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>%$ �� �V�%0 '
� �t/D �Q � �6 (� ��* �1%"� 9T.S� 9�"
 �$� �;
�1%Q �
���� �<��< '
1%� ��m%�)�<>%$ W.XN -

A!�/	 9�"(�G$ �� �".7�� Z!& �	�P (� �HREE>%$ �"
< ��$� ��8 ����+ �.[4 '
��<�%)1%/C��." �;4 (>%$ ��

 ����+ 9��< �V�%0 '
� k
(.8 Z
�{ ��
( ��$� 1!l< )�7;$�N
)�<W.XNHREE�" (c�4 '!0 �� * )�.< A
 (� �8#�< ��!�<

 (� k
(.8 Z
�{ '
� s
�I	�La �8 Lu�< * �N�.%2
 `�.V
 �$� �mN]��[.

�$��< �� 1& �;S+ B5CF �2��%�� �/CF 9�" 9*� )1& -� �
9T.S� '
�)�� ��.� �� �"� !;� *� ��2!;�� 91%<9B5��Q 

�Q 9.@� �< 1& �;	�+ `*�S;�]�[�6 ^.� �� �"I*]�[S

�$� )��Q �	�l� .�0.G � s"*], '
� ��9)��� >%$ 9�"-
�< Y�!GQ * �/V� �V�%0 �9��7�� !;� ��.;< �8 1& )��< ��Q9

��� _!�38 �� �$�� .)����� ��3� )��C��� 9�" �Q 1%"�
�+]
*>%$ '
� 9�"��.+ �< �" ��3� �[l< �Q �$� 9�
)1%"� ^.� 9S^.� ���7
� �Q ���4 �� 1�� I�� ��3� �� 1%"� .

�+]
* '
��$� )1& o!t%8 �
( ~�& �< �":
�(��.� �C�� U�$��< )Al2O3/(CaO + Na2O + K2O�
 

A/CNK]��[!%!�.�6 (� ^�C&� _N�& �
 -.)ASI (]��[*
���.G�ANK - ACNK ]��[)K2&�L���(�G" �9T.S� 9-

_N�& * )�.< '!�.�6�, A!�/	 9�"ASI�6 (� �"��/��8
��/��� �!!d8 _N�& * )�.< '!�.�6�;� A!	�� ^�.�� ��* �1%Q

ASI (� ���6 ���/��8���/��$� .�<�t�]��[�� �2��%� 
K2&)�LY(��1�� �$� )1�6ASI�^.� *� �" A!�/	 ^�.�� �

�!���+ 9�"I*S�t45� K<�F �&.�G" �Q 9.@� �< 1���� 9�
�G"�!���+./,�" 9^.� 9�"S)��.N '!� 1%<�GQ 9�5�# 

'!�.�6 �, ��!���;$��!���+./,�" �Q ���4 �� 1�� ^.� 9�"I'
� 
�� '
� �1%;�" '!�.�6�, �[l< * '!�.�6�;� �[l< 1%<�GQ

 �$� ���4 �t� (� �&.�G" R!" 1%<�GQ '
� A!	�� ^�.�� �Q
ASI 1���1� )K2&�L~(^�.�� �� _N�& '
� * �I�� * A
 �
( 
^�.��S�$� A
 9#�< .>%$ ��!l� '
� �< �J.8 �< '
��<�%< 9�"

 ^.� �� !"# A!�/	 9T.S�S^.� A!	�� ^�.�� *I��3� �� 
��1%"�.
�(���.G� U�$� �<ACF]��) [K2&�L`(�9T.S� 9�"

��m%� A!�/	)�;�+ �� �� !"# 99S�� kF�* �� 1�.&
)�;�+ �� A!	�� ^�.�� �Q ���4 9I1���� ���F .

�()���9T.S� �< �;�<�* 9�" ���.G� 9*� �� !"# 9�"
A/CNK - Fe2O3 + FeO]��) [K2&�L�(�� ��3� 1"�

9T.S� �Q ^.� (� A!�/	 9�"S^.� (� A!	�� *I1%;�" .
�(	���;P>%$ �� 9.7�� 1%��G" �� !"# 91!:.;!���+ 9�"

�!���+ �� �X%0 '
� 9��;	� ^.� 9�"I)��.N '!� 1%<�GQ 9
�!���;$� �5�#)LFB ( �$�)K2&�L�.(�<�t�]��[

�!���+ ^.� 9�"I��3� �� �C!Q�8 a��� (� K23;� ��.� A
 
�� s
�I	� �< �Q 1"�SiO2�;	� �;	� * �;	�
 s"�Q �* A
��<

)�;�+ �� '!< 9���8�/�� 1V�� SiO2(� �;GQ �
���� �< 
��/�1V�� P2O5�� A
�I� �� ��3� '
� * �.& �Q 1"�

 �t/DP)(�1+ �� ^.� �;!���+./,�" 9�"I'!
�, ��!�< �3!G" 
�$� .�<�;S+ I!� * �73"*], '
� 9]��[9�.;@� s"�Q 
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� %+ ��Q�8�2	�< ����
� �$�%& ���Q * �$�%&�./< �/ � ��

1)
79�".7�� REE9T.S� ��m%� 9�"9�� !"# )U�$� �< �!�*� �
�1%Q �< �C�� )1& 9(�$ 9��0]��([��� 9��< (��.G� A8 A8Y ��" (
>%$ )*�+�< A!	�� * A!�/	 9�" ���+�1J �.P.

1)
8)��� �!lF.� 9T.S� �< �;�<�* 9�"��m%� 9�"99�"���.G� 9*� �< �� !"# :���(A/NK �< �C�� A/CNK (� ]��[2��%� �)1"�3� �
���G" �.&99T.S� )�;�+ �� �� !"# A!�/	 9�"9)�;�+ �� A!	�� * '!�.�6�, 9�� kF�* '!�.�6�;� Y �1�.& (�"���.G�9�.;$ ��< a.<�� 

ASI ^.� 9�" �!���+ I*S1%<�GQLFB))��.N '!�9�!���;$� �5�# ((�]��[�ASI�!���+ ^.� 9�"I(� ���/��8���/�.�� *^�S(� 
���/��8���/��� �!!d8 1%Q]��[)��� �>%$ �< �;�<�* 9�"�� ��3� �� !"# A!�/	 9�" ^.� �< �Q 1"�S�!���+ 9�"LFB��.�G" ������ 
�(�.;$ ���.G��A!	�� �< �;�<�* �!���+ '
�8 ^.� 9�"I*S1%<�GQ LFB]��[�� )1"�3� �2��%� �>%$ '
� �� �.&R!" �"" ��.+ (� �&.�G

 ?�@�ASI '!< I*S�G� )1
� �.&]��[>%$ -.!%!�.�6 (� ^�C&� ��I!� *�6 )�7;$�N >%$ �< A
 �
( �� * A
 9#�< �� A!	�� 9�" �"
��.�G"����� ]��.[>%$ ^�.�� �< �t� '
� (� �� !"# A!	�� 9�"I�;�<�* ` �1�� (���.G�ACF (� ]��[� �(���.G�ACNK-Fe2O3+FeO 

]��[�� )1"�3� �2��%� �9T.S� �.&)�;�+ �� �� !"# A!�/	 9�"9S)�;�+ �� A!	�� ^�.�� *9I�� kF�* � � 1�.& (�Q��" ���.G�P2O5

�!���+ �< �;�<�* ^.� 9�"I*S)��.N '!� 1%<�GQ 9�!���;$� )LFB] (��[� �(���.G�Na2O-K2O(� ]��[~ �(�C�� .!8���� -1�*�Q ��I!�
 �<Rb�!���+ 9��< ^.� 9�"I)9(.��,.8 9�" (^.� *S))��;$�,.8 9�" ()��.N '!� 1%<�GQ9�!���;$� ]��[� �(���.G�P2O5�< �C�� Rb 

�!���+ �< �;�<�* ^.� 9�"I)9(.��,.8 9�" (*S))��;$�,.8 9�" ()��.N '!� 1%<�GQ9�!���;$� ]��) [K2& �<�3� o:50�.(
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1/J ���)��G& �����<���� >%$ * �;N�%&�G!&.:� �� !"# 1!:.;!���+�;	�
 U�$� �< 1
1J 9�" ��

P2O5	� �< s
�ISiO2�!���+ �� ^.� 9�"I�!�54 s"�Q �< 
P)(�1+ �� ���� ���.�G" ��!/!$ 9�" .)��� h.0 �� 9�"

�!���+ �< �;�<�* ^.� 9�"S�LFB���*��	 �`*�S;� B5��Q 9�"
)1%Q��, *�!4�� A
 K2& �< 9� �
���� (� * 1%;�" ��/�� 9

��/�1V�� P2O5A!	�� �� >%$ '
�8< * �;	�+ �" �G$ �
�� *�<*� s"�Q �< o" * s
�I	� �< o" A!�/	 ^�.�� * �1�.&)(�

��/��8��/�1V�� (�� ��3� ��1%"� .)��� �< �;�<�* 9�"
�� ��3� 9�"���.G� 9*� �� !"# 9�"1!:.;!���+ ��;	� �Q 1"�

P>%$ '
� �� ^.� 1%��G" �"I�
���� * )�.< )1& ��
 1%<�GQ 
�< A!�/	 ^�.�� �� �6 s
�I	�SiO2�;	� �;	� * �;	�
 s"�Q �

��1���� *SiO2�< �<��< ��/�� �<��/��� 1V�� 1$� .�<
)1!�0 9]��[�;3!< ���*��	P2O5�!���+ �� ^.� 9�"S�< 

���� ���.�G" �8 '!�.�6�, �!"�� .�2��%�]��[)��� ��3�
)(�1+ �� �!8�,6�$� c./@� '!�.�6�, 9�"] .��[�< I!� �.P

 8)(�1+ A
 �� �!8�,6 �!�54 �Q 1���� ��3� �<� 9
�;!���+./,�")���*��	 � !;� �� *P2O5(�<�< �mN �.PASI 
�� s
�I	�1<�
 .'!�.�6�, �!"�� �< �J.8 �< '
��<�%<

 �
���� �Q o
��� ��t;�� B�810�F �� !"# 9�"1!:.;!���+P2O5�� 
� 1%&�< �/l	 �
���� (� �8��
( A!�/	 ^�.�� '!%� �Q �8�.V �

��!�.
�(�C�� U�$� �<Na2O�< K2O)K2&�L�(]��[<!�;3

>%$)�;�+ �� A!�/	 9�"9I�� A!	�� ^�.�� (� �[l< *
)�;�+9S�� ���F 1��!+.

�(9�.;@� �t� (�Rb)9�"���.G��L� * ~(]��[9T.S� -
)�;�+ �� �
 * )�;�+ (� ���N �� �� !"# 9�"9&.�G" �

^�.��I*S1%<�GQ LFB�� ���F 1��!+)�t� �< �Q 1%��"
�� ���.G� U�$� �< 1$�Rb9T.S� .!8���� -*1�*�Q �< �C�� -

^�.�� �< Z!8�8 �< �� !"# A!	�� * A!�/	 9�"S*I1%<�GQ 
LFB1���� ���.�G" .(

�(���.� �< )*50
^.E� �E< �E%C� 91"�.E& �)1& ��S��.E< 
9T.S� �� !"# 9�")�<�.�� W.XNA!�/	 ^(�EQ ���� �.EJ*

 (� 1%8��C0 :���(>%$ �"��G" -10 ��3ES386 9�"�)�.E8 �E< 9
Y ��� !"# 9T.S� (� ���*��E	 �!8.!< �.[4 (�E!8�,6 �.EJ*

�< � �K�;�� ���Q `�.V () �'�Q*�!, �
 1%/C��." �.[4 -10 (
* ��!�*� �!;%7� �.J* -10 ()1"�3� -109-.EC�*�< �E"9�E
I

�����9(�< 9�((�< 'S$� �.J* ~ ��
.��� `�.V (-1E��Q �
��E��
 (� s!EE< .!8�EE��.��) %K2EE&�L~(a �(`��EE!!d8 9�EE"���.G�

 9 �ot%��EEE� Y�EEE!GQ * �/EEEV� �EEEV�%0 1!�EEEQ� (�C�EEE�
�/�<Fe2O3/FeO)'!EE<�/��EE8 ��/�(\ �(�EE!���+ 9�EE"

 �!���+*I�.� ^.� (� �;3!< * `��Q.Q.� c �1�� (^.EG � '!7��!�
 EV�%0 9�"1!�EQ� �/EV� �)�/�Fe2O3 + FeO + MgO + 

MnO + TiO2) =(∑. (
�(^.� (� �Q�4 �Q��1� �#�< Z��m� K<��� ��I9T.S� ��.< -

�� !"# 9�")�<A!	�� ^�.�� W.XN (1%8��C0 �Q 1���� �.J*
(� :���()*�+ �.J* A!	�� 9�")�
�.
� (A!�/	 ^�.�� �< )��G"

 9�".7�� 9���� *REE.C2%0 9�"���.G� *�<�3� B�C
��8 �8
)K2&�(Y �()1"�3� -109* �<.$� ����2!� 9�" -.C�*�< 

� �)1& �.+�+� ('�Q*�!, * 1%/C��." �.[4 )I!;!���*� 9�"
)A!	�� ^�.�� ��(� �('!
�, 9�.;@�P2O5)K2&�L�.(|CP 
]��������[�!�54 P)(�1+ �� A!�/	 9�")��1%� ��

'!�.�6�, (4 �� '
� ��$� '!
�,9T.S� Z��D �$� ��� 9�"
 �� !"#)�<A!�/	 ^�.�� W.XN (�, 1%;�" '!�.�6�,

 9�.;@� �;�
�< B�810�FP2O5�6 1&�< #�< �")�!���+ 1%��G" -
^.� 9�"S��.N '!� 1%<�GQ )9�!���;$� ) (K2&�L�(��

��!� '!%� �Q �8�.V.
�Q o
�!7< � !;� �Q �&�� �6 �< �� �� #�< 1"�.& �0.G �

�9T.S* �� !"# 9�"
+]��"9���+*� �;3!< �Q �;&�� 9�
�6 �;�
�<��� ���F �+�*� 9�"1!:.;!���+ �
�� �� �� �" .�2��%�

 �<�%<]��[)�� �2%
� oD�!/0 )��* �2!;�� 91%< ^�.�� 9�
 �"1!:.;!���+)I-S-A-M ( 9�;$�� �� �� 91!S� `�05P�

�� �{�0 )�7;$�N �N�%&)�� '
� ��* 1%Q<(� ���N 91%
��!� c�2&� .)�� ^.� '
� `#�2&� �/GJ (� �Q �$� '
� 91%<

�G"9)�.8 �@8 B��X@%� �;$., (� |;3� 91!:.;!���+ 9�"
�G� ���F �
��%8 �< �<.$� �
 '
�T6 )�7;$�N �!��8 �2/< �1��!+

7�.7� �.J* �<�)1!�!, 99���� 9�"1!:.;!���+ �.J* ��;$., 
�+�*� )�7;$�N�9A
�$� �lmF ��� .

�1J 9�"���.G� ��
�( y!@� s!';N�$�)K2&��8 ��� 
`(]��[�!���+ �K��& )*�+ ���� �< �" :�!���+�;3, 9�"9

�$.��!F�)ORG(�!���+ ����3S386 U.F 9�")VAG (
�!���+�@SV �*�� 9�" 9�)WPG (�!���+ *9��.N�< 9�"

)COLG ()��)1& 91%<1�� .9T.S� �!lF.� 9*� �� !"# 9�"
�� ��3� �"���.G� '
��6 �Q 1"�)�;�+ �� B�C��D �"9U.F 

���3S386)VAG (�� ���F1��!+.
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� %+ ��Q�8�2	�< ����
� �$�%& ���Q * �$�%&�./< �/ � �g

�
����99T.S� '!7��!� �8.C2%0 9�"���.G� �� !"# 9�"
)U�$� �< )1& 9(�$ 9��0]��[(�< �;�<�* 9�"1!:.;!���+ �<

)�7
�J�( 9�"!';N�$��!�� �/;�� )K2&�(��3���1"�
9T.S� �Q �< �� !"# 9�"VAG�;�<�* ��4 �� �1���A
 �Q 

9T.S� �8.C2%0 9�".7�� '!< �C�� �<�38 �< �� !"# 9�"
 �< �;�<�* 9�"1!:.;!���+Continental WPG�� )1"�3� -

�.&.

1)
9)��� 9T.S� �< �;�<�* 9�"��m%� 9�"9)1%%Q �1J 9�"���.G� 9*� �< �� !"# 9��+ U�$� �< �"1!:.;!�]��[�V�%0 (� )��S;$� �< :
���(Ta-Yb Y �(Nb-Y� �(Rb-(Y + Nb)` �(Rb-(Yb+Ta)  . �� )1"�3� �2��%�9T.S� �.&)�;�+ �� �� !"# 9�"9���3S386 U.F 

)VAG (�� ���F 1��!+)K2& �<�3� o:50�.(

1)
:��
��� 97��!� Z!Q�8 �8.C2%0 9�"���.G� 9�".7�� 9T.S� '!��m%� 9�"9��� �< �� !"# (�!���+�;3, 9�"9�$.��!F� )ORG(Y �(
�!���+ ���3S386 ��GQ 9�")VAG(� �(�!���+�@SV ��!� 9�"9�$.��!F� )WPG(` �(�!���+�@SV ��!� 9�"9)��F 9�)WPG] (��[

)9(.�& �<�3� o:50 �!�< ��!�� �7
� |P�%� �< �;�<�* ���N .8 9�" K2�.(
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1/J ���)��G& �����<���� >%$ * �;N�%&�G!&.:� �� !"# 1!:.;!���+�;	�
 U�$� �< 1
1J 9�" ��

;
�<�� 
)�.89��;$��& '
� =�& �� �Q �� !"# 91!:.;!���+ 9T.S� 

��+�+ �*( (� �:IJ ��$� )1& kF�* L�� ��G3< �&� �*� .
���" �.J* -10 (� �Q�4 �
��@V 1"�.&9�8�*� � ��.+�+� 

>%$ �.J* h.0 �� *O��P� �� �;!�./!� * A!;$5Q�8�Q 9�"
�$� )�.8 '
� .���+ '
��<�%<�< �� !"# 1!:.;!>%$ KN�� 9�"

 O��P�)�8�%<�Q * �Q�* 9�+�;� (�2/< �$� )��2� T.S�$�G8�
�6 �< �/�+ ���� �"�;S+ O5N �< Z!8�8 '
� �< '$ �/CF 9�"

��!� U�
�8 B#�G;4� �6 .�� Y�!GQ �V�%0 ��;	� �C�� �<�38
�[0�9�< A!�/	 * A!	�� (� �&�� �Q�N ���� �V�%0 W.XN
;$�N `�SV �[l< 1%��" * )�.< )*�+ *� '
� \�;3� )�7

�[0� s
��+9^.� �< A!	�� I^.� �< �� A!�/	 *S��3� 
��* Z��D ��* 1"�
+]�'
� )�7;$�N ��.< ���+*� (� ��3� �"

>%$ �
�� �� �� !"# 9�"1!:.;!���+ ��� ���� �"

 (� s!< B�810�F �;�
�< * �;	�+ ���F �+�*� 9�"1!:.;!���+ A

>%$ ^.�)�@� �<.$� �
 '
�T6 (�� 
� ��Y���6 9�"��"
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