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Abstract 

Titanium was improved surface properties by mixing acetylene and ammonia 

gases for 2 hours at temperature 1250 �C. The flow rate of acetylene was set 

constantly at pressure 0.4 cm
3
/s but ammonia was varied flow rate range 0-12 cm

3
/s.  

By using an X-ray diffractometer (XRD) and an energy dispersive X-ray (EDX) analyzer, 

TiC, TiN, TiC0.7N0.3 and TiC0.3N0.7 phases with the corresponding elements were 

detected. Knoop hardness (HK) of the sample was at the highest when it was 

processed in only acetylene. Their hardness values were decreased, but their surfaces 

became rougher, due to the increase of ammonia flow rates.  

 

Keywords : TiC, TiN, TiC0.7N0.3, TiC0.3N0.7, Knoop hardness 
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���������3��7�	 0-12 �6���'�(�C��
�����7��
����  0����4��+�
�������7�	���
�$����( XRD 

��� EDX %���� TiC, TiN, TiC0.7N0.3 and TiC0.3N0.7 
��$���	C,"	���������  ��="��+������
$�����2	����
��� Knoop hardness (HK) $7�$�����2	
6	
����="���7����
��� 
��������� 
���0����4�$7�$�����2	0����	��="�����������%
"��,4������	��$������������,4����� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



�������	
���
��� 1 

�	������������� (Executive Summary) 
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����	��������	��!�
�����!��
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                  (��'�����+'): Improvement of Surface Properties of Titanium by Direct 

Metal-Gas Nitridation 

 

1. ���������,��-�/&������0,�� 

������������
��#�������$
����%�������&���������������'*��%������!*��+!��

���������
     ��6$��9����#�������$
�;��
!�<�!��  
��=>���	��
�!�����&�����	���&��%�

?����&�� J   !�&��������������������=�<�>�%�������LO��%����%�����������&�������	� ����

��&� ;��
��������6�;��
�6����&���$9>��	�   *6=�����
&;&�����>�%����������Q���������������

�������  

��������
������+(TiN) ��������
;��+�
�+(TiC) !����������
;��+�
������+

(TiCN) ��#���������
��$�V�9	��	����&�
�;��
!�<�!��  ����'*����������
������+��#���$�V�9	�

�	����&����&�����Q���� 
�9�����
�����V� 
��=>���	��
�!��
�����������
������� ��W����

�����
��������
��������
������+��$���
�	� �<��&� Physical Vapor Deposition (PVD)  

Chemical Vapor Deposition (CVD) Thermochemical Method  Cathodic Arc Evaporation 

!�� Plasma nitriding ��#���� �>���	
 ��W� DC Plasma nitriding[1] 9�%�� stainless steel ��#� 

substrates  ����>���$;��
�&��Z	��+!���>��	����\���$�&�� J �	� !��%��!�"�������9���#�!��&�

����������9�  9��������;����+;��
��������������Q���������
����
����&�������$�
&���

�;�6�
�	
�����$�&������;�6�
!���%��&��!�����
�^ 500 ��
����������
 ;&�

�	
������W�_���;��
����������������$�;�6�
������&����<�����	�!�&��	�9�� 500 ��
��

!��� 
�;&�%����;����	� �	$�!����&��`�+
��$�;�6�

�;��
����
&
�� ��W���=9Q���
���>���	
��$9�

�>���%�������$�
&��������������
���	�   ���9����W���=!����	�
����
������	��;����+ TiN ���


�� �	���&� ��W� Atomic-layer chemical vapor deposition(ALCV)[2]  ���%�� p-type Si(100) 

!�� SiO2/Si ��#� substrates !��%�� !�"� TiCl4 �	
 NH3 ��#�!��&��>����� Ti !�� N 

��
�>��	
  ����>���������%��&����^�?V
� 300-500 �C  9����������*
�&��	������

���
����� TiN �`�+
�Q=���V&�	
��^�?V
���� substrates !�� pump-down steps !�&��W���=����

���!

���������*6$���$9��>�9	�!�"� Cl �*6$��
&%�������	������&��V���9	�  �	�
������W���Q$���$

���
%���	�
���>���	
����	��;����+�̀�+
 TiN ;6� Sputtering |Q$��L99�
	���
��}��$9�����%�

���	
�����������!��� �	���&� O.Sa’nchez !��;^�[3] ���*	~����W����%�
&%�����	��;����+ 



TiN Nanotructures ���%�� Anodic Alumina Membranes(AAM) ��#� template substrates  

!��%����������

�����W�_ 99.995% ��#� target  %��!�"�������9���#��	��>����������  |Q$�9��

������;����+*
 nanotubes ��6� nanohills ���
� diameters  ��V&%��&�� 20-50 nm !�&���&


�V���9	��
&�������
;��
!�<�!����������$�	��;����+��� !�&�<}6�����&���#����
�����

�	��;����+��W�%�
&��$��
��}��V� TiN %��	��^���$��#� nanotubes ��6� nanohills ���  ���9��

��W�����	��;����+��$��&��
�!��� Agnieszka Maranda-Niedbala, Robert Nowakowski[4] ���

ZQ��� Atomic force microscope(AFM) ��������������	��^����*6=������������
������+

��$���9����������
�����W� glow discharge ��$��^�?V
� 730, 850 !�� 1,000 �C  
�!�&�

��=����������
��������
 *
�&���$��^�?V
� 850 �C ��������
��$�����Q=�
�;��
��#���6=�

������	�
����$���  

9����$��&�������������	��;����+�����W� PVD ��6� Plasma nitriding ���9��9�%�� 

Substrates ��$��#� Stainless steel !����	���9	�
�����&
�<���
%��������
��������
�����#� 

Substrates ��&� D.Nolan !��;^�[5]  ���*	~���

	����� Tribological  ��� Ti-6Al-4V ���

��W� PVD !�� Plasma nitriding  9��������;����+*
�&���W� Plasma nitriding ���� phases ��� 

TiN !�� Ti2N  !�&����	��;����+�����W� PVD *
�'*�� phase ��� TiN �*��� phase �����  

!��9����� SEM �	�*
����&���W� Plasma nitriding 
�*6=������$�
&�
$>���
�!��
� grain ��$

�������!�&��W� PVD �	=�*6=�����
$>���
�
�� J  |Q$�9��&����&��

	����� Tribological ������

�	=���&��!�&���  �>���	
;&�;��
!�<������W� Plasma nitriding 9�
�;��
!�<�
����&���W� PVD 

!��9����� cross-section �����$�&������;�6�
���!���*
�&���W� Plasma nitriding 
�;��


!����������&���`�+
�	
 Substrate 
����&���W� PVD   

�>���	
����������+%������������;�6�
��������
��������
������+
�����

��=����  9�%����#������ +̂%����%�����9>�*���	��9��!��!
&*�
*+  �	��	��
����  ��
�	=�

�;�6�

��;�6$������	
�&�� J  �LO����$�����Q=�9������;�6�
9����;��
������	
��Q$���&��	=�

��6$��9����99�����;��
�;����$����&�����̀�+
!���	�!�&���=������$}V��;�6�
  !��/��6�����

;��
��
��}��������^+%�����	��;����+  |Q$�9��&����&��������%������������� +̂�	=� J   

�V���9	�9Q�����>������9	��������;�6�
��������W���������	��������-!�"������� (Direct 

Metal-Gas Nitridation, DMGN)  |Q$���#���W������$������}V�!����#��������$9��&�����V&�����#�

��	����
   
�������
!�

���������
-���V
�����
 (�-TiAl)[6,7] ��$��^�?V
� 800-1,000 

�C %�
������Z��� NH3 *
�&������������
��������
������+ (TiN) ��$��^�?V
� 900 !�� 

1,000 �C !����������
�6$���$�
&�	=�%9������� ��&� Al2O3   Ti3Al  ��#����  |Q$�;���&��&�9�

��#���������Q$���$�>�%��������;����+��=������$�����Q=��
&!�<���&���$;��9���#�   ����	=��̀�+
���

��������

�;��
�������6�
�;��
�6����&����� !�&
�;��
��������&�����Q����
����&�

�����$�
&����>�������+
���������   ����������=�>�%���V���9	�;���&�}���>�����;�6�
���������W���� 

DMGN ������	�
�������������
!��������
��������
-���V
�����
  �&�9��>�%������



��������
��������
������+�*����	������  !���<;���&��&�9��>�%����������
��$�����Q=��	=�


������������	
!�&���=����
���Q=�  �
&�����  
�;��
�6����&�
����$��Q=���
�	=��&�9�
�;��


!�<�!��;��
������&�����Q����
���Q=�   |Q$�9��&���%����=������$�&������;�6�
�������

��W���� DMGN ��=��
���
�	
���%�����!��
�����%����%����������$��Q=�  !���V���9	��	�;�����

�&��
6$���9	����<9��=�!���9������;+;��
�V����$���	
����;�6�
���������������
�����W� DMGN 

!����;+;��
�V���$���9��&���}Q����*	~������;�6�
������������������
��
�	=���������

�6$�  !����
��}��$9��&�����V&�����#���	����
���������$9������������!���6$�������V&

�����Z�����&��� 
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�����������	� 
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��V� 
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���
�����������+ 
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���+� 

 

������������
��#�������$
����%�������&���������������'*��%������!*��+!��

���������
     ��6$��9����#�������$
�;��
!�<�!��  
��=>���	��
�!�����&�����	���&��%�

?����&�� J  !�&��������������������=�<�>�%�������LO��%����%�����������&�������	� ����

��&� ;��
��������6�;��
�6����&���$9>��	�   *6=�����
&;&�����>�%����������Q���������������

�������  

��������
������+(TiN) ��������
;��+�
�+(TiC) !����������
;��+�
������+

(TiCN) ��#���������
��$�V�9	��	����&�
�;��
!�<�!��  ����'*����������
������+��#���$�V�9	�

�	����&����&�����Q���� 
�9�����
�����V� 
��=>���	��
�!��
�����������
������� ��W����

�����
��������
��������
������+��$���
�	� �<��&� Physical Vapor Deposition (PVD)  

Chemical Vapor Deposition (CVD) Thermochemical Method  Cathodic Arc Evaporation 

!�� Plasma nitriding ��#���� �>���	
 ��W� DC Plasma nitriding[1] 9�%�� stainless steel ��#� 

substrates  ����>���$;��
�&��Z	��+!���>��	����\���$�&�� J �	� !��%��!�"�������9���#�!��&�

����������9�  9��������;����+;��
��������������Q���������
����
����&�������$�
&���

�;�6�
�	
�����$�&������;�6�
!���%��&��!�����
�^ 500 ��
����������
 ;&�

�	
������W�_���;��
����������������$�;�6�
������&����<�����	�!�&��	�9�� 500 ��
��

!��� 
�;&�%����;����	� �	$�!����&��`�+
��$�;�6�

�;��
����
&
�� ��W���=9Q���
���>���	
��$9�

�>���%�������$�
&��������������
���	�   ���9����W���=!����	�
����
������	��;����+ TiN ���


�� �	���&� ��W� Atomic-layer chemical vapor deposition(ALCV)[2]  ���%�� p-type Si(100) 

!�� SiO2/Si ��#� substrates !��%�� !�"� TiCl4 �	
 NH3 ��#�!��&��>����� Ti !�� N 

��
�>��	
  ����>���������%��&����^�?V
� 300-500 �C  9����������*
�&��	������

���
����� TiN �`�+
�Q=���V&�	
��^�?V
���� substrates !�� pump-down steps !�&��W���=����

���!

���������*6$���$9��>�9	�!�"� Cl �*6$��
&%�������	������&��V���9	�  �	�
������W���Q$���$

���
%���	�
���>���	
����	��;����+�̀�+
 TiN ;6� Sputtering |Q$��L99�
	���
��}��$9�����%�

���	
�����������!��� �	���&� O.Sa’nchez !��;^�[3] ���*	~����W����%�
&%�����	��;����+ 

TiN Nanotructures ���%�� Anodic Alumina Membranes(AAM) ��#� template substrates  

!��%����������

�����W�_ 99.995% ��#� target  %��!�"�������9���#��	��>����������  |Q$�9��

������;����+*
 nanotubes ��6� nanohills ���
� diameters  ��V&%��&�� 20-50 nm !�&���&


�V���9	��
&�������
;��
!�<�!����������$�	��;����+��� !�&�<}6�����&���#����
�����

�	��;����+��W�%�
&��$��
��}��V� TiN %��	��^���$��#� nanotubes ��6� nanohills ���  ���9��

��W�����	��;����+��$��&��
�!��� Agnieszka Maranda-Niedbala, Robert Nowakowski[4] ���

ZQ��� Atomic force microscope(AFM) ��������������	��^����*6=������������
������+



��$���9����������
�����W� glow discharge ��$��^�?V
� 730, 850 !�� 1,000 �C  
�!�&�

��=����������
��������
 *
�&���$��^�?V
� 850 �C ��������
��$�����Q=�
�;��
��#���6=�

������	�
����$���  

9����$��&�������������	��;����+�����W� PVD ��6� Plasma nitriding ���9��9�%�� 

Substrates ��$��#� Stainless steel !����	���9	�
�����&
�<���
%��������
��������
�����#� 

Substrates ��&� D.Nolan !��;^�[5]  ���*	~���

	����� Tribological  ��� Ti-6Al-4V ���

��W� PVD !�� Plasma nitriding  9��������;����+*
�&���W� Plasma nitriding ���� phases ��� 

TiN !�� Ti2N  !�&����	��;����+�����W� PVD *
�'*�� phase ��� TiN �*��� phase �����  

!��9����� SEM �	�*
����&���W� Plasma nitriding 
�*6=������$�
&�
$>���
�!��
� grain ��$

�������!�&��W� PVD �	=�*6=�����
$>���
�
�� J  |Q$�9��&����&��

	����� Tribological ������

�	=���&��!�&���  �>���	
;&�;��
!�<������W� Plasma nitriding 9�
�;��
!�<�
����&���W� PVD 

!��9����� cross-section �����$�&������;�6�
���!���*
�&���W� Plasma nitriding 
�;��


!����������&���`�+
�	
 Substrate 
����&���W� PVD   

�>���	
����������+%������������;�6�
��������
��������
������+
�����

��=����  9�%����#������ +̂%����%�����9>�*���	��9��!��!
&*�
*+  �	��	��
����  ��
�	=�

�;�6�

��;�6$������	
�&�� J  �LO����$�����Q=�9������;�6�
9����;��
������	
��Q$���&��	=�

��6$��9����99�����;��
�;����$����&�����̀�+
!���	�!�&���=������$}V��;�6�
  !��/��6�����

;��
��
��}��������^+%�����	��;����+  |Q$�9��&����&��������%������������� +̂�	=� J   

�V���9	�9Q�����>������9	��������;�6�
��������W���������	��������-!�"������� (Direct 

Metal-Gas Nitridation, DMGN)  |Q$���#���W������$������}V�!����#��������$9��&�����V&�����#�

��	����
   
�������
!�

���������
-���V
�����
 (�-TiAl)[6,7] ��$��^�?V
� 800-1,000 

�C %�
������Z��� NH3 *
�&������������
��������
������+ (TiN) ��$��^�?V
� 900 !�� 

1,000 �C !����������
�6$���$�
&�	=�%9������� ��&� Al2O3   Ti3Al  ��#����  |Q$�;���&��&�9�

��#���������Q$���$�>�%��������;����+��=������$�����Q=��
&!�<���&���$;��9���#�   ����	=��̀�+
���

��������

�;��
�������6�
�;��
�6����&����� !�&
�;��
��������&�����Q����
����&�

�����$�
&����>�������+
���������   ����������=�>�%���V���9	�;���&�}���>�����;�6�
���������W���� 

DMGN ������	�
�������������
!��������
��������
-���V
�����
  �&�9��>�%������

��������
��������
������+�*����	������  !���<;���&��&�9��>�%����������
��$�����Q=��	=�


������������	
!�&���=����
���Q=�  �
&�����  
�;��
�6����&�
����$��Q=���
�	=��&�9�
�;��


!�<�!��;��
������&�����Q����
���Q=�   |Q$�9��&���%����=������$�&������;�6�
�������

��W���� DMGN ��=��
���
�	
���%�����!��
�����%����%����������$��Q=�  !���V���9	��	�;�����

�&��
6$���9	����<9��=�!���9������;+;��
�V����$���	
����;�6�
���������������
�����W� DMGN 

!����;+;��
�V���$���9��&���}Q����*	~������;�6�
������������������
��
�	=���������



�6$�  !����
��}��$9��&�����V&�����#���	����
���������$9������������!���6$�������V&

�����Z�����&��� 
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  %����
���������� ���9	�!
&���#� 4 �	=����%�O& J �	�!���%�!��?�* 

 

2.1 Gas management system 

 

 

 

 

2.2  Specimen preparation 

 

 

 

 

2.3  Nitridation process  

 

 

 

 

2.4  Analysis 

 

 

 

2.1 �-

���!�;�����H� (Gas management system)      

%���������
�;��
9>���#���&����$���$����;�
;�
�	���������������!�"�     

�*6$���$9�%��!�"����%��	�����<��
$>���
�  !�"���$%��%���������
� 3 ���� ;6�  !�
�
����

(ammonia) ��|������(acetylene) !�����+��� (argon) |Q$�
�  Gas management system  

�	��&�����= 

 2.1.1  �����?"��
�����3�����*�� ��-��
�������;�	�����H� 

                        2.1.1.1  4����H� 

     ��#�}	����<����������&�ZV��+���� 20 cm �V� 140 cm ��
��}
��9�!�"�

?��%�������
�^  125  kgf.cm
-2
 �>���	
 argon gas   �&�� ammonia gas ��#�}	����<���$
�



�=>���	�
��9�!�
�
���� 60 kg �=>���	��	�}	� 60 kg �=>���	���
 120 kg �>���	
 acetylene 

gas 
�;��
�V� 80 cm �����&�ZV��+���� 20 cm 

 

            2.1.1.2  ��3���;��-��
�������;�	��H� (Gas  measure gage and 

control gage) 

      ��#��;�6$��
6��	�;��
�	�?��%�}	�!�"�!��;��
�	�!�"���$���9��}	�  ���


��	��^�!���&�������
   �	��V���$ 2.1 

 
�F��/&  2.1  
����	�!��;�
;�
;��
�	�!�"� (Gas regulator) 

 

                        2.1.1.3  �����?"��;��3�����*�������H� 

 
�F��/& 2.2  Schematic diagram ���  Gas management system 

 

   �������������=   ���9��9�%���>���	
�	��	��������� (flow rate) ���!�"�

!����	�9��&������ carbon monoxide !�� carbon dioxide   ����	=�;��
�6=�(moisture) !��



��������
�6$� J ��$�
&�������     |Q$�9��&���%��!�"�
�;��

�����W�_
����$��Q=�      �&����$9��&�

����������� (chamber) �&���     �>���	
�&�������
�&�� J  ��6�
�	=��
��>�����!���   ���

���!������%��V���$ 2.2 

 2.1.2  �������3�����*�������H� (Flow rate calibration)                     

             ��#�����	��	������������!�"�     �>���	
%��;�
;�
%��!�"�
����
�^;���$

��
��$������������>���������    �&����$9���&��%��!�"���������V&�������  9>���#���&����$���$

9����� calibrated  %��!�"�
��	�����������
��$�������    ���
��	=����%�������	��&�����= 

  1.  �&������ +̂  �	��V���$ 2.2  ������
�������� Dibutyl  phthalate  %�����

;�
;�
;��
�	�!�"� (pressure control tube)  ���
�^;��
�V�
����$������;��
�V�����

!�����
%�����!����V��	��V (u-shape) %��
����	
;��
�V��	=�����������
�^ 45 cm 

  2.  �&��&�*���������9���������9!�"���� (check-out tube) �����	
�&�

�����&����������	����
�^���������!�"� (gas flow rate measuring tube)  !������
�=>�

�
V&%������	����
�^���������!�"�%��
����	
;��
�V�*����	
���	
�&������&�!�"�����%�

�����	����
�^���������!�"� 

  3.  �&�!�"������	
�������9!�"����� (check-in tube) 9���	=���`���=�}	�!�"�    

��<

�
����	�;��
�	�?��%�}	� (gas containing pressure gage)  9���6$���Q=���=���	�

�>�!��&���$!���;��
�	�?��%�}	�   �&�9���	=���`���=�!�"����(outlet valve)   ��<

�
���

�	�;��
�	�!�"����9���=���	��>�!��&�;��
�	�!�"���$}V���&�����
�?�����   9��	������<�

���!�"���$�������9��
!�"�����    ;��
�	�!�"����9�;���$�
6$�
����!�"�����Q=���$����

;�
;�
;��
�	�!�"� 

  4.  ��	
���	
�������%�����;�
;�
;��
�	�   9����;��
!���&�����

�������%�����!����V��	��V������$
9��;&��V����    !���
�
�&�*��������$
��9�����
V&

�����&����������	����
�^���������!�"�9����	
�=>��
V&��V&���6��&�!�"�����     !�"���$�&��


�9������!����V��	��V9��	�����
V&%������Q=���
�&�    9	
�����
6$�����
V&�Q=�������
�^  

50 ml   �>� 10 ;�	=�  !�����;&��'��$��������
	��Q��� 

                    5.  ��	
���	
;��
�V�����������%�����;�
;�
;��
�	�    9��>�%�����	


����������%�����!����V��	��V����$��!����������	
��&������ 5  ;&� !����>���&�������	


�����$ 1-4 

                    6.  ;>���^�	������������!�"�9���
���  Q = Av     !������������

!���;��
�	
*	�W+����&���<������WQ
����	������������!�"��	
�<������WQ
���;��


!���&��������	
;��
�V�����������%�����!����V��	��V!����>���� fit graph   �*6$���

;��
�	
*	�W+�������� (y = mx + c)  9�����
���%��	��^��	��&�����= 

log Q  =  m (log �H)  +   c 

�
6$�   Q   =  �	������������!�"�   (ml.s
-1
) 



                                                  �H  =  ���&��%�����!����V��	��V  (cm) 

                                                      c   =   ;&�;���$ 

                                                      m  =  ;��
�	� (slope)                       

   

2.2 ����3�/
����3���
#�� (Specimen preparation) 

 1.  ����	���&�����!�& ������������
 ��$
��&�������
�������
 (atomic 

composition)  �	��������$ 2.1  
��V��&����#�!�&���
 (rod shape) ���������&�ZV��+����

���
�^ 2.00 cm.   }V��	�%��
�;��
������
�^ 1 mm. �	��V���$ 2.3���%���;�6$���	������$
�

��
��#��*��(diamond saw)   

 

3�����/& 2.1  �&�������
�������
�������	���&�� 

 

Specimen Ti Fe C O N H 

Ti Bal. 0.05 0.05 0.05 0.03 0.015 

 

 
 

�F��/& 2.3   ����	���&����$�&������	� 

 

 2.  �	����������������
��+ 100, 400 !�� 1000   9���	=��	����������V
��� 

(alumina) ���� 1 !�� 0.3 �
;��� ��
�>��	
�����;�6$���	����!

9���
��
�����	� %��

�>���	
�	�
	� (polishing)  ���<9!�������;��
��
	�!����$������������|���� 

 

2.3 ��-
�	���*	*3�;" (Nitridation process) 

 ����	���&��}V��>���%�&%���$����� +̂�>���	
 packing ���  9���	=��>������%� 

high alumina porcelain reaction chamber !����`���%������ 9���	=� evacuated  ����Z

������%�� rotary pump �	��V���$ 2.4 |Q$�9��>�%��?��%� chamber 
� absolute pressure ��#� 

17.33 kPa !��� flow argon gas ��$
� flow rate ��&��	
 10 cm
3
.s

-1
 �����V& chamber 9���	=��<�>�

����V�����Z������!�����&�� argon gas �������������>��	��^���&���=|=>� J  �	� 10 ;�	=�  

�*6$�%��
�����Z���6���V&%��������������$��� (�
&���� 5 ppb) �������9Q���&�� argon gas %��



�&�������V& chamber �&�9���	=� heat up 9���^�?V
�}Q���
��$�������  9Q��`� argon gas !���

��&��!�"���
����&�� ammonia �	
 acetylene �����V& chamber �*6$��>�����;�6�
 

specimens *���
�	
���$
9	
���� ���%�� flow rate ��� ammonia gas ��&��	
 0, 8, 10 !��12 

cm
3
.s

-1
  !�� flow rate ��� acetylene gas ;���$��&��	
 0.4 cm

3
.s

-1
 �
6$�;�
 2 h �>�����`�

!�"���
 !����`� argon gas *���
�	
�`�����|+���;�
;�
 furnace ��9�����	$���^�?V
�

����9�}Q���^�?V
����� 9���	=��>�����	���&�����9�� chamber �*6$������
�>�������


!�����;����+�&���  %�������������>�����������	���&��%��	��^����;�
;�
��^�?V
�;���$

��&��	
 1,250 �C       

 

 
 

�F��/& 2.4  �����������^�?V
��V�!

!����� 

 

2.4 ���������-�"���3���
#�� (Specimens analysis) 

 ����	���&����$���9������>� nitridation !���
&����>� nitridation }V��>�������
  

hardness  ���%�� hardness tester �	��V���$ 2.5 ���%�� load  50 gf ���
�  dwelling time  5 s 

�>�����	�9>���� 10 ;�	=�!�����;&��'��$� �������9Q��>�����	���&�����	� XRD ���� Cu - K�      

}&��?�* ���� SEM  !�������
�^W������� EDX 

 

 
�F��/& 2.5  Hardness tester 



 

���*% 3  

�'�����'"�-'���	�����'�����'"� 
 

 

3.1 ��3�����*�������H� 

 

 
 

             �F��/&  3.1   ����!���;��
�	
*	�W+����&���	������������!�"��	
;��
!���&�� 

                            ������	
;��
�V�����������%�����!����V��	��V 
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3.4 ���������-�" EDX (EDX analysis) 
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Hardness of 99.7% titanium was improved in acetylene-ammonia mixtures at 1,250 

�C for 2 h. The flow rate of acetylene was set constantly at 0.4 cm3.s-1, but those of 

ammonia were varied over the range of 0-12 cm3.s-1. By using an X-ray 

diffractometer (XRD) and an energy dispersive X-ray (EDX) analyzer, TiC, TiN, 

TiC0.7N0.3 and TiC0.3N0.7 phases with the corresponding elements were detected. 

Knoop hardness (HK) of the sample was at the highest when it was processed in only 

acetylene. Their hardness values were decreased, but their surfaces became rougher, 

due to the increase of ammonia flow rates.  

KEY WORDS: TiC, TiN, TiC0.7N0.3, TiC0.3N0.7, Knoop hardness 

    

1. Introduction 

Titanium has shown the potential for extensive using as processing and operating 

parts in industries and medicine, due to their low density, high temperature strength 

and high resistance to oxidation. However, titanium has poor surface properties at 

high temperature and is very limited ductility at room temperature. Recently, the need 

for new types of materials with special characteristics has become a major aspect. 

Research in the field of advanced ceramics has focused on the exploration of new 
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routes to produce non-oxide materials, such as carbides, nitrides, borides and 

sulfides[1,2,3]. Among transition metals, titanium carbide and nitride may be used for 

improvement the poor surface properties due to their high hardness, wear resistance 

and chemical inertness[4,5]. Coatings of titanium nitride, carbide and carbonitride can 

be made by chemical vapor deposition (CVD) or physical vapor deposition (PVD). 

The CVD and PVD of titanium are rather expensive. They need very low vacuum 

systems and toxic chemicals. Titanium carbide, nitride and carbonitride can be formed 

by direct metal-gas reaction which is an inexpensive and non-toxic process. The 

purpose of the present research is to improve hardness of titanium using the simple 

process which is benign to environment. It can be done on a large scale as well. 

2. Experimental 

The 20.0 mm diameter rods of titanium (99.7%) were cut into 1-2 mm thick 

disks, polished down to 0.3 micron alumina powder and degreased with alcohol. Each 

of them was put in a high temperature reaction chamber made of quartz as shown in 

Fig 1. The air was removed by evacuation to 17.33 kPa absolute pressure, and 

purified argon was slowly fed into the chamber. The process was repeated ten times. 

The residual content of oxygen in the chamber before starting the reaction was 

calculated using the equation of state of an ideal gas and 20 vol % O2 in ambient 

atmosphere, and found to be not more than 5 ppb. Each of the samples was heated in 

10 cm3.s-1 argon until the test temperature was obtained. Then 0.4 cm3.s-1 acetylene 

and 0, 8, 10 and 12 cm3.s-1 ammonia were fed into the chamber. The process 

proceeded at 1,250 oC for 2 h. At the end of the process, the furnace, ammonia and 

acetylene were turned off. The samples were cooled down to room temperature and 



brought for further analysis using a Knoop hardness tester (MXT-�7 Matsuzawa 

Seiki), XRD (XRD BRUKER AXS company series D8 ADVANCE) in combination 

with JCPDS software[6], and SEM equipped with EDX (Jeol : JSM-6335F). 

3. Results and Discussion 

3.1 XRD 

The samples were analyzed using an XRD and the spectra are shown in Fig 2. 

Before processing, Ti was detected (JCPDS number 44-1294)[7,8]. Nitride, carbide and 

carbonitrides were produced in the mixture of acetylene and ammonia gases at 1,250 

�C for 2 h. At NH3 : C2H2 = 0 : 0.4, only TiC phase was detected (JCPDS number 02-

1179)[7,8,9]. Ti reacted with C2H2 to form TiC 

2Ti(s)  +  C2H2(g)   �  2TiC(s)  +  H2(g)                                (1) 

TiC(s) deposited on the titanium surfaces, and H2 and residual of C2H2 were drained 

off into the surrounding atmosphere[10]. 

When NH3 was added to the C2H2 gas system, NH3 and C2H2 reacted with Ti to 

form nitride and carbonitride phases as explained below. At a temperature of 1,250 

oC, TiN (�GTiN = -195 kJ.mol-1) is a little more thermodynamically stable than TiC 

(�GTiC = -167 kJ.mol-1)[11,12]. At NH3 : C2H2 = 8 : 0.4, TiN and TiC0.7N0.3 phases were 

detected (JCPDS numbers 06-0642 for TiN, and 42-1489 for TiC0.7N0.3) [7,8,13]. At this 

stage, Ti reacted with NH3 to produce TiN[14,15]. Due to the equilibrium of Ti, NH3 

and C2H2, TiC0.7N0.3 was produced and detected as well. When NH3 flow rates were 

increased to 10 and 12 cm3.s-1 TiN and TiC0.3N0.7 phases were detected (JCPDS 

number 42-1488 for TiC0.3N0.7)[7,8,16].  

 

3.2 Knoop Hardness 



Knoop hardness (HK) of the samples was measured ten times using 5 s dwelling 

time and 50 gf load. Average value was calculated and is shown in Fig 3. HK value of 

the substrate before processing was 136.8 � 12.4 kg.mm-2. For the present research, 

HK was successfully improved by the carburization and carbonitridation. It was 

decreased with the increase in the NH3 flow rates. At NH3 : C2H2 = 0 : 0.4, HK value 

of the sample was the maximum at 465.0 � 33.2 kg.mm-2 (3.4 times of the substrate), 

due to TiC formation on its surface. This shows that TiC played the role in improving 

hardness of the substrate[17].  

When NH3 flow rates were added and gradually increased from 0 to 12 cm3.s-1, 

HK values were parabolically decreased with an increase in the NH3 flow rates. It 

shows that hardness of the samples was controlled by the formation of new phases 

deposited on the substrates. Therefore, HK values were controlled by the flow rate of 

NH3 gas, which led to different deposited phases on the substrates[18]. 

3.3 EDX 

By using EDX, elemental spectra of the samples before and after processing at 

1,250 oC for 2 h are shown in Fig 4. Before processing, only Ti was detected. After 

processing in C2H2, Ti and C were detected[19]. When N was added to the system, 

additional N was detected[20]. H is a light element; therefore, it was not detected.  

3.4 SEM 

Surfaces of the samples are shown in Fig 5. The layers are irregular showing that 

the reactive gases reacted with Ti at random. This random reaction leads to surface 

roughness which reflects their tribological properties. It is worth noting that surface 

roughness was increased with the increase in the ammonia flow rates. At this stage, 

more products were deposited on the substrates.  



4. Conclusions 

Hardness of Ti was successfully improved by the 1,250 oC processing in 

acetylene and ammonia mixtures ranging from NH3 : C2H2 ratios of 0 : 0.4 to 12 : 0.4 

for 2 h. The maximum HK value of the sample was 3.4 times of the substrate, when it 

was processed in 0.4 cm3.s-1 C2H2. HK values were decreased with the increase of 

ammonia flow rates. It was caused by the formation of carbonitrides analyzed using 

XRD and EDX. SEM micrographs show that their surfaces are covered with the 

deposited phases of nitride, carbide and carbonitirdes reflecting the surface properties.  
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Figure and table captions list here

Fig. 1 High temperature reaction chamber. 

Fig. 2 XRD spectra of Ti before and after processing at 1,250 oC for 2 h. 

Fig. 3 Knoop hardness of titanium at different flow rate ratios of NH3 to C2H2. 

Fig. 4 EDX spectra of as-received Ti and Ti with 1,250 oC and 2 h processing in  

           NH3 : C2H2 ratios of 0 : 0.4, 8 : 0.4, 10 : 0.4 and 12 : 0.4. 

Fig. 5 SEM micrographs of (a) as-received Ti, and (b-e) Ti with 1,250 oC and 2 h  

          processing in NH3 : C2H2 ratios of 0 : 0.4, 8 : 0.4, 10 : 0.4 and 12 : 0.4,  

          respectively. 
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