� �W��D �/W45� T2K1W6 .	<W? *C��W�'	 o(?

TK2'-p/2'��26 E/B �? TK�)xx(��` ��  �?.�TK� R�	   
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/")�� �! /d�� ���H P$�,� ���� � �����-�$���"�� 

�=;J:/d�� ���H P$�,� ���� �[��"�  )���� ��� 	�
�� (��� /")�� �!:�$���"�� 
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1. superelasticity 
2. Williamson-Hall 
3. structure factor 
4. atomic scattering factor 
5. fundamental 

6. superlattice  
7. Miedema  
8. surface electron density 
9. concentration function  
10. bulk modulus 

11. shear modulus 
12. coordination number 
13. valence electron 
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