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� ��)�&" *��+� �,-�� .	��� /��� #0� �&� �� 1��" .�3�# �4�"5	 2SiC3Ti 	
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. �� 64	785��� ��4�
� 9�:3 ;� �� 1 �<0� . ��5 9&�= �� .���	
 ��4�*
 .����� 6>4

���5 9? ��� ���� 1� @.�A� ���4��*9& B��� *C<�5* 7�1&�5 D&� .������ /��(�	��7� �����
�E'� .�31� ��� �.F ���� .�G � 6��H ��� �� 9�:���-�45��B�� .�3��5  9&�= �� ��	
 �1&� <0�

� 1�I ��&"57�*�� 	G ��"�# 	
 ��� /���� ����	���� ��� . 64 �1�J .�( �J K&L ��"15
3�*6� 0��I �1��6 L����1��� &3 ���1<� M&3 �� 9�4?	G � ��.�� .5. /�&� @�3 ��N�3 *�L��

�E'��G L 6�.�A��'��5	 ���5	 ��" .�31��# SiC  ��2SiC3Ti �&O��� 1&P�� ��	6��4�* 	
 /1
�� �H&�� � *64 ��� ��� Q&� �&N)�	� SiC A" ��� 9&�= ��&	61� */����� �� 6�.�A�

���4��9& �>4 *�&�5 �4 ���� 1� 6�.�A� *���	R  �� /.�= . 64	*G ����� 1��  �� ���2SiC3Ti

�&O��� .64 1�7��4	6 ���  ;���� S����SiC-2SiC3Ti �T �	U �T � . ��1� <��4	U 	
 ?��	��
:��. @�7 ��V5 ��1�&V � /��+�4 ��� TiC  .Si �� 6N�3��� �&�5  W0�>�3TiC:3Si *3TiC:2Si

��")�# �&�4����&� . (3TiC:1.5Si ��� �,>:� .�3�L ����4� �3&'3��� Z4&" /�L @�7 ��V
<["	� 0-" .�!  �(L C�V	�� )XRD1 . �L @�[3 (	��1����4< � ���\&�4.�� 3.����5 :�.15

)SEM( 3��� Q&� .�����7 1�I �(��]� �1&���5 ��&O��	6��� �>4 �P3 � /�L @�7 ��V5 .	*���
B��A^5 :'� @��-�4 . 6��L5 �]A3 �4� 41�� �1&�5  �1F �� �L _>:� .6��7 1�ISiC

`&�&�1&� �� *��1� C.1 �� /�L <��4� :� . �1��*/� �� 1����  �1F2SiC3Ti �:"�! � /�L ��1&a
�&" ��1�	b /�L�"��� .�3	G �>45 .	���  c&�����  �3&'33TiC:1.5Si  1�A� �� GPa2/14 �� c&���

 1&hJSiC  ��� .TiC I���/�3�' 1 1�	1����4< �5:'� @��-�4 .�L��5 �]A3 �4� <� ��	R 1�A�
�&�5 Si �� ���!  ��� 1&hJSi �:" . �3&'3 1� ��?�! ��R�"  ���SiC <�	R 	6�� �3&'3 .3TiC:3Si

�"��� ��	G B��A^5 6��L 1/2MPa.m 1/10 . �"���	G :'� @��-�45 �]A3 �4�  %��(�MPa 576
 64�	6��.  
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?�-.7 ] �
.) ���I�1-3�;LN OF ��)-7?�� ��)�	
-� 5��F ��)#�* +,� .[1  :�" PQ >�� ?� ��� ��� �R��� !��L* �
 �L� :��	* ��?�� ��7����nAXn+1M ��	G �?�
%�� E�� ?� .�F�7 SM  ��	�) �R��� �L* (� 	�������3  ��6 S	G �(A  #� �,�

 ��	� 	$��CA  ��	� #� W���C)13  �14 � (X ��] F�7 @Y�	
-� �� E7	� ����4-5 ��
�� !��-�	� �	7?�� � �
�� 	-���Q F? .[
:�� ?� �	,-� � ���� ?�
%�� �7 �L* 	7	� ����� \LC ��-�� ?� ��"�� 57�^ 	--_� 	-%� ��)] >�� ��6-10 �-7?�� @�,-L-� \-��
-� .[

2SiC3Ti(-��	� � !��L* ��?�	G � �,�	
,6� ��,-��,� 0��% #� �����
� 4-�	� 5-6� �7 � �"�� �?�� ?�-.7 @�II9� @�-� ?� ��)
] >�� �
*	� ?�	^11 .[2SiC3Ti #� O-7) �?�� ����7 <�a �RI� �	�# �?�� �7�% �	,L�C ��7 ��)��� ?� ºC2000���� ?� W���	I� � ( 

ºC2300 ����� ��] ��F12 �E�� 	7 ��'C .[2SiC3Ti ��7 (-
��� :�� ��?�� )GPa 320 W���	I�) \� �6��Q �(3g/cm 5/4 �(
���?�% 	7�	7 ?� ���I� �� �c�?� ��,9
�� �7 >.,F ���	IQ #� ����7 >�.� �7 ?���d ���-�-F ��e�� (� �] )�13-14 �7 .[

 5-6���� ?� ��% 0�% ?�
%�� ����� ��)2SiC3Ti �� �
%��F 4-�A 	7�	7 ?� ���I� (-��	� (� @���C �7 ����� fC�7 �� ��F
�� @A ?��
�� #� �	-��L" �� K	� 	-.� @�	� S	9�� ��	7 (Q�� 5,F 	--_� E��Q>;�� �&��� E�� 	7 .��F  4-�A ���,�

�� O)��] 7��15 .[2SiC3Ti � �!��L* ����#	,�� �
g�) �	� �
�.� �!?�	G 	7�	7 ?� ���I GPa 4 @A @��� �� �
G�? �7 � >�� (
E-F�� hL
g� :�,F� �7 �?) ��?�	G >��) ��?�� �E-�i�) .�	� �?��W/mK 40) �,�	
,6� � (1-m 1-� 106 × 5/4�-� �7�% ( 

��] F�711-12 � 16��e�� E�� .[��� �)��� 	��� ���� ?� �)�Ld .��F :�
.�	� 2SiC3Ti(-��	� 	��� ���� j��� ���� ?� �)
S�R;�� -7?�� @�,-L-� \-��
-� :�
.�	� (� ��� �>�� ���,F(�-� ��)?��� 5-,�� �7 �	�# >�� 	�=d2 �� 5,F 	--_�] )�17 .[

 ��?�	G �?���d2SiC3Ti  5^�G l'% �� �B�% #�� 	H.��� ?�ºC1700 ] >��14  �17��	� .[C ��7#� �6�  ��,9
�� ���� �$��%
) m��
� ���%MPa 060-026) ��7 >.,F ���	IQ �(1/2MPa.m 11-6 �\� �
g� � ��7 n��� :�� �(2SiC3Ti  @���C �7 �?

] �� �� �*	;� �
;�$ ��)�	7?�� E�	
��� ��	7 J#?� �7 ���� (�18 ��	7 ����?��-�� ����� (� @���C �7 �? @A @��� �� .[
] >*	� 	p� ?� ���?�% � O��� 	7�	7 ?� >p*�9� �� ��7 ��)��� ?� �?�
%�� ��)�	7?��17- 18 �
g� �8g�� �7 �"�� �7 .[

��� ?�
%�� �\� �
H� �7 ��	�) \� :�
.�	� �Ld �(-
��� :�� �7 �
H� \� >�.� � E-��d �F	7 ��,9
�� ���2SiC3Ti @���
�	7 ?� >���I� � K�,R$� 4�	N ��)�O��� 	7 E-��d ��� ���� .>�� @�-��-.�� 	7�	7 ?� �� �
.) ����� �)�	7?�� E�� ��	7 :A

�� �c�?� �)��� #� �;-�� h-q ?� �? ��-��d ����� >���I� � �?�� >���I� O��� ������*� .�)� ��-�# �7 >g� �����r ��)
2SiC3Ti?� �,-��,� ��)�	,L�C ��	7 4���� �7�g
�� �7 �? @A � ] ��� 5��� ��7 ����19 .[SiC >��I� #�* (� @���C �7 ����

 ��-�# �,-��,� �	,L�C ����7 ��	72SiC3Ti  4-�	� .��F �� ���H
��SiC  �72SiC3Ti  ��7 ��� 0��% ����7 ��	7 	r�� ��? (�
 �	�# >��SiC >��I� #�* @���C �7 >���I� ��?�� ���� �7� ���7 �
g� �<�% @�-��-.�� ��'C � >�� O��� 	7�	7 ?� >���I

 �7 ��7 ��)��� ?� �E�� 	72SiC3Ti ] >�� ?��#��20 @���*� �E-�i�) .[SiC ���� ���C	-/ F? #� ��-�# �7 ��)2SiC3Ti  �	-��L"
��] ��21>�#�t��� .[ ��)SiC-2SiC3Ti (-�,� �7 (-��
������ �	� &	d ���� �HL
g� ��)(HIP)h� � �F�"�^	" ����'d
��(SPS)   �	� &	d �(HP) �F �
%��] ��22 �
�� �?�� ?� ���I-I9� ?�� E��Q .[2SiC3Ti O-d #� ���H
�� �7 hL
g� ��)#��

 ����Ti �Si �C �SiC  �TiC ] >�� �F �����23-25O��?�,�) � �	� .[3 ]26 ���
9� 	r� [Si  ?��d u�Lg� �#�* �7��#?� 	7 �?
TiC/Si  �q ?� .���� ?�	^ �;6�R� �?�� ��?�	G !�-L�C2SiC3Ti  �TiC  ��� ��F �
*�� �L$� ��)#�* @���C �7SiC  �2TiSi  �7

�����r ��)#�* @���C ) �F ������F30-0 .(���G $?� O-7 @��-� E�	�2SiC3Ti )56  u�Lg� ��?�	G !�-L�C �7 (���G $?�
 �-6�� 4-�	� �7 �?��d3TiC/2.2Si  ���� ?�ºC1350  !� �71 &���� ��	��� v-I9� ?� .�A >�� �7 >C��4 ]27>�#�t��� [

 #�* +,� ��)TiC-2TiSi-2SiC3Ti h� �7 �?�^	" ����'d �F�" ��(SPS)  .�	� �
�� l'% m��	F >9�TiC  (� @���C �7
7 	7?�7 	8�C ��L-�� #� �F�_6 ?�7 ��	�� �C � (-
�'d 5,F 	--_� v�	q  	r� �*	;����� j���� ��)2SiC3Ti ?��� ��	7  	--_�

���� @-�� @�	-7 � 5,FO��?�,�) � �c�-6 .�	� 5�C �)5 ]28[ >�#�t��� ��)2SiC3Ti–SiC–TiC &	d �7�"?� ������ �	�  #�
                                                            
1 hexagonal 
2 Kink band  
3 Kero et al. 
4 Magnus 
5 Liao et al. 
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 ��)?��dSiC �C  � (>-*�	�)2TiH @A .��	� �
�� �-6�� ���� @���C �7�)  ���
9� O���*� �7 �� �
*��?�SiC �� ?�I� ��-6SiC 
����� >�#�t��� ?��� O���*� �)>�#�t��� ��"?� �
�� �?�� ?� �;6�R� E��Q .7�� ��)SiC -2SiC3Ti h� v�	q #�&	d �F�"

>�#�t��� �O)�ed E�� ?� ��? E�� #� .F ����� ������ �	� ��)SiC–2SiC3Ti &	d J�? �7 E-7 O���� v�	q #� �	�TiC  �Si 
 �7>�.� >�.� 	-rw� �� �F �
%�� hL
g� ��)TiC:Si >�#�t��� �#�* 4-�	� � �
�� 	7 �� .��F ��?	7 �	� &	d ��)

 ��	7 hL
g� �	
��-��
��TiC �  Si �F <�g
�� 3TiC:3Si) �3TiC:2Si �(3TiC:1.5Si .  ���� �,-��,� !�8g�� � ?�
%����?
I� �� ���% ��,9
�� � >.,F ���	IQ �#	,�� �
g��R.�
*	� ?�	^ ��?	7 �?�� ��  

2- ��&'� (�) � #�
�  
 "#��*$+
,+ ���  

 �?��� ?��dTiC  !�?a �#���)>5  0�L% �	
��	,-�<99%�  (Merck �Si  !�?a �#���)>2  0�L% �	
��	,-�<%99� Sigma 

Aldrich �6�� >�.� �7 (3TiC:3Si� 3TiC:2Si  �3TiC:1.5Si >�#�t��� >%�� ��	7 �-6�� ���� @���C �7 ��)SiC-2SiC3Ti  .���7
u�Lg� !� �7 �?��d ��)1  >C	� �7 >C��250 (�% ?� �L$�G <�/�� .�F <�-�A :����� ?� �I-^� ?� ?�� !� �7 E�24 

 ���� �7 >C��ºC70 ?��* >9� �F ����A u�Lg� +t� � F (�% MPa 35 �d �
-*�	� 46�^ (� ?��-F  ?�7 �	
-� �7 �F
&	d ��A	* .>*	� ?�	^ �	� &	d >9�����# ����	7 (� v�	q #� �	�-  ���� ?� �?���� 5��F �����ºC1350  !� �71 

 <�a #� �	-��L" ��	7 >C��Si  �� ��� O���*� +t� �ºC1500  !� �730  l'% >9� 	H.���?� �I-^�pa 2-10 × 5  ��	7
.F ����� 5��� O6��Q 

 $./���0��  
����� �#�* 5-L9� � �����J�	d m��� �
�#�t��� ��)����� ?�
%����? �;6�R� ��	7 .F ����� +,�� ��	d y�� �
�#�t��� ��)

h-q m��� 	$��C ���-�-F 5-L9� � ����� .F ���H
�� ��7�? ���	
,6� z�,��	,-� #��� �Y	�� ����	d ���� J�? .F ���
�#��� ��	7 &-�F?������ �	)�{ �6��Q �	-��q�/ m-9� @���C �7 	RI� <A #� ���H
�� �7 �)�?���
�� &��� 	7 ?�  

ASTM C20  �6��;� #� ���H
�� �7 ��.� �6��Q .F ���H
��1 :F ����9�  
RD = 

�
�

��
×100                                                                     )1(  

 @A ?� ��RD 6��Q �>�� ��.� �b�  � �	)�{ �6��Qt� u�Lg� @���^ #� .>�� �	p� �6��Q�	p� �6��Q E-�g� ��	7 �) 
>�#�t��� �6��;� &��� 	7 �) >�#�t��� 5gLg� .F ���H
�� �)2 :F ����9�  

P = 100 – RD                                                                     )2(  
 @A ?� ��P $?� >�#�t��� ?� 5gLg�.>�� �F �	� &	d �)  

����� ��;7� �7 �)3mm 3 × 4 × 25����� #� �
7� ������ �,-��,� 0��% �;6�R� ��	7 �-6�� ��) .�F ���� J	7 �F �
%�� ��)
�RI� �� ���% ��,9
�� >.� � �F ���� 5I-$ ����6� 	-�% �7 ����� +t���1  �?���
�� &��� 	7C1161 ASTM �����  .F

�RI� �� ���% ��,9
�� �6��;� �7 ��3 :F �7��#?�  
S = �

�

�	


��
 ̀                                                                         )3(  

 @A ?� ��S �RI� �� ���% ��,9
�� ��(MPa) �h  }�H�?� 	7�	7(mm) �P �F :��C� ?�7(N)  �b  ����� ~	C(mm) �L  �L$�*
 �� >�� �	7?�720 �L-� �?�=�?�7 >C	� � >�� 	
�1/0 �L-��#��� ��	7 ����� 	) #� J	7 ?��Q .>�� �I-^�	7 	
��	-� 
��9 ��,

����� #	,�� �
g� �E�� 	7 ��'C .�
*	� ?�	^ O���#A �?�� ���% �6��;� ?� �� ?�R���) �)4  �?���
�� v�q �>�� �F ����
ASTM E92 
�� �7 ��	-�#� ���H49  �?���� @��# �7 #	,�� ���?�	* �����-�15 �#��� �-��r.F �	-�  

�= 1.854 �
��

 �                                                                     )4(  
                                                            
1 Zwick Roell 
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�

 @A ?� ��VH  �>�� #	,�� �
g�d  � ���?�	* m��� �F ����� u�R% :�q E-���-�P  >.,F ���	IQ .>�� �F :��C� ?�7
������#��� �7 �).F ����9� K	� :�q \-I
.� �	-� �#��� #� +d��LI-$ ��R� ��? ��
*?�	* m��� #	,�� �
g� �	-� 

����� >.,F ���	IQK	� �F�7 �*�� ��
*?�	* ��	-� 	�� .F ����9� �)�F��?� �C�;F ��)�� ����� �LI-$ ��R� ��)
 �7 .��F�#���K	� :�q �	-��?�� z�,��	,-� m��� �)1����� >.,F ���	IQ � �6��;� #� ���H
�� �7 �)5 �� >�� �7:�A  

��� = 0.016 [ �

��
]0.5 [ �

����
]                                                         (5) 

@A ?� �� 1CK  �>.,F ���	IQVH  �#	,�� �
g�E  �(-
��� :��P  � ��
*?�	* ?�7C ���-�K	� :�q E-.>�� �)  

3- 8'0 � :���+  
����� ��) ��.� �6��Q ?�I� �7 �)100  ���� � �A >�� �7 $?�3 @��� �� ��F \��	
� 5��� ?�q �7 ����� \��	
� ��)�

>�#�t��� ��"?� �
�� � >gd �q ?� �6�C @F�� ������ �	� &	d ��A	* �7 �) �� �
^� .F�7��� ��SiC-2SiC3Ti  J�? �7
�� �
�� �"?� �6��;� v�q @�,-L-� � ��-��
-� -7?�� E-7 ����7�" O���� ���F6 �� :����] ��F29:[  

3TiC + 2Si  �  Ti3SiC2 + SiC                                                          (6) 
 5,F1  ���� �� �#�* ?�����Ti-Si-C �� @��� �? .)�O���� E-7 :�8�� m% ���	^ m%��)� ��)Si  �TiC  ��7A �RI� � >��

O���� :�8�� �RI���)� ��)Si  �TiC  !��-�	� �72SiC3Ti  �SiC ��O���� 	�� .F�7��)� �6��;� �7 v7�R� 5��� !?�$ �7 �)
6  !��89�#� ��-�	� ���F S	8�2SiC3Ti  �SiC �7 �7A �RI� ��? ��	" :��;� 5-6�  ��L$�G 4-�	� � >*	� )��% ?�	^

 5,F ?� �� >�� �	
��-��
�� 4-�	�1 .>�� �F ���� @���  

  
 ���1: �� ��	 
���� 
� ����� ���� �� ���� Ti-Si-C.  

>�#�t��� #� +,�� �;F� J�	d ��)��6��"?� �F �
�� ��) SiC -2SiC3Ti>�.� �7 �O-d #� hL
g� �6�� ��) ��)#��Si �TiC 
&	d J�? �7 ���� ?� �	�ºC1500  5,F ?�2  �-6�� �6�� >�.� �7 ����� J�	d ���6� .>�� �F ���� @���3TiC:1.5Si  5,F)

a2(  ��)#�* ?��G2SiC3Ti �SiC �TiC  �3Si5Ti �� @��� �?.)� (-d !��-�	� �7 u�7	� ����� E�� ?� 46�/ ��)TiC  �SiC 
 #�* �Q	�� .>��2SiC3Ti  >�.� �	�# >�� \� @A ?�I� �>�� �F 5-,�� �-�3TiC:1.5Si  #�* .>.-� �	
��-��
��TiC  ���� ��

	-/ >�.� 5-6� �7 �c�" ����� 5-6� �7 �,L7 ��F 	�a �	
��-��
��2SiC3Ti �� �^�7 ����� ?�
%����? ?� 5,F v�q .���b2 �
 ��)#�*2SiC3Ti �SiC �TiC  �3Si5Ti J�	d h-q ?� �;F�  ����� +,��3TiC:2Si  	8�C .�F ������FSi ?�  �q�7	� J�	d ���6�

                                                            
1 Eclips MA10 
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��� ����� ���F @��� �� >�� @A ��)�Si >�#�t��� � >�� �F S	8� �	� &	d ��A	* :�q ?� 5��� ?�q �7  
SiC-2SiC3Ti  �	
��-��
�� >�.� <�g
�� ��-
� ?�3TiC:2Si �� 5-,�� .��F  

 #�* �7���? ���"� E�� �7TiC �� �? ����" #�* (� @���C �7 �c�" ����� �7 @���2SiC3Ti .>.��� m��	�  ��"�TiC  ?�
>�#�t���?�
%����?�� �? �F �	� &	d ��) �7 @���(h6�) TiC  � ���� O����(<) TiC #� �F��  �����2SiC3Ti  ?� .��� >�.�

-*�	� 46�^ ?� 0�% m��	F >9� �� >�� �F J?��� !�I-I9� �%	7��
 2SiC3Ti �� �7 	�# O���� v�q ����TiC  �SiC 
 :��;�) ��F �����7] (18:[  

Ti3SiC2 + 2C  �  3TiC + SiC                                                                                                       (7) 
] O��?�,�) � 	���)30-31 ��) (-��	� ��"?� �
�� �?�� ?� �I-I9� [SiC-2MoSi  ��" >6�G ����7�" O���� (� v�	q #�

 E-7Si  �C2Mo @A .���� ����� �� ���� @��� �)Si  5%�� ?� >C	� �7C2Mo �� a�H� � ��C3Si5Mo  @A :���� �7 �2MoSi  �?
�� 5-,�� K	
�� 58* ?� E7	� �*�� ?�I� �>���� ?� .)�C3Si5/Mo2MoSi �� a�H� ��? E�� #� .��SiC ����" �7 }�	F ��#
�� F? � E-7 O���� \.-��,� .��Si �TiC �7 �-�F �	N�G �Y�	d ?� �C2Mo  �Si .>��  O���� �?�� ?�TiC  �7SiO���� � ��)

:)� �? >�� E,�� 	�# 
TiC + 2Si = TiSi2 + C      �Gº = 41.12 KJ/mol                                                           (8) 
TiC + Si = TiSi + C       �Gº = 36.21 KJ/mol                                                           )9(  

5TiC + 3Si = Ti5Si3 + 5C   �Gº = 234.97 KJ/mol                                                        (10) 
TiC + 3Si = TiSi2 + SiC    �Gº = -19.64 KJ/mol                                                               (11)  
TiC + 2Si = TiSi + SiC     �Gº = -24.55 KJ/mol                                                         )12(  

5TiC + 8Si = Ti5Si3 + 5SiC  �Gº = -68.83 KJ/mol                                                               (13) 
 ���� ?� �?���
�� +�-� ��#A �Y	�� 	���I�ºK1600 ����9� ] >�� �F29�)��� �� ?�R���) .[ �� �6��;� ?� �Y	�� ?�I� -��

13 \���7 .��7 )��% 46�/ O���� E�� � >�� ?�I� E�	� ��)#�* E��	7SiC � 3Si5Ti O���� @�-� ?� >��6�� �7 E-7 ��)TiC  �
Si �� 	)�{ �>���� ?� .��F3Si5Ti  m���TiC  ��Si �� S	8� #�* � ��F2SiC3Ti �� 5-,����F ]29O���� .[ �F 	�a ��)

�� @��� ��7 ?� #�* �
�� �� )�3Si5Ti �� !��-�	� 5-,�� ?� ����� OI� ����2SiC3Ti �� �H��] �^�	6� � ���?�7 .��32 [
����" �� ��	� �����-d��#  F? �2SiC3Ti  #�* ?�3Si5Ti �� �? 5-,�� \.-��,� K?� �7 ~	* E�� .)�2SiC3Ti  �SiC  (��

��.��  5,F ?� �F ���� @��� +,�� �;F� J�	d h-q &��� 	7c2 ����� �3TiC:3Si  ��)#�* 5��F2SiC3Ti �SiC �Si �3Si5Ti 
 �TiC  >�#�t��� ���6� E�� &��� 	7 .>��SiC-2SiC3Ti  >�.� #� 5$�G3TiC:3Si  5��FSi ��#A �� @��� �� >�� ���� �� )�
Si S	8� ��A	* :�q ?�  #�* .>�� ���TiC  ����� v�	q #� �� ��?�� ��"� �
���%�� #�* (� @���C �7 �-�Si  �� � 	-g�� 5-6� �7

 ��"�TiC ���� O���� >�� �F 5$�G �	� &	d ��A	* #� +d ]29 �~	* E�� &��� 	7 .[50  �6�� $?�Si  ?��d �7 �*�N�
m��	F ?� �F �*�N� �	� &	d #� 5�^ �-6��  ����� ��	7 �� ��7���3TiC:2Si  E�� .>�� �F <�g
��Si  >�� E,�� �*�N�TiC 

 ����� � �� S	8� �?Si �? ���F 	-g�� @F <�a 5-6� �7 	��  � ����� �7 �"�� �7 �:�G E�� �7 .�� @�	�" ������ ��A	* ?�
 #�* �+,�� �;F� J�	d 5-L9�TiC >*�� ����� 4-�	� ?� #��) �
���%�� �� ����� 5-6� �7 �� ���FSi �c�" ����� 5-6� �7 �,L7 �

2SiC3Ti ]29[.  
����� ?�
%����? �;6�R� ��	7 >.,F �R� �\��	
� � �F �
�� ��)>�#�t���>�.� �7 �) hL
g� �6�� ��)TiC  �Si  m���

SEM  5,F) >�� �F ��?	73 5,F ?� �� ?�R���) .(b  �a3 �)��� �� ���F2SiC3Ti ?�
%�� (� @���C �7  ��� � �-��
 ����� ?� ���3TiC:1.5Si !�?a @�-� ?� �SiC @���C �7  � ���� >��I� #�*TiC �� ������F 57�^ ���� �^�7 ���6� &��� 	7 .>

����� 5-6� �7 ������ E�� �7 u�7	� +,�� �;F� J�	dSi  	-/ 4-�	�)��)#�* ���
9� �(�	
��-��
�� 2SiC3Ti  �SiC  �F 5-,��
 E-�i�) .>�� \� ?�
%����? E�� ?� �-�� ��)#�* ��;� E��	7��7 .>�� \� ����� E�� ?�TiC O-7 ����-^�7�	�  >�#�t��� E�� ?�

�� �)��� .��F  
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�

  
 ���2��� :� � ���� ���!�"� ������� ) #�� $�% &�!a) 3TiC:1.5Si '3TiC:2Si (b( ) *c) 3TiC:3Si ��� 
�� C�1500.  

 5,Fd  �c3  ����� �7 u�7	�3TiC:2Si�� @��� �? ����� ?���)�� �RI� �R� ����� @A ?� �� )� ��)2SiC3Ti  �-�� ?�
%�� �7
�� ������F �
G�? �7 ��� ��� � 5,F �7 �.��I� ?� .��Fb  �a3 #�* ?�I� �2SiC3Ti  -���) >�� �
*�� O���*� >�#�t��� E�� ?�

O-7 5-,�� 5-6� �7 �E�� 	7 ��'C .(+,�� �;F� J�	d ���6� m��� �F #�* 	�SiC ���� F? �� ��)2SiC3Ti �? �� ?��� ���
�� ����� ���� �#�3TiC:2Si \� ����� #� 	�3TiC:1.5Si >�#�t��� ���� �#��� .>��	��8� 5-L9� � ����� J�? m��� �)1   E-�g�

�	� E�� #� ���H
�� �7 �� F ��#���� �#��� ����9� �7 #��� ?��*� >�#�t��� (�� �7 �)	���8� SEM ������� �) ���� �#��� .F�7
>�#�t��� ?� �) :�"1  !�?a ��-�� @�	-7 .>�� �F J?���2SiC3Ti  !�?a .>�� �)��� 57�^ �-�SiC  �>.,F �R� ?�

 ��-�# ?� >%���,� ?�q �72SiC3Ti  !�?a #� �%	7 � �F ��#��TiC  �� ?�R���) .�F 5$�G ��-�# #�* �c�" ����� #� �F��
�,��	,-� m��� �F �
*	� 	��8�?�z ��7�? ���	
,6� ����� �LI-$ �R� #� �� �
��	7 3TiC:2Si  5,F ?� �F ���� @���)

4�� �)��� ( ��) ���� �-��2SiC3Ti �� 5-,�� �? -H� �-G�� �-�� �� ?�9� \) 5,F �7 n�? ��-� ��)#�* .�)�SiC  !�?a �
 	
,Q�� �	
.��%TiC ?� �� ?�R���) .�
.)  5,F4  ������F �>�� �F ���� @���SiC  �7#�* @���C  � n�? ��-�TiC  �7

 ����� ?�
%����? .F >7�r �	8�C 5-L9� � ����� �7 �-� �	
.��% !�?a @���C3TiC:3Si  5,F ?� �F ���� @���f  �e3  @���
��-� !�?a �� )� �� SiC  �	
.��% �TiC  ��-�# ?�2SiC3Ti �F ��#�� ��� ��� � �-�� ?�
%�� �7 >�#�t��� E�� .��

(3TiC:3Si) >�#�t��� 	��� �7 �.��I� ?� �) 3TiC:1.5Si) � (3TiC:2Si������? ?�
%����?�� @��� �? ��?� ��)�� E-�Q .)�  �#���
 ?��G �7 ����Si  ��)#�* ?��� ?� ?�
%����? ?� ��#ASiC  �TiC �� ���� >�.� .��FSi  ����� +,�� �;F� J�	d ���6�?� ��#A

 ?��d ?� �*�N�?�I� 5-6� �7 ��q�7	� Si @��-� �7 �-6��50  �6�� $?�)>�.�(3TiC:3Si  �� ������F >.,F >6�G �� 	) .��F
���� @�?����� E-7 � ��>�#�t��� ��) ?� ��>�.� �7 �) ��)?��d hL
g� �6�� ��)TiC  �Si �� �)��� .��F  

���I������ #	,�� �
g� 	 �
�#�t��� ��)3TiC:1.5Si �3TiC:2Si �3TiC:3Si   5,F ?�5 �#��� �
g� 	���I� .>�� �F �c�?�
 #�* +,� ��	7 �F J?��� ?�I� #� 	���7 v-I9� E�� ?� �F �	-�2SiC3Ti  ��G)GPa 4�� (] F�716.[  ����� ?�TiC:1.5Si3 �

^�7 �7 �"�� �7� #�* ����TiC �6� �7 ����� ?-5 �	�-4 /-	��
��-	
��� 
g� �� ��7� ��E #�* ) GPa35-28] (36-33[ �i�) �-E 
����� c�"� 2SiC3Ti
g� ��  ��G) >�� ��7 �����GPa 14.(  

                                                            
1 ImageJ software (version 1.44) 
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��� 3: +�� ��*SEM ���� ,-�� /46� 74� �� #�� $�% &�! ���(a,b) 3TiC:1.5Si '(c,d) 3TiC:2Si *(e,f)  3TiC:3Si  
�

����°C  1500.  

 8*�91,��;��< ���� #����� :.#�� $�% &�! ���  
,��;��<  (�=�*��>�) ���� #�����  

3TiC:1.5Si 0,384 � 4,356  
3TiC:2Si  0,269 � 3,705  
3TiC:3Si  0,302 � 3,126  
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�

��� 4:  ��+�E��*��>�  F>G * �=H%�� �H�*
 ��*�=���EDS  74� ������ �I6>J 3TiC:2Si.  

 ����� �?�� ?�3TiC:2Si�� �? �
g� O���*� 5-6� ��q�7	� +,�� �;F� J�	d ���6� �7 �"�� �7 � >g� #�* 5-,�� �7 @���SiC 
 ���a �
g� �7GPa 28-24 ]41-37[  #�* �7 ��	�)TiC  ����� ?� .>.��� m��	�3TiC:3Si  #�* @��� �^�7 5-6� �7Si  �7 ��	�)

 >g� ��)-7?��SiC � TiC �7 � �
*�� O���*� �
g� �GPa 10  @���*� .>�� �-�?Si O-7 #�* 5-,�� fC�7 	�SiC  �
g� �7
 @���*� �7 .F ��7 ���aSi O-7�� �? ��d �� �>�#�t��� �7 	�) :)�1 #�* 5-,�� (SiC O-7) � 	�2 ?�
%����? (� �7 �7�-
�� (

 5,F .������?6 �RI� �� ���% ��,9
�� 	���I� ���� ?� �F 	
�-� / �"?� !?�$ �7 �F �
�� ��) ����� ��ºC1500 �?  @���
���RI� �� ���% ��,9
�� �5,F E�� &���	7 .)�>�#�t��� ���
�� ��)  �"?� !?�$ �7 �FMPa 410  ��	73TiC:1.5Si� 

MPa 416  ����� ��	73TiC:2Si  �MPa 576 ����� ��	7 ��)3TiC:3Si �� �6�� ?�I� O���*� �7 .F�7Si �� ���% ��,9
�� �
�RI��� O���*� �� #�*?��G 5-6� �7 E�� .7��Si O-7 5-,�� � ����� ?� ��#A #�* 	�SiCF? #� ���� �� � ���� � �F ��-�# ��)

�� 	���? ?�
%����? ����� �7 	���.��F  5,F7 >�#�t��� >.,F ���	IQ�
�� ��) >�.� �7 �? �F hL
g� �6�� ��)Si  �
TiC �� @���>�#�t��� >.,F ���	IQ 	���I� .)� 	7�	7 �)1/2MPa.m 2/7  ��	73TiC:1.5Si� 1/2MPa.m 7/7  ��	73TiC:2Si 

 �1/2MPa.m 1/10  ��	73TiC:3Si �#���.F �	-�  �Q?�t,� #�* +,� �� >�� 	�a �7 �#�2SiC3Ti  >.,F ���	IQ ��?��
 ��G1/2MPa.m 6 ] >��1>�#�t��� >.,F ���	IQ ��? E�� #� .[O-7 �) #� 	�2SiC3Ti .>�� ��� >��I� �� 	p� �7 �� �?

	-r�� ���� �#��� �RI� �� ���% ��,9
�� � >.,F ���	IQ ���� �,-��,� 0��% O���*� 	7 ��"�� 57�^.�?�� ��  

  
��� 5: ����* �=�� ���� #�� $�% &�! ���3TiC:1.5Si '3TiC:2Si  * 3TiC:3Si ���� 
�  °C1500.  
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���� ��-�� @�	-7��-��,� �<�;��� � @�# 5d �@F ��� ��� ����?�% K	� ��) >.,F ���	IQ O���*� ��	7 ����� ��)

 ��) >�#�t���SiC-2SiC3Ti  ?�I� O���*� .�
.)Si ���% ��,9
�� O���*� �7 	��� �RI� ����  ��-�# �7 �7�-
�� �2SiC3Ti 
���� �7 	���? ��7  5,F ?� �?�
%����? !�)��� &��� 	73 ���� �#��� � :�" ?� �F J?��� ��)1 �� �7 �"�� �7 .��F

 ?�I� �Q 	) �>�#�t��� �� 	) 5��� O6��QSi O-7 >.,F ���	IQ �7�� O���*�>�#�t��� ?� �	�!?�$ �7 �F �
�� ��) 
�� ?�p
�� �"?� @���*� �7 .��?Si O-7 �	�SiC O-7�� 5-,�� ?�
%����? ?� �	��� ���� �#��� O)�� fC�7 �� ��F �#��� .��F

�� >.,F ���	IQ ����7 fC�7 	���? ���� ���� >g� ��)#�* ��"� �E-�i�) .��FSiC  �TiC 	��� >�#�t��� ?�
%����? ?�  �7
\.-��,� �%	7 � K	� S�	9�� �K	� <�;��� ���� +�*�� ��)�� K	� ?���.��F    

  
��� 6: �46� �� �H�K $��L=�� ������ #�� $�% &�! ���3TiC:1.5Si '3TiC:2Si  * 3TiC:3Si ���� 
� °C1500.  

  
�� �7:  ,-�� ����6M���� #�� $�% &�! ���3TiC:1.5Si' 3TiC:2Si * 3TiC:3Si ���� 
�°C 1500.  

4- $=��+����  
#�t����>�)� SiC-2SiC3Ti ����� �	� &	d J�? �7 � �
�� �"?� !?�$ �7� �)?��d #�� 6��-� TiC  �Si #�	
� ?��d .�FTiC  

� Si >�.� ?��)� 6��� 3TiC:3Si �3TiC:2Si � �3TiC:1.5Si ��� ?� � �F u�Lg� �ºC1500 ?��* >9� MPa 35  !� �730 
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^�-�I  �	� &	d�F6��Q .� �.�� ����� �����)� #�t����
 �SiC  ?�I�100 ��	�) $?� ��,� 0��% �7-,� 6�C�  	B��G .��7

g�� ��#	, ����� �7 vL;
� 3TiC:1.5Si )�	�-4 /-	��
��-	
���?�I� �7 ( GPa 2/14  m��� �� >��TiC ^�7�����  ����� ?�

��� ��� c�"�  #�*2SiC3Ti N��-� �	7 .>�� �F �����  �����3TiC:3Si#�* ?��G �7 � SiC 7-O	� ? ?���?�
%��� �( #�t����> 
?������ �# �7-�� 2SiC3Ti ��% ��,9
�� �� �A >�� �7� ��	IQ �� ��*� �? >.,F�O .��� 

�+�#)%> � �?��  
�� 4"�� ��% 	7���	��� ����^ ��� 	
�� ��^A <��" #� �? O��% ����?^ � 	,�� 4��	� �� \���  ���#�.6� !��G# &�d �7

 E�� :�q ?� @����>���G � �?�������)�? � �) �'C� �? ����?^ � 	,�� :��� �Y�	d E�� ����� 5G�	� ?� @�F��F#?� ��)
.\F�7 ��	� @�	�" �? @���� !��G# #� �,Q�� Og7 �C���� E�� �c�?� �7 \���
7 �?��-�� .\���	* 
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Synthesis and Sintering of Ti3SiC2–Sic Composites 
through Reactive Hot-Pressing of Tic and Si Precursors 
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Abstract: MAX phases are an attractive class of layered solids that have recently attracted a 
great deal of attention due to their unusual and unique composition. The ternary compound 
Ti3SiC2 is an example of a material that combines the properties of ceramics and metals. As 
a ceramic, they are high stiff. Some of them are resistant to oxidation, creep, fatigue, 
corrosion. They are extremely refractory and have a high melting temperature. Also, their 
strength remains stable with temperature. When considered as a metal, this compound is a 
conductor of electricity and thermal and is not prone to thermal shock, has easy machining 
with a variety of modern tools, is relatively soft and also has high chemical resistance. 
Combining SiC with Ti3SiC2 for fabrication the composite is an effective way to improve the 
high temperature properties, because SiC as a reinforcing phase has good oxidation 
resistance, high hardness, abrasion resistance, and in addition, it is compatible with Ti3SiC2 
at high temperatures. Fully-dense Ti3SiC2 –SiC composites were in-situ synthesized and 
sintered through a reactive hot-pressing process using TiC and Si powders with different 
molar ratios of 3TiC:3Si, 3TiC:2Si (stoichiometric composition), and 3TiC:1.5Si. Phase 
characterization of the hot-pressed specimens was performed by X-ray diffraction (XRD) 
analysis, and the microstructures were studied by scanning electron microscope (SEM). The 
mechanical properties of the hot-pressed composites were investigated in terms of Vickers 
hardness, fracture toughness, and flexural strength. It was found that the in-situ synthesized 
SiC particles, with platelet morphology, have been distributed in the in-situ formed Ti3SiC2 
matrix. The highest Vickers hardness belonged to the 3TiC:1.5Si sample with a value of 14.2 
GPa, related to the presence of SiC and residual TiC phase in the microstructure. The flexural 
strength enhanced with increasing the molar value of Si, due to the presence of the free Si 
phase in the sample and the further formation of the SiC phase. The 3TiC:3Si sample 
achieved the highest fracture toughness of 10.1 MPa.m1/2 and the highest flexural strength of 
576 MPa. 

  
Keywords: Sintering, Ti3SiC2 MAX phase, SiC reinforcement, Reactive hot-pressing, 
Characterization, Mechanical properties. 
 


