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Abstract 

 

In this work, the interfacial reactions in the TiN/Ti diffusion couple 

were investigated.  TiN/Ti diffusion couples were annealed at 

temperatures ranging from 1000 to 1500℃in argon atmosphere for 

36hours. The microstructures of the reaction interface were 

characterized using x-ray diffraction (XRD), scanning electron 

microscopy (SEM), and analytical transmission electron microscopy 

(TEM/EDS). Phases of ε-TiN(tetragonal) was observed from TiN-side 

to Ti-side of the diffusion couple after reaction at 1000℃ for 36 hours. 

After reaction at 1300℃ for 36 hours , ε-TiN(tetragonal) and 

α-TiN0.3(hexagonal)were observed from TiN-side to Ti-side, and ε-TiN  

were formed by the peritectoid reaction. However, after reaction at 

1400℃ for 36 hours, the needle-like Ti2N was precipitated. Finally, 

α-TiN0.3 did not exist after reaction at 1500℃ for 36 hours, but 

lath-like α-Ti was precipitated in the two-phase region. 
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 Ti-N � � �  ! " #$ �

Ti-Al-N �  ! " #$ � � % �& ' (� � � AlN/Ti	Ti/TiN	

AlN/TiN )*+ , �- . � � & ' (/ 0 1 2 3 )*45 + , 6

+ , 78 9 :; �< = �>��? @ :A �( 

 

2.1  ��������������������� � � �� 	� � � �� 	� � � �� 	� � � �� 	  


 BC D ��� � (
 E F 6� G H (routile�TiO2) I JKL M�


 N �O P >Q R STU V W X 
 � � (Kroll[14] Y Z[ \ ] �^

� 9 _ `ab 
 � � c d e f �g h i J
 � � j f :k (l m

n o p E H T�
 q r m s t �
 (titanium tetrachloride)�us t

�
 h v 6w x y 0 z { | W } ~ 
 ���� � } ~ 
 z �� �

� � � (vacuum electric arc furnace)T� � �� m �� g � m � �( 

 

� �  � 
 J� � � �� 4 � � IV-a � y � � 22�y � � 47.9�

� � 4.54g/cm3�� � 1668��� � �  ¡ 0.16 cal• cm/sec ��¢

£ � � (
 K¤ ¥ ¦ � § � ¨ �©�ª �� « J α#� β#¤ ¥ �

¤ #�q r ¬ �(transition temperature)J 883��� 833�>�­

J® ¯ ° _ ± ² �� (body center cubic): β#�³´ µ 833�­©
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�� 1 q J¶ _ / � ± ² (hexagonal close packed): α#�· Fig. 

2-1[15] P ¸ ( 

 

X 
 �D �#³C �¹ º » ¦ ���  � P ¼ m �
 �� �K»

¦ �½¾ �� (� ¿ P ¹ º ���  � �z « J α #À M �

(α-stabilizer)	β #À M � (β-stabilizer)� αÁβ #À M � (αÁβ 

stabilizer) � ¥ �· Fig.2-2 P ¸ �>Â« Ã � � Ä 

(a)  α#À M � (α-stabilizer)Ä 

¹ º �Å � Æ U C α→β �q Ç ¬ ��u� α #KÈ C �� �

��a α#É Ê r Ë�KÌ µ α-Ti�� �¼ m [16]Í�Å � z «

J¤ ÅÄ� ÅJ> Al	Ga	Ge Î � JÏ � β-Ð Ñ Ò �Ó� Å

1 J> N	O JÏ � β-Ð ª Ò (�Å�� C ¬ Ô Õ r �	Ö �	

C ¬ × �Ø#³» Ù �uÚ � �Û ÜJ©Ý Þ �ß uà á �» â

>�ã `] � ä < × �Jå T» æ :ä ( 

 

(b) β#À M � (β-stabilizer)Ä 

¹ º �Å � Æ ç ´ α→β �q Ç ¬ ��u� β #KÈ C �� �

��a β#É Ê r Ë�KÌ µ β-Ti�� �¼ m [16]Í�Å � z «

J¤ ÅÄ� ÅJ> Cr	Mn	Fe	CoÎ � JÏ � β- è Ñ Ò �Ó

� Å1 J> V	Zr	Mo	TaJÏ � β- ¦ ª Ò (�Å�� Ô Õ r �	
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Ö �Ø» â �uà á �Û ÜJ©Ý Þ �é ß ê z ë ìí� ­î ä

< ï º ©× ��ð �, ] �ñ �ò » C ( 

 

(c) αÁβ ó #À M � (αÁβ-stabilizer)Ä 

Ì ] �¤ Å � #ô õ ö ��� �÷ ø α �� � β �� ù ú �Ý

��B� ¥ × �» û 	m ¼ �Ý Û �ü ��I ��, ] �ý / J

þ �( 

S�3 b � �Ti�� z >« J α� β�� #�� 6ì α	β ¤ #P

� m ��� (� ¿ u � �¤ #�� �× � � X TiË�C ¬ �� Û

Ü� � � × �	Õ r � �Ý Û � 	 
 �ý » ËÆ ç ´ (ð B � ¥

�� �Sr ¨ �>Â � 
 ­Æ r � � �P >� � � R (+ : α� β

� #�� �� � KÌ (� #�� T�� µ α#� � Al 
 �� �©

� � ��÷ KÝ Û �Õ r � �6 	 N ��(ð B α#�� � � �

B � Z�» Û �
 ¬ º j � È � R (β � #�� �é ß � Z�Ü�

� �� á �� 	 � Î� � C ¬ × �Ë�ð B 	 N ��È û ( 

 

2. 2  
 � �
 � �
 � �
 � � � � � �� 	� � � �� 	� � � �� 	� � � �� 	  

K � �m ���(AlN)� � � / � W � µ 1862 ��³­ AlN  �

J� ¥ í� ! � J� " (� # $ 50�% �& � J 	 ' ( ) ] µ�
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���� Î�� V � * � 	� + �, � - � . � � / 0 � 1 2 Y

Z � 3 ©B ó � 4 m � 5 (Hybrid Circuits)6 6 ª 7 8 ü

(Multiple-Chip Module, MCM)� 9 : / 0 U W [ ; , ; C � %

<�� J� 5  = �ô > ?@ A ® �; 7 ý B b [ #, � C D [17]�( 

 

AlN � µ¶ _ ª E : F G E Ò (Wurtzite)�� :è H ª ® �y � I

Ï % >è H J ���ª K ê ¡ a =3.110 Å�c =4.978 Å(Al y � 


# L � N y � ¼ m r ¼ � AlN4 s *® �M c N _ O Al-N J P J

1.917 Å�Ó Q � � _ O � Al-N J P J 1.885 Å�Fig.2-3B���

��ª � á $ [17]( 

 

AlN�< = � �J 3.26g/cm3�� �C R 2700� � � � � �â �B

S ¡ ÷ KC � � � ò � T � � í® �>�
 U # * �� V W  ¡

(293-773 K�4.8×10-6 K-1)	X Y ( ® � Z ò [1014 Ω• cm)	ã \ Î �

��m J� ¥ < ] �� � 9 : ( )�, ] ^ _ + « þ ` �Table1

P ¸ J AlN:O < �9 � �[17-19](Table 2 a W [ AlN�� b � �

�# � �] c ( 

 

AlN B² ® � 5 < ] �; � ( )�ð x d � e m �6c d T� �

f � g h �ìµ©Ô � i �Ü>� 	 C ¬ ��� �AlN j k z ]
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µ� á �l Ý ; �º � m �� J 	 ' ( )� n º �©Ô o 
 ��

	 p q �â �P >ý z � J? p 	 p q r = ��9 ä < E s ��

� = ÍC X � t u AlN j k x z >] µ� � v 9 m = (� Q �ì

µ AlN � J III-V � ��O �� 9 	v 9 	w 9 Î_ *÷ KÝ § �

�� �AlN �x�? @ * �, ý y z Y Z� { | } $ ~ Y AlN �

x�C / 0 � Ê [20-22]� 3 ©B . � � � Ê � � ] c �g B b [ �

b C Z( 

 

2.3  
 � �� � � �� 	
 � �� � � �� 	
 � �� � � �� 	
 � �� � � �� 	  

��
 (TiN)B� µ° _ ª E �è H ª ® �y � I Ï % >è H J �

��ª K ê ¡ a = b = c = 0.424 Å[23]�J � � �� (Rocksalt 

structure,NaCl type)[9,24](Fig.2-4 B�����ª � á $ (Table3

P ¸ J TiN:O < �9 � �[9-11]( 

 

TiN�< = � �J 5.44 g/cm3�� �C R 2950�[23]�� � I ÷ K �

�C (. � �J 1800-2100 kg/mm2)	�9 L M�C (	 � �C � 	

o 
 �) [24,31]�Ô 45 l 8 × Î � � �I �B � â � 	 p q � � (

)(� ¿ u � � � ê > CVD � PVD `� J � � �_ � [25]� � �

�� 3~10µm � � Íìµ 	 p �� Ý § �TiN � � �» ¦ � � � =

Âz � P � ÷ � � 3~10 � � � [26]Í� Q �TiNìµC ¬ �� â �
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� © � � � ÷ � z �I C 2 � � uá m �C ¬ � � Âa] � C u

U C � ÷ �î l( 

 

·�P 3 �CVD � PVD `B/ ñ � � � � _ � �» ¢ù K©Ý

� ��CVD`I � ² � � P d �¬ �È C (� 1300�)I �È » �

� � �� � � ÷ �» ¢ý I ; � ¬ �C u � a45 + , È � � �

u � � � 
; � : I � � � �È â Í#�o �PVD `I � ² � �

P d �¬ �È ´ I �È � � � �� � � ÷ �I � � �ª   È ¡ u

KÈ C � � ��ß u � � � ¢ ý I �Âç �I �a] £ , ¤ ¥ a

] �] c ¦ § ¨ È < ] �_ � ( 

 

� © � ® / 0 ��TiN ý ê � J45 Z ª � (diffusion barrier) 

[27-30]�A �B « ¬ © � ® ( ­ · Si6 GaAs)
©� *�� � � � �

I ��9 + , � � ©T I � % KÝ § ��9 L M��´ 45 �Î

� �� � ê �TiN ý ê � J� � � ?� : ® ¯ (liner)[30,31]�> ° ±

� � ² î ÍÓ Q � � � �â 	´ � Z �C � � �  ¡ ý B ³ ø �

� = ( 
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� Q �TiNìµ÷ K� ´ µ � v ¶ [32,33]�n º �©Ý § � 	 p � 	


 ��I �ý þ � o h , ] � : · ] c �� ¸ B ¹ º Q » 	 ¼ ½

6 ¾ ÷ �� * � � Î ¿ c ] c ( 

 

2.4  
 � � � � �
 � � � � �
 � � � � �
 � � � � �  

#$ B� 8 9 T; � À Á #! " �j ÷ �#$ » Â z > � { b �

¤ � » ! " #+ , ­z l d c � � #�ý lÃ ¸ #
#: I B Ä

z RÅ � 8 9 ! " (� Q �45 + , TP ÆÇ Å� . �� ¥ Å�

ü m ý z ] � , � È (I �#$ m J ( )É 9 ? @ T» z �� �

j ÷ (ìµ�? @ Ê Ë � ¥  � �I ��� Al-N	Ti-N	Al-Ti

� � ! " �  #$ Ì ) � � � �/ 0 n � Ti-Al-N �  #$ � � %

Í u �« Ã Î = ·ÂÄ 

 

2.4.1  Al-N 
 � � � � �
 � � � � �
 � � � � �
 � � � � �  

MurrayÎ { µ 1987� �� E s Ï ¢ Ð < �P Ñ Ò : Al-N �  

! " #$ �· Fig. 2-5 P ¸ [22](Al-N E s :! " #« m � � Ó « �

« Ã 2 3 ·ÂÄ 

(1) TÔ660.452�­→hexagonal�� � AlN 

(2) T[660.452�­→hexagonal�� � AlNÁ Õ # Al 

(3) T[2800±50�­→ Õ # AlNÁ Õ # Al 
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2.4.2  Ti-N 
 � � � � �
 � � � � �
 � � � � �
 � � � � �  

MurrayÎ { µ 1987� �� E s Ï ¢ Ð < �P Ñ Ò : Ti-N �  

! " #$ �· Fig. 2-6 P ¸ [22](Ti-N E s :! " #« Ã 2 3 ·ÂÄ 

(1) Õ #Í (2) ´ ¬ hexagonal�� : α-Ti
C ¬ bcc�� : β-TiÍ

(3)cubic�� : TiNÍ(4) tetragonal�� : Ti2N( 

� E s Ö ù #:ü m × Ø 	ª ® �� �ª K ê ¡ · Table 4 P ¸ ( 

 

 

2.4.3  Ti-Al 
 � � �
 � � �
 � � �
 � � � � �� �� �� �  

MurrayÎ { µ 1987� �� E s Ï ¢ Ð < �P Ñ Ò : Ti-Al �  

! " #$ �· Fig. 2-7 P ¸ [22](� Ti-Al E s :! " #2 3 ·ÂÄ 

(1)Õ #Í(2)C ¬ bcc�� : β-Ti
´ ¬ hexagonal�� : α-TiÍ

(3) hexagonal�� : Ti3AlÍ(4)tetragonal�� : TiAlÍ(5)tetragonal

�� : TiAl3Í(6)orthorhombic�� : TiAl2Í(7)cubic�� : Al( 

� E s Ö ù #:ü m × Ø 	ª ® �� �ª K ê ¡ · Table 5 P ¸ ( 

 

2.4.4  Ti-Al-N � � � � � �� � � � � �� � � � � �� � � � � �  

� µ Ti-Al-N :! " #$ �: ^ Ù K 1984 � Schuster[34] P U W �

Ti-Al-N �  #$ Ì ) È J Ú Ð Í Û Å 1996 ��Pietzkz[35]U W Ü
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J Ú Ð � Ì )�· Fig. 2-8Ý Fig. 2-11 P ¸ (�  E s :! " #«

Ã 2 3 ·ÂÄ 

(1)hexagonal�� � Ti2AlNÍ(2)cubic�� � Ti3AlNÍ(3)hexagonal

�� � Ti3Al2N2( 

� E s Ö ù �  ! " #:ª ® �� �ª K ê ¡ · Table 6 P ¸ ( 

 

2.5  � � � � � � �� � � � � � �� � � � � � �� � � � � � �  

45 By � �í� ® T Þ 7�Ï % _ � :� �y � � � � Þ 7»

Ù ß µª ® Ö Ó �ý z M � ú ì� *	ª   à )Î©l ª ® � á Í

uy � P § ¨ � Þ 7_ � Ï % | e �ü m y � Ë�	ª ® �� 	

P â �� � á ¥ Å� ã �Îª ® 9 I � (ì� 8 9 Æ�Æ:�4

5 �Y c Bú Y ���BJ[ ç ´ E s �ú ìl�a E s ä µL

M�ú ìl r �� ã �(åG)�| e µy � I � J l(åH)6 E s Ö

y � � æ �« ç (åS)( 

 

2.5.1 � � � � � � �� � � � � � �� � � � � � �� � � � � � �  

45 + , � ¿ « J¤ ¥ �2 3 ·ÂÄ 

(1)ú 45 (self diffusion)Ä 

Ù Æ Y c �� � ( )Ö Ó � è é�Ì ] ü m y � � « � ê � ë Ç

ì í P d c Í�¥ 45 I ã î � ï �� â �� � ã ` Ï W ¤ ( )
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� ð t ñ ?�I � ³ ò ó ô ¤ ( ): õ ö �¦ ì � � ÷ lø � W

� ( )�ú 45  ¡ ( 

 

(2)ë ô 45 (interdiffusion)Ä 

�¥ 45 BY c �¤ ¥ » ¦ ( ): I �Ì ] � ¤ ¥ ( ) � Ã �ü

m y � � « � ë Ç ê � ì í P d c �� *+ , �45 ù B� µ�

ÅÍ�¥ 45 I K î � ï �� â �� � z > Ï W ¤ f ( � ð t ñ

?� C u ú û W ë ô 45  ¡ ( 

 

2.5.2 � � � � � � �� � � � � � �� � � � � � �� � � � � � �  

y � �45 ½ü z ý « m � Å�· Fig. 2-12 P ¸ « Ã J(1)Vacancy

½üÍ(2)Interstitial½üÍ(3)Direct exchangeÍ(4)Ring exchange½

üÍ� 3 ·ÂÄ 

(1) Vacancy ½üÄ 

�ª ® T� 6 S ØKª ® � á â ��� þ B©T:� (y � Þ 7

� ³ ò �� � b � þ (I J45 B� ¥ � D � � 7�³¬ � � C

­�y � I � � � 	 ï º � - :7l ý U C �y � ù È 
 � � ô

L * �� þ :T C 
 45 �� � I � ë ô 45 6 © � µ�Å( 
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(2) Interstitial ½üÄ 

ìµ� ¿ { Øp y � � J � ¼ �I �y � : I � Æ K I � â �Í

I J � b I � Ø � � ê y � ì í��P >�½üË 6 Y c µ¤ £

y � © � û § È Ë­�ìµ45 B� ¥ � D � � 7�I �Ì ] �

� 7�l � p Ëy � P ¼ m �lª � � � ù µ� y � z >�Ëy

� � I � È 
 � Þ 7�RÅI � 45 ( 

 

(3) Direct exchange ½üÄ 

Û � ë Ç (direct exchange)½ü�B# L y � ¦ ­ Þ 7g ë Ç ì

í(ìµ¤ � y � d ¦ ­ � � u ë Ç ê �� ì í�P d � � �D

�l È Ë�Y c �½ò � ´ � � g T � � 45 � � % ½ü( 

 

(4) Ring exchange ½üÄ 

ì Zenerµ 1951� P U W :< = �� � >s Ý � � y � J� ü �

¦ ­ I ¥ � ë Ç ì í�é ß á m �ª K � ñ È direct exchange�u

P d �D �l È direct exchange � ´ �ð Y c ½Æ ¥ ß Q ´ ( 

 

2.5.3  ! � � � � ! � � � � ! � � � � ! � � � �  

³» ¦ ( � � ü m » ¦ � ( ) � 6�� � ­�Jç ´ ú ìl�4

5 � Æ ~ � Y c �/ 0 z l Æ ¼ m T I #�ý Kz l>» ¦ ü m
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â ��ð ØB>RÅ / ´ � 6ú ìlJA � ( 

 

�  # ! ��M¬ M " Â�ú ì�(F)=  � � ¡ (C)-#¡ (P)(>�

 E s J ­ ©� #É �ú ì� F Îµ r (C=2�P=2)(ú ì�J r

ab ¤ #É T # K 6 $ �ú ì� , U % ! " #�ü m ��r ��

Â K#�#�� � �r �(P >�¤ #ó 6É T�é K! & ü m

�r ��ð Bù #�ü m ¢ B#¦ �(I �¤ #Tù ü m  � P

÷ K: Ó « ' ( ú ìl(G i)B ) * � íM + �, ù ü m  � P ÷ K

: Ó « ' ( ú ìlï �(∆G i)J r (· Fig. 2-13 P ¸ ( 

 

�  45 + , �ü m - ð ñ ?(penetration curve)�z . ì\ / >�

0 1 45 + , ¬ � 2 ¢#$ ub Å� 3 � � � #É Ê ØK© 4

��u¤ #É 1 B � �J r �)*�· Fig. 2-14 5 B45 Y c ­�

I K î � ï �(�BD � ï � ∆ai)� â �( �  ( ) � 8 9 �� Õ


 J< = )ln( i
o

iii aRTGGG =−=∆ �D �
 Ó « ' ( ú ìl�45 )

* I �r �B� 6 �(ìµ¤ #É ú ìlï �J r �J B b D �

ï �� 7 � c � Ù K¤ #É � � �J r �· 8 » J�1 45 � ]

p Æ Ú 9 : ± �P >��  45 ; T�¤ #ó 6É � � � ³ J r ( 

 

��  E s T�¤ #ó 6É Ö ÝS K� 6 $ ú ì�z % ü m r
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��U % 45 P d �D � ï �(I ���  45 + , T�¤ #ó

6É B â ��(Ó Q �  45 \ / TP b �ü m + �z < = µ�

 #$ T�I �z b ©45 5 � ( 

 

� ë ô 45 # � ? @ T��µ ë ô 45  ¡ : e Mý B#³ � %

�(� ¿ u � �> � 45  ¡ K¤ ¥ � ? _ `(©� � @ 45  

¡ Jê ¡ (©� 45  ¡ B î �� A ¡ (̂ £ h B J Grube _ `�

Â l� ] µ45  ¡ - ü m Ï T ê C . �r �: è éÍ X Ë Ó «

�45  ¡ J î �� A ¡ : è é�h B J Boltzmann-Matano`( 

 

P D Boltzmann-Matano `BÌ ] $ ¼ ² « ` , e M45  ¡ (�

`z « J¤ � D E Ä� � B| � ³: 0 1 �( ­ ·45 ; : F �)

G î ��µ H I : ñ ?Í� � B e M Matano )*�P D Matano

)*B J ¤ ¥ y � (A� B): � � � X � + #Î: K � *�, Fig. 

2-15T*² MÎµ*² N: ì í(� L Matano)* M M:0 �

©z ³� x N :y �(�)* � à � H I | � N �u� � à �|

O N ( M My �0 �ìÂ � , z < W î � X ä :D
~

xÄ 

D
~

x=-
t2

1 ∫ ∞∂
∂ X

X
xdX

X
x                                      (2-1) 

� � T�tB45 ­ I �XB I ~ Matano)* H I x ä î �(at.%)�

u XB45 ; � à P I )*ä : î ��Jê ¡ » Q 45 : R S ( 
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Fig. 2-16 P ¸ J �  \ / ¡  P = Ï î �-H I ¡  : ð t | ?(

. ì Fig. 2-16 z e M� � T:
X
x
∂
∂
� T , ð t ñ ? C�: U ò (,

$ T? E : U ò )� V ¡ � T z e M � T:² « + ∫ ∞

x

x
xdX (ì X=0

² « Ý X, Fig. 2-16T: U ?*² F)(ë ì� � , z < b W � �

Ã î � X:45  ¡ ( 

 

2.6  � � " # $ � % &� � " # $ � % &� � " # $ � % &� � " # $ � % &  

· Fig. 2-17(a)P ¸ �³� ; ( ��x(B)�u�; ( �_ � ² � �

�x(A)�45 Z ª � (X)1 B· Fig. 2-17(b)P ¸ �> Z ± A6 B

C 
 ó �(� ¿ Ý Û �45 Z ª � ³ ò ÷ ø Â a X Y � Z Ä 

1. X y � ³ ò » 
 � [ ô A� BT( 

2. X��� ³ ò � A� Bu � ÷ KÛ Ü��9 L M�( 

3. A� B y � ð ; X � ­ ³ ò 45 2 ò ³ ò Q �( 

4. X � �µ A� B � ³ ò KÛ Ü� � � �( 

5. X � d l \ Z ] � ã P d c �� , 8 �½¾ , 8 ( 

6. X � d % KÛ Ü�� � � ��� � �( 

7. X � ��� � � � ³ ò & ^ ( 

 

ìí¨ 45 < = � Ä�� � 45 _ ü�45 ¢ ã T�45 H I (x)

� � µ45 2 ò (D)
45 ­ I (t)�! _ � + �,(Dt)1/2(� Q 45
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2 ò ý 
45 ¬ �K � �³45 ¬ ��J ( ) � �� 1/2� 2/3­

,B J Tammann ¬ �(�´ µ�¬ �:Â­y � � ( )Ö Ó �4

5 » n ì® 45 (bulk-diffusion)P _ ü�uB| e µ ( )Ö Ó �ª

)�©l � á P á m � 1 2 45 5 � P Ï � (I ��45 Z ª �

³ ò ç ´ � b ` ã 1 2 �45 5 � ( � ª )��Bï º 45 5 � � f

a �(T ª �)�>Ë 	 U C �x�45 Z ª �� ( 

 

2.7  ' ( � � ) * +' ( � � ) * +' ( � � ) * +' ( � � ) * +  

³¤ ¥ m « » ¦ � ( )#ô � �­�ìµK�9 Þ (chemical 

potential)�û § d c ��­ E s � � ú ìlËµ! " ­� � ú ì

l� � �)*ä Æ Y c y � 45 � + , O c m + , >ç ´ ú ì

l� b #$ Ã ¸ � ¤ � ( ): I g ã � c m O â ��� ¸ Â Y c

y � 45 , ç ´ E s � ú ìlÍ b #$ Ã ¸ K©l � c m O â

��1 � E s c [ 45 Q � T �)*ä d c � c m O >ç ´ ú ì

lÍ» = Bí-í+ , �Bí- Õ + , �)*c m O �m P B d � [

X � > e �+ , D E � ¸ B¤ y � ( ): I y � �#ô 45 	)

*���9 + , >�)*� � � � f g 
m P ...Î�� � b D E

T�Ù % K©T� � D E ¢ ã È J h i �R S ÅÐ ® + , � 2 ��

� D E 1 B J+ , _ üD E jreaction controlling stepk(Ó Q ��
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)*+ , T�y � ³ ò � O )*45 �ß 0 ÷ l; ¢)*�³y

� ; ¢)*P d �­ I Q P ­�+ , B Q ß µ)*+ , �c P �

�­B)* _ ü + , (interface-controled reaction )Í+ :� b By

� 45 Ý)*­ I P Ëµy � ; ¢)*­ I ­�+ , 1 Bì45

½� P _ ü( diffusion-controlled reaction )( 

 

» ¦ � _ ü½� p Æ R S )*� � � � P l m P � � �� l [ �

� + , Bì45 ½� �B)*½� P _ ü�z >� > + , � � �

�jxk�g p ©�­ I jtk Ï $ � b � x-t $ Ö : ñ ? m ?� �

 �1 + , J)*½� P _ ü� b ñ ? m n O ?�  �1 + , J

45 ½� P _ ü(� ¿ í-í+ , �©)*c m O � ê >! o � �

p �� c P ��­+ , � � � �z Û � � >(ìµ� ¿ �)*+

, � ê » B45 _ ü,J)* _ ü�Ýµ�3 ¤ ¥ » ¦ ½� :7

8 9 « Ñ �D �lú û _ � · � q P ¸ ( 

 

2.8  
 � ����,
 � ����,
 � ����,
 � ����, ----
 � � � � � � �
 � � � � � � �
 � � � � � � �
 � � � � � � �  

* �, K � µ��
 

 � � 	���:45 + , :? @ Ï % Ø

> ê �: I �� ���B 	 p q �JÏ �uK � ê �)* . Æ�

� r ��+ , :? @ #� S [ r 6 Í>Â X s B6)*�+ , �

È # � �? @ - . ( 
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Wexler	Parker	Palm6 Calka Ì ] reaction ring grinding[36] « Ã

� t u �� u � u v Âa w x 
 y ���� 8 Y � �� u u v Â


 y È 1 ���ð B©y I x » z { �z l6
 � � ÷ Kl × �

| � « � ¨ ��« � m y � ¨ ���l 8 ��B�
 T Fe� � �

6 } R S Å 
 ���+ , �K � �:0 �´ µ Ti�� �¬ �Â C


 � N �� " � - � Fe 6 N � � �ï º Y � Æ ìy �� αÁβTi

: . �� q r m d � ~ � �� α-Ti	βTi	FeTi � TiFe2� f � .

�� 6 � p �   � TiN « ç Ò ¨ ( 

 

Grigor’ev	Mosina	Brodnikovskii[37]Ì ] » ¦ � ­ ó �� TiN 6

AlN y � (S 100� TiN Å 100�AlN) C 
 � " �Y � Å�� " ^

� TiN :ª K I H 6� " :0 � � K I H KP û § �u � �� "

­� � �ª K I H Æ � � Âç �:0 � - � TiN � f �O T � ­

� � S u m ?�ï º �ß u AlN 1 B�� " ^ 0 ª K I H Ø X �

» r �³ AlN � � ­ � 25-75�� × Ø ­�© σb6 KIC « Ã z R

750MPa	4.4MPa�m1/2�u� 50-500N � " � � � Â� f ( � �

z R 13-15GPa�I ��¥ f ( � j k N @ 	 	 p q �½ = Î, ]

�÷ K#³Ü� ^ _ ( 

 

Masahiko	Hideaki6William[38]C 
 AlN-TiN ó � y � (TiN� �
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� « Ã J 0,56 10�)�ã " � ��� 1850�� � �¬ �	1-20�

­� * ¬ ­ I Â C 
 �>N � � J � � � ! �b Å X � Ú 9 � �

� � � (³ AlN ª   - � � �­ I m Î O �m P �­ � �TiN �

ª   �� f ( T ¥ ß ) * y ��� X * � �¼ p ÍTiN ª   � ì í

Ø�ª )�B AlN �ª   Ö Ó � b ë ¢� ä < �� f ( ØÆ á m

. �� � � r �� 45 �� C D �u� 10�TiN-AlN� f ( TAlN

ª   m P è ¼ h � ü�/ � � ( 

 

Hideyuki	Naoko	Makoto[32]Î { Ì ] � " C 
 TiN� ( ��m �

� ] Û � � � � �º � _ � � � �¬ � 1723-2023K	 � �­ I

60-1500 � 6 � � " 8 � 16.63-62.39MPa� � � � = Â�ß 0 « Ã

a] SEM ÆÇ . Æ�� �a] ASM	IF > � ©½¾ �� � n ]

� ; x � `>©� �Í« Ã b Å / Ë#�� �J 97�	/ Ë � �

8 ¡ J 430GPa�>�C R 2012� . � �( 

 

Godbole	Dovidenko	Sharma 6 Narayan[39]Ì ] � � � ö � ² `

�; � ¬ �J 300-700�� × Ø Â � � 2 � 6 6 � TiN-AlN f ��

x�:0 « Ã Ì ] XRD	TEMÆÇ Å³¬ �� 650�> Ö ­©)

*ä � #³ z { � L MÍð Å [ Ü C ¬ ��~ � K�9 + , Y c �

� � � b �  ��O � ¸ B Ti3Al2N26 Ti3AlNØh ÆÇ Å:0 &
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Y � Åf ��x� � � �6 . �� BK � �� . ì � ³� _ ü �

Ã � � � �6; � ¬ ��z > _ ü© . Æ�� �u � b Åì

Ti-Al-N ü m ��  f ��x��¥ �x ë ì w x " � > � 	N �

�> � Ã ¸ W �C ¬ ÂKÝ Û ½¾ �� ( 

 

M. Setoyama, M. Irie, H. Ohara[40]Î { > HTTEM �   AlN/TiN�

¡ ª K � L M�>��� ¡ ª K T:° _ AlN �ª ® �� 	>

TEM	XRD ÆÇ � ¡ ª K � ¢ u u v Âë £ ' :0 �>�>

HTXRD ÆÇ � ¡ ª K �� u u v Âë © £ ' :0 � . Æ�� r

�Í� HTTEM �ÆÇ :Â M M� ` ­ I Ö 1473K� £ ' ¬ ��

� ¡ ª K ��� » Æ K R S �u� HTXRD�? @ T Ã ¸ W � 3.5

�­ Ö 1273K� £ ' ¬ �ã = B ¡ ª K �� �B cubic � AlN�

� Ø» Æ Kr �Íð B �  � HTXRD �´ ¤ � ¥ ö × �KP r

��ø > W K¤ ¥ 45 ¢ ã Ë ��r �Ä� ¥ B� 1073-1233K�

¬ � × Ø Ö : ` ã 45 �Ó� ¥ 1 B� 1233K�¬ �>� ~ � Y

c P ã 45 �uab ¡ ª K � . �� KP r �( 

 

Sylvia Burkhardt, Ralf Riedel & Gred Muller[41]> TiN� TiB2³� 5

ç #× �> AlN-(Y2O3)J; ( � j k ; f � ( )�� 8 Y � �

1700� � �¬ �Âì TiN(1µm)³� × � ( � } 7 » d % * ¬ �l
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& � o 5 ç � AlN(1~2µm) ; ( �Í#+ o � 1750� � �¬ �Âë

¢ 60 « ¹ � * ¬ TiB2(2~3µm) x Bã ` & � o 5 ç � AlN ; (

�(� Q � 0.1MPa N2� � � �¢ ã T TiB2 ª   � *Æ + , m TiN

6 BN( 

 

AlN-(0.5wt�Y2O3)/5�TiN � f �O � 1700�Â C 
 � �� � #

K * ¬ ­ I �© . � � HV=12.5 GPa	s � ¦ ñ × �R 390 MPa

>� 3.6MPa§m1/2� ¨ © Ö �ÍAlN-(4wt�Y2O3)/25�TiN� f �

O � 1900� * ¬ 60 « ¹ Â � ��© . � � HV=10.7 GPa	s � ¦

ñ × �R 270MPa>� 8.3MPa§m1/2� ¨ © Ö �Í� Q �� 1700�

Â # * ¬ � 1900�Â * ¬ 60 « ¹ �� AlN/TiN f �O �� � � ò

« Ã ù J 65 6 105 Wm-1K-1� è ¼ (u� AlN-(2wt�)/10�TiB2

� f �O � 1750�Â * ¬ 60 « ¹ Â � ��© . � � HV=9.5 GPa	

s � ¦ ñ × �R 220MPa >� 3.7MPa§m1/2� ¨ © Ö �(/ 0 �

µ AlN-(4wt�Y2O3)/25�TiN � f �O �ã " � �Â© Ö Ó Ü K

C R 150 Wm-1K-1�� � � ò �>��� *� � �	̈ © × �6 ¨

© Ö �ý ï º » S ( 

 

Inger-Lise Tangen, Yingda Yu, Tor Grande[42]Î { Í Å � ø AlN-TiN

f ( �A �BJ[ ï º AlN ; ( )� ¨ © Ö ��¹ º 0~21vol��
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TiN �   ³� × � ( B©T� � _ �̀l | Y � � Å� f �O ª a

�C TiN� � � Â � ß B#³ � � � & � ��³ TiN ¹ º � R 21 

vol �­�. � �6 � � 8 ¡ « Ã #�ï º 8 �6 5 ��� SENB

�> � TY � ¨ © Ö � Ü K 33��ï º ò ÍuÖ �½ü Ï % B�

TiN ª   « Ø � © ¬ Ð ­ P ó � �� Q �̈ © Ö �ý z ì6 . � �

" � J; ® P ¯ ° � 8 Ò T ú û W , ��´ � � � TiN � è éÂ

©� Z  ¡ #³C �C R 108~1014 Ω•cmÍ³ TiN ¹ º � R 21 vol �

­�� � ° t ò RÅ� ß �­� Z ò ç ÅÙ K 10-1~10-2 Ω�cm( 
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������������ � � � �� � � �� � � �� � � �  

������ � � 	 
 �� 
 � 0.3��� 
 � 0.05��� 
 � 0.01

��� 
 � 0.02��� 
 � 0.1��� 
 � 0.01��� � � 
 99.51

�( � � � � � � � � �  )���  ! AlN " # (SH-15,Tokuyama 

soda Co.,Tokyo,Japan)�$ % � & ' ( ) Table7 * + ( � � �

Tokuyama soda Co. � �  )�,- �  �. � (commercial pure 

titanium,CP-Ti)/ 0 1 � �2 � & ' ( ) Table8 * + ( � � � � �

� � � �  )34 5 TiN/Ti6 TiN/AlN 7 8 9 : ; < = > ?@ A B

C�D ,E F ( G H I 2 J K L H M N ���O P Q R ) Fig. 3-1

* + �S T $ % ��U V 6( G W XY )Z * [ \ 

 

3.1  �������������������������������� 

] � � � 	 
 ( 325mesh�99.51� pure�CERAC incorporated )�

^ _ ` a Cb c �,d e ( HCl ) f g b h i PH j k C 2�l ,m

n o p q r ( Sonicator, 550W)p q s t u �v b h ' Cw x ( > A

y z h �' { | } ~ � � � � � ,� � 120�� ,� � �� � � �

~ l ,� � 4 � - � ] � M ' � � 	 � � � ~ l , 100mesh�

��� � � ( > � i � � � 	 
 � 
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3.2  ������	 
 � �������	 
 � �������	 
 � �������	 
 � �    

� P � ] � � � 	 
 ,�   ¡ M i W X  � ' � } ¢£ �¤ ¥ ]

( > � i � � � 	 
 � � ¦ § ¨ © � ª   �C« ¬ ­ �   ~ � �

� 	 
 ® { ¨ i ¯ ° ± ² �³	 
 ´ �´ A µ ( ¶ ,¦ § · � ,

¸ _ �A ~ ] ¦ § ¨ © � � �   ¹ ( High-Multi 5000, Fujidempa 

Kogyo Co.,Japan )� º » ¼ l ½ � ¾ ¿ À   Á À �Â Ã / Ä A ~ Å

Æ � � �� � �R � ½ � ¾ ¿ À   Á À Ç È É À Ê�,Ë Ì = >

?@ Í B u ® Î � � Ï Ð ± ² �, 10�/min i Ñ � Ò Ó � � S ?

@ � � 1850��Ô � ¾ t u �  Õ C 25MPa�¹ Ö S × � �l �

�   ¹ � Ø Ù �¤ ¥ ¥ Ú � 45µm i Û ¦ Ü Ý Þ ^ ß K i ¦ § ´ �

l ] ¢£ ß K à á â i ã ä R å 4 Ü æç è A ~ �é ê '

15mm×15mm×4mm i � } ¢£ � 

 

3.3  
 � � � � � � �
 � � � � � � �
 � � � � � � �
 � � � � � � �  

( ¶ ] � � � æ� � ë æ� ì í é ê ' 15mm×15mm×4mm i � }

¢£ ~ �] ¢£ ß K 4 Ü æç è S 0.05µm�A ~ ] ¢£ î ³^ _

` a - ï ð � ,m n o p q F p A �,ñ � ò ó ô õ i ö ÷ 3³

¢£ ø � ¦ § ¨ © A ù �ú¥ ³¨ © : û ü � � ý ( BN )�Ë Ì ¢

£ �: ¨ þ ± ² �� P i ?@ �� T Î 7 0 = > � ¢£ � � � ³
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¨ © : i � ø W X � C � 	 �³ TiN/Ti W K �� ] Ti ø T 7 £

TiN � µ 3³ TiN/AlN W K �Y � ,¾ £ TiN6¾ £ AlN ä 
 �

� 
� �ø T �   ¹ � ( High-Multi 5000, Fujidempa Kogyo 

Co.,Japan )� � � k 10MPa   Õ �º » ¼ l ½ � ¾ ¿ À   Á À �

Â Ã / Ä A ~ Å Æ � � �� � �R � ½ � ¾ ¿ À   Á À Ç È É À

Ê�,Ë Ì = > ?@ Í B u ® Î � � Ï Ð ± ² �, 10�/min i Ñ

� Ò Ó � � S ?@ � ��Í B � ì � �� ì u µ i = > ?@ �?

@ � � ) Table 9 * + �° ' = > � ~ �¹ Ö S × � l Ø Ù ¢£ �

H I 2 J K ?@ � 

 

3.4  � � � � ��� � � � ��� � � � ��� � � � �� 

, � Ò Û ¦ � é ê r � � � � T � � � / � ã � - � � � / � � ë

J K i W � é Ø ¢£ �2 � SEM¢£ é ê C 10mm×5mm×2mm�

� ,� � á â ã ä ¢£ i R å � ,4 Ü ç è � � ~ l , Kroll 

reagent( ' ( C 60ml H2O+30ml HNO3+10ml HF )� � J K ¢£ �

¾ � i � � u µ C 15~20 �! ¢£ ¯ " 
# �X-ray¢£ A $ %

� SEM¢£ ä ì � & ' Î � � 3
 TEM¢£ $ % C

3mm×3mm×1mm� � Ú �Minimet Ü S 80µm,Z �, AB ( ]

¢£ { ) T * + ü � � ~ Ú � PIPS (gatan Model 691)� , - . �
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) Fig.3-2 * + � 

 

3.5   X-Ray � � � �� � � �� � � �� � � � ( XRD ) 

Ú � X-Ray / 0 E ( M18XHF )�1 ¢£ ß K , / 0 ( G �, 2 #

M 3 ä A ä ¶ �4 # 5   C50 KeVæ5 Q 200mA�, * 6 Cu Kα( λ= 

1.5406Å )7 ² A 0 8 9 Ni-filter : o ~ �³¢£ ß K Í B 10˚~90˚

A ; < �; < Ò �C 10˚/min�= ¸ 2θ=0.01 >̊ ? @ A X-Ray i B

��] ; < ~ i M ÷ � JCPDS C ä 
 D 1 �, 2 # ä i 0 E � 

 

3.6  � � �  ! " # $� � �  ! " # $� � �  ! " # $� � �  ! " # $ ( SEM )%%%%& ' � � ( ) *& ' � � ( ) *& ' � � ( ) *& ' � � ( ) * (EDS) 

Ú � ; < X 5 ` F L G ( JEOL JSM 6500F ) A H Ä 5 ` ' I W

X�H I J K i L H J K � , EDS 2 # L M ä i J ' N O 3³v

� SEM A ù �ú¥ v � Ion coater³¢£ ß K P ü ¾ ´ ã �,¬

­ ³H I ¢£ u �7 ² 5 Q R S � 5 ( charging )i Ï Ð �4 # i 5

Q C 10mA� T P u µ C 90 � 

 

3.7  � � + , �  ! " # $� � + , �  ! " # $� � + , �  ! " # $� � + , �  ! " # $ ( STEM/EDS ) 

Ú � U V X 5 ` F L G ( Model 2000FX, JEOL,Tokyo, Japan )( G

?@ ~ A ¢£ �, W ! X I ( Bright Field Image, BFI ) H I J K J K

- Y . / 0 ( Selected Area Diffraction Pattern, SADP ), C 2 ¶ ä
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i à Z �, [ � ( > è \ E ( Energy Dispersive Spectrometer, EDS )

2 # M L ä i J ' N O �A ~ �l v � ] ^ CaRInc 

crystallography� _ � Space groupæ3 ` a b æc ` ä 1 d ø - 2

ä e A 3 ^ � � � f ¨ g * h ( G A 3 ^ M N i / 0 i ° ���

j / 0 i ° ä 
 D k 2 # �ü [ i l b � � f m � “Pearson’s 

handbook of crystallographic data for intermetallic phase”[43]n

o� 
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������������ � � � � �� � � � �� � � � �� � � � �  

��������	
� ��
 � � ��� �� � ���� ��

� ���
� �� � � ��� � � �� ���! " # $
� %

& ' (�� ) * + ,�� -
�. / 0 

 

4.1  ��������� �� �� �� � � �� �� �� � Ti � �� �� �� �  

Figure. 4-1%�	� � 1 Ti 2 3 � XRD 4 5 6 7 8�� 9:; <

% = . > � (hexagonal)� α-Ti�? @ A B� α-Ti > C D '

a=0.2957nm(c=0.4697nm�E �F
; < � Ti0 

 

Fig. 4-2(a)% α-Ti 2 3 G H I �	� � �J K L 8(BFI)�� 9 α-Ti

%M N; < � Fig. 4-2(b) % α-Ti� EDS 6 7 �O 9P ) Q :R

S T �Fig. 4-2(c)U Fig. 4-2(d)%M N; < �V W4 5 8X : zone 

axis YZ %[ 0001 ]U[ 6121 ]�> C D '  a=0.3095nm(c=0.441nm�

[\ ][22]^ α-Ti �> C D '  a=0.29503nm(c=0.4681nm _�`

a� M N; < %= . > �(hexagonal)� α-Ti�[ XRDYb ; c

�_�de XRD�; c�! fg h �> C D ' 0 

 

4.2 ��� � � ���� � � ���� � � ���� � � � AlN � �� �� �� �  

AlN i j �	k ' _l m n o pi j Fqr' s t �� AlN u
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; _�v w �x y z{ |* s �} u; ~ �Y2O3� AlN i j u;

�# � %� � �} u; ~ �������^%�� � & ' �d

��� � � �� z} u; ~ �?� � � � � @ A B�����

� % 99.3�0 

 

Fig. 4-3 %�	� � 1 AlN 2 3 � XRD 4 5 6 7 8�� 9:; <

%= . > �(hexagonal) � AlN�?@ A B� AlN > C D ' �

a=0.3112nm(c=0.4983nm0 

 

Fig. 4-4(a) % AlN 2 3 G H I �	� � �J K L 8(BFI)�� 9�

�� � + � � �> � � ��% 2~3µm�� Fig. 4-4(b)EDS 6 7 � 9

%P ) Q :� S T � AlN�Fig. 4-4(c)U Fig. 4-4(d)%V W4 5 8X

: zone axis YZ % [ 0001 ]U[ 3242 ]�> C D ' a=0.3254nm(

c=0.5043nm�[\ ][44]AlN�> C D ' a=0.311nm(c=0.498nm_

�`a�:; < %= . > �(hexagonal) AlN�[ XRDYb ; c�

_�de XRD�; c�! fg h �> C D ' 0 

 

�� o � > � ��  J ¡ ��_�`¢ ����£ ¤ ¥ ¦ ^§¨

��© ��zª (« ¬ ¥ ¦ ^�� o � ª ­ ® k ' �¯ ° §±²

�³ ´ � µ��¶·¸�¹²J ¡ �_�º » 0 
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4.3 ��� � � ���� � � ���� � � ���� � � � TiN � �� �� �� �  

¼ AlN�½ ±|¾ �TiNu; _�v w �¿x y } u; ~ �À } �

������^� Á%�� � & ' �� � �� �� z} u; ~ �

?� � � � � @ A B����� � % 96.7�0     

 

Fig. 4-5 %�	� � 1 TiN 2 3 � XRD 4 5 6 7 8�� 9:; <

%Â . > �(cubic) � TiN�?@ A B�> C D ' a=0.427nm0 

 

Fig. 4-6(a) % TiN 2 3 G H I �	� � �J K L 8(BFI)�� 9�

�� � + � � �> � � ��% 160~200nm�� Fig. 4-6(b)EDS 6 7

� 9%P ) Q :� S T � TiN�Fig. 4-6(c)U Fig. 4-6(d)%V W4 5

8X : zone axisYZ %[ 011 ]Ã[ 111 ]�> C D ' a=0.434nm�[\

][22]^ TiN�> C D ' a=0.424nm_�`a�:; < %Â . > �

(cubic) TiN�Ã XRD Yb ; c�_�Äde XRD �; c�! f

g h �> C D ' 0 

 

4.4  1000				 
 �
 �
 �
 � ��������� 
� 
� 
� 
  

4.4.1 XRD Yb  

Å �	� � Æ �2 3 ��
 �Y² TiNÇ[ TiÇ�2 3 �¼9È

8 Fig.4-7§9�YZ H I XRD�Yb 0Fig.4-8(a)U(b)% TiN/Ti
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� 1000É/36hrs�	� � Æ XRD�Yb ; c��8^Ê�Ë Ì¸

�Í ��Î y qr� cubic� δ-TiN[ hexagonal� α-Ti�Ï�Ð

� ε-TiN(tetragonal)�Be 0 

 

Fig.4-9(a)U(b)% TiN/AlN � 1000É/36hrs �	� � Æ �TiN Ç[

AlNÇ� XRD 4 5 8�Ñ Ò TiNÃ AlN Ó  Ô Õ � �! Ö ×Ø �

�Ê�`$Ë Ì¸�Í ��qr� cubic � TiN [ hexagonal �

AlN �Ï�¿de � cubic � AlN �¨ ��Pandey et al.[45] , 

Christensen et al.[46]�\ ]^Ù Ì cubic� AlN��|Ú�Û Ü

µÝ Þ ß Be �+ Be �
� à á �� 800~1000É
� à á â �

ã D Be � TiN/h-AlN ä å æ m �$ä å X ç Í ��cubic� AlN

�Ã cubic � TiN �`$±²§è �é > C ; < (super-lattice 

structure)�±²¸���%�Û 
� h-AlNÃ c-TiN±²) Q ê �

�� Al� TiN^��	ë ì í î�ï« ¬ ðñ 
��ß � TiNÇ

b B|ò c-AlN��ó ô � Û ���õ ö # ÷ � # ø ù 0 

 

4.4.2  SEM/EDS Yb  

Fig.4-10% TiN/Ti?¥ 1000É/36hrs�
 � � Æ �ú û ü 6 $Kroll 

reagent ý þ ��
 SEM �� � �� � � % � Ç�� o � (a)(|

ò � 	 ; < (b)�U� 
 Ç�% � � E (c)�Table 10% 1000É/36hrs



 35 

��º 
 Ý Fig.4-10 â � �� EDS * s Yb ; c��* s ; c �

a�aò¸W � Y_% 48.55 at� N(51.45 at� Ti��� x-rayY

b �; c�� � % TiN��� bò� � ²% 18~21 at� N�79~82 

at% Ti� � Ö x-rayYb [�8�; c � �% ε-TiN(Ti4N)��ð�

cò Ti¸W � Y_Û � 89~91 at��� ) Q 9~11�� N��� x-ray

Yb ; c � � c�% α-Ti � E �0���; c`a� 1000É-


�� 36 ���� � ��²� Ti4N ¨ �0�ª Ü ��� Ø � ��

�|¾ g � �! Ö 
� à á �$q¸ �  ! ^ " ��F # ��  

! : # �� $ Y�|ð % Y� & �
� � ' ï[47]�� ( ^ AlN

# ��F(Tm=2600É)�TiN # ��Û (Tm=2950É)�� � ) ! Ö


� � 1300~2000É�� �O 9 1000É� * % ' ï�! Ö 
� �

§$� �! Ö ×Ø 0 

 

4.5 1300				 
 �
 �
 �
 � ��������� 
� 
� 
� 
  

4.5.1 XRD Yb  

Fig.4-11(a)((b)% TiN/Ti � 1300É/36hrs �	� � Æ �YZ H I

TiN Ç[ TiÇ� XRD�4 5 Yb 87 0� TiNÇ(Fig.4-11(a))�

XRD87 + � TiN�� TiÇ^(Fig.4-11(a)) � XRDYb ; c�Ê

�× � � cubic � δ-TiN [ hexagonal � α-Ti �Ï�Ð�
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ε-TiN(tetragonal)(α-TiN0.3(hexagonal)qÚ�²��:^ δ-TiN B

e �¸���%�,- ¥ ¦ ^� TiN . � � Ti¶§ / 0 0 

 

Fig.4-12(a)U(b)% TiN/AlN� 1300É/36hrs º 
 Ý �TiNÇ[ AlN

Ç� XRD 4 5 8�Ñ Ò TiN Ã AlN � Á¿� �! Ö ×Ø �Ê�

Ë Ì¸�Í ��Î y qr� cubic � TiN [ hexagonal � AlN �

Ï�¸ 1 1000É/36hrs º 
 Ý � cubic � AlN�� G Be �¿�

�:R �²��Be �¿ 2 J 1300É� * % cubic� AlN� 3 *

Í ��
� 0 

 

4.5.2 SEM/EDS Yb  

Fig. 4-13%TiN/Ti?¥ 1300É/36hrs�
 � � Æ �ú û ü 6 $Kroll 

reagent ý þ ��
 SEM�� � �� � � % � Ç�� o � (a)(ò

N; < (b(c)�� 
 Ç�% � � E (d)�Table 11% 1300É/36hrs�

�º 
 Ý Fig.4-16^� EDS * s Yb ; c��* s ; c � a�a

�¸W � Y_% 52.83 at� N(47.17 at� Ti���% TiN��b

��¸W � Y_% N424~26 at�Ã Ti474~76 at��� �% ε-TiN

��� c��¸W � Y_% 20~23 at� N(77~80 at� Ti�ú �%

α-TiN0.3��ð�� 
 Ç d�5�N6 s � 16~18 at��� �% α-Ti

� E ��� XRD[ SEM/EDSYb ; c� TiN[ Ti 7 
 ���²
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� � � % ε-TiN[ α-TiN0.30 

� TiÇ! f�
 ��|  8 9 Be ���& o ����¨ � 8 :

��T í ;�Ê�ª ­ ® k ' ¶�¯ ° §¹²�ª � µ�¿`¢

�õ < 2 3 © ú û 2 3 ^§¨ �0� α-TiN0.3[ ε-TiN â �  =

	� >   =	 ¨ ��¸�`¢ ��%�Û 
�) Q �Û 6 s ��

¸W� ? 
�� @ �) Q s Ý ? � A B B;C N¸W� / 0 @ =

�¨ �0� TiÇ�5� D ;� @ E Y F ��ý þ §¹²�; c0 

 

4.5.3 � � G H � I J  

TiN/Ti� 1300É��
 � � �K L TiN ß A B B|  N¸W��

\ ][48]^ � a��N¸W� TiÇ��	ë ì �� TiNÇ� �|r

' s t (TiN410-10 cm2/sec�Ti410-9 cm2/sec)�§$ A B B� N¸

W� M N d� O P �	H { Ti � E Q 
 ê C R � S T ±²

interstitial solid solution Ti(N)� U �¼ Fig. 4-14�	� � 9È 8§

9�±² α-Ti(N)`�/ (1)Ø O 94 

 2TiN → 2Ti(N)(hexagonal) + N2                (4.1)       

 �� α-Ti(N)% α-TiN0.3�� ε-TiN ¨ ��¸��d� V b � � 4 

α-Ti + δ-TiN→ ε-TiN                         (4.2)                 

§¨ ���� JCPDS(08-0418)^� W ·�ε-TiN% Ti3Nð Ti4N��

�� α-Ti[ β-Ti�� X Y 
� % 883É�§$� 1300É�% β-Ti�
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ï� � ; Z 
� Ý ? ðñ 
��β-Ti ß X & ² α-Ti� [ + ß de

α-Ti�Í �0 

 

4.6  1400				 
 � ��� 

 � ��� 

 � ��� 

 � ��� 
  

4.6.1  XRD Yb  

Fig. 4-15(a)~(b)% TiN/Ti� 1400É/36hrs�	� � Æ �Å �	� �

Æ �2 3 Y² TiN Ç[ Ti Ç�2 3 �YZ H I XRD �4 5 80

�8^Ê�Ë Ì¸�Í ��Î y qr� cubic�δ-TiN[ hexagonal

� α-Ti�Ï�YZ ¿Be ε-Ti2N(tetragonal)(α-TiN0.3(hexagonal)(

ε-TiN(tetragonal)\Ú � ��Ã 1300É�¯ ° ��Be ε-Ti2N0 

 

4.6.2  SEM/EDS Yb  

Fig. 4-16(a)% TiN/Ti?¥ 1400É/36hrs�
 � � Æ �ú û ü 6 $

Kroll reagent ý þ ��
 SEM�� � ��8^� � Ç[� 
 Ç�

Á%� o � (a) U � � E (e)�^� \ò � � %M N; < (b)�$U

òN; < (c(d)�Table 12% 1400É/36hrs��º 
 Ý Fig.4-16(a)

^ � �� EDS * s Yb ; c��* s ; c � a�aò�¸W � Y

_% 52.49 at� N(47.51 at� Ti�§ ] O �% TiN��bòM N

; < � N6 s Û � 32~36 at%����8U XRDYb ; c�� ^

� E Ti2N~TiN1-X��ð� cò� � ²% 23~25 at% N(75~77 at% 
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Ti� � Ö XRDYb ; c��% ε-TiN��dò� N6 s � 19~22 

at%��� XRD�; c � �% α-TiN0.3����� 
 Ç� eò��

) Q 11~13 at� N���% α-Ti � E ��� XRD[ SEM/EDSY

b ; c� TiN[ Ti 7 
 ���²� � � % Ti2N~TiN1-X(ε-TiN[

α-TiN0.30 

 

� � Ç _ f�
 �� ` � de Ì ellipse-like~needle-like�b Bp

Ti2N~TiN1-XY F � � � ò �̂�� 20µm� a � �¼ Fig. 4-16(b)

§9��1 qÚº 
 Ý � G �b Ì� � � � c + �d d � K L �

ð��²¸�ß ��Æ �� � G H ^��ef � g J 0� � Ç�

5^�|  � 8 �Í �� � ^ `¢ ��õ < (ú û �¥ ¦ ^§¨

��Ò �h�|* �Y F à á �i 1300É�½ ±� j �+ �� 

º 
 Ý � � à á �� 1300É� � D ;� > ���
� �� � �	

�� Î y �T �k Z � � Ç l m �
 � 600nm����|ò� o

p � � 	ò�`¢ " � q r ò�s # � t u N v p w ë �	�e

f ¸�ß � 1500É� x y z � g J �ð�� 
 Ç�5�Ð�  �

@ =�	 F � { E � | � � E �0 

 

} Ö $¶��b �de 1300ÉÃ 1400Éqrº 
 ��� ; < �ï

~ j �Ê�� � ò � a � � Ï� ` � �! Ö �Be M Nb Bp�
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$U=	Y F x ù �e � �% qº 
 �¯ ° ��0 

 

4.6.3  � � G H � I J  

TiN/Ti ?� 1400É/36hrs �	 � � � ¨ ���� � � %

TiN/Ti2N~TiN1-X/ε-TiN/α-TiN0.3 /α-Ti�[� 1300É�	� � §� �

��� TiN/ε-TiN �
 � Ti2N~TiN1-X�¨ ���ª µ � ; c � a

Ti2N � 1400É� * % 3 * ��� Ti2N~TiN1-X ¨ ��¸�`¢ �

α-Ti �Û 
�§¢ ) Q � N 6 s � Û �±²¥ � Ã) Q ê

(super-saturated solid solution)�ï
� Ý ? � N�) Q s ? F��

 N� α-Ti^±²¥ � ÃNç �� � b B Ti2N~TiN1-X�:^²Y

¶�¯ ° �� _ f�
 � 1 b B� � m �
 �Æ b B�¹²� �

²¶�  & � ��� D. Sundararaman, S. Raju � � [49]�\ ]^Ù

Ì b B¥ ¦ � � 1 � � �|r y z �ú � � + a �  Úb B`

¢ �?�| o � � � � 7 3 Nç § / 0 �; c�:^ >   7 3 N

ç �� N6 s � �� Ti2N��+  � � á matrix� N ) Q s ��

20 at%� 
 �Ã���; c�f��� precipitates �±N 7 � �

�NÃM N�� ��� Ti2N % tetragonal structure�> C D '

a=4.943 A��c=3.036 A��: c/a�_� �% 0.614�� TiN1-X%

hexagonal structure�c/a�_� �� 1.63��\ ][50]^ � a _�
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�� ellipse-like~needle-like à á �Ã���§�b Ì�½ ± � Ö �

> Úb Bp?D ß � � � � > ê � k � > 
 © . � ²,�|¾ �

� % � � � � � (Widmanstatten structure)0 

 

4.7  1500				 
 � ��� 

 � ��� 

 � ��� 

 � ��� 
  

4.7.1 XRD Yb  

Fig.4-17(a)~(b)% TiN/Ti� 1500É/36hrs�	� � Æ �Å �	� �

Æ �2 3 Y² TiN Ç[ Ti Ç�2 3 �YZ H I XRD �4 5 80

Ê�¸�Í ��Î y qr� cubic� δ-TiN[ hexagonal� α-Ti�

Ï�Ã 1400É/36hrs ½ ±�_�� Á¿Be ε-Ti2N(tetragonal)(

α-TiN0.3(hexagonal)(ε-TiN(tetragonal)\Ú � ��� � � È ���

TiÇ XRD8^¿� δ-TiN(cubic)��Be 0 

 

4.7.2 SEM/EDS Yb  

Fig.4-18(a)% TiN/Ti?¥ 1500É/36hrs�
 � � Æ �ú û ü 6 $

Kroll reagent ý þ ��
 SEM�� � ��� Ò � � Ç%� o � (a)�

� 
 Ç% � � E (g)�Ã 1400É/36hrs�_�;�|   ¡ òN; <

(b)(,¢Nq�� ; < (c)qÚ � X ç ��²�¨ ��Table 13%

1500É/36hrs��º 
 Ý Fig.4-18(a)^ � �� EDS * s Yb ;

c��* s ; c � a�aò ] O �% TiN��:¸W � Y_% N4



 42 

48.79 at�(Ti451.21 at��� bò� � ² { % N435~37at�(Ti4

63~65 at���� XRD�Yb ; c��% TiN��cò ] O ��

$ TiN%� £ �q���:^ TiN1-X�¸W � Y_% N433~35 at

�(Ti465~67 at�� �� TiN�_ ( Ã aò�§¯ ° ���%

TiN�ó �|Ú * @ s X o Ö p(non-stoichiometric compound)�§

$ � ²& � ø í � �� $ TiN1-X Ø O 9�²p�Ã ¤ � TiNs

� Z �� ¥ ¶¿�E � TiN���,¢N�²p) Q �� 6 s �

� 8~10 at��� ���8U XRD ; c � �% α-Ti��ð� dò

M N; < � N6 s Ù Û D ;� � Ì 32~44 at��& � ì �ï� �

� Ö XRDYb ; cU�8 � �% Ti2N~TiN1-X��� Ï�eò� N

�) Q s �� 21 ~25 at��� �� � E � ε-TiN��ð���
 �


 Ç� g��) Q � N6 s % 10~12 at��Ã�8^� α-Ti � ²

�f���¦% α-Ti�0 

 

� º 
 Ý �de Ì § r� k � ��� ` 1 �ò[ò�� ��J

� ��_�¨© �;� § Ú � ��²pX ç ��+ � � ò� a �

� 1300É(1400É¿�§ � z� � �¿�Be § ò � �� � ò�

ò[ò�� Ó  �! Ö x z   ª ���
 
 Çde � � �²�

TiN1-X�Ã� « �q���� £ TiN1-X�_�q © �O 
 X ç § ¬
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�� � + ��²Y¶�  �¯ ° �`¢ �Ã N��	 ­ � ���

¼1 §·�� « � TiN1-XòN�� ` � Be $ TiN1-X%� £ �,

¢Nq��� ,¢N�²p�ó � � �) * �. S ® � ��h

¯ � |Ç²,�? XRD(SEM/EDS���; c� α-Ti�� a �

� 100µm � 
 �] O TiN1-X� ° � ,º N�²p� ± ² U²,�

�ª µ � � ³ � � �O 9§x ´ µ � ¶ o ¢ ���¼ Fig.4-18(b)

§9� · « � q���M N; < �� a � �� 10µm � 
 �¼

Fig.4-18(c)§9�Ã 1400É�½ ±�_�Ê��b ÌM N; < x z

Ô ¸ �Ï� ¹ º . 
 � �� |��%
� �Ù Û ¹² grain growth

�d���M Nb Bp . f�  �=	Be �`¢ � Ti�Û 
�

§¢ ) Q � N6 s �;�ï« ¬ ðñ 
����) Q � N6 s ?

F� A B B;C N¸W§¹²�¿`¢ ��ý þ ¥ ¦ ^§±²�

 Ï��1 ·�,º N�²p^¿de ÌM N; < �Í ��� +

� k * � » ¼ . � �¼ Fig.4-18(d)§9�Ê� ] O  ,º N�²p

¿�� ° �M N; < ± ² (²,� ½ ¾ �Ï�¿� 9BM N; <

Ã� £ �� �| k * �. S � k 0 

 

�$¶��b � � Ö 1400É/36hrs�; c�`$ � ^ B >   � �

²p�Be ¿ � 4 M N; < �→,¢Nq��Àq��^�M N
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; < �0 · « � M N�
 Ç�� � ò� � � k � ���� 0 ¶ Á

e   ¡ �òN; < �[ 1300É(1400É�½ Â Ã � �¼1 §·�

� 1300É(1400É�8^�h�| � 	Y F �% Ä Å �; < �Ì

� 1500É�� e � � ¨Be �¬ ¨ �| o p =	�� c ���

Æ 
� � Ç Û ��	� � x z È É �� ��	 ­ � � Ê z ­ ��

� =	Be � S T l m ! Ö � x � ��	� N¸W' s ¿ � z D

;�$ 0 �� s � @ Ì �í w ¨v p w ë �	�¨z¶�ó �

N�) Q s �ï��Þ ß ¹² Úe � �� ¥ � �§¨ ��=

	 � * � Kirkendall effect§¹²�§è � Kirkendall voids���

! Ö ���	 Ë ×
� ¶ Ç � Ì  Ö � [ � E �
 � � � E o Ö

p� � Ö � Ç Í � �§ Ë ×� Î 	 e � �����^��	 Ï �

� ²S T + � Ti(NqÚS T ��\ ][13]^ � a� � E � o p^�

� E �ó ��	ë ì �N��	ë ì î�O 9����^N�TiN

^�	ë ì � Ti� TiN^�	ë ì w�¼1 §·�N� TiN^�

	ë ì Ð� N� Ti^�	ë ì î�� Ñ � Kirkendall effect§

¹²� { =	Be � S T � c ! f TiNÇ�� * ¼���^=	

S T ! f TiÇ�½ ±�� � �B >   =	 � * % Kirkendall 

voids��+  =	Y F �d d �� o p ø �0 
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4.7.3 � � G H � I J  

TiN/Ti� 1500ÉH I Ò 
�	� � � o p �	� � ò-� d d �

� � ò� a � � �& a � � � � ò�' � ¿ � z� � � ¨ ���

% TiN/TiN1-X/ TiN1-X+α-Ti/Ti2N ~TiN1-X /ε-TiN/� 	ò/α-Ti�Ã

1400É½ ±�_�� TiN/ Ti2N~TiN1-X�
 � TiN1-X[ TiN1-X+α-Ti

�¨ ��$U� ε-TiN/α-Ti�
 �Be � 	ò%� |Á���:^

TiN1-X ¨ ��¸���� \ ]
[51]� . O �@ A B TiN[ β-Ti�

1500É�º 
 Ý �   Ó �� Ô � µ(driving force)�� Table 10^`

a TiN1-X " �� Û � Ô � µ�§$� TiN/Ti ` 1 ß ¨ � TiN1-X�

ð�� TiN1-X+α-Ti q��^Be � α-Ti�%,¢N; < ��b B

±N%,¢NÎ y ¸���
 ! Ö . / � � §¹²�¼ Fig.4-19

§9�ï α-Ti²,��α-Ti� A 
 Ã TiN1-X ! Ö . / % ¸ Ö ø Õ

�(coherent interface)�¹² mobility�F� [ ²,�î�� α-Ti

� B 
 Ã TiN1-X ! Ö . / % * ¸ Ö ø Õ �(incoherent interface)�¹

² mobility�Û � [ ²,�w�� b B±N%,¢N0 

 

 Ï��,¢Nb Bp¶¿de � ellipse-like~needle-like�b B

p��`¢ ��ý þ ¥ ¦ ^�,¢Nb Bp � ý þ Ö �¨ �,¢

Nþ × �Ù Ø � ° � ellipse-like~needle-like b Bp² ² (²,�
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S T �Ì 1500É�� b Bp N6 s �à á � 32~44 at%� 
 �N

6 s �¯ ° � c �d� grain growth�e � �¹²�  b Bp& �

_� Ù � ��  { & �_� f ��ð�� ε-TiN/α-Ti�
 �Be �

� 	ò�`¢ ��%�� s � @ Ú ^� ���+  �� N�)
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����������������� �� �� �� � ����

 

1. TiN/Ti� 1000�/36hrs � � � � � �� � 	 
 � � 
 � TiN � �

Ti � � ε-TiN(tetragonal)� 

 

2. TiN/Ti� 1300�/36hrs � � � � � �� � 	 
 � � 
 � TiN � �

Ti � � � � ε-TiN(tetragonal)� α-TiN0.3(hexagonal)�� � ε-TiN�

�� � � � � � � � � 

 

3. TiN/Ti� 1400�/36hrs � � � � � �� � 	 
 � � 
 � TiN � �

Ti � � � � ε-Ti2N(tetragonal)�ε-TiN(tetragonal)�

α-TiN0.3(hexagonal)�� � ε-Ti2N��  ! " � � � # $ % � & 
 � 

 

4. TiN/Ti� 1500�/36hrs � � � � � �� � 	 
 � � 
 � TiN � �

Ti � � � � TiN1-X(cubic)�TiN1-X(cubic)+α-Ti(hexagonal)�

ε-Ti2N(tetragonal)� ε-TiN(tetragonal)�� � TiN1-X+α-Ti�' ( ) �

* + � TiN1-X�, - % � & 
 � α-Ti� 
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Table 1 ��������� 	 

[17-19]

� 

Table 2� Properties and relative application of aluminum nitride� 

Property Application 

High thermal conductivity and low 
dielectric constant 

Electronic packaging material 

Piezoelectric property of single crystal Piezoelectric device 

High surface wave velocity SAW device 

Wide forbidden band MIS, MNOS devices 

Electrochemical fluorescence Electrochemical fluorescent device 

High strength and durability at high 
temperature 

Structural ceramics 

Chemical stability Coatings 
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Table 3 ��
 ������ 	 

[9-11]

� 

 
 
 
 
 
 
 
 
 
 
 

��� 61.906 

� �  5.44 (g/cm3) 

� � � 	  
 � � 
 � � � �  

� � � �  a0=4.24Å 

� �  2950� 

� � Cp 
8.8cal/mole k 

� � � � �  9.36×10-6/k 

� � � �  30W/m•k 

 ! �  25µΩcm 

" # �  1800-2100kg/mm2 

$ % & �  640GPa 
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Table 4 Ti-N��������	
�� 
 � � � � � � � [23]� 

 
Phase 

Homogeneity 
Range,at.%N 

Pearson 
symbol 

Space 
group 

StrukturBericht 
designation 

 
prototype 

Lattice parameter,nm 
a         b      c 

αTi 0 to 22 hP2 P63/mmc A3 Mg 0.29511(a)  0.46843(a) 

βTi 0 to 6 cI2 Im3m A2 W 0.3306(a)   

Ti2N 33 tP6 P42/mnm C4 Anti-O2T
i 

(rutile) 

0.4943  0.3036 

TiN 30 to 55         cF8 Fm3m B1o NaCl 0.4241 
± 0.0002(b) 

  

δ’ 38 tI12 I41/amd Cc Si2Th 0.4198  0.8591 

(a)Pure Ti(0 at.%N).(b)50.0 at.%N. 
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Table 5 Ti-Al��������	
�� 
 � � � � � � � [23]� 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Phase 

Homogeneit
y 

Range,at.%A
l 

Pearso
n 

symbol 

Space 
group 

StrukturBerich
t 

designation 

 
prototyp

e 

Lattice parameter,nm 
a      b      c 

αTi 0 to 45 hP2 P63/mmc A3 Mg 0.29503  0.4681 

βTi 0 to 47.5 cI2 Im3m A2 W 0.3276   

Ti3Al 22 to 39 hP8 P63/mmc D019 Ni3Sn 0.5775  0.4655 

TiAl 48 to 69.5         tP4 P4/mmm L1o AuCu 0.3957  0.4097 

Ti3Al5 58 to 63(a) tP32 I4/mbm      

TiAl2 65 to 68 tI24 I41/amd  Ga2Hf 0.3976  2.436 

αTiAl2 (b) oC12 Cmmm  Ga2Zr 0.389  3.392 

δ 70 to 72.5 (c)       

TiAl3 75 tI8 I4/mmm D022 Al3Ti 0.3875  3.384 

αTiAl3 75 (b,d)       

(Al) 99.3 to 100 cF4 Fm3m A1 Cu 0.40497   

(a) Not an equilibrium phase.(b)Not shown on the assessed diagram.(c)long-period superlattice 
(d)Tetragonal.A superstructure of the D022 lattice. 

 
Phase 

Homogeneit
y 

Range,at.%A
l 

Pearso
n 

symbol 

Space 
group 

StrukturBerich
t 

designation 

 
prototyp

e 

Lattice parameter,nm 
a      b      c 

αTi 0 to 45 hP2 P63/mmc  Mg 0.29503  0.4681 

βTi 0 to 47.5 cI2 Im3m A2 W 0.3276   

Ti3Al 22 to 39 hP8 P63/mmc D019 Ni3Sn 0.5775  0.4655 

TiAl 48 to 69.5         tP4 P4/mmm L1o AuCu 0.3957  0.4097 

Ti3Al5 58 to 63(a) tP32 I4/mbm      

TiAl2 65 to 68 tI24 I41/amd  Ga2Hf 0.3976  2.436 

αTiAl2 (b) oC12 Cmmm  Ga2Zr 0.389  3.392 

δ 70 to 72.5 (c)       

TiAl3 75 tI8 I4/mmm D022 Al3Ti 0.3875  3.384 

αTiAl3 75 (b,d)       

(Al) 99.3 to 100 cF4 Fm3m A1 Cu 0.40497   

(b) Not an equilibrium phase.(b)Not shown on the assessed diagram.(c)long-period superlattice 
(d)Tetragonal.A superstructure of the D022 lattice. 
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Table 6 Ti-Al-N������� 
 � � � � � � � [33,34]� 

Phase 
type 

System 
type 

Structure 
type 

Pearson 
symbol 

Space 
group 

Lattice parameter,nm 
a        b        c 

AlNTi2 Hexagonal AlCCr2 hP8 P63/mmc 0.2994  1.361 

AlNTi3 Cubic CaO3Ti cP5 Pm3 m 0.4112   

Al2N2Ti3 Hexagonal Al2N2Ti3 hP22 P31c 0.29875  2.335 
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Table 7 Chemical Content of SHAPAL SH-15� 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

ICP-AES � Inductively coupled plasma atimic emission spectroscopy 

F-AES   � Plame atomic emission spectroscopy 

 H Analytycal method 

Al 62.8 % calculation 

N 32.1 % calculation 
Y 3.4 % ICP-AES 
O 1.7 % IR-spectrometer 

C 220 ppm IR-spectrometer 
Ca 150 ppm ICP-AES 
Si 56 ppm ICP-AES 

Fe 22 ppm ICP-AES 
Ti 20 ppm ICP-AES 
V 

�1 ppm ICP-AES 

Na 
�10 ppm F-AES 
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Table 8 CP-Ti � � �� � �  

PARAMETER UNITS RESULTS 

Al ppm 1.15 
As ppm 1.65 
Ca ppm 

�0.2 

Cr ppm 0.4 
Cu ppm 0.29 
Fe ppm 12.5 
Hg ppm 

�0.1 

Nb ppm 0.6 
Ni ppm 4.85 
Rh ppm 

�0.15 

Sb ppm 1.85 
Si ppm 1.05 
Sn ppm 0.3 
V ppm 0.45 
Zr ppm 0.6 
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Table 9 � � � � � �  

Exp 
� �  � �  � � 	 
  � �  
 � � �  

1 TiN Cp-Ti 1000�/36hr 

2 TiN CP-Ti 1300�/36hr 

3 TiN CP-Ti 1400�/36hr 

4 TiN CP-Ti 1500�/36hr 

 
 

10MPa 

 
 

Ar 

                      
Exp 

� �  � �  � � 	 
  � �  
 � � �  

1 TiN AlN 1000�/36hr 

2 TiN AlN 1300�/36hr 

3 TiN AlN 1400�/36hr 

 
 

9.8MPa 

 
 

Ar 
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Table 10 Calculated Driving Forces Forces of Various Phases Under the  
Metastable Equilibrium Between TiN and (β-Ti) 

 

 
Phases 

Driving force 
of formation 

����G/RT 

TiN1-x -14.56 

Ti2N -14.25 

α-Ti -7.13 

Liquid 9.13 

β-Ti 122.2 
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Table 11 TiN/Ti 1000!" # 36$ % � � & ' ( �SEM/EDS ) * �� � + 

 
 
 
 
 
 

 
Table 12 TiN/Ti 1300!" # 36$ % � � & ' ( �SEM/EDS ) * �� � + 

 
 
 
 
 
 
 

 
 
 
 

Content of element,at, Phase 
Layer 

Ti N Total compound structure 

a 51.45 48.55 100 δ-TiN cubic 

b 79~82 18~21 100 ε-TiN tetragonal 

c 89~91 9~11 100 α-Ti (N) hexagonal 

Content of element,at, Phase 
Layer 

Ti N Total compound structure 

a 47.17 52.83 100 δ-TiN cubic 

b 74~76 24~26 100 ε-TiN tetragonal 

c 77~80 20~23 100 α-TiN0.3 hexagonal 

d 82~84 16~18 100 α-Ti(N) hexagonal 
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Table 13 TiN/Ti 1400!" # 36$ % � � & ' ( �SEM/EDS ) * �� � + 

 
 
 
 
 
 
 
 
 

 
Table 14 TiN/Ti 1500!" # 36$ % � � & ' ( �SEM/EDS ) * �� � + 

 
 
 
 
 
 

 
 
 
 

 

Content of element,at, Phase 
Layer 

Ti N Total compound structure 

a 47.51 52.49 100 δ-TiN cubic 

b 64~68 32~36 100 ε-Ti2N~TiN1-X 
tetragonal~cubic 

c 75~77 23~25 100 ε-TiN tetragonal 

d 78~81 19~22 100 α-TiN0.3 hexagonal 

e 87~89 11~13 100 α-Ti(N) hexagonal 

Content of element,at, Phase 
Layer 

Ti N Total compound structure 

a 51.21 48.79 100 δ-TiN cubic 

b 63~65 35~37 100 TiN1-X cubic 

c 
90~92 
65~67 

8~10 
33~35 

100 
α-Ti(N)+ 
TiN1-X 

hexagonal+ 
cubic 

d 56~68 32~44 100 ε-Ti2N~TiN1-X tetragonal~cubic 

f 75~79 21~25 100 ε-TiN tetragonal 

g 88~90 10~12 100 α-Ti(N) hexagonal 
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Table15 - � . / . 0 1 � � & ' � 2  

- � . / . �� � & ' � 2  

XRD SEM  
� � � �  3 ��           � �  3 �4            � �  

1000!    α-Ti            hexagonal α-Ti            hexagonal 

 
1300! 

 

ε-TiN            tetragonal        
α-TiN0.3          hexagonal 

ε-TiN            tetragonal        
 α-TiN0.3           hexagonal  

 
 

1400! 
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Fig. 2-1 ��������	
[15]� 
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Fig. 2-3 � � � �	:(a) � � � � ��(b) � � �� 
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(c) � �  �	! �
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Fig. 2-5 Al-N�" � # $ � 
[23]� 
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Fig. 2-6 Ti-N�" � # $ � 
[23]� 
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Fig. 2-7 Ti-Al �" � # $ � 
[23]� 

 

Fig. 2-8 Ti-Al-N % � � 
& 900� ' ( ) * + � 
[33]� 
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Fig. 2-9 Ti-Al-N % � � 
& 1000� ' ( ) * + � 
[34]� 

 
 

Fig. 2-10 Ti-Al-N % � � 
& 1200,' ( ) * + � 
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Fig. 2-11 Ti-Al-N % � � 
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Fig. 2-15  Matano H � �� [ � 

 
Fig. 2-16 \ ] �0 1 ^ _ = > � 
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Fig. 3-2 6 7 8 9 � : ; < = > ? @ A B C ��	
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Fig.4-1 ������-Ti � � 	 XRD 
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Fig. 4-2 (a) α-Ti	� � � � (BFI); (b) α-Ti	 EDS � � � 
 ; (c)SADP 

Z=[0001]; (d)SADP Z=[1216]� 
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Fig.4-3 ����� AlN � � 	 XRD 
 � � 
 �� 

 
 
 
 
 
 
 
 
 
 
 

10 20 30 40 50 60 70 80 90
-2000

0

2000

4000

6000

8000

10000

12000

14000

16000

re
la

tiv
e 

in
te

ns
ity

 (c
ps

)

2θ

(100)

(002)

(101)

(102)

(110)(103)

(200)

(112)

(201)

(004)
(202)

(104)



 83 

0 5 10
0

1

2

3

4

5
Al

cps

 

 

energy(keV)

N

 
 

 
 
 
(a) (b) 
 
 
 
 
 
 
 
 
 
 
 
 
(c) (d) 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4-4 (a) AlN	� � � � (BFI);(b) AlN	 EDS � � � 
 ; 

(c)SADP Z=[0001]�(d)SADP Z=[ 2 4 2 3]� 
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Fig.4-5 ����� TiN � � 	 XRD 
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Fig. 4-6 (a) TiN	� � � � (BFI);(b) TiN	 EDS � � � 
 ; 

(c)SADP Z=[011];(d)SADP Z=[111]� 

 
 
 
 



 86 

 

 
 

 
 
 
 
 
 

Fig. 4-7 TiN/Ti	 XRD � � � � �� 
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Fig. 4-8 Ti/TiN � � 1000oC/36hr����� � (a)TiN�	 XRD 
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Fig. 4-9 AlN/TiN � � 1000oC/36hr����� � (a)AlN�	 XRD 
 � �� 
(b)TiN�	 XRD 
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Fig. 4-10 TiN/Ti� 1000�� � 36hrs 1atm/Ar���� ! � " # $ %�� 
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Fig. 4-11 Ti/TiN � � 1300oC/36hr����� � (a)TiN�	 XRD 
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(b) Ti�	 XRD 
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Fig. 4-12 AlN/TiN � � 1300oC/36hr����� � (a)AlN�	 XRD 
 � �� 
(b)TiN�	 XRD 
 � �� 

 
 
 
 
 
 

20 40 60 80

0

5000

10000

15000

20000

25000

re
la

tiv
e 

in
te

ns
ity

 (c
ps

)

2θ

h-AlN

20 40 60 80
-2000

0

2000

4000

6000

8000

10000

12000

14000

16000

re
la

tiv
e 

in
te

ns
ity

 (c
ps

)

2θ

TiN



 91 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4-13 TiN/Ti� 1300�� � 36hrs 1atm/Ar���� ! � " # $ %�� 
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Fig. 4-14 TiN& Ti � � 1300oC/36hrs����	� � �� 
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Fig. 4-15 Ti/TiN � � 1400oC/36hr����� � (a)TiN�	 XRD 
 � �� 
(b)Ti�	 XRD 
 � �� 
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Fig. 4-16(a) TiN/Ti� 1400�� � 36hrs 1atm/Ar���� ! � " # $ %��  
(b) ' ( ) * + , - . � � 
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Fig. 4-17 Ti/TiN � � 1500oC/36hr����� � (a)TiN�	 XRD 
 � �� 
(b)Ti�	 XRD 
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(c)        ' ( $ %)  
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Fig. 4-18(a) TiN/Ti� 1500�� � 36hrs 1atm/Ar���� ! � " # $ %�� 
(b)01( 2 3 ) * + , - . � � (c) ' ( ) * + , - . � � 
(d) 2 3 ) 7	' ( $ %* + , - . � � 
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Fig. 4-19 8 9 : ; ! � 	� < = > 01( ?A � @ A B C 	D ; E ! �
(Low-mobility coherent interfaces)?B � F A B C 	G D ; E ! �
(High-mobility incoherent interfaces)� 
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