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	.G.	
HI514.�3	$-!8)
!0.$3	 �
	.G.	
HI��	
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)��!"0-/��4
��
3	4)#�"�,�7
�$	#
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1.5.2 '� !� �	!���%	 $������$2���!'�����	 0���%$%��+�$�$���  
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HI��	
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#	.)'�"� !"��,�7)
	#!�$	#)97	,�A3�
�22F�:.9�4����-!8 �
	.G.	
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��).(5#	�	..	
/'
3
9�4)g%9�4/9;4 (Solid to solid phase) P:"4).(59:8-
��$3	4)g%��%) -6-AI/��)g%#	
I) -6PAI 
��
4%
7	4F�:.9�4)g%��%) -6-AI)%&!0
 !"�@H�=�#(%�4 .	
�15)
!04A1$/22 BCC (Body Centered 
Cubic) (Otsuka and Wayman, 1999) %3$-)g%#	
I) -6PAI��)%&!0
 !"�@H�=�#(A"�	.$3	<3$4�@H�=�#(
9�4.	
)��!"0-)g%/���	�#!�1.+H�F�:.)�M- HCP (Hexagonal closed packed) �#�-��(-(.
(Monoclinic) 6A
��(-(.(Triclinic) �
�� 5(% �
IA)~.P��.-�� (Distorted hexagonal) (�

<-� 
�
1H0	-- I, 2541) )#�"��@H�=�#(�5�4 #	..$3	�@H�=�#($(.�A( �� �	,�7).(5.	
)��!"0-/��4 9�4
)g%#	
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2(5A1$9�4��
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.	
).(5/
4)N��- (Shear-like mechanism)  �	,�7).(5�$	#)�7-=	0,- )'�"��
12�$	#)�7- !").(59:8-,�7
)�#	�%#�:4)��!"0-��
4%
7	4)�M- B19��1.+H���
4%
7	4�@�=	�)�M-/22  $(-#	
I) -6PAI 
(Twinned martensite) (Kaufman and Cohen, 1958) .	
)��!"0-/��49�4
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�@H�=�#( !").(5�	.�$	#)�7- !"/A.A3	4.1-
��$3	4).
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sM  ����@H�=�#()
("#A7- !"����/%54)g%#	
I) -6PAI (Martensite start temperature) 
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fM  ����@H�=�#( !"����/%54)g%#	
I) -6PAI�50%#2�
HI (Martensite finish temperature) 

sA  ����@H�=�#()
("#A7- !"����/%54)g%��%) -6-AI (Austenite start temperature) 

fA  ����@H�=�#( !"����/%54)g%��%) -6-AI�50%#2�
HI (Austenite finish temperature)  

�� !" 1.3 /%54.	
)��!"0-)g%,-%�4#(A( /%54.	
)��!"0-)g%�50�
	*�	./
4=	0-�.#	.
� �	 
�	.
��'2$3	)#�"��@H�=�#(A"�	.$3	 fM  ��
4%
7	4)g%��%) -6-AI (BCC) ��&�./ - !"57$0  $(- 
#	
I) -6PAI �506#3#!/
4=	0-�.#	.
� �	 )g%-!8)��!"0-/��4
��
3	4�506#3).(5.	
)��!"0-/��4
�
(#	A
/A3�	*10.	
).(5 $(- (Otsuka and Wayman, 1999; Saburi, 1999) )#�"��@H�=�#(9�4����
)'("#9:8-%�4.$3	 fA  '�144	-�$	#
7�- �	,�7��A�#�15)
!04A1$)�4.�	0)�M-��
4%
7	4 BCC �03	4
)5(# 

 

 

�� !" 1.3 .	
)��!"0-)g%�	.��%) -6-AI6�)�M-#	
I) -6PAI�50.	
)�-!"0$-�	 	4�$	#
7�-  
              (Otsuka and Wayman, 1999; Saburi, 1999) 
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	.G.	
HI��	
�� �#	0&:4%#21A(9�4���� !"&�.)��!"0-/��4
���03	4&	$
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�$	#%	#	
& !"����-
��)5(#657)#�"��@H�=�#(%�49:8- �?(2	0A	#.	
�15)
!04��
4%
7	49�4)g%       
#	
I) -6PAI�
�� !")
!0.$3	 Self-accomodated martensite structure �50.	
)��!"0-)g%�	.��%) -
6-AI (BCC) )�M-)g%#	
I) -6PAI (B19�) �50�
	*�	..	
)��!"0-/��49�4�$	#)�
!05 �03	46
.;
A	#.	
,�7/
4�	.=	0-�. �	,�7).(5.	
�15)
!04A1$9�4��
4%
7	4)g%#	
I) -6PAI )-�"�4�	.).(5
.	
)���"�- !"9�49�2).
-/e5 (Twin boundary) (Christian, 1988) &7	��
4%
7	4 $(-#	
I) -6PAI 
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&�.�$	#)�7-.
� �	 %34F�,�7��
4%
7	4 $(-��).(5'�(..�1257	- �	,�7 (* 	4
�-	2).(5.	
)�!04 
.	
)���"�- !"9�4��
4%
7	4F�:.6#3)�M-)%7-A
4)�#��-.3�-).(5��
4%
7	4 $(- ,-.	
)
!04
��
4%
7	4,�7)�M-)%7-A
457$0A1$#1-)�4�50.	
).(5 B19� (Detwinned martensite) '2$3	).(5.	

)��!"0-/��49�4
��
3	4 514
�� !" 1.4a )
	)
!0..
�2$-.	
514.�3	$$3	 Detwinning of martensite 
%�	�
12 NiTi )#�"�657
12/
4.
� �	�	.=	0-�. �	,�7).(5.	
)���"�- !"9�49�2).
-/e5�0�3A"�	.$3	
�3	�$	#)�7-$(.�A(9�4.	
��-A1$ )#�"���5/
4 (Unloading)  !"�@H�=�#(A"�	.$3	 sA ��
4%
7	4F�:.
 $(- 014)�#��-)5(# 514
�� !" 1.4b )#�"��@H�=�#(9�4.	
)��!"0-)g%)'("#9:8-�	.�@H�=�#(A"�	.$3	 sA  �-
%�4.$3	 fA   �	,�7 Detwinned martensite )��!"0-)�M- BCC �!.�
184 (Schetky, 1979) �1.+H� !"
).(59:8-)
	)
!0.$3	.	
��	
���03	443	0�
��.	
��	
�� (* 	4)5!0$(One-way shape memory effect) 
������	
��014/%54�
	.G.	
HI��	
��%�4 (* 	4 (Two-way shape memory effect, TWSME ) %("4
 !"-3	%-,��!.�03	4�-:"4���������	
��/22�$	#��	%�4 (* 	4).(5#	�	..	
e�.%�- (Training) 
������	
�� (* 	4)5!0$,�7#!�$	#��	)'("#9:8- �50.
�2$-.	
e�.%�-,�7������	
��#!�$	#��	/22
%�4 (* 	4  (TWSM training) )�M-.
�2$-.	
)<(4.�-�$	#
7�- .	
%�-������	
�� %�4 (* 	4
��#!
��/22�$	#��	 !"/A.A3	4.1- .	
%�-���.	
��	.15��	-$-9�4#	
I) -6PAI   !"%	#	
&).(59:8-
)#�"�$1%5@&�. �	P8�	  !"�@H�=�#(
7�-)0;- A"�	.$3	�@H�=�#($(.�A(  
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�� !" 1.4 �$	#%1#'1-?I
��$3	4�$	#)�7-.12�@H�=�#( !" �	,�7).(5.	
�15)
!04A1$9�4��
4%
7	4F�:. 
(1.4a) Detwinning martensite )#�"��0�3=	0,A7�$	#)�7- (1.4b) Detwinning martensite ).(5.	
)��!"0-
)g%6�)�M-��%) -6-AI)#�"��@H�=�#(%�49:8- (Schetky, 1979) 

 
1.5.3.1 Rhombohedral phase � 1� (R-phase) C�'�����	 0�  

�
	.G.	
HI��	
��).(5�	..	
)��!"0-)g%�	. ��%) -6-AI6�)�M-#	
I) -6PAI
�3�-97	4P12P7�-�50��).(5 R-phase 9:8- (Rhombohedral form) (Otsuka and Wayman, 1999) 
�50 1"$6�.	
�2�3�- !" 50% NiTi )��!"0-
���	. ��%) -6-AI6�)�M-#	
I) -6PAI 657�50A
4 /A3
#!�f��10 )<3- .	
23#  �	,�7 Ni )'("#9:8-,-)#A
(. I (Pelosin and Riviere, 1998) .
�2$-.	
)<(4.�-
�$	#
7�- (Mechanical treatment) (Miller and Lagoudas, 2001) /�� Thermal cycling (Bataillard 
and Gotthardt, 1995)  �	,�7).(5 R-phase �
�� Pre-martensite phase ).(59:8-
��$3	4.	
)��!"0-)g%
�	.��%) -6-AI6�)�M-#	
I) -6PAI .	
).(5 R-phase  �	,�7).(5.	
)��!"0-)g%%�4918-A�-            
�	.��%) -6-AI6�)�M- R-phase  /���	. R-phase 6�)�M-#	
I) -6P5I (B2-R phase-B19�) .	

)��!"0-��
4%
7	46�)�M- R-phase /A.A3	4�	.�	..	
)��!"0-/��49�4#	
I) -6PAI P:"4.	

)��!"0-/��4��
4%
7	4�	.#	
I) -6PAI6�)�M-��%) -6-AI ��).!"0$97�4.12.	
)��!"0-/��4
�512
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��
4%
7	4 	4�@�=	� ,- 	4.�12.1-.	
)��!"0-��
4%
7	4�	.��%) -6-AI6�)�M- R-phase ).(5
�	..	
)��!"0-/��4,-/�A (<'	
	#()A�
I (Lattice parameter) 9�4)g%��%) -6-AI)�;.-7�0
) 3	-18-  �	,�7).(5.	
2(5A1$9�4��
4%
7	4F�:. BCC �	..	

	04	-9�4 Otsuka and Wayman. 
(1999) �?(2	0$3	 R-phase #!�1.+H�)�M-/F3-2	4X P:"4).(59:8-#	�	..	
).(5-($��()�<1- 
(Nucleation) �50.	
)A(2�A)
("#/
.2
()$H5(%��)�<1"- (Dislocation) �	..	

	04	-9�4 
Wayman. (1988) ; Airoldi and Rivolta. (1988) '2$3	 R-phase ).(59:8-)#�"�#!.	
)��!"0-)g%�	.��
%) -6-AI6�)�M-#	
I) -6PAI 
 
1.5.4 D-��%  ��	�1)���*����!��)  

�$	#0�5�0@3-0("40$5���%#21A(9�4���� !"$3	/#7��,�7/
4#	.) 3	,5.; �	,�7����
-18-#!.	
)��!"0-/��4
���03	4&	$
6570	. ������#!.	
��-A1$657#	.�50 !"�$	#)�7-#!�3	A"�	 �$	#
0�5�0@3-0("40$5���'�A(.

# 	4.�9�4������	
��)#�"��@H�=�#(%�4.$3	 fA  ��).(5.	
��-A1$,-<3$4
'�	%A(.514
�� !" 1.2 .	
)��!"0-��
4%
7	4�	.��%) -6-AI6�)�M- Detwinned martensite �50A
4
)
	)
!0.$3	#	
I) -6PAI !").(5�	..	
)�-!"0$-�	�50�$	#)�7- (Stress-induced martensite, SIM) 
%	#	
& �	657�50.	
�5�$	#)�7-�
���@H�=�#( �
�� 184%�4�03	4 �50/%54)%7- 	4 Stress-
temperature /%54�1$��.*
%�4 (* 	4 ,-
�� !" 1.5 /%54�$	#)�7-9:8-�0�3.12 sM , fM , sA  /�� 

fA ��)�;-$3	)#�"��$	#)�7-)'("#9:8-.	
)��!"0-/��4�@H�=�#()'("#9:8-57$0 ,- �	-�4)5!0$.1-.	
)'("#
�@H�=�#(.;�� �	,�7�$	#)�7-)'("#9:8-57$0 P:"4�$	#%1#'1-?I !")�;-)�M-�1.+H�6�,- (* 	4)5!0$.1-
�	.4	-$(�109�4 Wada and Liu. (2007)  �	.	
*:.+	%#21A(�$	#0�5�0@3-0("40$5 �50$(?!
.
�2$-.	
)<(4.� 	4�$	#
7�- )'�"��
�0@.AI,<7 	457	-.	
/' 0I �50 �	.	
�2���	0 
(Solution treatment) /��23# (Aging) <(8-4	- !"%=	$�A3	4X '2$3	 .	
)��!"0-/��49�4)g%��
%) -6-AI (As, Ap, Af) %	#	
& !"���$2�@#657�50.	
�
12A1$/�
9�4.
�2$-.	
 	4�$	#
7�- 
)<3- )$�	 �@H�=�#( /���1A
	.	
)0;-A1$ P:"4#!�$	#%�	�1>A3�.	
F�(A������	
�� NiTi )'�"�,�7657
%#21A(�$	#0�5�0@3-0("40$5 !")�#	�.12.	
-�	6�,<7.12�@H�=�#(
3	4.	0 
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�� !" 1.5 )g%65��).
#/%54�$	#%1#'1-?I
��$3	4�$	#)�7-.12�@H�=�#( !" �	,�7).(5.	
  
�15)
!04A1$9�4��
4%
7	4F�:.,-������	
�� (Otsuka and Wayman, 1999)  

 
%#21A(�$	#0�5�0@3-0("40$59�4�$5-(.).(�-6 ) )-!0#%	#	
&�?(2	0,-
��9�4

�$	#%1#'1-?I
��$3	4/
4.
� �	.12�$5.12.	
)��!"0-/��4
��
3	49�4�$5 )<3- �$	#%1#'1-?I

��$3	4/
45:4.12�$	#0	$ !")'("#9:8- �$	#%1#'1-?I
��$3	4�#)#-AI.12#@#,-.	
4�9�4�$5 
�$	#%1#'1-?I
��$3	4/
4515/22 3 �@5 .12
�0� 	4 !"�$5#!.	
)��!"0-
�� )�M-A7- �1.+H�9�4
.
	g !"/%54�$	#%1#'1-?I514.�3	$6#3$3	��)�M-/22,5 .;�7$-/A3#!
��/22 !"��7	0��:4.1- 184%(8- 514
/%54,-
�� !" 1.6 (Funakubo, 1987)  

 

�� !" 1.6 �$	#%1#'1-?I9�4/
4 !",�7014�$5.12.	
)��!"0-/��4
��
3	49�4�$5 

                       (Funakubo, 1987)  
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�	% 0���� 1.6 $ 	�		 ��F��	�%	 $���������!$�G� ���+)�)�!��H 

 

1. ��	�% *!$ ����� (Initial stiffness- ��� o-a) 
)�M-
�0� !"�$	#%1#'1-?I
��$3	4/
4/��.	
)��!"0-/��49�4�$5#!�1.+H�)�M-

/22)<(4)%7- 
�0�9�4.
	g�1.+H�-!8)�M-
�0� !")#�"�,�7/
4������).(5.	
)��!"0-/��4/22
0�5�0@3-)#�"�657
12/
4,-%3$-9�4)g%��%) -6-AI .�3	$����0�3,-9!5��	.15�$	#0�5�0@3- (Elastic 
limit) 9�4)g%��%) -6-AI-18-)�4 
 

2. Loading plateau ( ��� a-b) 
)�M-
�0� !")#�"�,�7/
4�4 !" (�
��).��2���4 !") .;014%	#	
&).(5.	
)��!"0-/��4


��
3	49�4�����03	4A3�)-�"�4 �-.
� 1"4)
	�0@5.	
)��!"0-/��4
��
3	4 !"�@5 X �-:"4 ()�
!02) !02
657.12.	
�04�$5)97	6�,-
3�49�4/2
.).;A,-gf- !"P7�-).) )%7-.
	g��#!�1.+H�)�M-)%7-).��2
9-	-.12/.--�-�
��#!�3	�$	#/.
34 !"A"�	#	. Miyazaki /���H� (1981) 657�?(2	06$7$3	)#�"�,�7
/
4&:4�3	$(.�A(�3	�-:"4 .;��).(5.	
)��!"0-)g%6�)�M-)g%#	
I) -6PAI�50�	*10�$	#)�7-9:8- 
 

3.  ��� (b-c) 
)�M-
�0� !")%7-.
	g��A.)-�"�4�	./
4)%!05 	-/��.	
��-A1$�	.�$	#)�7-9�4

)g%#	
I) -6PAI 
 

4. Unloading Plateau 
)�M-
�0� !").(5�	..	
��-.�129�4.	
)��!"0-/��46�)�M-)g%#	
I) -6P I�50

�	*10�$	#)�7-%�3)g%��%) -6-AI,- 	4 1-A.

#�15gf- ��,�7�$	#%�	�1>.12
�0� Unloading 
plateau -!8)-�"�4�	.)�M-/
4 !"657�	..	
��-%=	'9�4����)<3-)5!0$.12.	
��-A1$9�4�$5,- 	4            
 1-A.

#�15gf- 
 

1.5.5 % ����%	 �	!��	 �����!'�����	 0�  
.
�2$-.	
 	4�$	#
7�-)�M-$(?!�-:"4 !"%	#	
&�$2�@#�@H=	'������	
��

-(.).(�6 ) )-!0# .	
�2�3�-)�M-.	
�
12�
@4��
4%
7	4�@�=	��50 �	,�7�$	#�-	/-3-9�4   
5(%��)�<1"-�5�4 ).(5.	
�15)
!04A1$,�#3 �	,�7).(5.	
A.F�:.,�#3  Treppman /���H� (1995) 
/�� Thoma /���H� (1995) 
	04	-$3	�@H�=�#(.	
)��!"0-��
4%
7	4 R-phase /���@H�=�#(.	
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)��!"0-��
4%
7	49�4��%) -6-AI).��2��6#3)��!"0-/��4��14�	.�2�3�- !"�@H�=�#(
��$3	4 300-

500 °C   184-!8 Chu /���H� (2006) 657*:.+	'�A(.

#.	
)��!"0-)g%9�4������	
�� NiTi '
@- !"
%14)�
	��I57$0$(?! SHS )#�"�F3	-.	
�2���	0 !"�@H�=�#( 1050 °C )�M-)$�	 4 <1"$�#4��14�	.-18-
-�	6�23# !"�@H�=�#(/A.A3	4.1- '2$3	).(5.	
)��!"0-/��49�4)g%�	.918- !"�-:"4 B19�- B2 )�M-918-
 !"%�4 B19�-R-B2 )#�"�)'("#�@H�=�#(,-.	
23# -�.�	.-!8.	
�2���	0/��.	
23##!F�-7�0#	.A3�
)g% NiTi2/A3�
(#	H)g%9�4 Ni4Ti3 �5�4 �	,�7�$	#)�-!0$9�4<(8-4	-)'("#9:8- .	
23# !"�@H�=�#(
%�4 �	,�7).(5.	
/A.A1$9�4)g% Ni4Ti3 ,-)-�8�9�4-(.).(�6 ) )-!0# %34F�,�7�$	#)�
	�)'("#9:8-  
 

1.5.6 ������	!��	 �����!'�����	 0�    
%#21A( 	4�$	#
7�-9�4������	
����� �@H�=�#(.	
).(5��
4%
7	4��%) -6-AI

)
("#A7- (As) ��%) -6-AI%(8-%@5 (Af) #	
I) -6PAI)
("#A7- (Ms) /��#	
I) -6PAI%(8-%@5 (Mf) P:"4)�M-
%#21A( !"/%54&:4.	
��	
��9�4$1%5@57$0)�
�"�4 DSC (Differential scanning calorimeter ) ������	

��P:"4)5(##!��
4%
7	4)�M-��%) -6-AI)#�"�)0;-A1$�4 ��)��!"0-��
4%
7	4)�M-#	
I) -6PAI �50.	

)��!"0-/��4-!8��)
("# !"�@H�=�#( Ms /��%(8-%@5%#2�
HI !"�@H�=�#( Mf �
��&7	'(�	
H	.
�2$-.	

07�-.�12 -18-���&7	 �	,�7#	
I) -6PAI
7�-9:8-�-.�	0)�M-��%) -6-AI .;��'2$3	.	
)��!"0-/��4
��)
("# !"�@H�=�#( As /��%(8-%@5%#2�
HI !"�@H�=�#( Af ��)�;-$3	)%7-.
	g/%54.	
)��!"0-/��4)g%
9�4������	
��#!�1.+H�)�M-~(%) �
!P(% (Hysteresis) �50������	
��%3$-,�>3��#!�$	#.$7	4~(%

) �
!P(% 20°C -30°C 514
�� !" 1.7 ,- 	4�G(21A(.	
��./22������	
��,<7=	0,-
3	4.	0�-
��A7�4��./22,�7�@H�=�#(.	
)��!"0-)g%9�4 Af -7�0.$3	 37°C /���@H�=�#( Mf #	..$3	 5°C 
(http://herkules.oulu.fi/) �	.4	-$(�109�4 Chu /���H� (2005) '2$3	��14F3	-.
�2$-.	
 	4

�$	#
7�- 1 <1"$�#4 )#�"�-�	<(8-4	-6�23#�� �	,�7�@H�=�#( Af 9�4<(8-4	-)97	,.�7 37°C #	.9:8-  

 
                          
�� !" 1.7  .	
)��!"0-)g%9�4������	
�� !"9:8-.12�@H�=�#( (Buehler et al., 1967) 
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 1.5.7 '�����	 0�D ��  
������	
��&��657$3	)�M-$1%5@N�	5�
�)= �-:"4 P:"4�$	#N�	5,- !"-!8���

�$	#%	#	
&,-.	
��	
��
3	4A1$#1-)�4.3�-).(5.	
)��!"0-
�� �f��@21-#!.	
-�	������	
��6�
�
�0@.AI,<7,-��	0X57	-  �	)�M-�	$@?  !"#!-8�	�-1.)2	 �@�.
HI��3�00	-�$.	* ,- 	4$(*$.

#
�0?	�
�0@.AI,<7)�M-A1$0.%�'	- (Wilde et al., 2000) /���@�.
HI�d�4.1-/F3-5(-6�$(Thomson 
et al., 1995; Dolce and Cardone, 2001) �f��@21-4	-$(�10).!"0$.12������	
��#@34)-7-6� !".	
F�(A
������	
��'
@- )'
	�657
12�$	#%-,�)�M-�03	40("4 (Yi and Moore, 1990; Hey and Jardine, 
19947; Li et al., 1994) 9:8-.12�$	#��	)�M-9�4.	
-�	6�,<74	- �	���F�(A)�M-/22#!
�'
@-�
��
�-	/-3-.;657 /22#!
�'
@- (Open pore) )
("##!.	
-�	#	�
�0@.AI,<7 	457	-.	
/' 0I/��$1%5@���.
&3	0 (Implants for bone ) )-�"�4�	. - 	-A3�.	
.15.
3�- 6#3)�M-�1-A
	0A3�)-�8�)0�"�#-@+0I/��#!
�$	#'
@-,.�7)�!04.12.
�5�.#-@+0I -�.�	.-!8��
4%
7	4 !"#!�1.+H�)�M-
�'
@-%	#	
&,�7)-�8�)0�"�
)�
(>)A(2�A/��9�4)��$6��,-
3	4.	0F3	-657  Chu /���H� (2004)  �	.	
%14)�
	��I������	

��-(.).(�6 ) )-!0#'
@-  !"#!�$	#/9;4/
4%�4)'�"� �	.
�5�.) !0# (Hard tissue implants) <(8-4	- !"
657#!
�'
@- !"A3�)-�"�4/��)<�"�#A3�.1-/22%	##(A( �$	#'
@- !"657 57.3 vol.% /��%15%3$-
�'
@-)�c5 
86%  /�� /��4	-$(�109�4 Li /���H� (2001) '2$3	
��
3	4�1.+H�/��.	
.
��	0A1$9�4
�'
@-
#! 184/22 !"A3�)-�"�4/��6#3A3�)-�"�4 (Isotropy or anisotropy) 9:8-�0�3.12�@H�=�#(,-.	
�@3-,-
��$3	4
.	
%14)�
	��I  9-	5
�'
@-)N�!"0/���$	#'
@-�0�3,-<3$4 300-600 µm /�� 60-64% A	#��	512 
%15%3$-�$	#'
@-)�c5#	..$3	 90% ,-97�#��.	
/' 0I�3	�$	#/9;4/
4,-.	

12/
4.59�4
.
�5�. �0�3,-<3$4 190-256 MPa )#�"� 5%�2A	#/-$5("4/�� 133 MPa )#�"� 5%�2 (* 	4A184N	.
.12.
�5�.  �$	#'
@-�0�3,-<3$4 30-90% 9-	5
�'
@-�0�3,-<3$4 100-500 µm  

 
1.5.8 %	 ��!$� 	��"')���F�%	 $%�)�/�%� ��	�	���	 ��� (Combustion synthesis) 

.	
%14)�
	��I%	
�-(- 
!0I)�M-) ��-��0! !"#!#	-	-.$3	�-:"4
7�0�i/�7$ �$	#
)97	,�,-.	
%14)�
	��I%	
)
("#A7-A184/A3*A$

+ !" 19 �50 Berzelius A3�#	 Goldschmidt P:"4)�M-
-1.����$( 0	<	$)0�
#1-657�-'2�
	.G.	
HI !" ).(59:8-57$0A1$ )�4 (Self-propagating 
phenomena) ,-�i 1985 (Hlavacek, 1991) )9	%	#	
&�?(2	0��1..	
.	
).(5�G(.(
(0	 !").(59:8-514
%#.	
 !" 1.1  

 
molkJFeOAlAlOFe /4.85122 3232 −+→+ .......................(1.1) 
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�	.%#.	
 !" 1.1 %
@�657514-!8 ~!#	6 AI%�	0A1$�50����#(-1#).(5)�M-����#(-	A�.
1-/��)��;. 
�G(.(
(0	 !").(59:8-#!�
(#	H�$	#
7�- !"%�4&�.��3�0��.#	57$0 Walton and Poulos. (1959) 
-1.$( 0	*	%A
I<	$�)#
(.1-,<7��1..	
9�4 Goldschmidt %14)�
	��I)P�
I)#A Cermet 9:8- A1$�03	4
9�4�G(.(
(0	 !").(5514514%#.	
 !" 1.2 
 

molkJOAlCrAlOCr /0.53622 3232 −+→+ ���������.(1.2) 
 

9H� !".	
$(�109�4�)#
(.	)
("#P2)P	�4 �
�) *%�=	'�P)$!0A .�	�14)5(-�-7	,-.	
$(�10 ,-.�	4
0@.AI 60 �-&:4��	00@.AI 70 ,-�i 1967  Merzhanov /���H� (1971) 657�7-'2�
	.G.	
HI Self-
propagating High-temperature synthesis (SHS) ,-
��$3	4.	
*:.+	.	
)F	6�#79�46 ) )-!0#-
�2
�- (Titanium-boron) �	.�@5)
("#A7-A
4-!8  �	,�7.	
$(�10%	
�
�.�2��"-X �50,<7$(?! SHS #!
#	.9:8-A	##	 )<3- F49156 ) )-!0#�	
I625I (TiC) �-&:4A1$-�	0("40$5 Super conducting oxide 
(YBa2Cu3O7) )�M-A7- ,-�i 1987 Institute of Structural Macrokinetics of the USSR Academy of 
Sciences  .3�A1849:8-,-)#��4 Chernogolarka )'�"�)�M-*�-0I.�	4,-.	
�7-�$7	$(�10 	457	- SHS �50
#! Merzhanov )�M-F�7��	-$0.	
 ��14�	.-18-%	
�
�.�2.$3	 300 <-(5&�.%14)�
	��I�50
.
�2$-.	
 SHS A3�#	%&	21-/��#�	$( 0	,-
1%)P!0#	..$3	 30 /�34 
$# 184 USSR 657)9	
3$#
'1k-	�03	4A3�)-�"�44	-$(�10 	457	- SHS  �	,�7#!F�4	-A!'(#'I#	.#	0  ,-<3$4A7-�i 1980 ��	0
�
�) *)
("##!.	
$(�10 	457	--!8 ,-�i 1984 �)#
(.	#!%&	21- !" �	$(�1057	- SHS ��� Defense 
Advanced Research Projects ,-�
�) *>!"�@m-)
("##!.	
$(�10,-�i 1984 )<3-.1- 657#!.	
*:.+	
 	457	- SHS �50 Koizumi /�� Miyamoto A3�#	4	-$(�10 	457	--!8.;657'1k-	A3�)-�"�4�-#!
$	
%	
<�"�$3	 �International Journal of SHS� &�.A!'(#'I)�M-�
184/
.,-�i 1992 �50#! Merzhanov 
)�M-2

H	?(.	
 
 
1.5.9 �����	��F� SHS  

SHS �#	0&:4 .
�2$-.	
P:"4%	
A184A7-)#�"�&�.�@5
�)2(5,-%=	$��.A(�
��
2

0	.	*.w	P)N�"�0 ��).(5.	
)��!"0-/��4�03	4
$5)
;$6�)�M-F�(A=1HnI)'
	�.	
�	0�$	#
7�-
9�4�G(.(
(0	 $1%5@ !"-�	#	,<7�@5
�)2(5#!��	0�03	4 )<3- .	
�	
I�57$06ggd	 95�$5�$	#
7�- 
)�)P�
I /��6#��
)$g )�M-A7- �G(.(
(0	.	
)F	6�#7).(5657 184/22.	
/'
357$0A1$)�4 (Self-
propagating mode) �
��.	

�)2(5)<(4�$	#
7�- (Thermal explosion mode) 4	-$(�109�4 Biswas 
(2005)  �	.	
%14)�
	��I������	
�� NiTi '
@-�50$(?!.	

�)2(5)<(4�$	#
7�- P:"4$(?!-!86#3A7�4,<7
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95�$5,-.	
�@5
�)2(5 �50%	#	
&%14)�
	��I NiTi )g%)5!0$ (Single phase porous NiTi) 657
%�	)
;� A1$/�
 !"*:.+	��� �1A
	.	
,�7�$	#
7�-/���$	#�-	/-3-9�4<(8-4	-)
("#A7- �	..	

 5��4'2$3	�@5)
("#A7-9�4�1A
	.	
,�7�$	#
7�- (Threshold heating rate) 9:8-.12�3	�$	#
�-	/-3-9�4A1$�03	4 &7	�1A
	.	
,�7�$	#
7�-%�4.$3	�3	-!8 �� �	,�7<(8-4	-���##!)g%)5!0$ %34F�
,�7�$	#'
@- !"657A"�	 &7	�1A
	.	
,�7�$	#
7�-A"�	.$3	�3	-!8�� �	,�7<(8-4	-).(5
�'
@-/A3��#!��	0
)g%  ,-%3$-9�4.	
/'
357$0A1$)�4 �G(.(
(0	��)
("# !"��	057	-�-:"49�4A1$�03	4/�7$���"-�$	#

7�-��)���"�- !"F3	-�$	#)
;$�
�#	H 0.1-15 )P;-A()#A
A3�$(-	 ! F3	-%	
A184A7-�-.�	0)�M-
F�(A=1HnI  

 

�� !" 1.8 �1.+H�.	
).(5�G(.(
(0	 SHS (Crider, 1982) 

 

�� !" 1.8 /%54.	
).(5�G(.(
(0	 SHS �	.
��95�$5�$	#
7�-��)�M-A1$<3$0,�7�@H�=�#(9�4%	
A184
A7-%�49:8- (A+B) )#�"��G(.(
(0	).(59:8- ��	057	- !",.�7.1295�$5�$	#
7�-)
("#).(5)�M-F�(A=1HnI 
(AB) �-%(8-%@5�G(.(
(0	.;��657F�(A=1HnI 184�#5 (Crider, 1982) ,-%3$-9�4.	

�)2(5)<(4�$	#

7�- <(8-A1$�03	4��&�.,�7�$	#
7�- 1"$ 184<(8- �G(.(
(0	��).(5 1"$ 184<(8-4	-�03	4
$5)
;$.�	0)�M-
F�(A=1HnI 
 
1.5.9.1 ���)���! ��F� SHS 

1. �G(.(
(0	).(5 !"�@H�=�#(%�4 (800-3500°C) %	
#� (-).(5.	

�)�0��.�#5 �	 
    ,�7F�(A=1HnI#!�$	#2
(%@ ?(v%�4 
2. )$�	 !",<7-7�0 ()�M-$(-	 !) /A3&7	)�M-.	
�2F-:.A7�4,<7)$�	��	0<1"$�#4�
�� 
    )�M-$1-  �	,�7�
��015'�144	-/��A7- @-.	
F�(A 
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3. 
�512�$	#
7�- !"%�4 �1A
	.	
)0;-A1$�03	4
$5)
;$ �	,�7).(5)g%.:"4)%&!0
P:"4 
     #	..$3	.	
�2F-:. 

 
1.5.9.2 [���\�3]"��!��F� SHS  

1. $1%5@ !" -A3�.	
)%!05%! ,2#!5.�:4 F4915 )<3- 6 ) )-!0#�	
I625I  
     P!)#-AI�	
I625I /�� �	
I�26-6A
5I 
2. 95�$5 -�$	#
7�- )<3- MoSi2 
3. $1%5@��	
�� )<3- NiTi 
4. gc�I#2	4 !",<7,-.	
)����2F($ )<3- MoSi2 /�� TiB2 
5. $1%5@F%# )<3- TiC+Al2O3, TiC+Al2O3+Al 
6. $1%5@ !"#!�3	��	)'	�  	4/#3)��;.6ggd	 �
�� %#21A( 	4gc%(.%I )<3- BaTiO3 /�� 
     YBa2Cu3O7-x 
7. �()�;.� 
5 )<3- TiN+TiB2 
8. %	
�
�.�2 !" -�@H�=�#(%�4 )<3- -(.).(� ���#(6-5I 
9. $1%5@).
5'()*+ )<3- TiC+Ni 

 

1.5.10 ��3�D�_	�� "��!%	 $[	+��  
)#�"�).(5�G(.(
(0	 SHS �@H�=�#( !").(59:8-��%�4#	. ,<7)$�	,-.	
).(5�G(.(
(0	-7�0

�
�#	H  3-4  $(-	 !/��).(5.	
�	0�$	#
7�- !"%�4#	. P:"4)�M-�1.+H�)N'	�A1$9�4$(?! SHS 
)-�"�4#	�	.�$	#
7�- !"&�.��3�0��.#	�	.
�22014�4�0�3 #!)$�	-7�0#	. !",�7�$	#
7�-.
��	0%�3
%("4/$5�7�#2
()$H
�2X  �	,�7�@H�=�#(9�4<(8-4	-)'("#%�49:8- )
!0.�@H�=�#(-!8$3	 Adiabatic 
Temperature, adT  =	0,A7)4�"�-69 !"$3	6#3#!.	
%�>)%!09�4'�144	- ��657$3	 )�- 	��i (Enthalpy) 
9�4%	
A184A7- !"�@H�=�#()
("#A7- 0T  ��A7�4) 3	.12)�- 	��i9�4F�(A=1HnI !"�@H�=�#(%@5 7	0 adT  
514%#.	
 

 

( ) ( )[ ] QTHTH
d

i

iiad =−∑
=1

ο ............................................................................(1.3) 

 
)#�"� ( )adTH  ��� )�- 	��i9�4F�(A=1HnI i   !"�@H�=�#( adT  
       ( )οTH  ��� )�- 	��i9�4F�(A=1HnI   i   !"�@H�=�#( οT  
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Q ��� �$	#
7�- !"%�>)%!0,-
��$3	4).(5�G(.(
(0	 
d  ��� ��	-$-)g% !").(59:8- 184�#5 (Holt and Munir, 1986) 

 

 

�� !" 1.9 .	
��	-$H�	�@H�=�#( Tad (Holt and Munir, 1986) 

 
&7	%#.	
 !" 1.3 ).(59:8-=	0,A7%=	$��@H�=�#(/���$	#51-#	A
b	-  �3	�$	#
7�- !").(59:8-)�M-�2 
( )ο

298,f∆Η−  /%54,�7)�;-$3	)�M-�G(.(
(0	�	0�$	#
7�- �50 1"$6��@H�=�#()
("#A7-��%�4.$3	
�@H�=�#(�7�4 ( )

igT  514-18-�3	9�4Q ��A7�4�15
��/22514%#.	
 !" 1.4     
 

( ) dTCHQ

igT

pf ∫∆−∆−=
298

298,

ο .........................................................................(1.4) 

 
)#�"��3	 pC∆  ����$	#/A.
��$3	4�$	#
7�-��	)'	�9�4%	
A184A7-/��9�4F�(A=1HnI !"�$	#51-
�4 !" P:"4%�	�
12$1%5@�50%3$-,�>3)�M-6�A	#.�9�4 Neumann-Kopp ��657$3	 0=∆ pC  514-18- 
�3	 ο

298,fQ ∆Η−=   �	,�7%#.	
 !" 1.4 .�	0#	)�M- 
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&7	 mpad TT < ;      

( )dTproductCH
adT

pf ∫∆=∆−
298

298,

ο ����������������(1.5) 

  
 

&7	 mpad TT = ; 

( ) m

T

pf HdTproductCH
ad

∆+∆=∆− ∫ νο

298

298, ������������.(1.6) 

 
)#�"� ν  ���%15%3$-9�4.	
���#)��$A	# �+G!    
        m∆Η  ����$	#
7�- !",<7,-.	
���#)��$9�4 NiTi 

&7	 mpad TT > ;   
 

( ) ( )dTliquidproductCHdTsolidproductCH
ad

mp

mp T

T

pm

T

pf ,,
298

298, ∫∫ ∆+∆+∆=∆− ο ��(1.7) 

 
�	.%#.	
 !".�3	$#	97	4A7-%	#	
&��	-$H�	�3	 	4�@H�'�*	%A
I657 

Kubasbewski and Alcock (1979) 657,<7��
/.
#��#'($)A�
I)97	<3$0,-.	
��	-$H�	 adT  9�4
.	
).(5�G(.(
(0	%	
�
�.�2A3	4X ,-.
H!9�4-(.).(�-6 ) )-!0# .	
��	-$H 	457	-�@H�=�#(�@H
�'�*	%A
I#!�$	#%�	�1>)'
	�%	#	
&)�M-A1$234<!8�$	#%	#	
&,-.	
).(5�G(.(
(0	657/��<3$0,�7
�	�@H�=�#(,-.	
�@3-<(8-4	-657�03	4&�.A7�4�!.57$0 A1$/�
%�	�1> !")�M-A1$234<!8 !"#	�	.�@H�=�#(
)#�"�).(5�G(.(
(0	 SHS ��� adT   
 

1.5.10.1 ���������	��
� adT  

Li /���H� (2000) 657 �	.	
��	-$H�	�3	 adT  �50'(�	
H	�G(.(
(0	
��$3	4 
-(.).(�/��6 ) )-!0# !" �	,�7).(5%	
�
�.�2-(.).(�6 ) )-!0# 

 
NiTiTiNi →+ ��������������������.. (1.8) 

 
�G(.(
(0	).(59:8- !"�@H�=�#()
("#A7- pT  /A3 pT  #!�3	,.�7)�!04.12 οT  %�	�
12.	
 5��4-!8 )-�"�4�	.
�$	#
7�-).(5.	
%�>)%!0,-
��$3	4.	
).(5�G(.(
(0	 �	,�7657%#.	
514-!8 
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( ) ( )dTpCTHH
adT

T

pf ∫+∆=∆
ο

ο
οο �����������������(1.9) 

 
)#�"� ( )ο

ο
Tf∆Η  ���)�- 	��i9�4.	
).(5%	
�
�.�2-(.).(�6 ) )-!0#  !"

�@H�=�#( οT /�� ( )pC p  ����3	�$	#�@�$	#
7�-9�4F�(A=1HnI %#.	
 !" 1.8 ).(59:8-)
;$#	. %##A(
,�7�G(.(
(0	)�M- Pseudo-adiabatic  �	,�7 00 =∆Η  
%#.	
 !" 1.9 .�	0#	)�M- 
 
&7	 mpad TT < ; 

( ) ( )dTpCTH
adT

T

psf ∫=−
ο

ο
ο ��������������������(1.10) 

       
&7	 mT  )�M-�@5���#)��$9�4 NiTi &7	�@5���#)��$9�4 NiTi ).(59:8-,-
��$3	4.	
)F	6�#7 
%#.	
 !"657��� 
 
&7	 mpad TT = ; 

( ) ( )10 ≤≤∆+=∆− ∫ νν
ο

ο
ο

m

T

T

psf HdTCTH
m

�������������(1.11) 

 /��&7	 mpad TT > ; 

( ) ( ) ( )dTpCHdTpCTH
adm T

Tm

plm

T

T

psf ∫∫ +∆+=∆−
ο

ο
0 .........................................(1.12) 

 
)#�"� ( )pC ps  ��� �3	�$	#�@�$	#
7�-9�4)g%9�4/9;4 
        ( )pC pl  ��� �3	�$	#�@�$	#
7�-9�4)g%9�4)��$ 
 

)#�"�
�7�3	�@H�=�#(.	
�@3-<(8-4	- !"/-3-�-%	#	
&��	-$H�	�@H�=�#( adT  �	.%#.	
 1.10 1.11 
�
�� 1.12 514/%54,- 
�� !" 1.10  
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�� !" 1.10 65��/.
# )�- 	��i-�@H�=�#(9�4
�22 Ni-Ti (Li et al., 2000) 

 
�	..	
��	-$H�50,<7%#.	
 !" 1.10 1.11 �
�� 1.12 /%54,-
�� !" 1.11 ��'2$3	 

adT  )'("#9:8-).��2��)�M-)%7-A
4)#�"�)'("# 0T  -7�0.$3	 277 °C A3�#	)
("#�4 !"�0�3
��$3	4 277°C-
750°C  %@5 7	0 adT )'("#9:8-�!.�
184)#�"�)'("# 0T  514-18-�@H�=�#(.	
�@3-<(8-4	-�0�3,-<3$4 277°C-
750°C /A3$3	)#�"� 0T  )'("#9:8- %15%3$-9�4.	
���#)��$��)'("##	.9:8-A	#6�57$0 .	
���#��

).(5�03	4%#2�
HI)#�"� 0T  ) 3	.12 750°C 4	-$(�109�4 Li /���H� (2000) '2$3	�1.+H���
4%
7	4
�@�=	�/���@H�=�#(.	
�@3-#!�$	#%1#'1-?I.1- �@H�=�#(.	
)F	6�#7%�49:8-)#�"�)'("#�@H�=�#(.	
�@3-

<(8-4	- &7	)'("#�@H�=�#(.	
�@3-&:4 450 °C �� �	,�7<(8-4	-���#)%!0�	0  
 
 
 
 



 

 

21 

 

�� !" 1.11 �$	#%1#'1-?I
��$3	4�@H�=�#(.	
�@3-/���@H�=�#(.	
)F	6�#7 

                                      (Li et al., 2000) 
 
-�.�	.-!8.	
��	-$H�	 ( )0

0
Tf∆Η  %	#	
&��	-$H657�	.%#.	
 

  

( ) ( ) ( )[ ]( ){ }dTNiCTiCNiTiCHTH

T

pppff ∫ +−+∆=∆
ο

ο
ο

ο

298

298, .����..(1.13) 

 

)#�"� 0

298,f∆Η  ��� �$	#
7�-,-.	
).(5%	
�
�.�2 NiTi  !" 25 °C  
       ( )TiC p  ����3	�$	#�@�$	#
7�-9�46 ) )-!0# 
       ( )NiC p   ����3	�$	#�@�$	#
7�-9�4-(.).(�  

 
1.5.11 �-./�%	 $%�)��1����	 ��� (Combustion wave theory) 


��/229�4���"-�$	#
7�- 
�22 !"%	
A184A7-#!%&	-�9�4/9;4/�7$).(5�G(.(
(0	
.1- (Solid-solid reaction) %	#	
&/234��.657)�M-%�4/22 A	#�1.+H�9�4.	
).(5�G(.(
(0	,- 
2
()$H.	
)F	6�#7 (Combustion zone) /22/
.�G(.(
(0	).(5%#2�
HI<3$42
()$H.	
)F	6�#7 ��
/�2 )'
	�.	
F%#.
��	0A1$5!/��%#"�	)%#� /22 !"%�4 
�226#3#!�$	#A3�)-�"�4 .	

).(5�G(.(
(0	,-2
()$H.	
)F	6�#76#3%#2�
HI �G(.(
(0	).(5A3�)-�"�4��14�	.).(5���"-�$	#
7�-F3	-
6�/�7$ <(8-4	-,-
�22-!8��).(5.	
/'
3F3	-) 3	-18- %34F�,�7�1A
	.	
).(5�G(.(
(0	A"�	 
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1.5.11.1  ���������	�*�$�1��! (Homogeneous system) 

�22 !"#!�$	#A3�)-�"�4 �	,�7.	
).(5�G(.(
(0	%#2�
HI2
()$H.	
)F	6�#7��/�2 

%	
A184A7-/-3- .
��	0A1$5!%#"�	)%#� 9-	5�-@=	�)�;. ,-.
H!.	
/'
39�4#$�6#3657-�	#	�(5 
%=	'.	
/'
39�4#$� (Mass diffusivity, D) A"�	.$3	%=	'.	
/'
3 	4�$	#
7�- (Thermal 
diffusivity) #	.X 514-18-%#.	
.	
&3	0��-#$� (Mass transfer) �:46#3#!�$	#%�	�1> �G(.(
(0	.	

)F	6�#7).(59:8-=	0,A7)4�"�-69%=	$���)5!0#	A(. (Adiabatic) /��%=	$��4 !" (Steady stage)  �	,�7
).(5���"-�$	#
7�-57$0�1A
	�4 !"  


�� !" 1.12 /%54���"-�$	#
7�-)���"�- !"�	.9$	6�P7	0 2
()$H%3$-�-7	9�4���"-
)�M-2
()$H !"�$	#
7�-�3�0X)'("#9:8- %	
A184A7-&�.,�7�$	#
7�-�	.�@H�=�#()
("#A7- 0T  6��-&:4 

pT  P:"4)�M-�@H�=�#()
("#A7-9�4.	
).(5�G(.(
(0	 ,-2
()$H-!86#3#!�$	#
7�-/F3��.#	 ( Rate of heat 
evolution, 0=φ ) /��6#3#!F�(A=1HnI).(59:8- (Degree of conversion , 0=η ) 2
()$H !" pT  )'("#9:8-
%�4%@5�-.�	0)�M-�@H�=�#()F	6�#7 (Combustion temperature, CT ) ��).(5 !"2
()$H !").(5�G(.(
(0	 
(Reaction zone) 9:8-  �509-	5 φ  > 0 /��).(5.	
)��!"0-/��4�	.%	
A184A7-)�M-F�(A=1HnI (�50
 !"�3	 η  )'("#�	. 0 )�M- 1) 2
()$H514.�3	$-!8).(59:8-,-2
()$H�3�-97	4/�2 ( wδ )  

 

 

�� !" 1.12 
�22.	
).(5���"-�$	#
7�- !"#!�$	#A3�)-�"�4 (Merzhanov, 1974) 
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%#.	
%#5@��$	#
7�- 
 

( ) ( ) ( )44

2

2 22
, ο

ο
ο

εσα
ηρφρ TT

r
TT

r
TQ

T
k

t

T
C p −−−−+

Χ∂

∂
=

∂
∂ ���(1.14) 

 
)#�"� pC ���  �3	�$	#�@�$	#
7�- ( )11.. −− KgJ  

ρ  ���  �3	�$	#�-	/-3-9�4F�(A=1HnI ( )3. −cmg  
T  ���  �@H�=�#( (K) 
t    ���  )$�	 ( )s  
k   ���  �3	.	
-�	�$	#
7�- ( )11.. −− KcmW  
x   ���  '(.15,-/-$5("4 (6#3#!�-3$0) 
Q  ���  �3	�$	#
7�-,-.	
).(5�G(.(
(0	 ( )1. −gJ  
φ   ���  �1A
	.	
).(5�G(.(
(0	 ( )1. −sK  
α  ���  %1#�
�%( ?(v.	
&3	0) �$	#
7�- ( )12 .. −− KcmW  
r   ���  
1*#!9�4<(8-4	- ( )cm  
ε   ���  %1#�
�%( ?(v.	
/F3�$	#
7�- ( )K  

0σ ���  �3	�4 !"9�4 Stafan-Boltzman ( )42 .. −− KcmW  
 

%�	�
12
�22 !"#!�$	#A3�)-�"�4 gf4<1-.I9�4 ( )ηφ ,T  /%54657514-!8 (Merzhanov, 1974) 
 

( ) ( )( )n
RTEK

x
U

t
T η

ηη
ηφ

ο
−−

∂
∂

=
∂
∂

= 1/exp, ����������..(1.15) 

 
)#�"� η   ���  �3	�1A
	9�4.	
).(5�G(.(
(0	 ( )K  

U  ���  �$	#)
;$���"-�$	#
7�- ( )1. −scm  

0K ��� �3	�4 !" Pre-exponential ( )1−s  
n    ���  ��	5129�4.	
).(5�G(.(
(0	 (6#3#!�-3$0) 
R   ���  �3	�4 !"9�4.w	P ( )11 .. −− KmoleJ  
E   ���  '�144	-.
�A@7- ( )1. −moleJ  
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�50�.A(/�7$�3	�$	#
7�- !").(5.	
%�>)%!0,-
��$3	4.	
 �	�G(.(
(0	��6#3-�	#	
�(5  �	,�7%#.	
 !"1.14 .�	0#	)�M- 
 

( )ηρφρ ,
2

2

TQ
x

T
k

t

T
C p +

∂

∂
=

∂
∂ �����������������.(1.16) 

 

( )( )n

p RTEKQ
t

T

U

k

t

T
C ηρρ ο −−+

∂

∂
=

∂
∂

1/exp
2

2

2
�������........(1.17) 

 
)#�"��15%#.	
 !" 1.15 ��657%#.	
,�#3514-!8 
 

( ) ( )c

cp
RTEK

E

RT

Q

C
anU /exp

2
2 −= ∫ ο ��������������(1.18) 

 
)#�"� ( )nF  ��� gf4<1-.I��	512.	
).(5�G(.(
(0	 n,  

a  ��� .	
/'
3F3	-�$	#
7�-9�4F�(A=1HnI 
pC

k
a

ρ
=  

 
�	..	
 5��4'2$3	�3	9�4 CT   !"/A.A3	4.1-��%34F�A3��3	�$	#)
;$9�4���"-

�$	#
7�- (U ) /A.A3	4.1-57$0 )<3- .	
)'("#�@H�=�#(.	
�@3-<(8-4	-�� �	,�7�3	 CT  )'("#9:8- /�7$��
%34F�,�7�3	�$	#)
;$9�4���"-�$	#
7�-%�4A	#6�57$0  �	,�7�1A
	.	
).(5�G(.(
(0	%�49:8- /��
,- 	4.�12.1-.	
�5�@H�=�#(.	
�@3-<(8-4	-�� �	,�7�3	 CT  �5�4 /�7$��%34F�,�7�3	�$	#)
;$9�4
���"-�$	#
7�-�5�4A	#6�57$0  �	,�7�1A
	.	
).(5�G(.(
(0	-7�0�
��6#3).(5)�0 

 
1.5.11.2  ������+*�*�$�1��! (Heterogeneous system) 

 %�	�
12
�22 !"6#3A3�)-�"�4 %	
A184A7-F%#.1-6#35! .	
%1#F1%
��$3	4�-@=	�A"�	 
)#�"��G(.(
(0	).(59:8-%	
A184A7-��).(5.	
/'
3,-)g% !"#!�$	#)97#97-A3	4.1- .
�2$-.	
/'
3
).(59:8-<7	#	.  �	,�7�G(.(
(0	,-2
()$H)F	6�#7  6#3#!�G(.(
(0	).(59:8-��14�	.���"-�$	#
7�- F3	-
'7-6�/�7$ .	
�
12�
@4��
4%
7	4���"-�$	#
7�-/%54,-
�� !" 1.13 -�.�	.-!8657�?(2	0 2
()$H !"
�$	#
7�-�3�0X)'("#9:8-/��2
()$H !").(5.	
 �	�G(.(
(0	F3	-#	/�7$ (Heat-up /�� Reaction zone) 
�	.
�� !" 1.13 ��#!2
()$H'()*+ !")
!0.$3	 ��14.	
)F	 (After-burn) �
��2
()$H !").(5.	
)F	(Burn-
out-Zone) =	0,-2
()$H-!8 
�5129�4.	
)��!"0-/��4 (Degree of conversion) )'("#�	. fn  
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.�	0)�M- 1 /���1A
	.	
).(5�$	#
7�- (Rate of heat generate,φ ) 
�0� 	40�5��.#	..$3	 0 ,-

�22
�22 !"6#3A3�)-�"�4�$	#
7�- !"6576#3A3�)-�"�4 514-18-.	
).(5�G(.(
(0	�	�6#3657).(5#(A()5!0$ 
(One-dimension) �f>�	9�4
�22 !"6#3A3�)-�"�4 ���).(5�G(.(
(0	��	0#(A( (Multi-dimension) .	
-�	
�$	#
7�-/��.	
/'
39�4#$� �:46#3#!�$	#%1#'1-?I/22%#.	
)%7-A
4 .	
/.7�f>�	 �	6570	.
#	. /A3-1.$(�10.;#!�$	#'0	0	# !"��/.7�f>�	
��/22gf4.I<1- ( )ηφ ,Τ 9�4�1A
	.	
).(5�$	#
7�-
%�	�
12
�22 !"6#3A3�)-�"�4  

 

 

�� !" 1.13 
�22.	
).(5���"-�$	#
7�- !"6#3#!�$	#A3�)-�"�4 (Merzhanov, 1974) 

 
Zenin /.7%#.	
%15%3$-.	
 �	�G(.(
(0	 ( )η  =	0,A7)4�"�-69
�22 !"6#3A3�)-�"�4-!8 

(Zenin et al., 1980) A3�#	%#.	
 	457	-%#5@��$	#
7�- (Heat balance) &�.-�	#	,<7�506#3A7�4
�(5.	
%�>)%!0�$	#
7�-=	0,A79�2)9A)4�"�-69514-!8  
 

α−=x ,     οTT = ,    0=η ,    0=
∂
∂

x

T  

α+=x ,     CTT = ,    1=η ,     0=
∂
∂

x

T  

 
)#�"� �	.	
�(-A().
 %#.	
 !" 1.16 ) !02.12 x  ��657514-!8 
 

( ) 0=+−−
∂
∂

ηρρ ο UQTTUC
x

T
k p  ���������������(1.19) 
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)#�"� k  ���  �3	.	
-�	�$	#
7�- �50 !" ( ) 112 kkkk +−=η  

2k  ���  �3	.	
-�	�$	#
7�-9�4F�(A=1HnI 

1k   ���  �3	.	
-�	�$	#
7�-9�4%	
A184A7- 
)#�"�/ -�3	,-%#.	
 !" 1.19 ��657514-!8 
 

( )
( )

( ) UQ
x

T
kk

x

T
kTTUC

x
p

ρ

ρ
η

ο

+
∂
∂

−

∂
∂

−−
=

12

1

������������������(1.20) 

�50.	
,<7%�A
 : ( )ηφ ,T  %@5 7	0��657%#.	
�3	�1A
	9�4.	
).(5�$	#
7�- (φ )  !"��	-$H�50 
Zenin /���H� (1980) 514-!8 
 

( ) ( ) ( )RTEmnCQT p /expexp, −−= −ηηφ ������������(1.21) 
 

)#�"�A1$/�
 m  /�� p  9:8-.12�1A
	9�4.	
).(5�G(.(
(0	)�M-6�A	#.�514-!8 
- .�9�4)%7-A
4, m = p = O 
- .�9�4'	
	�2�(., m = O, P = 1 
- .�9�4��.2	*.I, m = O, P = 2 
- .�9�4)�.��)--) !0�, m > O, P = O 

 
1.5.11.3 ��	�$���� \	D��!��1����	 ��� (Stability of combustion wave) 

.	
).(5���"-�$	#
7�-#! 184/22)%&!0
(Stable) /�� 6#3)%&!0
(Unstable) /22
)%&!0
�
��.	
)F	6�#7 !"%=	$��4 !" (Steady state combustion) ���"-�$	#
7�- !").(59:8-��#!
�$	#)
;$%#"�	)%#�F3	-%	
A184A7- �$	#)
;$9�4���"- !")���"�- !"6�97	4�-7	&�.�$2�@#�50�$	#
7�-
 !").(59:8-/���$	#
7�- !"%�>)%!0 %3$-/226#3)%&!0
�$	#
7�-9�4.	
).(5�G(.(
(0	A"�	�
���1A
	.	

%�>)%!0�$	#
7�-)'("#9:8-)-�"�4#	�	.��	0�f��10 )<3- 9-	5�-@=	� !",�>3/��.	
�5�@H�=�#(.	

�@3-<(8-4	- )�M-A7- =	0,A7%=	$�/226#3)%&!0
���"-�$	#
7�- !").(59:8-��6#3%#"�	)%#� )#�"�)$�	
F3	-6� �	,�7).(5.	
/.$34 (Oscillation), .	
�#@- (Spin), .	
)F	6�#7P8�	 !")5(# (Repeated 
combustion) /��).(5.	
6�#7���	0 (Burn-out) P:"4/%54,-
�� !" 1.14 
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�� !" 1.14 .	
).(5���"-�$	#
7�-�1.+H�A3	4X 

                                                  (a) /22)%&!0
 (Stable) 
                                                  (b) ).(5.	
/.$34 (Oscillation), 
                                                  (c)  ).(5.	
�#@- (Spin) 
                                                  (d)  ).(5.	
6�#7���#���	0 (Burn-out) (Munir, 1988) 
 

1.5.12 ����� �����	�����! SHS 
A1$/�
 !"#!�( ?('�A3��G(.(
(0	 SHS #!��	0A1$)�
 )<3- %15%3$-.	
F%#%	
A184A7- 

(Stoiciometry) �$	#�-	/-3-)
("#A7- 9-	5
��
3	4<(8-4	-.3�-.	
%14)�
	��I 9-	5 
��
3	4 /��
.	
.
��	0A1$9�4%	
A184A7- /��%=	$�9�4.	
)F	6�#7 )�M-A7- A1$/�
)��3	-!8�$2�@# 184.	
�@5

�)2(5/��.	
)F	6�#7 �
(#	H9�4F�(A=1HnI �$	#)
;$9�4���"-�$	#
7�- �:4#!F�A3���
4%
7	4
�@�=	�/��%#21A( 	4.� )'�"�,�7657%=	$� !"5! !"%@5 ��	)�M-A7�4)97	,�'�8-b	-9�4.�6..	

).(5�G(.(
(0	/���( ?('�9�4A1$/�
A3	4X)��3	-!8.3�- P:"4%
@��03	4�
3	$X514-!8 
 
1.5.12.1 ��)�*��%	 [��	 ��H!��� (Stoiciometric ratio)  

&7	%15%3$-.	
F%#6#35!  �	,�7�G(.(
(0	).(5<7	6#3
@-/
4 �@H�=�#(9�4.	
)F	6�#7
A"�	 %	
#� (-6#3
�)�0��.6� �	,�7<(8-4	- !"657#!�$	#2
(%@ ?(vA"�	  
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1.5.12.2 ��	��	��*�$ ����� (Green density)  
.	
)'("#�$	#�-	/-3-)
("#A7- �50 1"$6�/�7$)�M-.	
)'("#�
(#	H9�4$1%5@ !" �	

�G(.(
(0	.1-/��)�M-.	
)'("#�@H�=�#(.	
)F	6�#757$0 ,-.
H!9�4 -(.).(�-6 ) )-!0# P:"4)�M-
�22
 !"%	
A184A7-#!%&	-�9�4/9;4/�7$).(5�G(.(
(0	.1- F�9�4.	
)'("#�$	#�-	/-3-)
("#A7-A3��1A
	
.	
).(5�G(.(
(0	657#	�	.�$	#%#5@�
��$3	4.	
%1#F1%.1-9�4�-@=	� !")'!04'� <3$0,�7.	

%�>)%!0�$	#
7�-9�4�G(.(
(0	6#3%�4).(-6� %34F�,�7)'("#.	
-�	�$	#
7�-  !"�$	#�-	/-3-)
("#A7-
A"�	 �$	#
7�- !").(59:8-6#3%	#	
&F3	-)97	6�,-2
()$H.3�- !"��).(5.	
)F	6�#7657 �	,�7.	
)F	6�#7
6#3)%&!0
�
��6#3).(5�G(.(
(0	 %3$- !"�$	#�-	/-3-)
("#A7-%�4.	
)��!"0-/��4�$	#
7�-).(59:8-
�03	4
$5)
;$�	.2
()$H !").(5�G(.(
(0	  �	,�7�G(.(
(0	).(56#3%#2�
HI/��.	
)F	6�#76#3)%&!0
�	.
.	
 5��49�4 Yeh and Sung (2004) '2$3	.	
)'("#�$	#�-	/-3-)
("#A7-,�7.12<(8-4	-�� �	,�7
).(5.	
)F	6�#7%�4918-A�-,-)$�	A3�)-�"�4.1- ���918-A�-9�4.	
).(5���"-�$	#
7�-$("4F3	-6�
/��A3�#	).(5.	
)F	6�#7 1- ! 1"$<(8-4	- <(8-4	- !"657#!�$	#�-	/-3-%�4 )g%��1.���-(.).(�
6 ) )-!0# /��#!)g%
�4/A3#!�
(#	H-7�0��� NiTi2 /�� Ni3Ti -�.�	.-!8.	
)'("#�$	#�-	/-3-
)
("#A7-014<3$0�5�
(#	H-(.).(� !"6#3 �	�G(.(
(0	57$0 

 
1.5.12.3 ��	)��� 0� *	!(�H�!	�%*��%	 ��!$� 	��" (Sample dimension and shape before   

synthesis) 
�$	#
7�- !").(5.	
%�>)%!0,-
��$3	4.	
%14)�
	��I#!F�A3�#!F�A3��@H�=�#(.	


)F	6�#7 �1A
	.	
).(5�G(.(
(0	/���$	#)%&!0
 A1$/�
 !"#!F�%�	�1>��� 9-	5
��
3	4<(8-4	-.3�-
.	
%14)�
	��I )'
	�$3	F�9�49-	5<(8-4	-#!F�A3�.	
%�>)%!0�$	#
7�- �	.
	04	-'2$3	�1A
	
.	
)F	6�#7)'("#9:8-)#�"�)'("#9-	59�4A1$�03	4 /�����4 !"��14�	. !"9-	5)'("#9:8-�-&:4�3	�3	�-:"4 
(Threshold value)  

 
1.5.12.4 ��	)  0� *	!���%	 % ��	������!�	 ��H!��� 

�-@=	� !"#!9-	5)�;.#!�$	#��	)�M-A3�
�22 !").(5�G(.(
(0	�	..	
)F	6�#7#	.
9-	5�-@=	� !"�5�4 �	,�7�@H�=�#(.	
)F	6�#7)'("#9:8- �1A
	.	
).(5�G(.(
(0	)'("#9:8- 9-	5�-@=	�
 !")�;.#	.X��<3$0)'("#�
(#	H$1%5@ !" �	�G(.(
(0	  
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1.5.12.5 ��� 	%	 C����	 ��������� 	%	 $�c���� (Heating and cooling rate)  
F�9�4�1A
	�$	#
7�-A3��G(.(
(0	 SHS ��'(�	
H	�	.��-*	%A
I9�4�G(.(
(0	 

 !"�1A
	�$	#
7�-A"�	X ��A7�4)'("#�1A
	�$	#
7�-,�7%�4&:4
�512�-:"4&:4�� �	,�7).(5.	
/'
3

��$3	4�-@=	�.3�- !"��)
("#).(5�G(.(
(0	 SHS .	
).(5.	
/'
3
��$3	4.1-�� �	,�7).(5)g%�1"-.�	4
(Intermediate phase) 9:8- ��%34F�A3��G(.(
(0	�50
$# )#�"��1A
	�$	#
7�-)'("#9:8- )$�	
$#9�4.	

).(5�G(.(
(0	���5�4  �	,�7).(5)g%�1"-.�	49:8-6#3 1-  /A3�03	46
.;A	# �1A
	�$	#
7�- !"%�4).(-6�
�� �	,�7.	
)��!"0-/��4�$	#
7�-%�4 %34F�,�7F�(A=1HnI !"657#!�$	#6#3A3�)-�"�49�4��
4%
7	4
�@�=	�/��.	
.
��	0A1$ �	.4	-$(�109�4  Yi and Moore (1992)  !" �	.	
*:.+	��
4%
7	4�@�=	�
9�4 NiTi  !"%14)�
	��I57$0$(?! SHS '2$3	��
4%
7	4��1.�
�.�26�57$0)g% NiTi /�� NiTi2 
�1.+H�9�4)g% NiTi2  !").(5�	..	
)0;-A1$A"�	#!�1.+H���7	0.("46#79-	5�0	2 (Coarse dendritic) 
,-9H� !")g% NiTi2  !"657�	..	
)0;-A1$)
;$��#!�$	#��)�!05#	.9:8-  

 

1.5.12.6 ��3�\0�%	 ��) �$��)�����3�\0�%	 $[	+��  

�� !" 1.15 /%54
��/229�4�@H�=�#( !").!"0$9�4.12.	
).(5�G(.(
(0	 SHS �@H�=�#(

�@5
�)2(5 ����@H�=�#( !"�G(.(
(0	)
("#�@5
�)2(5 9H� !" adT  ����@H�=�#( !"�G(.(
(0	)
("#90	0A1$)'("#9:8- 
�03	46
.;A	#)#�"�).(5.	
�@5
�)2(5�@H�=�#(A1$�03	4)'("#9:8-�03	4
$5)
;$)�M-�@H�=�#(.	
)F	6�#7 Tc 
P:"4A"�	.$3	 adT )-�"�4�	.).(5.	
%�>)%!0�$	#
7�-,-
��$3	4).(5�G(.(
(0	/.3%("4/$5�7�# 

�@H�=�#(.	
)F	6�#7#!F�A3�.�6..	
).(5�G(.(
(0	 ��	5129�4�G(.(
(0	/��
$#&:4 
)g%�1"-.�	4,-
��$3	4.
�2$-.	
 SHS �	..	
$(�10'2$3	 !"�@H�=�#(.	
)F	6�#7�0�3
��$3	4
�@H�=�#(.	
���#)��$9�4%	
A184A7- F�(A=1HnI !"657%3$-,�>3���4
��/��).(5
�'
@-9-	5)�;.
=	0,-)-�8� )<3- TiC /�� SiC &7	�@H�=�#(.	
)F	6�#7#	..$3	�@H�=�#(.	
���#)��$  184%	
A184A7-
/��F�(A=1HnI )#�"�).(5�G(.(
(0	��).(5)g%9�4)��$/��).(5.	
2(5A1$9�4<(8-4	- )<3- NiTi /��
ZrNi -�.�	.-!8�@H�=�#(.	
)F	6�#7 !"%�4 �� �	,�7)'("#�1A
	9�4.	
).(5�G(.(
(0	)'
	��1A
	
��-*	%A
I (Kinetic rate) 9�4�G(.(
(0	)�M-%15%3$-�50A
4.12�@H�=�#(.	
 �	�G(.(
(0	 
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�� !"1.15 .	
)��!"0-/��49�4�@H�=�#()#�"�).(5�G(.(
(0	 SHS (Henshaw, 1983) 

 
�@H�=�#(.	
)F	6�#79:8-�0�3.12�@H�=�#(.	
�@5
�)2(5/���@H�=�#()
("#A7- &7	

�@H�=�#( 184%�4-!8/A.A3	4.1-#	.�� �	,�7�@H�=�#(.	
)F	6�#7A"�	 �50 1"$6�.	
�@5
�)2(5��).(5
)#�"��1A
	�$	#
7�-#	�	./��34�$	#
7�-=	0-�. (95�$5 14%)A-) ) 3	.12�1A
	�$	#
7�- !").(5
�	.�G(.(
(0	)�#! 514-18-.	
�@5
�)2(56#36579:8-.12�1.+H�%15%3$-.	
F%# 	4)�#!�03	4)5!0$/A3
9:8-.12 '�144	-�	.=	0-�.57$0 

�@H�=�#(.	
�@5
�)2(5����@H�=�#( !")
	�$2�@#F3	-.	
�@3-<(8-4	- ���.	
,�7�$	#

7�-/.3%	
A184A7-�-&:4�@H�=�#(�-:"4 514-18-�@H�=�#(.	
�@5
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