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Abstract  
Chemical Mechanical Polishing (CMP) is one of the nano-metric polishing processes of non-metal balls and wafers such as silicon 
nitride balls and various ceramics. In this process, abrasive particles (Fe2O3, CeO2 and ZrO2) which have lower hardness than 
workpiece are floated in some fluid. In this state, the workpiece reacts chemically with base fluid (water, air, hydrogen peroxide and 
or oil), forming a thin layer of silica (SiO2) on the surface of the workpiece. Removal of the thin oxidized surface layer of the 
workpiece by abrasive particles, as a result of the chemical reaction, is easily done. Effective parameters of Chemical- Mechanical 
Polishing include 1- density of abrasive particles, 2- spindle speed of milling machine, 3- polishing time and 4- kind of abrasive 
particles which by altering of each, factors such as 1- surface roughness, 2- sphericity  and 3- material removal rate change. In the 
present research, a laboratory device is designed and manufactured for chemically- mechanically polishing of silicon nitride balls 
and 24 experiments are designed by Minitab software and done to investigate effects of the mentioned factors on surface roughness 
and material removal rate. For each of the factors two levels is set, after variance analysis of the experimental results, regression 
equations of the surface roughness and material removal rate were achieved. By increase of polishing time, spindle speed of milling 
machine and density of all three kinds of abrasives during experiments, material removal rate increased and surface roughness 
enhanced. Morphology of surface roughness by X-Ray photo-electron spectroscopy (XPS) was studied. Probability of chemical 
reactions by Gibbs free energy equations was also investigated. Eventually, approaches for optimized polishing of ceramic balls 
were proposed due to the experimental conditions and analysis of variance. Comparison of the experimental results showed that the 
surface roughness of balls polished by the Fe2O3 abrasive particles (Ra= 69 nm) was far better than the other two abrasives, and 
equals.  
Keywords: Chemical- Mechanical Polishing (CMP), Surface Roughness, Material Removal Rate (M.R.R.), Silicon Nitride. 
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2  Traditional and Non-Traditional 
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4/97 -2/95  3/3 -3/2  9/0 -5/0  20/0≤  05/0≤   9/0≤  53/0≤ 

  

P�	1� ��A��T��B ��D � Y	� A� ���G
0� �L Minitab  '�� �

 [��� Q����
�� 
 	- Y�;�� �  :�B�M5 A� :	�-�E4 
/4

 Y�;�� � ��3� '�� �L �9���<
��0���= . Q��43  	���b� � q�M0

T���A� �1 �
 ����L :�B	
������� .�,� �� �L	;� :�B�B� .

.�<B �� �]Pv� �� ��1 R�O
�� WM0 �� ��<� :�B	
����� :�	L ���=

 .
0� ��=T���A� Y�;�� A� [�N ��B�6MN ����� 
��	� � 	MN �L �B���

 l��	�11  � 	
<�E��45/0 �A���� 	
��	��� .�= :	�-  

�<C�0 WM0 :	LA:	LA ��8
0� A� ���G
0� �L �B f�0Perth- 

Meter M3 .� 2�8���� � ��= �
 	- �A���� ��L ��/C .���\ �L �B

�= �
 	- 	]� �� [� 2�8���� (cut-off: 0.6 mm) .�	� ��b� :�	L .

�<C�0 2�P �� �B:	LA�;�0 ��8
0� .�= �
5�0 � �P�	1 ��N 9� �

:	LA��= �
5�0 ��N � f�0�  [�= ��2 .
0� ��= ���� .�,�  
  

 @)��3- C6��7D 
L ��.���
� /�(0��4��� @)��
�0	  /�(  

T���A� Y�;�� .��A) �Bmin(  60  �40  

) A	  2�=�� �8E� .���� 
\	0r.p.m(  900  �600  

) �����0 I��J 
]EFgr/lit(  140  �105  

�����0 I��J H��  
2B� ����� �Y�����	�A ����� �

h�	0 �����  

�6MN���  

�<C�0���	
�� .���E�0 :�B  

:����� 	MN 11 	
<�E��  

:����� 
��	� 45/0 	
��	���  
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 F
�2- ��M��8 ) ��� ��:�� ��K Perth- Meter M3  S��/0�7-

��+�� 
	�� �(   

  

 :�	L2��6� `	�  
=��	L ����� WM0 A��6MN��� Y	4 I��G� A� �

�<C�0� [�N �B �
5��	� A� �6L:������	  Y�;�� .��A �1 �  ���G
0�

 ���� :�A�	� 
N� .�= ����G
0� [�= �� ��3 ��= ���� .�,��        

gr 10
��

   .
0�  

  

 F
�3-  �8�#��4 /)740  SK8 �� ���10
�� T0U  

  

3 -  V6���W"� )�(  

 Q��44 T���A� f��
�   ��}��� �����}0 �0 	B :�	L �� �L	;� :�B

�� .�,� Y�����	�A ����� � h�	0 ����� �2B�    �Q��}4 2}�� �� .�}B�

  Y	}- l�P 	L ����� 
=��	L `	� � 	
����� l�P 	L WM0 :	LA 	���b�

.�<B .
0� ����Z ��  �}� �}]Pv� Q��4 2�� �� �� ��1   2�	}
/L ���}=

�E7�P WM0 � �7�  �<C�}0 :�	L  �����	}0 :�}B    I��J A� ���G
}0� �}L

 �� ��= [7�P 2B� ����� �����069   �}� 	
����}� �}=�L�    2}�� �� �}�

�6MN �
��P  �}� �� ���	L `	� [N��P ���0001/0     �
}0� �}���Z �� Y	}-

�� �L	;�    ��}��� �����}0 I��J A� ���G
}0� �L WM0 � �7 [N��P .���

 l��	� �L Y�����	�A ����� � h�	0153  �158   [}7�P 	
����}�   � �}=

     l}��	� �}L �}/�� ���}� 
=��	L `	�0003/0  �0002/0    �}���Z �� Y	}-

�A�����= :	�- TB�� �L ����� 	L ���� �9���B�� I���/~� �L f��
� 2�� .

���	L `	��6MN WM0 � �7 �:���	L�� ���/L ���  h}B ��}L�� ���� ����}5 

]16[. 

 @)��4- � S�480� Y0� �(0��1���) ,-� /0�7 
�0	  V6��� T0U) �8�

���6�� �� 0( /40� (����Z �8  ���>4 ) [60� ���>4 �I(D ���>4

T1��1>067  

Fe2O3  CeO2  ZrO2 
M.R.R.  R.  M.R.R  R.  M.R.R  R.  

0009/0  130  0006/0  182  0009/0  215  

0006/0  157  0004/0  210  0003/0  210  

0007/0  153  0011/0  195  0004/0  205  

0004/0  193  0003/0  153  0007/0  175  

0009/0  115  0006/0  203  0004/0  203  

0001/0  69  0007/0  177  0007/0  180  

0008/0  125  0005/0  208  0007/0  174  

0005/0  186  0009/0  183  0002/0  158  

  

 Q��45�     ���}� 
}=��	L `	}� g��}���� D������     ��J �}0 	}B :�	}L

 �}� .�,� �� Y�����	�A ����� � h�	0 ����� �2B������ �����0  .�}B�

 	���b� A� �� ��M��<BP-Value  �}� �]Pv�    ���}� :�}B	
����� ���}=

 :U�L .���<1� �L �6��M�95 .��
�B 	Z�� �7��  

  

 @)��5- �8�� S�480� Y0� \��6�4) Q�R��D  

Analysis of Variance for M.R.R. 
P-Valued 
of ZrO2  

P-Values 
of CeO2  

P-Values of 
Fe2O3     

002/0  002/0  016/0  DF  Source  

007/0  003/0  031/0  3  Main 
Effects  

003/0  045/0  015/0  1  r. p .m  

003/0  001/0  031/0  1  time  

      1  Density  

      4  Residual 
error  

      7  Total  

  

 Q��46�<C�0 WM0 :	LA g������ D����� �  ��J �}0 	B :�	L �� �B

�� �]Pv� ����� .�,� �����0   f��}
� �L�},� ���	-    `	}� :�	}L [}7�P

 :U�L .���<1� �L �6��M� ���� :�B	
����� Y�<� ����� 
=��	L95  �7��

�� 	Z��.��=�L  

  

 @)��6- �]-K ,-� /0�7 \��6�4) Q�R��D��>  

Analysis of Variance for Roughness 
P-Valued 
of ZrO2  

P-Values 
of CeO2  

P-Values of 
Fe2O3     

006/0  008/0  006/0  DF  Source  

017/0  032/0  025/0  3  Main 
Effects  

007/0  006/0  005/0  1  r. p .m  

009/0  012/0  011/0  1  time  

      1  Density  

      4  Residual 
error  

      7  Total  
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      �:A�� :k����}
� TB�S}� D}�	� I�D}�/;� A� ���G
}0� �L  :�� 	}L

�6MNi�1 ��B���g��� ��	� ���	
����
  ���<�1  .
 	�(� I��7  [�}=

5 -  �}6MN WM}0 � �	-� ��� �i��     T��}<� :��}�
5��	� A� [}�N �� ��}�

�� .�B�  

.�<B�� �]Pv� �� ��1�6MN ���=    A� �:��}�
5��	� A� [}�N ��}�

[�}}= .
}}0� �����}}5	L 	}}LA �cM}}0 :�}}B5 -  l}}��	� �}}L � � �� �R

�6MN WM0 � �	-� ���     I��J �}L l}��	� �}L :��}�
5��	� A� �6L �� ���

 �2B������ �����0�� T��<� Y�����	�A ����� � h�	0 �����  �}L .�B�

[�= 2�� �L �4���� ��B�,� �B�6MN ���=    �}L :��}�
5��	� A� �}6L ���

   I��J 	��}0 �}L :���
5��	� �L 
��� :	
/L WM0 � �7 A� �2B������

.
0� �
,- �����5	L  �����0  

����6� �g������ D����� A� g�      WM}0 � �}7 :�	}L .��}0	-� :�}B

�6MN    �2}B� ��}��� �����}0 I��J A� ���G
0� �L ����� 
=��	L `	� � ���

 IU��6� aL�M�)1) � (2( ����6� 2�� �� .�= [7�P ��BX1 �X2  �X3   �}L

.���<� l��	��E� .���� 
\	0 ������0 I��J 
]EF 	-  A	}  2�=�� �-

�� :���
5��	� .��A I�� � .�=�L  

)1(  Roughness= 58-1.7X1+0.64X2-1.32X3 

)2(  M.R.R.=14+2.6X1-0.79X2-2.2X3 

 [�=6    �}E� .���� 
\	}0 	�Z�}� �L ��L	� ��
��� :�B����<�  �}-

    A� ���G
}0� �}L �� �����}0 I��J 
]EF � :���
5��	� .��A �A	  2�=��

�����0 I��J       WM}0 :	}LA � ���}� 
}=��	L `	}� :�� 	L h�	0 �����

�� .�,�.��B�  

.�<B 2�� �� �� ��1�� �]Pv� �B����<�   ���}� :�}B	
����� ���=

T���A� �1 ���G
0�    �}L ��
}=��� 	}Z� [��6� hB �L �� �L �� ��L	;� :�B

�� �[�= 2�� (I) � (i��) 
<�N �� 
N�   T��D} � �}L �� 
 ���� .���

�E� .���� 
\	0 � :���
5��	� .��A���	L `	� �A	  2�=�� �-  :���	}L

�� TB�� WM0 :	LA � T��D �.�L��  

  

  

  

  

  

  

  

  

                                                             
1 X-Ray photo- electron spectroscopy (XPS) 

  

  

  

  
 F
�5- ^�L^R4 \
64 1 0� 
�)0�
R41�. 
_���-  �/��
�:480� 74 FJK

G- ` �I(D���>4 ���6�� N4�O �� /��
�:480� 74 �]�-  74 �]�

8 �[60� ���>4 �� /��
�:480�-  ���>4 �� /��
�:480� 74 �]�

T1��1>067  
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 F
�6 -�1���> /�(C6��7D /�(�1�>�. 0�Z� ^R4 .[60� ���>4 �81� 74 �8�#��4 �� ,-� /0�7 ) �8�� S�480� Y0� �8 
�0	  /�(-  Y0� �1���> �481��

��> �4�)8 S?0� ) ��6D0. T�	�4 ���7 0�40� �8 �8�� S�480�G �70. I���� 
U-  �8 �8�� S�480� Y0� �1���> �481�� S?0� ) ���6�� N4�O Sb�H 0�40�

��> �4�)8c �70. I���� 
U- N �/��
�:480� ���7 ) ���6�� N4�O Sb�H 0�40� �8 �8�� S�480� Y0� �1���> �481�� -  0�40� �8 ,-� /0�7 �1���> �481��

��> �4�)8 S?0� ) /��
�:480� ���7d �70. I���� 
U- �O Sb�H 0�40� �8 ,-� /0�7 �1���> �481����> �4�)8 S?0� ) ���6�� N4 �70. I���� 
U

`- b�H 0�40� �8 ,-� /0�7 �1���> �481��/��
�:480� ���7 ) ���6�� N4�O S  

  

�� .�,� ����<� (�) � (�) 
<�N .��A T��D � �L �� �B�

���	L `	� ������0 I��J 
]EF � :���
5��	� � T��D � :���	L :	LA

�� TB�� WM0�� .�,� ����<� (�) � (R) 
<�N .�L�� �L �� ��B�

�E� .���� 
\	0 T��D � `	� ������0 I��J 
]EF � A	  2�=�� �-

���	L:	LA � �
 �� T��D � :���	L �� TB�� WM0.�L��  

 
/4 �R�F�� ���
5� �� � �� 
7	  �:���
5��	� .��A T��D � �L

 �L ����<�= T���� Y�;���6MN WM0���4 ��
 	- ��	N ���  ����<�=

 ���5	L ���6� �L � 	1 A� ���	� ��EF .� ������� ���4 	L �����	 

�6MN ��= ����� WM0 �L �����0 I��J 	
,�L���	L `	� ���� :���	L

�� T��D � .�L��  

 A� �����0 I��J 
]EF T��D � �L105  ��140  `	� �	
�� �� Y	-

���	L0� �L :���	L h�	0 ����� � Y�����	�A ����� �2B� ����� A� ���G


 l��	� �L50 �48  �34  A� ���G
0� �L WM0 � �7 � T��D � �7��

 l��	� �L ������0 I��J 2�<B19 �13  �14  �L .
 �� ���/L �7��

 �����0 I��J ���6� ����� [��� �L ������0 I��J 
]EF T��D � �L �4��

�� T��D � h;P �P�� ��L�� �:���
5��	� .��A T��D � �L �L�,� ��

�6MN �L �����0 I��J :�B���5	L ���6��� ���� T��D � ��� 	�� 2�� .���

T���� ���6� T��D � m\�L �D�� :���
5��	� X�c� �� ����<�= :�B

���	L `	� ��;�
� �� � ��=�� T��D � :���	L ����<�= 
�B�� � �L��

F .� ������� 
�B�� 	L ����	 ��U l�0 � l��
5����� :���	L 	�

��U�6MN WM0 	L ����� :�B
5����� WM0 � �7 Q�3P � ��� 	�

�� .��	-  

�E� .���� 
\	0 T��D � �L A� A	  2�=�� �-600  �L900  �� ���

      � Y�}����	�A ��}��� �2}B� ��}��� �����}0 I��J A� ���G
0� �L ��b�N�
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���	L `	� �h�	0 �����	� �L :���	L l��25 �34  �67    T��D} � �}7��

 l��	� �L WM0 � �7 � �
 ��14 �13  �11   T��D} � .
 �� ���/L �7��

�E� .���� 
\	0    I��J 
}�	P 
\	}0 T��D} � l�0 �A	  2�=�� �-

�6MN WM0 �L �����0 I��J :�B���5	L ���6� � �����0�� ���  �� .��}=

���4 
<0 �L 	
,�L ����	  ��;�
�   T�}� .� ����<�}=  �}�  	}L � ���

   �}� TB�}� WM}0 :	LA �;�
��� � ��	� ��EF .� ������� �4�     .�}L��

hB�� T��D � D�� �����0 I��J ���5	L A� [7�P :�	�� 2��C 2�� .�L��

   l�}0 .� �}�� �L � ��= ���5	L [c� �� ��� � ��,  T��D � m\�L �	��

T���� �L 	;�� �� :	
,�L :�B���5	L ���6�� � ����<�= :�B  [��},

��U �6MN WM0 �� ���������	L `	� � ��= ���  X}0�� T��0 �L :���	L

�� T��D � �����0 I��J.�L��  

 ���� 
=��	L  :��}�
5��	� �� �����}�� -  ����<�}=�    �}L �8
}�L

��U l�0 �� �����	  9���<��0hB � T���� IU�3c� :���	L  2�}�C

����<�= T���� ����� �����=  �}�U 
=��	L �L �8
�L ���5 �� ���� -

 .���� ��=����� :�B �ML��)3(  �}L ���	
�� .���E�0 ����<�= T���� �

�6MN WM0 	L Y����E�0 ����� ��U [��,� l�0 �� �� R�  �}� ��}� -

�� .�,� ���=�B�]16[.  

)3(  Si3N4 + 6H2O  3SiO2 + 4 NH3 

 �L �4�� �L XL���)4 �5  �6(]16[  �   ��}0� 	}L   ��A� :k	}�� [}�Ec�

g��-�  �����}�����	� ��c� �L  ����<�}= T�}��� �  �}6MN  A� ���}B���

   ��}��� �2}B� ����� �l��	� �L �����0 I��J � ���	
�� .���E�0 g�4

.���� h�	0 ����� � Y�����	�A.
0� 	�(�  

)4(  Si3N4 + Fe2O3  SiO2 + FeO + FeSiO3/FeO.SiO2 + Fe4N + 
N2 

)5(  Si3N4 + ZrO2  SiO2 + ZrSiO4/ZrO2.SiO2 + ZrN + N2 

)6(  Si3N4 + CeO2   SiO2 + CeO1.72 + CeO1.83 + Ce2O3 + N2 

 �ML�� X0�� �� g��- ��A� :k	�� �L �4�� �L)7(   �}� .�}�L  ���}=

 T�}��� :�	L ���	
�� �� ��� R	zE7�P � �y��
�� I�	��_� ��}�B�  � �}B

 �����0 ��J �0 	B A� ���G
0� �L IU�3c�    �}G�� :	���}b� � ��}0�c�

��� 
0�L�      ��}c� �}L �� �B�}���	  .��}L :��5 �L ��5 �� � �A��	- ��

�� .�,� ����������	�.��B�  

)7(  G = H - TS 

T���A� �1    �},����� T�}��� H�}� �� ��}L	;� :�B -   � �},B��

 �}6MN WM0 A� Y����E�0 ����� ��U {(P l�0 �� ������  �}� ��}� -

�� Y�;�� ���	- ��=]17[.  

�j�;�� A�    ��}��� �}�U �
O}0 �L 9��D� ������0 I��J �
O0 ��

�6MN :�� ��= [��,� Y����E�0�� .� A� 	
<� � ���   �}�U 2}�� ��=�L

    WM}0 �}L l�}0� .��L ������0 I��J ������� I��E<\ X0�� ������

�6MN�� �
=��	L ���T���� .��=      �}���� ���}�A �}� D}�� ����<�}= :�B

�� 
=�� �B��5 ��U  �}6MN WM}0 A� �
0��� I��3L ���=����� :�B -

  .���= �
=��	L ������� I��3L ����  

      

4 - �	���/0�U  

�<C�0 WM0 � �7 :	
����� n�b��� �TB�S� 2�� �� .���E�0 :�B

����<�= �
�0	�F :���
5��	� A� ���G
0� �L ���	
�� -  �6��M� �������

h/� .�== �L TB�S� 2�� :�B����
0� 2�	��� [�J q	 .�=�L  

• ���	L `	� A� :���
5��	� .��A T��D � �L :���	L40  �L60  ��b�N�

 ����� � Y�����	�A ����� �2B� ����� �����0 I��J A� ���G
0� �L
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