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ȶ 1ȴ� Ũʍ  

 

1-1� ɑɾ 

1-1-1� f�b�sɂǹɪʵ÷ȃ<ǔʪ 

� ˤǶʵ÷ȃɪº=˓ţ:ķ#<áʸ6¾Ȏ(P5�N˫.<¡6IȄ:f�

b�sɂǹɪʵ÷ȃ=ʺŕɲʿ��jh 1-1, 1-2)J]�hɲʪ��jh98ķ#

<áʸ6Ȏ�MP5�Oˬf�b�sɂǹɪʵ÷ȃ=˫ɪºȅƅ6�ɶê9ɏ

țǔʪRůƇ)5�O&7!ŧ#ȠMP5�Oˬ&<ɏțǔʪ=˫ɪº¡<ʵ

ſʵ÷ȃ(ɏțůƇʵ÷ȃ˫Network Fomer)˫ĮĪſʵ÷ȃ(ɏțÇˡʵ÷ȃ˫

Network Modifier)�L?�ſʵ÷ȃ MůƇ(POˬʵſʵ÷ȃ˫ĮĪſʵ÷ȃ

�L?�ſʵ÷ȃ=˫°�<Ū6ɮ(POˊV[�ʵɆ˃ūï Ii <ĸŐRțŃ

:ǧHMP5�O 1-3)ˬ 

 

!!  = 2!!
(!! + 1.4)!

        (1− 1) 

 

&&6˫Zi=ʵ÷ȃƇá i <ˊV[�<˒ɤƩ˫ri=ʵ÷ȃƇá i <ˊV[�ü

Ŵ6�OˬE0˫Ū¡<áĿ< 2=˫ʵɆV[�<˒ɤƩRɮ)˫áǠ< 1.4=

ʵɆV[�üŴ[Å]Rɮ)5�OˬFig.1-1:¢ɴ9ʵ÷ȃ:4�5˫Ū(1-1):L

NɿȺ)0ˊV[�ʵɆ˃ūï Ii7ˊV[�üŴ<˄ÄRρ+ˬ01)˫Al2O3

�L? Fe2O3:4�5=˫4ʴ¸�L? 6ʴ¸ǔʪRĈN�O 1-4, 1-5)0H˫Al2O3 

(IV)˫Al2O3 (VI)˫Fe2O3(IV)˫Fe2O3(VI)<L�:ʁʦ)˫čʴ¸ǔʪRùæ)5

ɮ)0ˬčˊV[�<üŴ:= Shannon !īĒ)0Ê 1-6)RȎ�0ˬ�ɟ:˫Ii

!ĸ"9ʵ÷ȃ=ʵſʵ÷ȃ6�N F˫ig.1-1LN SiO2J B2O3 P˫2O5!ĸ"9Ê

7935�O&7!Q Oˬ&PM<ʵ÷ȃ=˫°�<L�:ɪº¡6ʵɆR

ĉ$ĈO&76ˀV[�RůƇ)˫ɏțǔʪRůƇ+Oˬ 

 

!"#! +  2!!!  → !"!!!!       (1− 2) 
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ʨ: Ii!Ő(9ʵ÷ȃ=ĮĪſʵ÷ȃ6�N˫Fig.1-1 LN˫T�\�ʺŕʵ÷

ȃ�L?T�\�ġ˝ʺŕʵ÷ȃ98!ʆŮ+OˬĮĪſʵ÷ȃ=°�<Ū<

L�:ʵɆRÀɋ)˫ɏțǔʪRâƭ+Oˬ 

 

!"# →  !"!! + !!!       (1− 3) 
 

E0˫Ii!ʵſʵ÷ȃ7ĮĪſʵ÷ȃ<¡˃<ÊR735�O Al2O3J Fe2O3=

�ſʵ÷ȃ7Ĕ>P˫ɪº¡6=ɳˎ9ƕöRρ+&7!ȠMP5�Oˬ¿�

> Al2O3=˫ʵſʵ÷ȃ!ķ#Łģ+Oʵſɪº¡6=ʵɆ 6ʴ¸(AlO6)ǔʪ7

9N˫ɪº¡6 Network modifier7)5Ð#!˫ʨ:ĮĪſʵ÷ȃ!ķ#Łģ+

OĮĪſɪº¡6=˫ʵɆ 4ʴ¸(AlO4)ǔʪ79N˫ɪº¡6 Network former7

)5ƕö+O 1-7)ˬ&<L�:ɪºǔʪ=˫ɪº¡<V[�:LOɏțǔʪ!ů

Ƈ�âƭ(PO&76ǧń(P˫Ȅ:f�b�sɂǹɪʵ÷ȃ:��5=˫Si
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Fig.1-1 The relationship between cation-oxygen attraction 

force and ionic radius for various oxides. 
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R¡Ż7)5 44<ʵɆ!ʴ¸)0SiO4
4-Ě˔º!ɪºǔʪ:ȜƜ˄Q35#Oˬ

&&6˫T�\�f�b�s<ɏțǔʪRǗŪȚ:ɮ)0ğR Fig.1-2 :ρ+ˬ

Fig.1-2:ρ+L�:˫f�b�s¡<ʵɆ=˫(1)24< Si7ɊĎ)5�OǉǙ

ʵɆ(Bridging Oxygen, BO) (˫2)14< Si:ɊĎ)5�N ɏ˫țǔʪ!âƭ(P0

ȹƉ:Łģ)5�O˓ǉǙʵɆ(Non Bridging Oxygen, NBO)˫�L?(3)Si7ɊĎ

)5�9�ɜȐʵɆ(Free Oxygen) MǔƇ(P5�O&7!Q O(ɜȐʵɆ=

SiO2ʹ!˓ţ:ő9�ĬĎ:<FɵMPO&7!ȠMP5�O)ˬ&<L�9ɪ

ºǔʪRȠO&7=˫ɪºȃſ<əŋ77I:˫ƾ1ɽƴ(P5�9�Ȋʓ<

ȋɽ:ĸ"9ŲíRǈ0+ˬ.<0Hɪº<ǔʪ=˫Ċ#=ʘĶɒáÖ 1-8):L

35˫ʤŦ6=���áÖǩ 1-9, 1-10)JǋȦǢÙ˥áÖǩ(Nuclear Magnetic 

Resonance, NMR)1-11, 1-12)ȷRȎ�5ķ#<ɉƇJǁ²6ɽǆ(P˫ǔʪ:˄+O

°�l!&PE6:ɦω(P5�O Ȅˬ: NMR:LOǔʪɽǆ=˫˓ ţ:ˤɁ

ũ9ɽǆ!ċɛ6�N˫E0áǆċɛ9ÓɆIķ#˫ēĞ<ȌİRđH0áǆ

!6"O&7 M˫ȊģƺIƻï9ǔʪɽǆƊǩ<�47935�Oˬf�b

�sɂǹɪʵ÷ȃ<ǔʪɽǆRɫ�ĬĎ˫29Si<ǋ:Ǭț)0 29Si NMRǷńR

ɫ�ĬĎ!ķ�ˬ29Si NMRǷńRɫ�&76˫ SiO4
4-Ě˔º 14�0N<˓ǉ

ǙʵɆ<ƩRńʹ6"OˬNMR =˫ĶʳȦĬ¡<ʅƬ:{�h(�g[ǫ)R�

�O&76ǋ!ôʙ)˫.<Ŷ˫{�hRÌǝ)0ˌ:ƥà+OYw�_�R

Ǐà)ǔʪɽǆRɫ�ˬ&<7"˫{�h:L35Ï�0ĂĿǋh}�!Ó<

ȅƅ:ƈOE6ŵ4 1-13)żɴ!�N˫29Si <L�:Ƿń+OĂĿǋ:L35= 1

ʅƬ�0N 24 Ƹ˃C8  O98<°��osIŁģ+Oˬ.<0H˫NMR

<L�:ȜƜǔʪRǷń+OƊǩ<­:˫ȁïł�°�RȎ�5˫ɿȺ:LN

ǔʪRƝǷ)0ȣȱ 1-14)IɫQP5"0 ȁˬïł�°�=ķƇáɂ:�$Očȝ

<ɜȐYw�_�R˫ɂ<ɉƇJǶũ˫Ģï98<˄Ʃ6ɮ+I<6�N˫&

P:L35ķƇáɂ<ťɭȅƅğ<ɿȺJ˫ɪº¡<V[�ďĳ<ɊĎ<ȯ˝

7.<íĎ98<ɿȺRɫ�Ɗǩ6�Oˬ�Ư6˫ƝǷċɛ9ɉƇȼĞ!ˆM

P5�O&7Iķ#˫�MKOɂ6<ǔʪƝǷ=ĝː6�O&7!ȠMP5�

O 1-15)ˬ  
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) )˫ȁïł�°�=˫c�}��l:LOɿȺ:L35ǔʪRƝǷ+O0

H˫ȾÃ:˫ 4ȡƸ˃6ƝǷ!ċɛ6�N˫&P=ȁïł�°�<ƺĸ<ŭ

F<�46�Oˬ&<�ȡƸ˃�7��ȁïł�°�<çǽ7˫�ˤɁũ�7

��ȜƜǷń<çǽRɉFĎQ-0ǔʪƝǷƊǩ!ξȳ(PP>˫LNʵ÷ȃ

ɪºáʸ:˄+OȠɵ!ǲEO7ə�MPOˬ 

� ʵ÷ȃɪº<ǔʪ:4�5&PE6ʦB5"0!˫ʵ÷ȃɪº<ǔʪ<ʯ�

R˫ŷǂ<Ɗǩ7=Ø#Ȗ9OǷń:L35Ǐà6"Oċɛſ!˫ʤŦ<ȣȱ

:L35ρė(P0ˬ.P=˫ĹȏM:L35īĒ(P0]�h<˒ǢňʹR

Ƿń+O&76Ɋƹ÷RǏà+OƊǩ 1-16)RŽȎ) č˫ȯʮÞĀɪº<˒Ǣňʹ

Ƿń:L35˫ɪº<Ɋƹ÷<Ǐà 1-17�1-19)JɊƹ÷ȉ<ńʹ÷ 1-20):Ƈð)0

ȣȱ6�Oˬ&PM<ȣȱ=˫ɪº<˒ǢňʹRǷń+O&76˫.<Ɋƹ÷

RǏà)0ȣȱ6�O!˫&PM<ȣȱ:��5˫Ħ�ɪº:�$O˒Ǣňʹ

<Ê: ɉ˫Ƈ:L35ş!ȍ*5�O&7!ƴM :930 ¿ˬ�> Fig.1-3:˫

1500�:��5˫50SiO2-50CaO (mol%) (C/S=1)¦ÓɂɪºRĪǸ7)˫.&:

10mol%<ǴñȃRñ�0ĬĎ<˒ǢňʹRǴñȃ'7:ρ+ˬFig.1-3LN˫�

Fig.1-2 Schematic of the network structure of alkali silicate melt. 



 

5 

,P<ǴñȃRñ�0ĬĎ:��5I˫ĪǸ< C/S=1 <˒ǢňʹLNĸ"#9

35�O&7!Q O Eˬ0 T˫�\�ʺŕʵ÷ȃ6ǡʠ+O7 L˫i2O N˫a2O˫

K2O <˘ȕ6˒Ǣňʹ!ĸ"#9O&7!Q 30ˬ(M:˫CaF2RǴñ)0

ĬĎ˫˒Ǣňʹ=˓ţ:ĸ"#9O&7!Q 30ˬ&<L�9˒Ǣňʹ<ĵ

÷=˫ɪºǔʪRćƶ)00H6�O7ə�MP˫&<Ɋǈ=˫˒ǢȚ9Ƿń

:L35ɪºǔʪ<ʯ�RǏà6"O&7Rρė)5�Oˬ&&6˫&PE6

Ƿń(P5"0˒Ǣňʹ=˫V�}�m�h�L?¸ȝɼLNȺà6"O{�

��l<�46�Oˬ.&6ǀʍƫ6=˫V�}�m�h7��˒ǢňʹLN

I(M:ĜƩáɽ!ċɛ9{���l:ǿǽRŮ5 V˫�}�m�háÖǩ 1-21, 

1-22)7��Ɗǩ:θț)0ˬ 

 

  

C
apacitance, C

 / nF

C/S=1 Li2O Na2O K2O CaF2

@ 1500 °C

Fig.1-3 Comparison of the electrical capacitance values for  

50SiO2-50CaO (C/S=1) (mol%) based melts with 10 mol%  

additives at 1500 °C. 
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1-1-2� V�}�m�háÖǩ 

� V�}�m�h Z=¨Ǯěʝ:�$Oÿñ˒Ģ V˩Ū(1-4)˪�L?˒Ǯ I˩ Ū

(1-5)˪<ǡ6�N˫˒Ǯ<ǮP<ļ%Rɮ+{���l6�OˬE0˫¸ȝɼ

�=˒Ģ7˒Ǯ<¸ȝ<,PRɮ)5�Oˬ 

 

 ! = !!exp (!"#)        (1− 4) 
  ! = !!exp (!"# +  !)        (1− 5) 

  ! = !
!         (1− 6) 

 

� E0 V˫�}�m�háÖǩ7= Ƿ˫ńȃʗ<˒Ǒȓ˔98RđS1ƁīR˫

ēǫƩRȯ�:ĵ÷(-9!MV�}�m�hRǷń)˫ŸMP0°�lRh

�`s�ɽǆ+O&76ŸOƊǩ6�OˬŸMP0h�`s�=uV^hs�

�os˩Cole-Cole��os˪7Ĕ>POˬFig.1-4:uV^hs��os<�¿

Rρ+ˬuV^hs��os=˫ǘʟ!V�}�m�h<ŅƩʳ Z’˫ɔʟ!V

�}�m�h<ɩƩʳ Z’’7935�N˫°�<Ū6.P/P��MPOˬ 

 

  !! =  !  !"#$        (1− 7) 
  !!! =   !  !"#$        (1− 8) 

 

&&6˫�=¸ȝɼş6�OˬuV^hs��os=˫a�~<ČÍ MŞÍ

79O:4P5¹ēǫƩÍ MˤēǫƩÍA7Đ �ˬ  
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E0˫�ɟ:˫uV^hs��os=.<ůȅLNȷÂěʝ 1-23)Rǧń6"˫¿

�> Fig.1-4<L�9ůȅ<uV^hs��os=ğ¡<Ƙ×ğ<L�9ȷÂě

ʝ79O&7!ȠMP5�OˬFig.1-5�Fig.1-9 :˫.<­<ůȅ<uV^hs

��os�L?˫.<ȷÂěʝ<¿R�#4 ρ+ˬ&<L�9ƱŁ<ȷÂě

ʝ7Ņˣ:L35ŸMP0uV^hs��osRɵǡB˫ŅˣɊǈ:Ď�ʰâ

9ȷÂěʝRʱƎ+Ożɴ!�Oˬ&&6˫ȷÂěʝ7=˫˒ǢěʝƇáRȎ

�5Ƿńōʓ<˒Ǣ÷łɆʮȮJ˒ǑǔʪRǗƢ)0I<6�N˫ȷÂěʝƇ

á<ɉFĎQ-6 Fig.1-4�Fig.1-9<L�:˓ţ:ķǕ:ĵ÷+Oˬʰâ9ȷÂ

ěʝRʱƎŶ˫{���l~UoqU�a:L35ěʝÛ<Ƈá<ÊRȠO&

7!ċɛ79Oˬ)0!35˫Ņˣǁ²Rĵ÷(-9!MuV^hs��os

R½Ƈ+O&76˫čŅˣǁ²<ȷÂěʝ�L?ȷÂěʝƇáRǥHO&7!

6"O0H˫Ņˣǁ²!ȷÂěʝƇá:��Oű˕RʌǊ+O&7!ċɛ6�

OˬE0˫uV^hs��os7)5˫a�~÷+O&76ɷɸȚ:ĵ÷Rƙ

�O&7!ċɛ6�OǽI&<Ɗǩ<çǽ6�Oˬ 

Fig.1-4 A typical example of nyquist plot and  

its equivalent circuit. 
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Fig.1-5 A nyquist plot for the equivalent 

circuit of a capacitance. 

Fig.1-6 A nyquist plot for the equivalent 

circuit of a resistance. 
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Fig.1-7 A nyquist plot for the equivalent circuit 

of a resistance and capacitance in series. 

Fig.1-8 A nyquist plot for the equivalent circuit 

of a resistance and capacitance in parallel. 
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&<V�}�m�háÖǩ=Ċ# M�N˫˒Ǧſɛ<ò÷:˄+Oȣȱ 1-24)

J˟Ė<Ėʗ:˄+Oȣȱ 1-25)˫úαáʸ6<ȣȱ 1-26)98ȣȱáʸ=ķŘ:Q

0 3 5 � O ˬ E 0 ʤ Ŧ ˫ Li2O-B2O3-SiO2 ɂ Ġ º ] � h
1-27) J

CaO-MgO-SiO2-Al2O3-MO(MO = FeO, or NiO)ɂɪº 1-28)<V�}�m�h�L?

¸ȝɼşRǷń)˫uV^hs��os6ɮȊ)5�Oȣȱ!�Oˬ�,P<

ȣȱ:��5I˫]�h�L?ʵ÷ȃɪº<˒ǢµŏũRʄÂ)0ȣȱ793

5�O!˫�ɚ<ȣȱ:��5ĸ"#Ȗ9Oǽ7)5˫uV^hs��os<

ůȅ!ƕ%MPOˬĠº]�h<Ƿń:L35ŸMP0uV^hs��os=˫

Fig.1-4 <L�9˫üÜ7Ȝɒ M9Oůȅ6�30!˫ʵ÷ȃɪº<Ƿń:L

35ŸMP0uV^hs��os= Fig.1-9<L�9Ȝɒ!œƍ)0a�~79

35�0 Fˬig.1-4�L? Fig.1-9¡<ȷÂěʝRɵǡBO7˫Ŷɚ:=cV�Ƈ

á!ʧñ(P5�O&7!Q Oˬ&<cV�Ƈá=Ƿń˒Ǒŏɒ<V�m`

l�hƇá6�O7(P5�N˫�.M#xViƇá6�O7ə�MPOˬh

�aɪº6=z�`Øº!V[�<ǯ6�NV[�!ö"J+�0H˫Ġº]

Fig.1-9 A nyquist plot for the equivalent circuit which 

consists of a resistance, capacitance and inductance. 
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�h:ǡB5˒Ǣµŏȉ=˓ţ:ĸ"#9Oˬ.<0H˫ǷńʅƬ°Ķ<xV

i<ű˕RLNĉ$J+#930&76˫&<L�:uV^hs��os<ů

ȅ:ş!ȍ*07ə�MPOˬ.<0H˫ɪº<V�}�m�hǷńRɫ�ˌ

=xVi<ű˕RˆN9#Ő(#+O&7!ǥHMPO!˫Ǟξ9ǷńRɫ�

&7!6"P>˫&PE6<ȣȱ:��5Ƿń)5"0˒Ǣňʹ7ǡʠ)5˫

LNķ#<ɪº:˄+OƁīRV�}�m�háÖǩ:L35ŸMPO&7!

ƽŵ6"Oˬ 

 

.&6ǀʍƫ6=˫˒ǢňʹLNI(M:ĜƩáɽ!ċɛ9Ê6�OV�}�

m�h:ǿǽRŮ5˫V�}�m�háÖǩ7��ȜƜǷń7˫ȁïł�°�

7��ȡƸ˃:ǔʪƝǷRɫ�p��RɉFĎQ-O&7:L35ȡƸ˃ 4

ˤɁũ:ǔʪRƝǷ+O&7RʅF0ˬ 

 

1-2� ȣȱțȚ 

� °�ʦB5"0L�:˫ɪº<ǔʪɽǆ=Ȋʓ<ȋɽ98:ż˙6=�O!˫

29Si NMR98<ǔʪɽǆ6= 24Ƹ˃Ȯũ<ˁƸ˃Rɴ+O&7!�O0H L˫

NȡƸ˃<ǔʪɽǆƊǩ!ǥHMP5�OˬE0˫NMRJ���áÖǩ98<

ȜƜȚǔʪɽǆ7=Ȗ9O˫ȁïł�°�RȎ�0ǔʪƝǷ=˫ǡʠȚȡƸ˃

6ƝǷ!ċɛ6�O!˫.<ʰȎȼĞ:4�5<èˆ!�O<!Ȋȅ6�Oˬ 

� .&6ǀȣȱ6=˫¦ÓɂT�\�f�b�sɂɪº˩SiO2-R2O (R=Li, Na, or 

K)ɂ˪<V�}�m�hǷńRɫ�˫ȷÂěʝɽǆ:L35ŸMP0ȷÂěʝ

Ƈá:4�5<ʄÂ7.<�\vi�<ɽƴRȶ�țǖ7)0ˬE0˫ǳĎT

�\�f�b�sɂɪº˩SiO2-Na2O-K2O, SiO2-Na2O-CaO�L? SiO2-K2O-CaO

ɂ˪<V�}�m�hǷńɊǈ7˫ NMR :LOǔʪɽǆɊǈ M˫ƾ1ɽƴ

(P5�9�Ȋʓ<�46�OǳĎT�\�õǈ:4�5θț)˫.<əŋR

ʅF0ˬ(M:˫�ÓɂT��xf�b�sɂɪº˩SiO2-Al2O3-CaO �L?

SiO2-Al2O3-MgO ɂ˪:4�5V�}�m�hǷńRɫ�˫ŸMP0ȷÂěʝƇ

á7ȁïł�°�RɉFĎQ-5ǔʪƝǷRɫ�&7RțȚ7)0ˬ  
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� ǀʍƫ=°�:ρ+ 6ȴ MǔƇ(P5�Oˬ 

� ȶ 1 ȴ6=f�b�sɂɪº!Ǖ�9áʸ6¾Ȏ(P5�N˫.<ǔʪ=ȃ

ſ<əŋ�L?Ȋʓ<ȋɽ:ż˙6�O&7 M˫ǔʪɽǆ<ʷɴſ�L?ż

ɴſRʦB˫Ȋȅ<ǔʪɽǆƊǩ6=)>)>ˁƸ˃Rɴ+O7��ʋ˜ǽR

ƴM :)0ˬE0˫LNȡƸ˃:ǔʪƝǷ!ċɛ9ȁïł�°�!ȊģE6

:īĒ(P5"0!˫ķ#!ʰȎɉƇ:èˆ!�O&798˫ŷǂ<ȠɵRɐ

ƒ)˫Ȋȅ<ʋ˜RƴM :)0�6ǀȣȱ<țȚRʦB0ˬ 

� ȶ 2 ȴ6=˫¦ÓɂT�\�f�b�sɂɪº:4�5˫V�}�m�hǷ

ńRɫ30ˬE0˫ŸMP0uV^hs��os<ȷÂěʝɽǆRɫ�˫čȷ

ÂěʝƇá:ĆD+ɪºǔʪ�L?T�\�ʵ÷ȃ<ű˕:4�5ƴM :)

0ˬ 

� ȶ 3ȴ6= SiO2-RO-R’O (R, R’=Na, K, or Ca)ɂf�b�sɂɪº:4�5 ȶ˫

2 ȴ7ďǕ:V�}�m�hǷńRɫ�ǳĎT�\�õǈ:4�5<əŋR˫

NMR:LOǔʪɽǆɊǈ77I:ɫ30ˬ 

� ȶ 4ȴ6=ǀʍƫ<țȚ6�O V˫�}�m�hǷń:LOɪºǔʪƝǷR˫

ȁïł�°�<�46�Oj��°�:θț)5ɫ30ˬj��°�:�$O

ȁïł{���l7˫V�}�m�hǷń:L35ŸMP0ȷÂěʝƇá7<

˄ÄRƴM :)0ˬ(M:.PM<˄Ä M˫ȁïł�°�RŤŧ�ɉƇ6

ʰȎ+O0H:˫ȁïł{���l<ÊRȷÂěʝƇá<Ê MɿȺ6"Oȝ

˄ŪR½Ƈ)˫ǔʪƝǷRɫ30ˬ&<ǔʪƝǷ<Ɋǈ7˫NMR:LOǔʪɽ

ǆɊǈ7Rǡʠ)˫.<ƝǷɁũ:4�5ǏʃRɫ30ˬ 

� ȶ 5 ȴ6=˫V�}�m�hǷń:LOǔʪƝǷR˫j��°�7=æ<ȁ

ïł�°�6�O Quasichemial model :θț)5ɫ30ˬQuasichemical model

:�$Oȁïł{���l7ȷÂěʝƇá7<˄ÄRʌǊ)˫.PM<ȝ˄Ū

R½Ƈ)0ˬŸMP0ȝ˄Ū MǔʪƝǷRɫ�˫.<ƝǷɁũ!j��°�

:LOǔʪƝǷɁũLNĐ�)5�O&7RƴM :)˫ǀȣȱ:�$Oǔʪ

ƝǷƊǩ<ƻõſRρ)0ˬ 

� ȶ 6ȴ6=ǀȣȱ6ŸMP0ȠɵRɐƒ)0ˬ  
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ȶ 2ȴ� SiO2-R2O (R=Li, Na, or K)ɂɪº<V�}�m�hǷń  

 

2-1� ɑɾ 

� f�b�sɂǹɪʵ÷ȃ=ķǕ9áʸ���jh6Ȏ�MP5�N˫&PM

ɪº<ǔʪJȃſ 2-1�2-12)=˫��jh<ˤõȉ÷Jƺʰ÷:=�ċǛ9Ɓī7

9OˬȄ:ɪºǔʪ=ɉƇ:L35ɥ)#ĵ÷)˫(M:ɪºȃſ:ĸ"9ű

˕R��O&7 M˫��jhRèŹ+O�6˓ţ:ʷɴ9ĜĿ79Oˬ) 

)9!M˫Ņ��jh:��5Ȏ�MPOǹɪʵ÷ȃ=˫˓ţ:ɳˎ9ķÓɂ

ɉƇ6�O&7!ķ#˫&<L�9ɂ:�$Oɪºǔʪ<īĒ¿=ǑH5ő9

�ˬǀȣȱ<țȚ=ȶ 1 ȴ6IʦB0!˫ʵ÷ȃɪº<V�}�m�h�L?

¸ȝɼşRǷń)˫V�}�m�háÖǩ:L35˫ɪºǔʪ<ƝǷRɫ�&

76�N˫ŎǂȚ:=Ņ��jh6Ȏ�MPOL�9ķÓɂ<ʵ÷ȃɪºA<

ŽȎIƽŵ6"Oˬ.<0H:=˫V�}�m�háÖǩ:L35ŸMPO{

���l!˫ɪºǔʪ:ʙĜ)0ĜĿ Mĉ$Oű˕RƴM :+Ożɴ!�

Oˬ) )˫ʵ÷ȃɪº<V�}�m�hǷńR)0ȣȱ¿=˓ţ:ő9#˫

ɪºǔʪ�L?ɪºɉƇ!V�}�m�háÖǩ:L35ŸMPO{���l

:��Oű˕4�5<Ƞɵ!�ʛ)5�O<!Ȋȅ6�Oˬ 

 � .&6ǀȴ6=˫V�}�m�hǷń°�l<ɦω77I:˫.P:L35

ŸMPO{���l:4�5<ȋɽRǲHO&7RțȚ7)0ˬ.<0H:˫

Ťŧ�ɉƇȼĞ6 NMR :LOɪºǔʪɽǆ!9(P5�O˫þɄ9

SiO2-R2O(R=Li, Na, or K)ɂRǀȴ6=ʱƎ) V˫�}�m�hǷń:L35ŸM

P0{���lR˫ɪºǔʪ�L?T�\�<ȯ˝Jʹ7�30ɻǽ MɂɌ

Ț:əŋ+O&7RțȚ7)0ˬ  

 

2-2� ŅˣƯǩ 

2-2-1� ʅƬ½ɲ 

� Table2-1:V�}�m�hǷń:Ȏ�0ʅƬɉƇRρ+ &ˬPM<ɉƇ= ʮ˫

Ą: 29Si MAS-NMR :L35ǔʪɽǆ!9(P5�O 2-13)ˬȄɅʅɧ< SiO2˫



 

16 

Li2CO3 N˫a2CO3�L? K2CO3(Sigma-Aldrich, Japan)RƉń<ɉƇ79OL�Ȭʹ

)˫¤ʼRȎ�5ûá:ǳĎ)0ˬǳĎȿƿR Pt�p�:Ôį)˫˒ǢǼ:5

1540K <ĸǢ�6 30min ǹɪ)0ˬ.<Ŷǹɪ)0ʅƬRʽǅ�:Ǯ)1)ʽ

ǅ6ƖFʣG&76žÞ)0ˬŸMP0žÞ]�hRV�}�m�hǷńʅƬ

7)5Ȏ�0ˬ 

  

No. SiO2 Li2O Na2O K2O

1 50.0 50.0

2 66.7 33.3

3 80.0 20.0

4 66.7 33.3

5 66.7 33.3

Table2-1 The initial compositions (mol%) of the melts employed in this study. 
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2-2-2� V�}�m�hǷńɯɗ�L?ǷńƊ˘ 

� Fig.2-1 :ǀȣȱ:��5¾Ȏ)0V�}�m�hǷńɯɗ<ǓȔğRρ+ˬ

ñȁɂ= U ŀħ< MoSi2βȁºR Al2O3ɲǼŻȻ<ēĞ: 6 ǀʴɗ+O&7:

L35 ʩ˫ţ 1873KE6<Ƿń!ċɛ6�O ǶˬũǷń=ĶŴ 6mm<ÆʑȻ:

Ƙ×)0 B-type(Pt-6Rh/Pt-30Rh)ȁ˒ōR�p�<ηǘ:ʂɗ)5ɫ30ˬV�

}�m�hǷń:=Šʕ<V�}�m�hTu�Ve�˩HIOKI, IM3500, 

IMPEDANCE ANALYZER˪R¾Ȏ)0ˬ 

 

�   

Thermocouple

Pt-20Rh rod

MoSi2
heating element

Pt-20Rh crucible

Crucible supporter

Impedance analyzer

Pt wire

Measuring terminal

Guard terminal

Cu wire

Fig.2-1 Schematic diagram of the furnace of impedance measurement. 
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Õʦ<Ɗ˘:L35ŸMP0ǷńȎʅƬR�p�:Ôį) Ǽ˫Û:ʂɗŶ 1540K

E6ƳǶ) 1˫80áÆƓ+O&76˫ɪºɉƇ�Ƕũ<Ħ�÷�L?ɪº¡<Ǣ

Ǫ<9�Ħ�9ɪºRŸ0ˬ.<Ŷ˫ǎ˒Ǒ˩�ot˪R�p�<¡Ż:¸ɗ

(-˫ɪº<ɮ˔ MǞξ: 10mm ǰǺ(-0ˬc�l`s�q�T�7)5

Ȏ�5�O Pt-20mass%Rhɲ<�p��L?�ot<.P/P: PtɒRƜɎ)˫

Pt ɒ<­ȵRV�}�m�hTu�Ve�:ƜɎ+O&76�p�ÛĲ�L?

�ot˃:Üȸ˒Ǒʴɗ<¨Ǯěʝ!ůƇ(P˫�p�Û<ʅƬ<V�}�m

�h�L?¸ȝɼşRǷń6"OL�:935�Oˬ&<7"˫Ƿń˒Ģ=Ņ

õÊ 1.0V7)˫ǷńēǫƩR 50Hz M 150kHzE6hV��(-5Ƿń)0  ˬ

&<7"˫�otRĠń+OǨÚ7˫V�}�m�hTu�Ve�<]�tȵ

ĿR˫ʽɒRȎ�5ƜɎ)0ˬ&<]�tȵĿ:L35˫�otLN�ʳ!Ɯ

ĥȅƅ79O&76˫�p�-�ot˃<F6¨ǮěʝRůƇ+O&7!ċɛ7

9Oˬ 

� Ƿń:L35ŸMP0˫čēǫƩ:�$OV�}�m�h�L?¸ȝɼş 

M˫ǘʟ!V�}�m�h<ŅƩʳ6�O Z’=|Z|cos�˫ɔʟ!V�}�m�h

<ɩƩʳ6�O-Z’’=|Z|sin�<a�~R½Ƈ)0ˬ&<7"˫Z =V�}�m�

h˫�=¸ȝɼş6�Oˬ&&6ǘʟ!V�}�m�h<ŅƩʳ˫ɔʟ!V�

}�m�h<ɩƩʳ6�Oa�~= u˫V^hs��os˩ Cole-Cole ��os˪

7Ĕ>P5�Oˬ&&6˫ȶ 1ȴ:5�¿7)5ρ)0 Fig.1-4<uV^hs�

�os�L?ȷÂěʝ:4�5ʦBOˬ�ɟ:˫üÜ<ŞÍ(ˤēǫƩÍ)7ǘʟ

7<¨ǽ<Ê=ǹǱƏƌ Rsol6�O&7!ȠMP5�N ǹ˫ǱƏƌRɪºz�`

¡<ȜǮƏƌ7ńɘ+OˬE0˫üÜ<ȜŴ=˒ɤφöƏƌ Rct7Ĕ>PO{�

��l6�O&7!ȠMP5�N˫&<˒ɤφöƏƌR¦ʷŖ:�$O˒ɤ<

φöƏƌ7ńɘ+OˬE0˫uV^hs��os<üÜ�L?¹ēǫƩÍ<Ȝ

ɒ=.P/P˫¦ʷŖňʹ Cdl�L?ƑƧ<V�}�m�h Zw:LOI<6�

O7(P5�Oˬ&&6˫¦ʷŖ7=˒ǑʤÎ:Łģ+OĶʳ�����pŖ

�L?ƑƧ¦ʷŖ<�ƯR�Q-0˚Ĩ6�Oˬ&<ŸMP0uV^hs��

osR EIS Spectrum Analyzer2-14, 2-15)7��k~sRȎ�5~UoqU�aǩ:
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L35ȷÂěʝɽǆRɫ30ˬ&<k~s:L35˫V�}�m�h�L?¸

ȝɼşǷń:L35ŸMP0uV^hs��os<ůȅR°�<Ū(2-1):L3

5~UoqU�a)˫ƺʰ9ȷÂěʝ{���lRȺà6"Oˬ 

 

! = !!"# +
1

!"!!" + 1 (!!" + !!)
      (2 − 1) 

 

 

 

2-3� Ɋǈ�L?əŋ 

2-3-1� uV^hs��os�L?ȷÂěʝƇá:ĆD+ K2OǴñʹ<ű˕ 

� Fig.2-2�Fig.2-4: 1540K:�$O 50.0SiO2-50.0K2O 6˫6.7SiO2-33.3K2O�L?

80.0SiO2-20.0K2O (mol%)ɂɪº<V�}�m�h�L?¸ȝɼşǷń:L35

ŸMP0uV^hs��osRρ+ˬ&PM<uV^hs��osR˫ëʦ<

ʩN EIS Spectrum analyzer6ȷÂěʝɽǆRɫ30Ɋǈ˫�,PI Fig.2-56ρ

+ȷÂěʝ6�O&7!Q 30 Tˬable2-2:čuV^hs��os<ȷÂěʝ

ɽǆ:L35ŸMP0ěʝƇá<Ê�L?čɉƇ< 29Si MAS-NMR :LOǔʪ

ɽǆɊǈ MɿȺ)0 NBO/T<ÊRρ+ˬ&&6 NBO/T7=˫SiO4
4-�vos

14�0N<˓ǉǙʵɆ<Ʃ6�N ɪ˫º<ɏțǔʪ<ĸ"(Rɮ+Ɣǖ<�4

6�O 2-16)ˬTable2-2LN˫Ǵñ)0 K2Oʹ!�Ƴ+O7 NBO/T!�Ƴ+O&

7!Q 30ˬ 

� &&6˫ȷÂěʝ¡<čƇá<Ê:4�5əŋ+Oˬ¿�>˫Fig.2-3 ¡<

66.7SiO2-33.3K2O (mol%)<uV^hs��os:��5 Ÿ˫MP0üÜ<ŞÍ7

ǘʟ<¨ǽ=a�~LN˫Ƀ 4.4 6�O&7!Q Oˬ&<Ê=˫R1<Ê7˓

ţ:ʤ�&7 M˫ȷÂěʝ¡< R1=ǹǱƏƌ Rsol6�O7ə�MPOˬďǕ

: F˫ig.2-3<uV^hs��os:��5˫üÜ<ȜŴ7 R2<Ê!ʤ�&7 

M ȷ˫Âěʝ¡< R2=˒ɤφöƏƌ Rct6�O7ə�MPO Eˬ0 C˫=¦ʷŖ

ňʹ Cdl˫Zw =ƑƧ<V�}�m�h6�O7ə�MPOˬďǕ<əŋ!˫

50.0SiO2-50.0K2O �L? 80.0SiO2-20.0K2O (mol%)<uV^hs��os:��
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5IƇNȳ4&7!Q 30ˬ)0!35˫ȷÂěʝɽǆ:L35˫.<ȷÂ

ěʝ MǹǱƏƌJ˒ɤφöƏƌ˫˒Ǣ¦ʷŖňʹ98<Ƈá:áɽ+O&7

!ċɛ6�O&7!Q 30ˬ 

� &&6˫ŸMP0ȷÂěʝƇá<�2˫ǹǱƏƌ˫˒ɤφöƏƌ�L?˒Ǣ

¦ʷŖňʹ:4�5θț)0ˬFig.2-6�Fig.2-8 :.P/P<{���l<

NBO/TÁŁſRɮ+a�~Rρ+ˬ  
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Fig.2-2 Nyquist plot for 50.0SiO2-50.0K2O (mol%) at 1540K. 
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Fig.2-3 Nyquist plot for 66.7SiO2-33.3K2O (mol%) at 1540K. 
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Fig.2-4 Nyquist plot for 80.0SiO2-20.0K2O (mol%) at 1540K. 
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No. Rsol (R1) [Ω] Rct (R2) [Ω] Cdl (C) [μF] Zw [Ω] NBO/T

1 (50.0K2O) 4.29 1.52 2.17 12.4 1.98

2 (33.3K2O) 4.37 5.19 0.993 28.7 1.00

3 (20.0K2O) 5.47 6.52 0.226 144 0.51

Table2-2 The values of equivalent circuit components and NBO/T of the 

melts with changing amount of K2O. 

Fig.2-5 Equivalent circuit estimated by fitting method. 
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&< NBO/T7˫V�}�m�hǷń:L35ŸMP0°�l7<ǡʠRɫ�&

76ɪºǔʪ7¨Ǯ˒ĬȄſ<˄ÄRʌǊ+O&7!ċɛ79O Eˬ, F˫ig.2-6

<ǹǱƏƌ7 NBO/T7<˄Ä:4�5  ˫ NBO/T<ıñ˫4EN K2OǴñʹ!

ıñ+O&7:L35ǹǱƏƌ=ǵő+O&7!Q 30ˬ&P=˫˒ɤ^�

�T6�O K+<ʹ!�Ƴ)00H6�O7ə�MPOˬǜ:˒ɤφöƏƌ:4

�5˫˒ɤφöƏƌ= NBO/T!ıñ+O7ǵő)0ˬ&&6˫Fig.2-9(a):Ǵñ

+OT�\�<ʹ:LO¦ʷŖā(<ĵ÷<ǗŪğRρ+ˬFig.2-9(a)LN˫K+

<ʹ!ı�O&7:L35¦ʷŖā(!ǵő+O&7!Q Oˬ&P=˫ǣǹ

Ǳɂ:��5˫˒ ɽʗ7)5Ǵñ)0 NaClʹRĵ÷(-0ĬĎ<¦ʷŖā(R

XPS :L35ȜƜǷń)0ȣȱ 2-17)!�N˫.P:LO7˫NaCl ʹ!ıñ+O

&76˒Ǒɮ˔<˒ɤŊũ!�Ƴ+O0H˫Gouy-Chapman–Stern �°�:L3

5¦ʷŖā(!ǵő)07īĒ)5�OˬE0˫��q\��ǩ:L35ǹɪ

Į<¦ʷŖā(RɿȺ)0ȣȱ 2-18)!�N˫&<ȣȱ6=˫˒Ǒɮ˔:��5˒

ǢȚ¡ſRÆ40H:żɴ9¦ʷŖā(R˫��k�-��p��<ƯȮŪRȎ

�5f����f��)5�Oˬ&<ȣȱ:L35˫z�`¡<Įǻũ<�Ƴ

:¶�¦ʷŖā(!ǵő+O&7!ƴM 7930ˬ)0!35ɪº:��5

I˫K+ʹ<ıñ:L35¦ʷŖā(!ǵő)0&76˫˒ɤ!φö+OB"ʜ

ˏ!Ő(#9300H˫˒ɤφöƏƌ!ǵő)07ə�MPOˬǜ:¦ʷŖň

ʹ:4�5˫¦ʷŖňʹ=˫NBO/T !ıñ+O7�Ƴ+O&7!Q 30ˬ

Fig.2-9(b):T�\�Ǵñ:LOf�b�s<ɏțǔʪ<ĵ÷RǗŪȚ:ɮ)0

ğRρ+ &ˬP=�ɟ: f˫�b�s: Network Modifier7)5Ð#T�\�9

8RǴñ+O7˫Fig.2-9 (b):ρ+L�:˫f�b�s<ɏțǔʪ!âƭ(P˫

SiO4�vos!Ő(#9O&7!ȠMP5�Oˬɏțǔʪ!âƭ(PO&76˫

SiO4 �vos�4�4!Ő(#9N˫Ķʳ˒Ĭ:LOěʞ�φöʭö!ňƵ:

9O7ə�MPOˬE0˫¦ʷŖňʹ=˫˒ǑʤÎ:�$Oǹľ<áǑ:ÁŁ

+O7(P5�N˫áǑ!ĸ"�C8¦ʷŖňʹIĸ"#9O&7!īĒ(P

5�O 2-19)ˬ)0!35 S˫iO4�vos<Ķʳ˒Ĭ:LOěʞ�φöʭö:ʙĜ

)0ʴĐáǑ 2-20)!ĸ"#930&76˫¦ʷŖňʹ! NBO/T <ıñ:¶35
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�Ƴ)07ə�MPOˬE0˫ďƸ: K+<ʹ!�Ƴ+O0H˫K+:LOȓ˔á

Ǒ 2-21)I�Ƴ)0&7 �˫L?¦ʷŖā(!ǵő)0&7:L35I¦ʷŖňʹ

!ıñ)07ə�MPOˬ  

NBO/T

So
lu

tio
n 

re
sis

ta
nc

e,
 R

so
l /

 Ω

at 1540K

Fig.2-6 Relationship between solution resistance and NBO/T for 

SiO2-K2O system at 1540K. 
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Fig.2-7 Relationship between charge transfer resistance and NBO/T 

for SiO2-K2O system at 1540K. 
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Fig.2-8 Relationship double layer capacitance and NBO/T for 

SiO2-K2O system at 1540K. 
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Addition of alkaline oxide

Addition of alkaline oxide

(a)

(b)

Fig.2-9 Schematic illustrations of the effects of the addition of 

alkaline oxide on (a) double layer thickness and (b) network 

structure of the silicate melt. 



 

27 

2-3-2� uV^hs��os�L?ȷÂěʝƇá:ĆD+T�\�ʵ÷ȃ<ű˕ 

� Fig.2-10�L?Fig.2-11: 66.7SiO2-33.3Li2O�L? 66.7SiO2-33.3Na2O˩ mol˨˪

<uV^hs��osRρ+ Fˬig.2-10:ρ)0 66.7SiO2-33.3Li2Oɂ:4�5<

uV^hs��os<üÜʳá!Ő( 300H˫Ƒĸ)0a�~RƘ×ğ:

ρ)0ˬFig.2-3˫Fig.2-10�L? Fig.2-11LN˫ŸMP0uV^hs��os<

üÜ=˫Li2O˫Na2O˫K2O <˘ȕ6ĸ"#935�O&7!Q Oˬ&PM<

uV^hs��osIÕʦ7ďǕ:ȷÂěʝɽǆRɫ30Ɋǈ˫Fig.2-5 :ρ+

ȷÂěʝ6�O&7!Q 30 Tˬable2-3:čuV^hs��os<ȷÂěʝɽ

ǆ:L35ŸMP0ěʝƇá<Ê�L? NBO/T <ÊRρ+ˬ2-3-1 <əŋ7ď

Ǖ:ǹǱƏƌ˫˒ɤφöƏƌ�L?˒Ǣ¦ʷŖňʹ:4�5θț)0ˬ

Fig.2-12(a):ǹǱƏƌ7 NBO/T <˄ÄRɮ)0a�~Rρ+ˬE,ǹǱƏƌ:

4�5˫ǹǱƏƌ=˫NBO/T !�Ƴ+O7ĸ"#930&7!Q O!˫&P

= 2˫-3-16ʦB0 NBO/T<ĵ÷:ō+OǹǱƏƌ<ĵ÷<ÏĐ7=ʨ6�Oˬ

&&6˫Fig.2-12(b):V[�üŴ:ō+OǹǱƏƌ<ĵ÷Rρ+ˬFig.2-12(b)L

NV[�üŴ!ĸ"#9O:4P5ǹǱƏƌ!ıñ)5�O&7!Q Oˬɡ

ĭM 2-22, 2-23)=˫ǀȣȱ7ʤ�ɉƇ6�O 60SiO2-40R2O (mol%) (R=Li, Na or K):

4�5˫1473K :��5˒ǢƏƌȉRǷń)5�Oˬ&P:LO7˫˒ǢƏƌ

ȉ= Li, Na, K<˘ȕ6ĸ"#9O&7!Q 35�Oˬ4EN˫«ě<ǹǱƏ

ƌ<V[�üŴ:ō+Oĵ÷<ÏĐ=˫ƫȈ<˒ǢƏƌȉ<˘ȕ7ď*ÏĐR

ρ)0&7!Q 30ˬ&&6˫ɪº¡6<φöũ= Li+˫Na+, K+<˘ȕ6Ő(

#9O&7!ȠMP5�O 2-24)ˬ.<0H˫ɪº¡6ƺIö"J+� Li !Łģ

)5�OɉƇ:��5ǹǱƏƌ!ƺIŐ(#9N˫Na˫K <˘ȕ6ĸ"#93

07ə�MPOˬ)0!35«ě<ɂ:��5=˫NBO/T <Q, 9ş:ǡB

5˫T�\�V[�üŴ<ş!LNƣʴȚ:935{���l!ĵ÷)07ə

�MPOˬK�:°˅=˫T�\�ʺŕʵ÷ȃ<ű˕:4�5=V[�üŴ6

ǡʠ˫əŋRɫ30 Fˬig.2-13�L? Fig.2-14:˒ɤφöƏƌ�L?˒Ǣ¦ʷŖ

ňʹ<V[�üŴ<ÁŁſRɮ+a�~Rρ+ Fˬig.2-13LN˫˒ ɤφöƏƌ=˫

V[�üŴ!ıñ+O7�Ƴ)0&7!Q 30ˬE0˫Fig.2-15(a):˫Li+7
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K+R¿7)5˫T�\�V[�üŴ<ʯ�:LO¦ʷŖā(<ĵ÷<ǗŪğR

ρ+ˬFig.2-15(a)6ρ)0ʩN˫V[�üŴ!ĸ"9 K+:��5 Li+LNI¦ʷ

Ŗ!ĸ"#9O&7!ȠMP5�O 2-25)ˬE0˫¦ʷŖ<ā(!ĸ"#9O&7

:L35˒ɤφöƏƌ!ĸ"#9O&7!ȠMP5�O 2-26)ˬ)0!35˫¦ʷ

Ŗ!ĸ"#930 K2O ǴñɉƇ:��5˒ɤφöƏƌ!ĸ"#9307ə�M

POˬƺŶ:˫¦ʷŖňʹ:4�5˫Fig.2-14LN˫˒Ǣ¦ʷŖňʹ=V[�ü

Ŵ!�Ƴ+O7ǵő)0&7!Q 30ˬ&&6˫Õʦ<ʩNɪº¡6<φö

ũ= Li+, Na+, K+<˘ȕ6Ő(#9O&7 M˫&<˘ȕ6ȓ˔áǑ!Ő(#9

O7ə�MPOˬE0˫T�\�RǴñ)0ɉƇ:4�5˫�,PI SiO2ʹ=

�ń6�O Mɪºǔʪ:ĸ"9ş=9�7ə�MPOˬ)0!35&<˒Ǣ

ňʹ<ĵ÷=˫T�\�V[�:LOȓ˔áǑ<ʯ�:L35ū"ʙ&(P0

7ə�MPO &ˬ<ȓ˔áǑ<ʯ�R  ˫ Li2O�L? K2OR¿7)5 Fig.2-15(b)

:ρ+!˫Fig.2-15(b)LN˫V[�üŴ!ĸ"9 K+V[�<Ư!˫V[�üŴ

!Ő(9 Li+V[�:ǡB5˫Ķʳ˒Ĭ:LOφö˩ȓ˔áǑ˪!Ő(�&7!

Q Oˬ&P=Õʦ<ʩN˫ɪº¡6<φöũ! Li+˫Na+, K+<˘ȕ6Ő(#9

O&7!ȠMP5�N˫&P:L35 Li+:ǡB5 K+<ȓ˔áǑ!Ő(#9N˫

¦ʷŖňʹ!Ǵñ)0T�\�V[�üŴ<�Ƴ:¶�ǵő)07ə�MPOˬ

2-3-1< K2Oʹ<˒Ǣ¦ʷŖňʹ<əŋ7ĎQ-O7 ǀ˫ȣȱ:�$O˒Ǣ¦ʷ

Ŗňʹ=˫ʴĐáǑLNI˫ȓ˔áǑ<ŉ�!ĸ"�7ə�MP˫&P=T�

\�\n[�<ɪº¡6<φöũ<ş:ʙĜ+O7ə�MPOˬ 

 

  

No. Rsol [Ω] Rct [Ω] Cdl [μF] Zw [Ω] NBO/T

4 (Li2O) 4.10 0.437 16.4 18.8 0.93

5 (Na2O) 4.35 2.88 1.69 16.8 0.99

2 (K2O) 4.73 5.19 0.993 28.7 1.00

Table2-3 The values of equivalent circuit components and NBO/T of the 

melts with changing alkali oxides. 
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Fig.2-10 Nyquist plot for 66.7SiO2-33.3Li2O (mol%), and the enlarged 

nyquist plot (inset) at 1540K. 
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Fig.2-11 Nyquist plot for 66.7SiO2-33.3Na2O (mol%) at 1540K. 
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Fig.2-12 Relationship between the solution resistance and (a) 

NBO/T and (b) ionic radius of alkali ions at 1540K. 

NBO/T Ionic radius, ri / Å
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Fig.2-13 Relationship between the charge transfer resistance and 

ionic radius of alkali ions at 1540K. 
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Fig.2-14 Relationship between double layer capacitance and ionic 

radius of alkali ions at 1540K. 

(a)

(b)

Fig.2-15 Schematic illustrations of the effects of the kind of alkaline oxide 

addition on (a) the double layer thickness and (b) interfacial polarization. 
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2-4� Ɋɾ 

� SiO2-R2O (R=Li, Na, or K)ɂɪº<V�}�m�h�L?¸ȝɼş<Ƿń:L

35ŸMP0uV^hs��osRȷÂěʝɽǆ+O&76˫ǹǱƏƌ˫˒ɤ

φöƏƌ˫¦ʷŖňʹ�L?ƑƧ<V�}�m�h:áɽ6"O&7!Q N˫

&PM=ɪºɉƇ�L?ɪºǔʪ<ű˕Rĉ$5ĵ÷+O&7!Q 30ˬE

0˫&PM<ȷÂěʝƇá<�2ǹǱƏƌ˫˒ɤφöƏƌ�L?¦ʷŖňʹ:

θț+O7˫T�\�ʺŕʵ÷ȃ<Ǵñʹ!�Ƴ+OC8˫ǹǱƏƌ�L?˒

ɤφöƏƌ=ǵő)˫¦ʷŖňʹ=ıñ+O&7!Q 30ˬ&P=˫ɪº¡

:�$O˒ɤ^��Tʹ<ĵ÷J˫T�\�ʺŕʵ÷ȃǴñʹ<ĵ÷:¶�¦

ʷŖā(<ĵ÷˫(M:=f�b�swos��`<ĸ"(98:L35ĵ÷

+O&7!ƴM 7930ˬE0˫ďǴñʹǁ²:��5˫T�\�ʺŕʵ÷

ȃ<ȯ˝Rĵ÷(-O&76˫ǹǱƏƌ!ɪº¡6<V[�<φöũ:Iű˕

Rĉ$O&7˫¦ʷŖňʹ=«ě<ɉƇ:��5=ɪº¡6<ʴĐáǑ:ǡB

5ȓ˔áǑ<ŉ�!ĸ"#9O&7!ƴM 7930ˬ  
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ȶ 3ȴ� SiO2-RO-R’O (R, R’= Na, K, or Ca)ɂɪº<V�}�m�
hǷń  

 

3-1� ɑɾ 

� łɬȚ:IŅ��jh<˔ MIʷɴ6�OǳĎT�\�õǈ (Mixed 

Alkaline Effect, MAE)3-1�3-3)7Ĕ>POȊʓ=˫&PE6:ķ#<ȣȱɚ:L

35īĒ(P5"0ˬ&<Ȋʓ=˫Ȗ9Oȯ˝<T�\�(T�\�ġ˝)!ǳĎ

)0ĬĎ:ɵMPOȊʓ6�N˫ɀũ 3-4)J˒Ǣµŏȉ 3-5, 3-6)7�30Ǖ�9ȃ

ſÊ!˫ɉƇ:ō+OñƇſ M,POȊʓ6�Oˬ¿�>˫]�h<˒ǢƏ

ƌȉ=T�\�V[�!ÙŁ˫4ENT�\�<ǳĎ:L35îȚ:ĵ÷+Oˬ

&<Ȋʓ= Mazurin M:L35ƺä:īĒ(P0 3-7)ˬųM<īĒ:LO7˫T

�\�RǳĎ+O&76˒ǢƏƌȉ=ɥ)#ıñ)˫27�40mol%<T�\�R

đS1us�W�-\�W�f�b�sɂ:��5=˫�L.us�W�7\�

W�R 1˭1:đGɉƇ6ǑĸRρ+&7RƴM :)0ˬ&<L�9ȄȖ9Ȋ

ʓRū"ʙ&+ǳĎT�\�õǈ=˫.<Ŷķ#<ȣȱ!9(P˫�#4 <

�|��Ià(P0 3-8, 3-9) )ˬ )9!M &˫PM<ǳĎT�\�ɉƇ:��5˫

]�h<ȃſRƣʴ+Oĸ"9ɴĜ<�46�OɪºǔʪɽǆɊǈ<īĒ¿=

ķ�7=ɾ�,˫E0˫ÁȀ7)5ǳĎT�\�õǈ<�\vi�=ƴξ:(

P5�9�<!Ȋȅ6�Oˬ 

� E0˫�ɟȚ:ǹɪʵ÷ȃ!¾Ȏ(P5�O��jhRə�O7˫¾Ȏ+O

ǹɪʵ÷ȃ=ǳĎT�\�ɉƇ6�O&7!ķ#˫E0˫ʮÞĀȅƅ6¾Ȏ(

PO&7Iő9#9� ʮˬÞĀȅƅ6= ȁ˫ïłȚ:�Ńń9ȅƅ:�O0H˫

ɪº<ȃſ:Iű˕RĆD+&7Iə�MPOˬ.&6ǀȴ6=˫ǳĎT�\

�f�b�sɉƇRʱƎ)˫29Si MAS-NMR:LOǔʪɽǆ7 ʮ˫ÞĀȅƅIđ

H0Ťŧ�ǶũȼĞ6<V�}�m�hǷńɊǈ MǳĎT�\�õǈ:4�

5əŋRɫ�&7RțȚ7)0ˬ 
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3-2� ŅˣƯǩ 

3-2-1� 29Si MAS-NMRǷńƊ˘ 

� Table3-1 :ǀȴ6¾Ȏ)0ʅƬɉƇRρ+ˬ� Table3-1 ¡:��5˫

66.7SiO2-26.64RO-6.66R’O ˫ 66.7SiO2-16.65RO-16.65R’O � L ?

66.7SiO2-6.66RO-26.64R’O (R, R’=Na, K, or Ca) (mol%):4�5ȾȔ<0H.P

/P 4R1R’˫1R1R’�L? 1R4R’7ɮ)5�Oˬ°�&<ɮʁ6čɉƇRɮ+ˬ

&PM<ɉƇ:4�5=˫ǔʪɽǆRɫ30ƫȈ!Łģ)9�0H˫Ʈ0:ǔ

ʪɽǆRɫ�żɴ!�Oˬ&&6˫NMR=Ȅń<ĂĿǋ:θț)˫.<ʤƜĂ

ĿRđH0ŒƉǔʪRŸO&7!ċɛ9ǔʪɽǆƊǩ<�46�N˫˓ţ:ˤ

Ɂũ9ɽǆ!ċɛ6�O&7 Mǀȣȱ6= 29Si MAS-NMR :LOǔʪɽǆR

ɫ30ˬ 

� Table3-1:ρ)0ɉƇ:4�5 Ɖ˫ń<ɉƇ79OL� SiO2  ˫ Na2CO3 K˫2CO3

�L? CaCO3 (Sigma Aldrich, Japan)RȬʹ)˫¤ʼRȎ�5ûá:ǳĎ)0ˬ 

 

  

SiO2 Na2O K2O CaO

4Na1K 66.7 26.64 6.66

1Na1K 66.7 16.65 16.65

1Na4K 66.7 6.66 26.64

4Na1Ca 66.7 26.64 6.66

1Na1Ca 66.7 16.65 16.65

1Na4Ca 66.7 6.66 26.64

4K1Ca 66.7 26.64 6.66

1K1Ca 66.7 16.65 16.65

1K4Ca 66.7 6.66 26.64

Table3-1 The initial compositions (mol%) of the melts employed in this study. 
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ǳĎȿƿR Pt �p�:Ôį)˫˒ǢǼ:5 1540K <ĸǢ�6 30min ǹɪ)0

(1Na4Ca �L? 1K4Ca :4�5=ǱȝɒǶũ! 1540K LNIˤ�0H˫1650K

6 30minǹɪ(-˫.<Ŷ 1540KE6ÞĀ�ÆƓŶžÞ)0)ˬ.<Ŷǹɪ)0

ʅƬRʽǅ�:Ǯ)1)ʽǅ6ƖFʣS6žÞ+O&76˫29Si MAS-NMRǷń

ȎʅƬ<½ɲRɫ30 &ˬ<7"čɉƇ: 0˫.1wt%< Fe2O3RǴñ)0 &ˬP=

NMR<ǷńĂȋLN˫ʅƬ:ȦĬR��Ï�0ĂĿǋh}�!I7:ƈOE6

:�OƸ˃(ɓĕƸ˃)!  O&7!ȠMP5�O! Ȅ˫:«ěǷń)0 29Si<

ɓĕƸ˃=˓ţ:ˁ�&7!ȠMP5�O 3-10)ˬ&<ɓĕƸ˃=˫ʅƬ:źʹ<

ţȦſºRǴñ+O&76˫.<Ȧſº!h}�ƑƧ<ʙǽ7935ɓĕRÅ

ʬ(-O&7!ȠMP5�O 3-11)ˬ.&6ǀȣȱ6=˫ţȦſº<�46�O

Fe2O3 R 0.1wt%Ǵñ)˫ɓĕƸ˃<ȡɕRğ35�OˬNMR Ƿń:=

JNM-ECA400(ȦĬŭũ˭9.39 T˫Ù˥ēǫƩ˭79.4 MHz)RȎ�0ˬ]�hȿƿ

R ZrO2ɲ<
4.0 mm MAS����:Ôį) 1˫5 kHz6ěʞ(-0 Eˬ0 S˫ingle 

45�{�hǷń6 8192ěɖNʥ)ǷńRɫ30ˬɓĕƸ˃= 10 s7)˫&<7

"ûá:}�`ŭũ!ŸMPO&7Rξʉ)0 9ˬ�˫29Si<÷łf~sɱǞȎ

ǖǸʅƬ:= T˫MS(tetramethylsilane, Si(CH3)4)RȎ�0 ŸˬMP0h�`s�R˫

]Wh˄Ʃ:L35}�`áˏRɫ30 &ˬ<7" Q˫n (n=4, 3, or 2)˩ n= SiO4
4-

�vos�4�0N<ǉǙʵɆ<ƩRɮ+˪<}�`6áˏ)˫.<}�`˔

ωíĎ Mč Qn<ŁģíĎRńʹ)0ˬ 

 

3-2-2� V�}�m�hǷńʅƬ½ɲ�L?Ƿńǁ² 

� ʅƬ½ɲ= 3-2-16ʦB0Ɗ˘6ɫ30ˬ&<7"˫29Si<ɓĕƸ˃ȡɕ<0

H:Ǵñ)0 0.1wt%Fe2O3=V�}�m�hǷńʅƬ:=Ǵñ)5�9� Eˬ0˫

CaO/(R2O+CaO) = 1.0 (R=Na or K)<ɉƇ6�O 66.7SiO2-33.3CaOɂ= Ǳ˫ȝɒǶ

ũ! 1873K Rʚ�O0HʅƬ½ɲ�L?V�}�m�hǷń=6"9 30ˬ

1Na4CaRˈ#ɉƇ:4�5<V�}�m�hǷń=ȶ 2ȴ7ďǕ<V�}�m

�hǷńɯɗ˫Ƿńǁ²(ǷńǶũ˭1540K˫ˑĞǢ˭Air˫ÆƓƸ˃˭180 min˫

Ƿń˒Ģ˭1.0 V, ǷńēǫƩ˭50 Hz�150 kHz)6ɫ�  ˫uV^hs��osR
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½ƇŶ˫ȷÂěʝɽǆ:L35ȷÂěʝƇáRǧń)0ˬ1Na4Ca :4�5=˫

Ħ�ɪºȅƅ(ǱȝɒǶũ°�)7ʮÞĀȅƅ(ǱȝɒǶũ°�)<ş!˫ȷÂěʝ

Ƈá:ĆD+ű˕RʌǊ+O0H 1˫690K6 180minÆƓ)V�}�m�hǷń

Ŷ˫25K˅Ƕ) 15minÆƓŶǷńRɫ�7��ơ½R 1440KE6ɖNʥ)0ˬ

1Na4Ca:��5˫ˑĞǢJǷń˒Ģ˫ǷńēǫƩ<ǁ²=˫­<ɉƇ7ďǕ<

ǁ²6ɫ30ˬ 

 

3-3� Ɋǈ�L?əŋ 

3-3-1� 29Si MAS-NMRǷńɊǈ 

� Fig.3-1 : Table3-1 :ρ)0ɉƇɂ<]�hʅƬ:4�5Ƿń)0 29Si MAS 

NMRh�`s��L?.<ǫůáˏɊǈRρ+ˬ�,P<]�h<h�`s�

I˫Q3 :Ţŕ(PO-80�-100ppm <}�`!�V�6�N˫-90�-110ppm :

Q4< -˫70�-80ppm: Q2:Ţŕ+Of��m�!ɻŋ(P0
3-12, 3-13)ˬŸMP0

29Si MAS NMRh�`s�R Q4 Q˫3�L? Q2:]Wh˄ƩRȎ�5}�`áˏ

)˫}�`˔ω Mč Qn <ŁģíĎRńʹ)0ˬǫůáˏ<ɊǈŸMP0č

Qn<}�`¸ɗ(-	[ppm])�L?}�`<üÊŤ(fwhm [ppm])˫˔ωíĎ MȺ

à)0ŁģíĎ(I [%])R Table3-2:ρ+ˬ  



 

39 

   

Fig.3-1 Fitting results of the 29Si MAS-NMR spectra for all samples shown 

in Table 3-1. 
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Table3-2 Observed chemical shifts (σ [ppm]), full width at half 

maximum (fwhm [ppm]) and Qn distributions (I [%]) for binary alkali 

silicate and mixed alkali silicate glasses. 

Q4 Q3 Q2

-σ fwhm I -σ fwhm I -σ fwhm I NBO/T

Na2O 99.99 13.83 11.04 88.48 9.58 79.06 77.96 8.75 9.90 0.99

4Na1K 96.59 11.46 9.42 87.84 9.52 80.94 76.94 7.22 9.64 1.00

1Na1K 96.47 13.93 7.82 87.93 10.09 83.19 77.44 6.27 8.99 1.01

1Na4K 96.57 13.89 7.48 87.70 11.33 85.07 76.78 7.21 7.45 1.00

K2O 97.96 17.56 6.90 87.34 12.32 86.07 76.25 8.05 7.03 1.00

4Na1Ca 100.11 12.39 11.34 88.59 10.41 77.41 79.06 9.22 11.25 0.999

1Na1Ca 101.31 12.96 14.24 89.75 11.79 71.57 81.39 10.43 14.19 1.00

1Na4Ca 103.34 13.55 15.03 90.87 14.22 69.87 81.96 10.92 15.11 1.00

4K1Ca 96.02 11.95 9.15 88.31 11.74 81.60 78.82 8.35 9.26 1.00

1K1Ca 101.56 11.62 11.05 91.13 11.90 77.88 83.23 10.42 11.07 1.00

1K4Ca 103.40 10.92 14.65 91.34 13.17 70.66 81.59 10.95 14.69 1.00
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Table3-2 : = ˫ ą ə 7 ) 5 66.7SiO2-33.3Na2O(Na2O 7 ɮ ʁ ) � L ?

66.7SiO2-33.3K2O(K2O 7ɮʁ)<ɊǈI�Q-5ρ)5�OˬTable3-2 LN˫�

,P<ɉƇI NBO/T <Ê=�L. 1 6�30ˬ&&6˫SiO4
4-�vos�4�

0N<ǉǙʵɆƩR Y˫˓ǉǙʵɆƩR X 7+O7˫]�hɉƇ7ǉǙʵɆ�

L?˓ǉǙʵɆ<Ʃ:=°�:ρ+˄Ä!Ƈȳ)5�O&7!ȠMP5�O

3-14)ˬ  

 

   ! =  8 − 2!     (3 − 1)    

   ! =  4 − !     (3 − 2)     

 

&&6˫R:4�5=˫R = no / nSi6ɮ(P˫]�hɉƇRáĿŪ6ɮ)07"

<ʵɆĂĿ<íĎRρ)5�N˫no�L? nSi=.P/P˫áĿŪ6ɮ)07"

<ʵɆĂĿ�L? SiĂĿ<Ʃ6�OˬŪ(3-1)�L?Ū(3-2)LN˫ǀȴ:�$O

ʅƬɉƇ6�O66.7 mol% SiO2ɉƇ<ĬĎ R˫=�L.2.579O&7 M Y˫=3˫

X=1 79OˬK�:˫SiO4
4-�vos�4�0N<˓ǉǙʵɆ<Ʃ! 1˫4EN

NBO/T=16�O&7!Q N ]˫�hɉƇ MɿȺ)0 NBO/T7 NMRǷń:

L35ŸMP0 NBO/T!CD�ɝ+O&7!Q 30ˬ&&6˫+B5<ɉƇ

:4�5 NBO/T=�L. 16�30! Q˫n<ŁģíĎ:ʯ�!ɵMP0 ¿ˬ�

>˫2 ÓɂT�\�f�b�s:4�5˫Na2O :ǡB5 K2O =˫Q4�L? Q2

=ǵő)˫Q3 =ıñ)5�OˬE0˫ǳĎT�\�ɉƇ:4�5=˫Ǵñ)5

�O Na2O< K2O:LOɗƠ˫CaO< Na2OE0= K2O:LOɗƠ:L35˫

Q4�L? Q2=þʌ:ǵő) Q˫3=þʌ:ıñ)5�Oˬ4EN˫T�\�˩T

�\�ġ˝˪< Z/r (Z˭ÂƩ˫r˭V[�üŴ)6ɮ(POV[�ŭũ!ĸ"#9

OC8˫°�< SiO4
4-�vos<ťɭćŽ<ćŽńƩ!ĸ"#9O&76˫ćŽ

!Č:ʬɫ+O&7Rρ)5�O 3-15)ˬ 

 

   2!! =  !! +  !!     (3 − 3)    
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&P=˫V[�ŭũ<ş:L35ɪº¡6<ťĦʵɆʴ¸Ʃ!Ȗ9O&7:ʙ

Ĝ+O7ə�MPO &ˬ<L�9ÏĐ=ëśM<ȣȱ 3-10)J Stebbins<ȣȱɊǈ
3-16)7I�ɝ+O&7 M˫29Si MAS-NMRǷń�L?}�`ǫůáˏ=Ǟξ:

9(P5�O7ə�MPOˬ  

 

3-3-2� uV^hs��os�L?ȷÂěʝƇá:ĆD+ǳĎT�\�õǈ<ű

˕ 

� Fig.3-2:Table3-1:ρ)0ɉƇɂ<ɪº<uV^hs��osR�ɹ6ρ+ˬ

Fig.3-2 LN˫�,P<uV^hs��osIüÜ7Ȝɒ!ƞ P5�O&7!

Q 30ˬ&PM<uV^hs��osR˫ȶ 2 ȴ6ʦB0ʩN EIS Spectrum 

analyzer 6ȷÂěʝɽǆRɫ30Ɋǈ˫�,PI Fig.2-5 6ρ+ȷÂěʝ6�O

&7!Q 30 Tˬable3-3:čuV^hs��os<ȷÂěʝɽǆ:L35ŸM

P0ěʝƇá<ÊR SiO2-R2O(R=Na or K)2ÓɂIđH5ρ+ˬ&&6˫Fig.3-3

: Na2O-K2OǳĎɉƇ:4�5˫Na2O-K2OǳĎǡ(K2O/(Na2O+K2O)):ō)5˫

čȷÂěʝƇá<ĵ÷�L? 29Si MAS-NMR:L35Ƿń)0Qn<ŁģíĎ<

ĵ÷Rρ+ˬ Fig.3-3(a)� (c)LN˫�,P<ȷÂěʝƇá:��5I

K2O/(Na2O+K2O):ō)5ȜɒñƇſ=ƇNȳ35�M,˫T�\�!ǳĎ+O

&76ǹǱƏƌ�L?˒ɤφöƏƌ=ȜɒñƇſLNʔ:,PǑŐRƓ2˫¦

ʷŖňʹ=ȜɒñƇſLNǞ:,P˫ǑĸRƓ4&7!Q 30ˬ) )˫

Fig.3-3(d)LN˫č Qnȯ<ĵ÷=T�\�<ǳĎ:ō)5ǑÊRƓ0,˫þʌ:

ĵ÷)5�O&7!Q Oˬ)0!35˫Na2O-K2OǳĎɉƇ:��5=˫ǳĎ

T�\�õǈ!f�b�s<ǔʪ6�OQn:��Oű˕=Ő(�7ə�MPOˬ

�Ư6˫T�\�<ǳĎ:L35ȷÂěʝƇá<ǑÊRƓ30ĵ÷LN˫ƴM

 :ǳĎT�\�õǈ<ű˕Rĉ$5�O&7!Q 30ˬ 

� &&6˫�ɟ:˫Ġº]�hȅƅ(]�hʞφǶũ°�)6=T�\�<ǳĎ:

L35˒ǢƏƌȉ!�Ƴ+O&7!ȠMP5�O 3-7, 3-8, 3-17)ˬ&P=˫]�h¡

<T�\�V[�!ȝ§:½Ȏ)Ď�ƗöĿ7)5ƗOɞ�&76˫V[�á

Ǒ:LOYw�_�Rȍ*˫V[�µŏ<ǭſ÷Yw�_�Rıñ(-O0H
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6�O7(P5�O 3-8)ˬ)0!35˫Ġº]�hȅƅ6<īĒɊǈ Mə�O

7˫ǹǱƏƌ=T�\�<ǳĎ:L35ıñ+O7ə�MPO!˫Õʦ<ʩN

ǀȣȱ:��5=T�\�<ǳĎ:L35ǹǱƏƌ=ǵő)5�O&7!Q 

Oˬǀȣȱ:��5I˫ƗöĿ:LOV[�µŏ<ǭſ÷Yw�_�<ıñ=

ə�MPO!˫V�}�m�hǷńʅƬ=ˤǶ6ǹɪ)5�O&7 M˫V[

�!Ɠ4ȁYw�_�(ȁƗö)!˓ţ:ĸ"# ȝ˫ōȚ:ƗöĿ<ű˕!Ő(#

9307ə�MPOˬ 

� E0ǳĎT�\�ɉƇ:��5˫ɪºz�`¡6ö$OT�\�V[�<ǻ

ũ:˄Ä)˫Ƕũ:ÁŁ)9�°�<Ū6ɮ(POëƔƩĜĿ(pre-exponential 

factor)	0!T�\�<ǳĎ:L35ıñ+O&7!ȠMP5�O
3-18, 3-19)ˬ 

 

   ! =  !! × exp !!
!"        (3 − 4)    

 

&&6˫	=˒Ǣµŏȉ˫E=ǭſ÷Yw�_�˫R=ǢºńƩ˫T=ɍōǶũ

6�Oˬ&<Ū:��5˫&<ëƔƩĜĿ	0=˫φöċɛ9V[�!Łģ+O

ξȉRɮ+˛ũĜĿ6�Oˬ)0!35T�\�<ǳĎ:L35ëƔƩĜĿ!

ıñ)0&76˫φö!ňƵ9V[�ǻũ˫4EN˒ɤ^��T79OV[�

ǻũ!ıñ)˫ǹǱƏƌ!ʔ:ËÉ)07ə�MPOˬE0˫ëƔƩĜĿ<ı

ñ(φö!ňƵ9V[�ǻũ<ıñ):L35˫ȶ 2ȴ6IʦB0!˫¦ʷŖā(

!ǵő)0 3-20)&76˫˒ɤφöƏƌ!ʔ:ËÉ)07ə�MPOˬ¦ʷŖňʹ

=T�\�<ǳĎ:L35ȜɒñƇſLN��G;Ǟ:,P5�O!˫&P=

¦ʷŖā(!ǵő)0&7˫�L?V[�ǻũ<ıñ:LOȓ˔áǑ<ıñ:

LOű˕!ə�MPOˬ 
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Fig.3-2 The nyquist plots of mixed alkali (alkaline) silicate melts 

shown in Table 3-1 at 1540K. 
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Rsol [Ω] Rct [Ω] Cdl [μF] Zw [Ω]

Na2O 4.35 2.88 1.69 16.8
4Na1K 4.31 1.15 2.55 38.3
1Na1K 3.84 1.95 1.14 84.5
1Na4K 4.17 2.13 1.29 35.9
K2O 4.73 5.19 0.993 28.7

4Na1Ca 3.87 4.13 0.806 86.4
1Na1Ca 4.96 4.36 0.622 77.4
1Na4Ca 20.4 49.6 0.0573 187

4K1Ca 4.21 11.8 0.483 169
1K1Ca 6.79 7.31 0.291 91.7
1K4Ca 93.7 293 0.0106 482

Table3-3 The equivalent circuit components of the melts of employed 

compositions melts. 
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Fig. 3-3 The relationship between K2O/(Na2O+K2O) ratio and (a) 

solution resistance, (b) charge transfer resistance, (c) double layer 

capacitance, and (d) abundance ratio of Qn species at 1540K. 

K2O/(Na2O+K2O)

So
lu

tio
n 

re
sis

ta
nc

e,
 R

so
l /

 Ω

C
ha

rg
e 

tr
an

sf
er

 r
es

ist
an

ce
, R

ct
 /

 Ω

D
ou

bl
e 

la
ye

r 
ca

pa
ci

ta
nc

e,
 C

dl
 /

 μ
F

K2O/(Na2O+K2O)

(a) (b)

(c)

K2O/(Na2O+K2O) K2O/(Na2O+K2O)

Ab
un

da
nc

e 
ra

tio
 o

f Q
n 

sp
ec

ie
s,

 I 
/ 

%

K2O/(Na2O+K2O)

(d)



 

47 

� Fig.3-4�L? Fig.3-5:.P/P R˫2O-CaOǳĎɉƇ:4�5 CaO/(R2O+CaO)

ĵ÷:ō+OȷÂěʝƇá�L?čQnȯ<ŁģíĎ<ĵ÷R R=Na�L? R=K

:4�5.P/Pρ+ Fˬig.3-4�L? Fig.3-5LN˫ǹǱƏƌ�L?˒ɤφöƏ

ƌ= CaO/(R2O+CaO)ǡ<ıñ77I:�Ƴ)˫CaO/(R2O+CaO)=0.8 :��5˓

ţ:ĸ"9Ê79O&7!Q 30ˬE0˫¦ʷŖňʹ:4�5=˫

CaO/(R2O+CaO)ǡ<ıñ77I:ǵő) C˫aO/(R2O+CaO)=0.8:��5˓ţ:Ő

(9Ê79O&7!Q 30ˬ�Ư˫Fig.3-4(d)�L? Fig.3-5(d)LN˫R2O-CaO

ǳĎǡ:ō)5č Qnȯ=þʌ:ĵ÷)5�N˫R2O-CaO ǳĎɉƇ:4�5I˫

ǳĎT�\�õǈ!f�b�s<ɏțǔʪ:ĆD+ű˕=Ő(�7ə�MPOˬ

ȷÂěʝƇá:4�5=˫Na2O-K2O ǳĎɉƇ7ďǕ:ëƔƩĜĿ	0 !T�\

�<ǳĎ:L35ıñ)0&76˫T�\�<ǳĎǡ:ō)5ȜɒȚ:ĵ÷)

9 307ə�MPOˬ 

� &&6˫ CaO/(R2O+CaO) = 0.8< 2ɉƇ˫4EN 1Na4Caɂ�L? 1K4Caɂ

:��5ǹǱƏƌ�L?˒ɤφöƏƌ=ƴM :­<ɉƇ7ǡB5ĸ"#˫�

Ư¦ʷŖňʹ=Ő(9ÊR735�O&7!Q Oˬ&P=&PM 2 ɉƇ<Ǳ

ȝɒǶũ!˫ǷńǶũ< 1540K LNIˤ�(1Na4Ca ɂ˭Ƀ 1620K˫1K4Ca ɂ˭

Ƀ 1630K)ɉƇ6�N˫ǷńǶũ!ʮÞĀǶũĨ6�O&7:LOI<6�O7

ə�MPO 1ˬ540K6½ɲ)0 NMRǷńȎʅƬ=Ħ�9]�h6�30&7 

M˫V�}�m�hǷńƸIĦ�9]�hȅƅ6�307ə�MPOˬ4EN

&PM<ɉƇ:�$OȷÂěʝƇá<ƴξ9ĵ÷=˫ǱȝɒǶũ°�6�Oɪ

º7˫ǱȝɒǶũ°�<ʮÞĀɪº<»M <ĵ÷Rƙ�5�O&7!ρė(

POˬʮÞũ˫4ENǱȝɒǶũ7ǷńǶũ<ş!LNĸ"9 1K4CaɉƇ:�

�5˫1Na4CaɉƇLNIǹǱƏƌ�L?˒ɤφöƏƌ=ĸ"#9N˫�Ư6¦

ʷŖňʹ=Ő(#935�O&7 M˫ʮÞĀȅƅ:�Oɪº<ʮÞũIćƶ

)5�OċɛſIρė(POˬ  
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Fig. 3-4 The relationship between CaO/(Na2O+CaO) ratio and (a) 

solution resistance, (b) charge transfer resistance, (c) double layer 

capacitance and (d) abundance ratio of Qn species at 1540K. 
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Fig. 3-5 The relationship between CaO/(K2O+CaO) ratio and (a) 

solution resistance, (b) charge transfer resistance, (c) double layer 

capacitance and (d) abundance ratio of Qn species at 1540K. 
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Fig.3-6 : 1Na4Ca :4�5ǹǱƏƌ˫˒ɤφöƏƌ�L?¦ʷŖňʹ<Ƕũĵ

÷RǱȝɒǶũ TL77I:ρ+ˬ Fig.3-6 LN˫Ƕũ!¹�+O7ǹǱƏƌ�

L?˒ɤφöƏƌ=�Ƴ)˫¦ʷŖňʹ=ǵő+O&7!Q 30ˬE0˫Ǳ

ȝɒǶũ TLRİ:˫Ƕũ:ō+OȷÂěʝƇá<ĵ÷<ÏĐ!ĵ÷+O&7!

Q 30ˬȢ˦M 3-21)�L? GreenwoodM 3-22):L35˫ǣǹǱɂ:��5�ˠ

ĕǹǱ7ʮˠĕǹǱR˫ǶũRĵ÷(-O&76½ɲ)˫čǹǱ6˒Ǣµŏũ

RǷń)0ȣȱ!ʮĄ:9(P5�Oˬ&<ȣȱ6˫�ˠĕǹǱ Mʮˠĕǹ

ǱAφNĵQOǶũ˫4ENǀȣȱ:�$OǱȝɒǶũ:ȝŮ+OǶũRİ:˫

˒Ǣµŏũ!¹�+O&7!ƴM :930ˬ&P=˫ǹǱ¡<V[�µŏ<

ǭſ÷Yw�_�!˫�ˠĕǹǱ MʮˠĕǹǱA7φNĵQO&76ıñ)

0&7:ʙĜ+O7(P5�Oˬǀȣȱ:��5I˫T�\�(T�\�ġ˝)

\n[�<φö!�4<ɴĜ7935ǹǱƏƌJ˒ɤφöƏƌ˫¦ʷŖňʹ!

I0M(PO7ə�MPOˬ�ɟ:˫ǹǱƏƌ<ʨƩ Rsol
-1=˒Ǒůȅ!ď*Ĭ

Ď˫ʅƬ<˒Ǣµŏȉ˩˒ǢƏƌȉ<ʨƩ˪:ǡ¿+O&7 M˫°�<L�

9T�vWh<Ū6ɮ(PO&7!ȠMP5�O 3-23)ˬ 

 

   !!"#!! =  !! × exp (!!!!" )      (3 − 5) 

 

&&6ǀȣȱ:�$O 1Na4Ca ɉƇ:4�5˫log(1/Rsol)7 1/T <˄ÄR Fig.3-7

:ǱȝɒǶũ TL77I:ρ+ Fˬig.3-7:��5˫ǱȝɒǶũ°�<ǶũȼĞ7

ǱȝɒǶũ°�<ǶũȼĞ:��5.P/PȜɒʤ·Rɫ30ˬFig.3-7 LN˫

ǱȝɒǶũ°�<ǶũȼĞ6=Ȝɒ<Ï"=-0.7966�30<:ō) ʮ˫ÞĀȅ

ƅ6�OǱȝɒǶũ°�<ǶũȼĞ6=Ȝɒ<Ï"!-0.941 6�O&7!Q 

30ˬ&PM<Ï"LNǀȣȱ:�$OV[�µŏ<ǭſ÷Yw�_�RɿȺ

)0Ɋǈ˫ǱȝɒǶũ°�<ǶũȼĞ�L?ʮÞĀȅƅ6=.P/P˫

66.2kJ/mol�L? 78.3kJ/mol6�O&7!Q 30ˬ&<&7LN˫ǀȣȱ:�

�5IʮÞĀȅƅ:9O&76V[�µŏ<ǭſ÷Yw�_�!Ƀ 18˨ıñ+

O&7!Q 30ˬE0˫ɢǇM<ȣȱ:LO7 7˫0 SiO2-20R2O-10R’2O(R= Na, 
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R’=Li, Na, K, Rb, or Cs) (mol%)ɂ:4�5˫]�hʞφǶũ°�6�O 600�:

��5 Ƀ˫ 60�95kJ/mol<ǭſ÷Yw�_�79O&7!īĒ(P5�N 3-24)˫

ǀȣȱ:�$Oǭſ÷Yw�_�<ÊIĻŮ9Ê6�O7ə�MPOˬ(M:˫

Ȣ˦M<ȣȱ:��5I ʮ˫ˠĕǹǱ(ʮÞĀǹǱ):9O&76V[�µŏ<ǭ

ſ÷Yw�_�=Ƀ 13˨�15˨ıñ)07īĒ)5�O&7 M˫ǀȣȱ:�

$OɃ 18˨<ǭſ÷Yw�_�<ıñIʙ&N�O7ə�MPOˬ&<L�:

V[�µŏ<ǭſ÷Yw�_�!ıñ)˫ɪº¡:�$OV[�<φö!èˆ

(P0&76˫ǹǱƏƌ�L?˒ɤφöƏƌ=ıñ)07ə�MPOˬ�Ư˫

V[�<φö!èˆ(P0&7:L35˫ȓ˔áǑ!ǵő)˫.<Ɋǈ¦ʷŖ

ňʹ!ǵő)07ə�MPOˬ&P=ǷńǶũ!ʮÞĀȅƅ6�O 1K4CaɉƇ

:4�5I˫V[�µŏ<ǭſ÷Yw�_�!ıñ)0&7:L35˫V[�

<φö!èˆ(P˫ǹǱƏƌ�L?˒ɤφöƏƌ=ıñ)˫�Ư6¦ʷŖňʹ

=ǵő)07ə�MPOˬE0˫Fig.3-3˫Fig.3-4�L? Fig.3-5LN˫.P/P

T�\�<ǳĎǡ:ō+Oĵ÷Rǡʠ+O7˫ƴM : 1Na4Ca �L? 1K4Ca

ɉƇ<ĵ÷=ĸ"�&7 M˫&<ĵ÷=¢:ʮÞĀȅƅ6�30&7:ʙĜ

)5�O7ə�MPOˬ°�<&7LN˫ǀȣȱ:��5=˫ȷÂěʝƇá:

ĆD+ǳĎT�\�õǈ<ű˕LNIʮÞĀȅƅ7930&7<ű˕!ĸ"�

&7!ρė(P0ˬ 

� )0!35˫ǀȣȱ:�$OV�}�m�hǷńǩ:L35˫ǹǱƏƌJ˒

ɤφöƏƌ98ɳƩ<{���lRŸO&7!6"˫ǳĎT�\�õǈJʮÞ

ĀȅƅRǏà6"O&7!ρė(P0&7 M N˫MR98<ǔʪɽǆƊǩ7ɉ

FĎQ-O&76˫ƴM :935�9�Ȋʓ<ɽƴ�L?ɪºǔʪ<ƝǷ<

0H<˓ţ:ƻï9p��79N�O7ə�MPOˬ 
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Fig. 3-6 The relationship between temperature and (a) solution resistance, 

(b) charge transfer resistance and (c) double layer capacitance for 

66.7SiO2-6.66Na2O-26.64CaO (1Na4Ca) system at 1540K. 
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Fig.3-7 The relationship between inverse of solution resistance and 

temperature, and linear approximations of uniform melt and super-cooling 

state for 66.7SiO2-6.66Na2O-26.64CaO (1Na4Ca) system. 
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3-4� Ɋɾ 

� Na2O-K2O, Na2O-CaO�L? K2O-CaO<ǳĎT�\�(ġ˝)ɉƇRʱƎ) V˫

�}�m�hǷńRɫ�&7:L35˫°�:ρ+Ƞɵ!ŸMP0ˬ 

� �V�}�m�hǷń:L35ŸMPOȷÂěʝƇá6�O˫ǹǱƏƌ˫˒

ɤφöƏƌ�L?¦ʷŖňʹ:��5˫.PM<Ê=T�\�<ǳĎǡ:ō)

5ȜɒñƇſ MËÉ)5�N˫�QKOǳĎT�\�õǈRρ+&7!ƴM

 7930ˬE0&P=˫čɉƇ< 29Si MAS-NMRǷńɊǈLN˫NBO/T:=

ƴξ9ş=ɵMP,˫č Qnȯ<T�\�ǳĎǡ:ō+Oĵ÷Iþʌ:ĵ÷)5

�O&7 M˫ǳĎT�\�õǈ=f�b�s<ɏțǔʪ<ĵ÷:ō)5˫ĸ

"9ű˕R��5�9�&7!ρė(P0ˬ 

� �ǳĎT�\�ɉƇ:��5˫ɪºz�`¡6ö$OT�\�V[�<ǻũ

:˄Ä)˫Ƕũ:ÁŁ)9�ëƔƩĜĿ(pre-exponential factor)	0 !T�\�<

ǳĎ:L35ıñ+O&7!ȠMP5�N˫&P:L35φö!ňƵ9V[�

ǻũ˫4EN˒ɤ^��T79OV[�ǻũ!ıñ)0&76˫ȷÂěʝƇá

!ǳĎT�\�õǈRρ)07ə�MPOˬ 

� �ǷńǶũ6�O 1540K:��5ʮÞĀȅƅ6�O 1Na4Ca�L? 1K4Caɉ

Ƈ:4�5˫.<­<ɉƇ:ǡB5ȷÂěʝƇá<Ê!ĸ"#ĵ÷)0&7!

Q 30ˬ&P=˫ʮÞĀȅƅ:��5˫V[�µŏ<ǭſ÷Yw�_�!ı

ñ+O&7!ņǶǣǹǱɂ:��5īĒ(P5�N˫ǀȣȱ¡<ɪº:��5

I&<V[�µŏ<ǭſ÷Yw�_�<ıñ<ű˕!ə�MPOˬ  
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ȶ 4ȴ� j��°�:LOʵ÷ȃɪº<ǔʪƝǷ  

 

4-1� ɑɾ 

� ʵ÷ȃɪº<ǔʪʄÂƊǩ:4�5 N˫MRJ���áÖǩ98<ȜƜȚ9ǔ

ʪɽǆƊǩ<­:˫ȁïł�°�RȎ�0ǔʪƝǷƊǩ!Łģ+Oˬȁïł�

°�=ķƇáɂ:�$Očȝ<ɜȐYw�_�R˫ɂ<ɉƇJǶũ˫Ģï98

<˄Ʃ6ɮ+I<6�N˫&P:L35ķƇáɂ<ťɭȅƅğ<ɿȺJ˫ɪº

¡<V[�ďĳ<ɊĎ<ȯ˝7.<íĎ98<ɿȺRɫ�Ɗǩ6�Oˬ¿�>

ȁïł�°�<�46�Oj��°� 4-1)RȎ�0ǔʪƝǷƊǩ=˫c�}��

l:LOɿȺ!ċɛ6�O0H˓ţ:ȾÃ6�N˫ȡƸ˃6ʄÂ6"O7�3

0��os!Łģ+OˬǄŇM 4-2)=˫SiO2-Al2O3-CaOɂ:��5˫j��°�

RȎ�5ɿȺ)0ɪº¡<ǉǙʵɆ7˓ǉǙʵɆ<ǡ(BO/NBO ǡ)!˫NMR :

L35Ƿń)0 BO/NBO ǡRÝȊ)5�O&7RīĒ)0ˬE0˫ŗŚM 4-3)

=˫Ca-CaO-CaX2 (X=F, or Cl)ɂ:��5�ÓɂȅƅğR½Ƈ)˫j��°�R

Ȏ�5ɿȺ)0ɪº¡< Ca ǭʹ!ŅǷÊ7�ɝ)07īĒ)0ˬ&<L�:˫

j��°�RȎ�0ǔʪƝǷJťɭȅƅğ<ɿȺ=˫�ɟȚ9ʵ÷ȃɪºɂ<

F9M,˫\�fW�y�Vtɂ<L�9ŅǷ:LOʄÂ!ĝː9ɉƇ:4�

5IīĒ!9(P5�Oˬ�Ư6j��°�:=˫ǔʪƝǷ:żɴ9ȁïł{

���l=Ťŧ�ɉƇ6��MP5�M,˫Ȅ:T�\�ʺŕ!đEP0ɂ:

4�5=ɿȺ6"9�7�30°��osIŁģ)5�Oˬ) )9!M˫&

<ȁïł{���l!˫T�\�ʺŕ!đEPOɂ6I��MPP>˫.<L

�9ɉƇ:��5ɪºǔʪ<ƝǷ!ċɛ79N�Oˬ 

� .&6ǀȣȱ6=˫V�}�m�hǷń:L35ŸMP0ȷÂěʝƇá7˫

j��°�:�$Oȁïł{���l7<˄ÄRʌǊ)˫ȷÂěʝƇá7ȁï

ł{���l7<ȝ˄ŪR½Ƈ+O&76˫Ťŧ�ɉƇȼĞ:4�5ȁïł{

���lRȷÂěʝƇá<Ê MȺà+O&7Rȶ�țȚ7)˫ȝ˄Ū MȺ

à)0ȁïł{���l<ÊRȎ�5˫ǔʪƝǷRɫ�&7Rǀȣȱ<țȚ7

)0ˬ  
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4-2� ŅˣƯǩ 

4-2-1� ʅƬ½ɲ�L?Ņˣǁ² 

� Table4-1:ǀȣȱ6V�}�m�hǷńRɫ30ʅƬɉƇRρ+ &ˬPM<ɉ

Ƈ= NMRRȎ�5ǔʪɽǆ!+6:9(P5�OɉƇ 4-2, 4-4)6�O ʅˬƬ:=˫

SiO2, Al2O3 M˫gO�L? CaCO3<ȄɅʅɧ˩ Sigma Aldrich, Japan R˪¾Ȏ)0ˬ

E,˫ʅɧRƉń<ɉƇ79OL�:Ȭʹ�ǳĎŶ˫ĸǢˑĞǢ�˫Pt �p�

¡6 1873K 6ǹɪ�ÆƓ)5Ħ�9ɪºRŸ0ˬ.<Ŷ˫ʽǅ�:Ǯ)1)5

žÞ)5ŸMP0]�hRǷńȎʅƬ7)0ˬŸMP0ǷńȎʅƬR�p�:

Ôį)˫ǼÛ:ʂɗŶ 1873KE6ƳǶŶ 120áÆƓ+O&76˫ǢǪ<9�Ħ

�9ɪºRŸ0ˬ.<Ŷ˫ǎ˒ǑRɪºɮ˔ M 10mm ǰǺ(-˫V�}�m

�hǷńRɫ30 &ˬ<7" Ƿ˫ń˒Ģ=ŅõÊ 1.0V7) Ƿ˫ńēǫƩR 50Hz

 M 150kHzE6ʫɎȚ:ĵ÷(-5Ƿń)0ˬ 

 

  

No. SiO2 Al2O3 CaO MgO

1 55.0 15.0 30.0
2 51.0 12.5 36.5

3 36.0 9.9 54.1
4 39.5 9.5 51.0

5 60.1 9.8 30.1

6 51.0 12.5 36.5
7 50.0 10.0 40.0

8 50.0 15.0 35.0
9 50.0 25.0 25.0

10 55.0 6.0 39.0

Table4-1 The initial compositions (mol%) of the melts employed in this study. 
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4-2-2� j��°�:4�5 

� j��°�= K˫apoor7 Frohberg:L35ƟǍ(P0�°� 4-5)6�N �˫4

<ʵɆV[�7.P:ɊĎ)0 2 4<ˊV[�RƺŐþ¸<�j��7)˫j

�˃<ȃʗȚ�ȁïłȚťɭRəƆ+O&76˫j�<ƩRɿȺ+OƯǩ6�

O Ŷˬ:Gaye7Welfringer:L35 ɳ˫ˎ9ķÓɂh�aA<ŽȎ!9(P 4-6)˫

&<7"j�¡<ˉV[�:4�5˫ʵɆV[�<F9M,Ȥ÷ȃJ~o÷ȃ

7930ĬĎ<h�a:4�5IƑŬ(P5�N˫ŅǷ!ĝː9ɉƇɂ<ȁï

ł{���lIƝń(P5�O 4-7)ˬ&<j��°�6=˫j�<ƩRɿȺ+O

&76ɪºǔʪ<ƝǷ!ċɛ79O!˫&<7"j�Ʃ<ɿȺ:=°�< 2 4

<ȁïł{���l!żɴ6�N˫&PM<Ê7j�<áʴêLNj�<ƩR

ɿȺ+Oˬ 

�j�<ȍƇɜȐYw�_�˫W 

�j�˃<ȝ§½ȎYw�_�˫E 

&<7" M˫i�L?MjR\n[�7)5 ď˫ȯ<\n[�!ɊĎ)0j�ďĳ

 MȖȯ<\n[�!ɊĎ)0j�!ȍƇ+O°�<ćŽRə�5�Oˬ 

 

   
!
! !! − ! −  !! +  !! !! − ! −  !! =  !! − ! −  !!       (4 − 1)    

 

) )9!M˫j�Ʃ<ɿȺ:żɴ9j�<ȍƇɜȐYw�_�W �L?j�

˃<ȝ§½ȎYw�_�E=˫ SiO2, Al2O3, CaO, MgO, FeO, Fe2O3�L?MnO

ɂ:4�5<F��MP5�N˫Ťŧ�ɉƇ6<ʰȎ=ĝː6�O7��ʋ˜

ǽ!�O<!Ȋȅ6�Oˬ 

 

4-2-3� ȷÂěʝƇá7ȁïł{���l7<ȝ˄Ū½Ƈ 

� &&6˫ȶ 2 ȴ�L?ȶ 3 ȴ6ʦB0ʩN˫V�}�m�hǷń:L35Ÿ

MPOȷÂěʝƇá=˫ʅƬɉƇ:LM, 4 ȯ˝˩ǹǱƏƌ˫˒ɤφöƏƌ˫

¦ʷŖňʹ�L?ƑƧ<V�}�m�h˪6�Oˬ.<�2V[� 3 ÈáȮũ

<j�<L�9�`�9ǔʪRćƶ)5�O7ə�MPO{���l=˫¦ʷ
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Ŗʳá<ȊʓRƙ�0˒ɤφöƏƌ Rct�L?¦ʷŖňʹ Cdl< 2 46�Oˬ�

Ư6˫ǀȣȱ:�$O SiO2-Al2O3-RO(R=Mg or Ca)3Óɂ<ĬĎ˫j��°�:

�$Oȁïł{���lW�L? E=˫Ȗȯ\n[�!ɊĎ)0j�<ȍƇ:

4�5ə�5�O0H 3˫ȯ˝<\n[� M2ȯ˝Rʱ@ɉFĎQ-<ƩLN˫

WSi-Al, WSi-R, WAl-R, ESi-Al, ESi-R, EAl-R<Ďɿ 6479O  ˬ 64<ȁïł{���l

R 24<ȷÂěʝƇá6ɮȊ+O0H:=˫˓ ţ:ķ#<°�l!żɴ6�N˫

Ȋǟˋ6=�ċɛ6�O .ˬ&6 ɪ˫º<ɂR Network Former(NWF)79Oʵ÷

ȃ7 Network Modifier(NWM)79Oʵ÷ȃ<Ƣ·Ț9 2Óɂ7ə�0 &ˬP:L

35˫Ȗȯ\n[�!ɊĎ)0j�=˫NWF\n[�7 NWM\n[�!ɊĎ

)0 1ȯ˝79O0H˫j��°�:�$Oȁïł{���lW�L? E=.

P/P�4,479O &ˬ&6  ˫ SiO2-Al2O3-RO 3Óɂ�L? NWFʵ÷ȃ-NWM

ʵ÷ȃƢ 2 Óɂ:�$O˫j��°�:L35ɿȺ(POǳĎ<ɜȐYw�_

�R.P/P˫GM(ternary)˫GM(binary)7+OˬE0˫j��°�:�$Oj�

<áʴÄƩR P7+O7˫°�<ŪRʫȳ)5ɽ#&76˫NWFʵ÷ȃ-NWM

ʵ÷ȃƢ 2 Óɂ<j�<ȍƇɜȐYw�_�W �L?j�˃<ȝ§½ȎYw�

_�ERȺà6"Oˬ 

 

!! !"#$%#& =  !! !"#$%&       (4 − 2) 
 

! =  !!"#!!"#
(!!"#!!"# ∙ !!"#!!"#)! !       (4 − 3)  

 

  ! =  exp !" −  !"                      (4 − 4) 
 

&&6˫Ri-j=\n[� i˫j!ɊĎ)0j�<Ʃ˫	�L?�=ɉƇ:L35ǧ

EOńƩ6�OˬŪ(4-2):��5˫GM(ternary)= SiO2-Al2O3-RO 3Óɂ<ǳĎ<

ɜȐYw�_�6�O MɉƇ!ǧń+O7j��°�:L35ɿȺ!ċɛ6

�N˫GM(binary)=ȁïł{���l W �L? E < 1 ǜ˄Ʃ79OˬE0˫Ū

(4-3):4�5˫č Ri-j= SiO2-Al2O3-RO 3Óɂ<j�Ʃ<ɿȺɊǈLNǥHO&
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7!ċɛ6�OˬE0˫Ū(4-4)LN P:4�5Iȁïł{���lW�L? E

<˄Ʃ6�O&7 M˫Ū(4-2)�(4-4)RW�L? E:4�5ʫȳ)5ɽ#&7

6˫NWFʵ÷ȃ-NWMʵ÷ȃƢ 2Óɂ:�$OW�L? ERɿȺ+O&7!

ċɛ79Oˬ&PM<ȁïł{���l<ɿȺ�L?j�<Ʃ<ɿȺ:4�5

=˫ȴƿ Appendix:ʇɇRʁ+ˬ 

� &<7"˫ȁïł{���l!��MP5�OɉƇ6V�}�m�hǷńR

ɫ�˫ŸMP0ȷÂěʝƇá7ȁïł{���l7<ȝ˄ŪR½Ƈ6"P>˫

Ťŧ�ɉƇ6ȷÂěʝƇá<Ê Mȁïł{���l<ÊRǥHO&7!ċɛ

79O Tˬable4-1:ρ)0ɉƇ:4�5=Õʦ<ʩN ƫ˫ȈLNȁïł{���

l!ɿȺ6"O0H˫&PM<ɉƇ:��5ȷÂěʝƇá7ȁïł{���l

7<ȝ˄Ū<½ƇRʅF0ˬ 

 

 

4-3� Ɋǈ�L?əŋ 

4-3-1� V�}�m�hǷńɊǈ 

� Fig.4-1�Fig.4-10:˫Table4-1:ρ+ɉƇ:4�5V�}�m�hǷńRɫ�

ŸMP0uV^hs��osRρ+ Eˬ0 T˫able4-2:čɉƇ:4�5ȷÂěʝ

ɽǆRɫ�ŸMP0ȷÂěʝƇá<�ɹRρ+ˬ 

� &&6˫Table4-1<ɉƇ<�2˫51.0SiO2-12.5Al2O3-36.5RO(R= Mg or Ca)ɂ:

θț+O7˫Ǵñ)0T�\�ġ˝ʺŕʵ÷ȃ!ȷÂěʝƇá:��Oű˕R

əŋ+O&7!6"OˬE,˫ǹǱƏƌ:4�5˫Ǵñ)5�OT�\�ġ˝

ʺŕ<ȯ˝<F!Ȗ9O0H˫f�b�s<ɪºǔʪ:ĸ"9ş=9�7ə�

MPOˬȶ 2 ȴ6ʦB0ʩN˫¦ÓɂT�\�f�b�sɪº:4�5˫T�

\�Ǵñʹ!ďʹ<ĬĎ˫T�\�V[�üŴ!ĸ"�C8ǹǱƏƌIĸ"#

930Ɋǈ!ŸMP5�O(Fig.2-12 (b))ˬ&P=˫V[�üŴ!ĸ"9V[�C

8ɪº¡6ö":#�7ə�MP˫.P:L35˒ɤ^��T<z�`¡:�

$OφöƏƌ!ĸ"#9300H6�O7əŋ)0ˬ  
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Fig.4-1 Nyquist plot for 55.0SiO2-15.0Al2O3-30.0CaO 

(mol%) melts at 1873K. 
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Fig.4-2 Nyquist plot for 51.0SiO2-12.5Al2O3-36.5CaO 

(mol%) melts at 1873K. 
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Fig.4-3 Nyquist plot for 36.0SiO2-9.9Al2O3-54.1CaO 

(mol%) melts at 1873K. 
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Fig.4-4 Nyquist plot for 39.5SiO2-9.5Al2O3-51.0CaO 

(mol%) melts at 1873K. 
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Fig.4-5 Nyquist plot for 60.1SiO2-9.8Al2O3-30.1CaO 

(mol%) melts at 1873K. 
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Fig.4-6 Nyquist plot for 51.0SiO2-12.5Al2O3-36.5MgO 

(mol%) melts at 1873K. 
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Fig.4-7 Nyquist plot for 50.0SiO2-10.0Al2O3-40.0MgO 

(mol%) melts at 1873K. 
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Fig.4-8 Nyquist plot for 50.0SiO2-15.0Al2O3-35.0MgO 

(mol%) melts at 1873K. 
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Fig.4-9 Nyquist plot for 50.0SiO2-25.0Al2O3-25.0MgO 

(mol%) melts at 1873K. 
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Fig.4-10 Nyquist plot for 55.0SiO2-6.0Al2O3-39.0MgO 

(mol%) melts at 1873K. 
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) )˫SiO2-Al2O3-RO ɂ:��5=˫Table4-2 LNV[�üŴ!ĸ"9 CaO

ǴñɉƇ(No. 2)<C�!MgOǴñɉƇ(No. 6)7ǡB5˫ǹǱƏƌ!Ő(#93

5�O&7!Q 30ˬǀȴ<ɉƇ:4�5¦Óɂ<T�\�f�b�s7ĸ

"#Ȗ9Oǽ=˫Al2O3<Łģ6�O&7 M˫&<Ɋǈ= Al2O3<ű˕:LO

I<6�O7ə�MPOˬ«ě<+B5<ɉƇ:��5 Al2O3ʹ�ROʹ6�O

&7 M˫ɪº¡:��5 Al2O3=+B5 Network Former6�OĚʴ¸ AlO47

)5Łģ)5�O7ə�MPO 4-8)ˬ&<7"˫AlO4Ě˔º:��5˫Al3+!ʵ

Ɇ 14�0N:��O˒ɤ=+3/46�O<:ō) S˫iO4Ě˔º¡< Si4+!ʵɆ 1

4�0N:��O˒ɤ=+4/4 6�Oˬ)0!35˫˒ǢȚ¡ſRəƆ+O7˫

Ěʴ¸ AlO47)5Łģ+O0H:= +˫1/4<˒ɤRɱÑ)9$P>9M9� 4-9)ˬ

&<˒ɤ<ɱÑ:T�\�ġ˝ʺŕV[�!¾QPO!˫&<7"˫˒ɤɱÑ

V[�<Cationic Field Strength(CFS)4-10)!Ő(�I<C8˒ɤɱÑ)J+�&7

!ȠMP5�O 4-11) &ˬP= C˫FS!ĸ"9\n[�! -˫1<˒ɤRƻ+O NBO

:ÒÕ)5ɊĎ+O0H6�Oˬ&&6  ˫ CFS=°�<Ū6ɮ(P˫Mg2+�L

No. Rsol [Ω] Rct [Ω] Cdl [μF] Zw [Ω]

1 10.5 198 0.0991 1052
2 7.07 60.7 0.177 352

3 5.97 2.28 0.834 69.4
4 5.54 11.1 0.376 136

5 46.2 158 0.0195 1152

6 7.89 4.90 0.209 129
7 6.77 8.76 0.236 250

8 9.27 1.97 0.457 47.0
9 10.9 1.60 0.753 50.0

10 10.3 17.8 0.112 389

Table4-2 The equivalent circuit components of the melts containing Al2O3. 
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? Ca2+< CFS=.P/P 3.86�L? 2.0079Oˬ 

 

   !"# =  !!!         (4 − 5) 

 

&&6 Z˫�L? r=V[�<ÂƩ�L?V[�üŴ6�O Mˬg2+7 Ca2+Rǡʠ

+O7 Ca2+<Ư! CFS !Ő(�&7 M˫Ca2+!LN˒ɤɱÑ)J+�ÏĐ:

�O&7!Q OˬE0˫ʤŦ<ȣȱ:��5˫T�\��L?T�\�ġ˝

T��xf�b�s]�h:��5 NWM 7)5Ð#\n[�:ǡB5˒ɤɱ

Ñ\n[�<Ư!˫V[�µŏũ!ĸ"�&7!īĒ(P5�O 4-12)ˬ&P=˫

NWM7)5Ð#\n[�=˫Õʦ<ʩN-1<˒ɤRƻ+O NBO7ɊĎ)5�

O<:ō)˫˒ ɤɱÑ\n[�=-0.25<˒ɤRƻ+O AlO4Ě˔º7ɊĎ)5�

N˫˒ɤɱÑ\n[�<Ư!\n[�:ȍ*O˒ǢȚūï!Ő(#9O&76

φöƏƌ!ǵő+O0H6�Oˬ&<Ɋǈ=ɪº:�$OV[�µŏũ:Iű

˕R��O&7!ə�MPOˬK�:˫Mg2+:ǡB5 Ca2+<Ư!˒ɤɱÑ)J

+#˫.P:L35ɪº¡:�$O Ca2+<V[�µŏũ!Mg2+:ǡB5ĸ"#

930&76˫CaO RǴñ)0ɉƇ:��5ǹǱƏƌ!Ő(#9307ə�M

POˬE0˫˒ɤφöƏƌ:4�5=˫Ǵñ)0T�\�ġ˝ʺŕV[�<V

[�üŴ!ĸ"#9OC8ĸ"#9N˫¦ʷŖňʹ:4�5=Ǵñ)0T�\

�ġ˝ʺŕV[�<V[�üŴ!ĸ"#9OC8Ő(#9O&7!Q 30ˬ

&PM¦4<ȷÂěʝƇá:4�5=˫¦ÓɂT�\�f�b�sɪº7ďǕ

<ÏĐRρ)5�N˫V[�üŴ<ʯ�:L35¦ʷŖā(!ĵ÷)0&7�

L?ȓ˔áǑ<ű˕:L35&<L�9ĵ÷!ɵMP07ə�MPOˬ 

 

4-3-2� ȷÂěʝƇá7ȁïł{���l<˄Ä 

� j��°�:��5j�Ʃ<ɿȺ:Ȏ�MPOȁïł{���l6�O˫j

�<ȍƇɜȐYw�_�W �L?j�˃<ȝ§½ȎYw�_�E 7˫V�}�

m�hǷń:L35ŸMP0ȷÂěʝƇá7<ȝ˄Ū<½ƇRɫ30ˬFig.4-11

: SiO2-Al2O3-CaOɂ�L? SiO2-Al2O3-MgOɂ:4�5 j˫�<ȍƇɜȐYw�
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_�7čȷÂěʝƇá7<˄ÄR˫h}T��<˘¸ȝ˄ÄƩ��L?}Tk

�<ȝ˄ÄƩ R2(°Ŷ˫ȝ˄ÄƩ7ɮ+)77I:ρ+ 4-13)ˬh}T��<˘¸ȝ

˄ÄƩ�=°�<Ū6��MP 2˫4<ĵƩ!�â<ášR±ń)9�ǁ²:�

�5 2˫4<ĵƩ˃<˄Ä!³ƃ<þʌ˄Ʃ68<ȮũɮȊ6"O Rɮ+Ɣǖ

6�N˫-1���1<ÊR7Oˬ4EN˫24<ĵƩ<˘Ũ!Ø5�ɝ+O7"

�= 1(þʌıñ) 2˫4<ĵƩ<˘Ũ!Ø5ʨ:9O7"�= -1(þʌǵő)79O  ˬ

! = 1 −
6

!(!2 − 1) (!! − !!)2
!

!=1
       (4 − 6) 

&&6˫n =°�lƩ˫Xi�L? Yi= 2 ĵƩ<˘Ũ6�Oˬh}T��<˘¸

ȝ˄ÄƩRȎ�O&76˫2 ĵƩ˃<ȝ˄<ƻǾRåæ+O&7!ċɛ79Oˬ

E0˫ȝ˄ÄƩ R2=°�<Ū6��MP˫ĵƩ!Ǟɶáš:ŷ�7±ń)0ǁ

²:��5 ě˫Ţáǆ:�$OěŢŪ(ȝ˄Ū)!8<Ȯũ~Uos)5�O R

ɮ+Ɣǖ6�N˫0�R2�1 <ÊR7N˫1 :ʤ�C8ȝ˄Ū<Ů5=EN!ɠ

�&7Rɮ+ˬ  

!! = { (!! − !)(!! − !)}!
!=1

2

(!! − !)2 ⋅!
!=1 (!! − !)2!

!=1
     (4 − 7) 

&&6˫n =°�lƩ˫xi�L? yi=ĵƩ˫! �L? ! =°�l xi�L? yi

<ȝñťĦ6�Oˬȝ˄ÄƩ:L35˫ʂń)0ȝ˄Ū<ĻŮſ<åƭ<ĪǸ

79O Fˬig.4-11¡<CDØ5<˄Ä:��5˫h}T��<˘¸ȝ˄ÄƩ�=

0.8°�<ÊR730ˬ&P=˫j�<ȍƇɜȐYw�_�7čȷÂěʝƇá7

<˃:ȝ˄!�O&7Rρ)5�OˬE0˫j�<ȍƇɜȐYw�_�7˒ɤ

φöƏƌ7<h}T��<˘¸ȝ˄ÄƩ! CaO ǴñɉƇ�L? MgO ǴñɉƇ

<�,P:��5I 1.07935�N ­˫<ȷÂěʝƇá:ǡB5ȝ˄!ŭ#ɵ

MP˩Fig.4-11(b)˪˫ȝ˄ÄƩ R2I 0.9°�6�N˫ȝ˄Ū<ɁũIɠ�&7!

Q 30ˬE0˫˒ɤφöƏƌ!ıñ+O:ŷ35j�<ȍƇɜȐYw�_�

=ǵő+O&7!Q 30 ȶˬ 2ȴ6ʦB07�N 2˫ÓɂT�\�f�b�s

ɂɪº:�$OV�}�m�hǷńɊǈLN ɪ˫º¡<˓ǉǙʵɆ(Non Bridging 
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Oxygen: NBO)!ķ�C8˒ɤφöƏƌ!Ő(#9O¥!Q 35�O(Fig.2-7)ˬ

&&6˫j�<ȍƇɜȐYw�_�7=˫ďȯ<\n[�!ɊĎ)0j�ďĳ

 M˫Ȗȯ<\n[�!ɊĎ)0j�!ȍƇ+OĬĎ<j�<ȍƇɜȐYw�

_�6�O ǀˬȣȱ:��5 ɪ˫º<ɂR NWF7 NWM<ʵ÷ȃ M9O 2Ó

ɂ7)5ə�5�O&7 M˫Ȗȯ<\n[�!ɊĎ)0j�<ʵɆ=˫NWM

\n[�!ɊĎ)0˓ǉǙʵɆ6�Oˬ4EN˫j�<ȍƇɜȐYw�_�R

NBO!ɊĎ)0j�<ȍƇ<)J+(7ə�O&7!6"OˬK�:ɪº¡<

NBO !ő9#9N˒ɤφöƏƌ!ĸ"#9O7˫ɪº¡6 NBO j�!ȍƇ)

:##9300H˫&<L�9˄Ä!ŸMP07ə�MPOˬ  
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Fig.4-11 Relationship between energy of cells formation and (a) 

solution resistance, (b) charge transfer resistance and (c) double 

layer capacitance at 1873K. 

Solution resistance, Rsol / Ω

Charge transfer resistance, Rct / Ω
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� Fig.4-12 :j�˃<ȝ§½ȎYw�_�7čȷÂěʝƇá7<˄ÄRh}T

��<˘¸ȝ˄ÄƩ��L?ȝ˄ÄƩ R277I:ρ+ˬFig.4-12 ¡<CDØ5

<˄Ä:��5 h˫}T��<˘¸ȝ˄ÄƩ�<ɍōÊ= 0.9°�<ÊR730ˬ

&P=˫j�<ȍƇɜȐYw�_�7čȷÂěʝƇá7<˃:ȝ˄!�O&7

Rρ)5�Oˬj�˃<ȝ§½ȎYw�_�= F˫ig.4-12(b)�L?(c)<˒ɤφö

Əƌ�L?¦ʷŖňʹ7<h}T��<˘¸ȝ˄ÄƩ<ɍōÊ! 0.9�1.0 7ĸ

"#˫�ɚ7<ȝ˄!ŭ#ɵMP0ˬj�˃<ȝ§½ȎYw�_�:4�5˫

GayeM<ʍƫ6=ʇɇ:ʦBMP5=�9�!˫ɪ$0ʵ÷ȃ¡6=V[�!

˓ţ:ķ#Łģ)5�O&7 M˫j�ďĳ<˒ǢȚ9ȝ§½Ȏ!ĸ"9ű˕

R��5�O7ə�MPOˬ¦ʷŖňʹ=ņǶɂ:��5˫˒ǑʤÎ:�$O

ǹľ<áǑ:ÁŁ+O7(P5�N˫ɪº¡:��5I¦ʷŖňʹ=˫V[�

98<áǑ:L35I0M(P˫áǑ!ĸ"�C8¦ʷŖňʹIĸ"#9O&

7!ə�MPO 4-14)ˬ)0!35˫ǀȣȱ6=j�˃<ȝ§½ȎYw�_�7¦

ʷŖňʹ<ȝ˄:4�5ə�OˬFig.4-12(c)LN¦ʷŖňʹ!ĸ"#9O7˫j

�˃<ȝ§½ȎYw�_�Iĸ"#935�O&7!Q 30ˬ&P=˫ɪº

¡<áǑ!ĸ"#930&7!˫¦ʷŖňʹ<ıñ�L?j�˃<ȝ§½ȎY

w�_�<ıñ:ŉ�)00H6�O7ə�MPOˬ 

� ) )˫ Fig.4-11(b)�L? Fig.4-12(c)LN˫ SiO2-Al2O3-CaO ɂ�L?

SiO2-Al2O3-MgO ɂ:4�5˫ɉƇ'7:æ<ȝ˄Ū6ɮ(P5�O&7!Q 

30ˬŤŧ�ɉƇ6ȝ˄ŪLNȁïł{���lRǥH˫ǔʪƝǷRɫ�0H

:=˫.P/PɉƇ:LM,˫�4,4<ȝ˄Ū6ɮ+&7!ƼE)�ˬ.&

6ȷÂěʝƇá6�O˫˒ɤφöƏƌ�L?¦ʷŖňʹ<Ƈáɂ<ű˕:4�

5ɱǞRɫ30ˬ 
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Fig.4-12 Relationship between energy of cells interaction and (a) 

solution resistance, (b) charge transfer resistance and (c) double 

layer capacitance at 1873K. 
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4-3-3ȷÂěʝƇá<ɱǞ�L?ǔʪƝǷ 

� E,˒ɤφöƏƌ Rct<ɱǞ:4�5 ņ˫Ƕ<ǣǹǱɂ:��5˒ɤφöƏƌ

=	RÄƩ˫˒ɽʗǻũR Cs7)5°�<L�9Ū6ɮ+&7!6"O 4-15)ˬ 

 

 � � � � � � � � !!" =  ! ∙ !!!             (4 − 8) 

 

ǀȣȱ:�$O˒ɽʗǻũ:ȝŮ+O{���l=˫ɪº¡:��5ǡʠȚɜ

Ȑ:ö#&7!ċɛ9T�\�ġ˝ʺŕʵ÷ȃ<ǻũ6�O7ə�MPOˬ&

<7"˫T�\�ġ˝ʺŕʵ÷ȃǻũR˫.<ǭʹ7)5ɮ+&76LNɪº

¡:�$OT�\�ġ˝ʺŕʵ÷ȃ<õǈRÝȊ6"O7ə�MPOˬŪ(4-8)

LN˫˒ɤφöƏƌ=ɪº¡<T�\�ġ˝ʺŕʵ÷ȃ<ǭʹ<ʨƩ:ǡ¿+

O&7 M˫.<ǭʹ aRO
4-16)R $O&76˒ɤφöƏƌRɱǞ)0ˬ°�:

˒ɤφöƏƌ<ɱǞŪRρ+ˬ 

 

 � � � � � � � � !!"! =  !!" ∙ !!"       (4 − 9) 
 

Fig.4-13 :ɱǞ)0˒ɤφöƏƌ7j�<ȍƇɜȐYw�_�:4�5<˄Ä

Rρ+ˬFig.4-13:ρ)0ʩN˫SiO2-Al2O3-CaOɂ�L? SiO2-Al2O3-MgOɂ:

4�5�4<ȝ˄Ū6ɮ+&7!6"0ˬ 
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� ǜ:¦ʷŖňʹ<ɱǞ:4�5˫¦ʷŖňʹRI0M+ɴĜ<�4:ȓ˔á

Ǒ!Łģ+Oˬȓ˔áǑ7=˫ɪº¡:��5V[�(«ě=T�\�ġ˝ʺŕ

V[�RƂń)5�O)!Ķʳ˒Ĭ:L35φö+OȊʓ6�N˫&<φöʜˏ

!ĸ"�C8ȓ˔áǑ!ĸ"#9N˫¦ʷŖňʹIĸ"#9Oˬ&&6˫4-3-1

6ʦB0L�:˫T��xf�b�sɂɪº:��5˫T�\�ġ˝ʺŕV[

�< CFS !Ő(#9OC8˫˒ɤɱÑ)J+#˫V[�<φöũ!ĸ"#9O

7ə�MPO0H˫¦ʷŖňʹ<ɱǞ:=&< CFS RȎ�0ˬ&<7"˫V[

�<áǑɛ<ĸŐ6ɶǌ÷+O0H:˫ȝ˄Ū½Ƈ<0H:Ȏ�0T��xf

�b�sɂɪº:��5ȓ˔áǑR)�O\n[�(Mg �L? Ca)< CFS <ť

ĦÊRĪǸ7)0ǡ6°�<L�9Ū6ɱǞRɫ30ˬ 

 

 � � � � � � � !!"! =  !!" ∙  !"# (!)
!"# (!"#.)       (4 − 10) 
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Modified charge transfer resistance, R'ct

Fig.4-13 Relationship between energy of cells formation and 

modified charge transfer resistance at 1873K. 
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Ū¡< CFS(R)=ɪºɉƇ¡<\n[�< CFS C˫FS(ave.)=Mg�L? Ca< CFS

<ťĦÊ6Ƀ 2.93 6�OˬFig.4-14 :˫ɱǞ)0¦ʷŖňʹ7j�˃<ȝ§½

ȎYw�_�<˄ÄRρ+ˬ Fig.4-14 LN SiO2-Al2O3-CaO ɂ�L?

SiO2-Al2O3-MgO ɂ:4�5¦ʷŖňʹ7j�˃<ȝ§½ȎYw�_�<˄ÄR

�4<ȝ˄Ū6ɮ+&7!6"0ˬ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� Fig.4-13�L? Fig.4-146ŸMP0ȝ˄ŪRȎ�5 ȷ˫ÂěʝƇá Mj��

°�<ȁïł{���lRǥH˫ɪº<ǔʪƝǷRɫ�&7!ǀȣȱ<țȚ6

�Oˬ.&6˫Table2-1˫Table3-1�L? Table4-1:ρ)0ɉƇ:4�5˫ŸM

P0ȷÂěʝƇá<ÊRFig.4-13�L?Fig.4-146ŸMP0ȝ˄Ū:¯×+O&

76čɉƇ:�$Oȁïł{���lRǥH0ˬ&<7"˫Table2-1 �L?

Table3-1 <ɉƇ=j��°�:�$Oȁïł{���l!��MP5�9�T

�\�f�b�sɂ6�Oˬ Fig.4-15 :&PM<ɉƇ:4�5ǔʪƝǷRɫ3
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Modified double layer capacitance, C'dl

Fig.4-14 Relationship between energy of cells interaction 

and modified double layer capacitance at 1873K. 
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0ɊǈRρ+ ǘˬʟ= NMR:LOǔʪɽǆɊǈR ɔ˫ʟ=ǀȣȱ6ƝǷ)0ǔ

ʪƝǷɊǈR82MI NBO/T 7)5ρ+ˬFig.4-15 <a�~:��5˫.<ǘ

ʟ�L?ɔʟLN˫.PM<Ê!�ɝ+O7"˫4EN Fig.4-15 ¡<Ņɒ:�

�os!ʤ�C8LNɁũɠ#ǔʪƝǷ!6"5�O&7Rρ+ Tˬable2-1�L

?Table4-1:ρ+ɉƇ:4�5=Õʦ<ʩN ƫ˫ȈLNǔʪɽǆɊǈRūȎ)˫

Table3-1<ɉƇ:4�5=ȶ 3ȴ6ʦB0NMR:LOǔʪɽǆɊǈR¾Ȏ)0ˬ

Fig.4-15LN˫a�~¡<Ņɒ:ʤ�¸ɗ:��os!�N˫ǡʠȚɁũɠ#ǔ

ʪ<ƝǷ!6"5�O&7!Q Oˬ 

    

Fig.4-15 Relationship between NBO/T by cell model calculation 

and NBO/T by 29Si MAS-NMR. 
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� &&6˫LNńʹȚ9ƝǷɁũ<ʄÂƯǩ7)5a��z�°�l� [%]R

Ȏ�0ʄÂRŏ×+O 4-17)ˬa��z�°�l7= °�<Ū6ɮ(PO{��

�l6�N˫ǷńÊ7ƝǷÊ<ȝōȚşȖRɮ+{���l6�Oˬ 

 

 � � � � � � � ∆ =   !!  ∙  |!!|!
!!!       (4 − 11)  

 

 � � � � !!  =   (!"#/!)!"# –(!"#/!)!"#
(!"#/!)!"#

 × 100      (4 − 12)� �   

 

&&6˫N =ʅƬ<Ʃ˫(NBO/T)est�L?(NBO/T)mea=.P/P NBO/T <ƝǷ

Ê7ǷńÊRɮQ+ˬ�ɟ:&<�!Ő(�C8ˤɁũ9ƝǷ7ʄÂċɛ7ɾ

�Oˬ&&6˫Fig.4-15 <ƝǷɊǈ:4�5a��z�°�l�RɿȺ+O7˫

Ƀ 42.2%6�30ˬ&&6˫ǡʠ<0H˫j��°�<ȁïł{���l!ƫȈ

6��MP0 SiO2-Al2O3-CaOɂ S˫iO2-Al2O3-MgOɂ�L? SiO2-CaO-MgOɂ:

4�5˫ȁïł{���l<ƫȈÊRȎ�5ǔʪƝǷRɫ30Ɋǈ7˫NMR:

LOǔʪɽǆɊǈ 4-2, 4-4, 4-18)<˄ÄRρ)0a�~R Fig.4-16:ρ+ˬ Fig.4-16

:4�5I˫ğ¡<Ņɒ7��os!ʤ�C8ƝǷɁũ!ˤ�&7Rρ)5�

O!˫ NMR ǷńɊǈ:ǡB5ƫȈ<ȁïł{���lRȎ�0ǔʪƝǷɊǈ

= NBO/T RʮìʹʄÂ)5�O&7!Q N˫Fig.4-15 :ρ)0ǀȣȱ<ƝǷ

Ɋǈ7ǡʠ)5Iƀ#935�O&7!Q O Fˬig.4-16:4�5˫a��z�

°�l�RɿȺ+O7˫Ƀ 131˨6�O&7!Q 30ˬ&PM<ɊǈLN˫ǀ

ȣȱ:�$OȷÂěʝƇá7ȁïł{���l<ȝ˄ŪRȎ�5ȁïł{��

�lRɿȺ)ǔʪƝǷRɫ30Ɋǈ=˫ƫȈ6��MP0ȁïł{���lR

Ȏ�5ǔʪƝǷRɫ30Ɋǈ7ǡʠ)5�!Ƀ 89%¹�)5�N˫LNˤɁũ

9ǔʪƝǷ!ċɛ79O&7!Q 30ˬ) )˫ȝ˄ŪRȎ�0ǔʪƝǷ:

��5I�= 40%Ȯũ�N˫ǀƊǩ:LOǔʪƝǷ<ƤĘ<¼ĥ!�O&7R

ρė)5�Oˬ&P=ǀȣȱ:��5˫Ȗ9OɉƇ:4�5�4<ȝ˄Ū6ɮ

+0H:ȷÂěʝƇá<ɱǞRɫ30!˫.<ɱǞŪ:ƤĘ<¼ĥ!�O7ə
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�MPOˬ) )ďƸ:˫j��°�<ɿȺ<ˆȓ6�O&7Iə�MPO&

7 M˫«Ŷ(M9OǏʀ!żɴ6�O7ə�MPOˬ 

 

  

Fig.4-16 Relationship between NBO/T by cell model calculation 

and NBO/T by 29Si MAS NMR. 
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4-4� Ɋɾ 

� j��°�:�$Oȁïł{���l7ȷÂěʝƇá7<˄ÄRɂɌȚ:ʌ

Ǌ)0Ɋǈ˫°�:ρ+Ƞɵ!ŸMP0ˬj�<ȍƇɜȐYw�_�=˒ɤφ

öƏƌ7˫j�˃<ȝ§½ȎYw�_�=¦ʷŖňʹ7<ŭ�ȝ˄!�O&7

!Q 30 &ˬPM<˄Ä:4�5˫˒ ɤφöƏƌ�L?¦ʷŖňʹRɱǞ)˫

Ƈáɂ<ű˕RəƆ+O&76˫.P/P�4,4<ȝ˄Ū6ɮ+&7!ċɛ

7930ˬE0˫&<ŸMP0ȝ˄Ū7V�}�m�hǷń:L35ŸMP0

˒ɤφöƏƌ�L?¦ʷŖňʹ<Ê MǕ�9ɉƇ6ȁïł{���lRȺà

6"˫.PRȎ�5ǔʪ<ƝǷ!ċɛ7930ˬ&<7"ƫȈ6��MP0ȁ

ïł{���lRȎ�5ǔʪ<ƝǷRɫ30Ɋǈ7ǡʠ)5˫.<ɁũIĐ�

)0&7!Q 30ˬ) )˫(M9OƝǷɁũ<Đ�0H:=ɱǞ˗<ɵȜ

)!ƻõ6�O7ə�MPO!˫�Ư6j��°�ɜº<ɿȺƊǩ:LOˆȓ

:L35˫Ɂũ<Đ�!ĝː79Oċɛſ!�O&7IďƸ:Q 30ˬ 
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Appendix� j�<Ʃ�L?ȁïł{���l<ɿȺ:4�5 

(A) j�<Ʃ<ɿȺ:4�5 

� j��°�6= i�L? jR\n[�7)5˫ďȯ<\n[�!ɊĎ)0j�

ďĳ MȖȯ<\n[�!ɊĎ)0j�!ȍƇ+O°�<ćŽRə�5�Oˬ 

         
!
! ! − ! −  ! +  !! ! − ! −  ! =  ! − ! −  !       (! − 1)    

&<ćŽ:4�5 mÓɂ<ʵ÷ȃRə� y˫i � (Rii)1/27ńɘ)5°�<ȃʗÆ

Łê(A-2) �˫L?áʴê(A-3)< 2ŪRʫȳ(-5ɽ#&76j�<Ʃ RijRɿȺ

6"Oˬ 

!! ∙  !!"
!

!=1
∙ !! =  !!!!   (! = 1,2,… ,!)       !− 2  

!!" =  !!" ∙ !! ∙  !!    (!, ! = 1, 2,… ,!)     ! − 3  

&&6 v˫i=ʵ÷ȃ(Mi)uiOvi:4�5<ʵɆ<÷łʹʍÄƩ˩ ¿�> SiO2<ĬĎ

vi =2 N˫a2OJ CaO<ĬĎ vi =179O˪˫ Xi=ʵ÷ȃ<��áȉ6�O Eˬ0˫ 

!!" = exp !! + !! −
!!"
!"      ! ≠ !      ! − 4  

!! = ( !!!!!!

!

!!!
∙ !!"!" )                  ! − 5  

!! = !!!!
!

!!!
           ! − 6  

&&6 W˫ij=j�( i - O - j )<ȍƇɜȐYw�_� E˫ij=j�( i - O - j )7j�( i 

- O - i )˃<ȝ§½ȎYw�_�6�Oˬ 

� &<7" Ū˫(A-2)< mǜʫȳƯȮŪ M yi<ÊRǥHMPP> Ū˫(A-3)LN

RijRǥHMPOˬ 

� Ū(A-2):4�5˫z = T/�7)07"˫Ƕũ�:�$OÆŁê=˫ 
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!! ∙  (!!")!
!

!!!
∙ !! =  !!!!    (! = 1, 2,… ,!)       ! − 7  

7ɮ-Oˬ(A-7)ŪR 1ˋ�L? 2ˋźá)0Ŷ˫ƪȋ+O7˫ 

! ∙ !! = (!!)              ! − 8  

! ∙ !!! = (!!!)              ! − 9  

7ɮ-Oˬ&&6˫ 

!!" = !!"
! ∙ !!       (! ≠ !)         ! − 10  

!!" =  !! + !!" ! ∙ !!
!

!!!
      (! = !)   ! − 11  

!!! =  − !! ∙ [ !!"
! ∙ ln !!" ∙ !!]

!

!!!
       ! − 12  

!!!! =  − !!"
![2!!!!!! + 2(!!!!! + !!!!!) ∙ ln !!" + !! !!{(ln !!" )!

!

!!!

+ 1! ln !!" }]        ! − 13  

(!) =    
!!! !!" … !!!
!!" ⋱  ⋮
⋮  ⋱ ⋮
!!! … … !!"

    ! − 14  

!! =
!!
!!
⋮
!!

     !! =
!!!
!!!
⋮
!!!

     !!! =
!!!!
!!!!
⋮
!!!!

          ! − 15  

Ū(A-8)�L?(A-9):4�5˫ɫã(A)<ʨɫã(A)-1 R(B’)˫(B’’):ư+&76˫

(y’)˫(y’’)RǥHO&7!6"Oˬ 

� ǥH0(y’) (˫y’’)RȎ�5  ˫ z=0 (���)  M z=1 (�=T)E6qV��Ŕ˂)˫
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z=1 (�=T)<7"< yiRǥHOˬ 

!! ! + ∆! =  !! ! + !!! ! ∙ ∆! + !!!! ! ∙ ∆!2             ! − 16  

&<7"˫ z=0 (���)<7"< yi<Ê˫4EN yi<äƽÊ y*
i=˫ 

!!∗ =
!!!!
!!

             ! − 17  

6ɮ(POˬ 

 

� °�:Ņˌ: 3 ÓɂɉƇ:4�5˫j�<ƩRY`j�:L35ɿȺ+Oˌ

<�`�(Visual Basic for Applications, VBA)<��a��Rʁ+ˬ  
 
Sub j�ɿȺ() 
''''''''''''''''''čȯĵƩ<ńɘ''''''''''''''''''' 
    Dim h As Double  ''''éFŤ 
    Dim x As Double ''''ɫ 
    Dim p As Double 
    Dim P12 As Double ''''áʴÄƩ 
    Dim P13 As Double ''''áʴÄƩ 
    Dim P23 As Double ''''áʴÄƩ 
     
    h = Cells(21, 2) 
    p = ((1 / h) + 21 + 1) 
     
    For x = 21 To ((1 / h) + 21) 
        ''''''''''''''z, ζ<ɿȺ'''''''''''''''''''''' 
        Cells(x, 3) = 0 + (h * (x - 21)) ''''''''''z:4�5 
            If Cells(x, 3) = 0 Then 
                Cells(x, 4) = 1e+25 
            Else 
                Cells(x, 4) = (Cells(9, 7) / Cells(x, 3)) ''''''''''''ζ:4�5 
            End If 
     
    Next x 
     
    ''''''''''''''''''''''''''Ƕũ T:�$O Qi, Pij<ɿȺ'''''''''''''''''''''''''' 
    Cells(18, 6) = (Cells(5, 14) / Cells(12, 7) * Cells(10, 3) / 1.987 / Cells(9, 7)) + (Cells(6, 14) 
/ Cells(12, 7) * Cells(12, 3) / 1.987 / Cells(9, 7)) ''''''''''''Q1 
    Cells(18, 7) = (Cells(6, 14) / Cells(12, 7) * Cells(14, 3) / 1.987 / Cells(9, 7))  ''''''''''''Q2 
    Cells(18, 8) = 0 ''''''''''''Q3 
     
    Cells(18, 9) = Exp(Cells(18, 6) + Cells(18, 7) - Cells(9, 3) / 1.987 / Cells(9, 7)) ''''''''''''P12 
    Cells(18, 10) = Exp(Cells(18, 6) + Cells(18, 8) - Cells(11, 3) / 1.987 / Cells(9, 7)) ''''''''''''P13 
    Cells(18, 11) = Exp(Cells(18, 7) + Cells(18, 8) - Cells(13, 3) / 1.987 / Cells(9, 7)) ''''''''''''P23 
     
    P12 = Cells(18, 9) 
    P13 = Cells(18, 10) 
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    P23 = Cells(18, 11) 
     
         
    ''''''''''''''''''''''''''z = 0<7"<ɿȺ''''''''''''''''''''''''''' 
    '''''''''''''''''yi'''''''''''''''''''' 
    Cells(21, 13) = Cells(12, 10) ''''''''''''y1 
    Cells(21, 14) = Cells(13, 10) ''''''''''''y2 
    Cells(21, 15) = Cells(14, 10) ''''''''''''y3 
     
     
    For x = 21 To ((1 / h) + 21) 
        '''''''''''''''''(Pij)^z<ɿȺ''''''''''''''''''''''' 
        Cells(x, 9) = Cells(18, 9) ^ Cells(x, 3) ''''''''''''''(P12)^z 
        Cells(x, 10) = Cells(18, 10) ^ Cells(x, 3) ''''''''''''''(P13)^z 
        Cells(x, 11) = Cells(18, 11) ^ Cells(x, 3) ''''''''''''''(P23)^z 
     
    Next x 
     
     
    ''''''''''''''''''aij<ɿȺ'''''''''''''''''''''''' 
    Cells(21, 19) = Cells(21, 9) * Cells(21, 13) ''''''''''''a12 
    Cells(21, 20) = Cells(21, 10) * Cells(21, 13)  ''''''''''''a13 
    Cells(21, 21) = Cells(21, 9) * Cells(21, 14) ''''''''''''a21 
    Cells(21, 22) = Cells(21, 11) * Cells(21, 14) ''''''''''''a23 
    Cells(21, 23) = Cells(21, 10) * Cells(21, 15) ''''''''''''a31 
    Cells(21, 24) = Cells(21, 11) * Cells(21, 15)  ''''''''''''a32 
    Cells(21, 25) = 2 * Cells(21, 13) + Cells(21, 9) * Cells(21, 14) + Cells(21, 10) * Cells(21, 
15) ''''''''''''a11 
    Cells(21, 26) = Cells(21, 9) * Cells(21, 13) + 2 * Cells(21, 14) + Cells(21, 11) * Cells(21, 
15) ''''''''''''a22 
    Cells(21, 27) = Cells(21, 10) * Cells(21, 13) + Cells(21, 11) * Cells(21, 14) + 2 * Cells(21, 
15) ''''''''''''a33 
     
    ''''''''''''''''''aij< ʨɫã<ɿȺ'''''''''''''''''' 
    Cells(21, 31) = Cells(21, 25) * Cells(21, 26) * Cells(21, 27) + Cells(21, 19) * Cells(21, 22) 
* Cells(21, 23) + Cells(21, 20) * Cells(21, 21) * Cells(21, 24) _ 
                                - Cells(21, 20) * Cells(21, 26) * Cells(21, 23) - Cells(21, 
19) * Cells(21, 21) * Cells(21, 27) - Cells(21, 25) * Cells(21, 22) * Cells(21, 24)   ''''''''''''''ʨɫ
ã<ÄƩ<ǧń 
    Cells(21, 32) = (-1) / (Cells(21, 31)) * (Cells(21, 19) * Cells(21, 27) - Cells(21, 20) * 
Cells(21, 24)) '''''''''''a12^(-1) 
    Cells(21, 33) = 1 / (Cells(21, 31)) * (Cells(21, 19) * Cells(21, 22) - Cells(21, 20) * 
Cells(21, 26)) '''''''''''a13^(-1) 
    Cells(21, 34) = (-1) / (Cells(21, 31)) * (Cells(21, 21) * Cells(21, 27) - Cells(21, 22) * 
Cells(21, 23)) '''''''''''a21^(-1) 
    Cells(21, 35) = (-1) / (Cells(21, 31)) * (Cells(21, 25) * Cells(21, 22) - Cells(21, 20) * 
Cells(21, 21)) '''''''''''a23^(-1) 
    Cells(21, 36) = 1 / (Cells(21, 31)) * (Cells(21, 21) * Cells(21, 24) - Cells(21, 26) * 
Cells(21, 23)) '''''''''''a31^(-1) 
    Cells(21, 37) = (-1) / (Cells(21, 31)) * (Cells(21, 25) * Cells(21, 24) - Cells(21, 19) * 
Cells(21, 23)) '''''''''''a32^(-1) 
    Cells(21, 38) = 1 / (Cells(21, 31)) * (Cells(21, 26) * Cells(21, 27) - Cells(21, 22) * 
Cells(21, 24)) '''''''''''a11^(-1) 
    Cells(21, 39) = 1 / (Cells(21, 31)) * (Cells(21, 25) * Cells(21, 27) - Cells(21, 20) * 
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Cells(21, 23)) '''''''''''a22^(-1) 
    Cells(21, 40) = 1 / (Cells(21, 31)) * (Cells(21, 25) * Cells(21, 26) - Cells(21, 19) * 
Cells(21, 21)) '''''''''''a33^(-1) 
     
     
    ''''''''''''''''''b'i''''''''''''''''''''' 
    Cells(21, 28) = (-1) * (Cells(21, 13)) * (Cells(21, 9) * Log(P12) * (Cells(21, 14)) + 
Cells(21, 10) * Log(P13) * (Cells(21, 15))) ''''''''b'1 
    Cells(21, 29) = (-1) * (Cells(21, 14)) * (Cells(21, 9) * Log(P12) * (Cells(21, 13)) + 
Cells(21, 11) * Log(P23) * (Cells(21, 15)))  ''''''''b'2 
    Cells(21, 30) = (-1) * (Cells(21, 15)) * (Cells(21, 10) * Log(P13) * (Cells(21, 13)) + 
Cells(21, 11) * Log(P23) * (Cells(21, 14)))    ''''''''b'3 
     
    ''''''''''''''''''''y'i'''''''''''''''''''''' 
    Cells(21, 16) = Cells(21, 38) * Cells(21, 28) + Cells(21, 32) * Cells(21, 29) + Cells(21, 33) 
* Cells(21, 30) ''''''''y'1 
    Cells(21, 17) = Cells(21, 34) * Cells(21, 28) + Cells(21, 39) * Cells(21, 29) + Cells(21, 35) 
* Cells(21, 30) ''''''''y'2 
    Cells(21, 18) = Cells(21, 36) * Cells(21, 28) + Cells(21, 37) * Cells(21, 29) + Cells(21, 40) 
* Cells(21, 30) ''''''''y'3 
 
 
    ''''''''''''''''''''b''i'''''''''''''''''''''' 
    Cells(21, 45) = -2 * (Cells(21, 16)) ^ 2 _ 
                            - Cells(21, 9) * (2 * Cells(21, 16) * Cells(21, 17) + 2 * 
(Cells(21, 16) * Cells(21, 14) + Cells(21, 13) * Cells(21, 17)) * Log(P12) + Cells(21, 13) * 
Cells(21, 14) * ((Log(P12)) ^ 2)) _ 
                             - Cells(21, 10) * (2 * Cells(21, 16) * Cells(21, 18) + 2 * 
(Cells(21, 16) * Cells(21, 15) + Cells(21, 13) * Cells(21, 18)) * Log(P13) + Cells(21, 13) * 
Cells(21, 15) * ((Log(P13)) ^ 2))  ''''''b''1 
                              
    Cells(21, 46) = -Cells(21, 9) * (2 * Cells(21, 17) * Cells(21, 16) + 2 * (Cells(21, 17) * 
Cells(21, 13) + Cells(21, 14) * Cells(21, 16)) * Log(P12) + Cells(21, 14) * Cells(21, 13) * 
((Log(P12)) ^ 2)) _ 
                               - 2 * (Cells(21, 17)) ^ 2 _ 
                                - Cells(21, 11) * (2 * Cells(21, 17) * Cells(21, 18) + 2 * 
(Cells(21, 17) * Cells(21, 15) + Cells(21, 14) * Cells(21, 18)) * Log(P23) + Cells(21, 14) * 
Cells(21, 15) * ((Log(P23)) ^ 2))   ''''''b''2 
                                 
    Cells(21, 47) = -Cells(21, 10) * (2 * Cells(21, 18) * Cells(21, 16) + 2 * (Cells(21, 18) * 
Cells(21, 13) + Cells(21, 15) * Cells(21, 16)) * Log(P13) + Cells(21, 15) * Cells(21, 13) * 
((Log(P13)) ^ 2)) _ 
                               - Cells(21, 11) * (2 * Cells(21, 18) * Cells(21, 17) + 2 * 
(Cells(21, 18) * Cells(21, 14) + Cells(21, 15) * Cells(21, 17)) * Log(P23) + Cells(21, 15) * 
Cells(21, 14) * ((Log(P23)) ^ 2)) _ 
                                - 2 * (Cells(21, 18)) ^ 2 ''''''b''3 
 
 
     
    ''''''''''''''''''''''y''i'''''''''''''''''''''' 
    Cells(21, 42) = (Cells(21, 38) * Cells(21, 45) + Cells(21, 32) * Cells(21, 46) + Cells(21, 
33) * Cells(21, 47)) ''''''''''y''1 
    Cells(21, 43) = (Cells(21, 34) * Cells(21, 45) + Cells(21, 39) * Cells(21, 46) + Cells(21, 
35) * Cells(21, 47)) ''''''''''y''2 
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    Cells(21, 44) = (Cells(21, 36) * Cells(21, 45) + Cells(21, 37) * Cells(21, 46) + Cells(21, 
40) * Cells(21, 47)) ''''''''''y''3 
     
     
     
'''''''''''''''''''''''z≠0<7"<ɿȺ''''''''''''''''''' 
    For x = 22 To ((1 / h) + 21) 
        ''''''''''''''''yi<ɿȺ''''''''''''''''' 
        Cells(x, 13) = Cells(x - 1, 13) + Cells(x - 1, 16) * h + (Cells(x - 1, 42) * (h) ^ 2) / 2 
'''''''''''''y1 
        Cells(x, 14) = Cells(x - 1, 14) + Cells(x - 1, 17) * h + (Cells(x - 1, 43) * (h) ^ 2) / 2 
'''''''''''''y2 
        Cells(x, 15) = Cells(x - 1, 15) + Cells(x - 1, 18) * h + (Cells(x - 1, 44) * (h) ^ 2) / 2 
'''''''''''''y3 
         
        If x = ((1 / h) + 21) Then 
            Exit For 
        End If 
         
       
        '''''''''''''''''aij<ɿȺ''''''''''''''''''''' 
        Cells(x, 19) = Cells(x, 9) * Cells(x, 13) '''''''''a12 
        Cells(x, 20) = Cells(x, 10) * Cells(x, 13) '''''''''a13 
        Cells(x, 21) = Cells(x, 9) * Cells(x, 14) '''''''''a21 
        Cells(x, 22) = Cells(x, 11) * Cells(x, 14) '''''''''a23 
        Cells(x, 23) = Cells(x, 10) * Cells(x, 15) '''''''''a31 
        Cells(x, 24) = Cells(x, 11) * Cells(x, 15) '''''''''a32 
     
        Cells(x, 25) = (2 * Cells(x, 13) + Cells(x, 9) * Cells(x, 14) + Cells(x, 10) * Cells(x, 
15)) '''''''''''a11 
        Cells(x, 26) = (Cells(x, 9) * Cells(x, 13) + 2 * Cells(x, 14) + Cells(x, 11) * Cells(x, 
15)) '''''''''''a22 
        Cells(x, 27) = (Cells(x, 10) * Cells(x, 13) + Cells(x, 11) * Cells(x, 14) + 2 * Cells(x, 
15)) ''''''''''''a33 
         
        ''''''''''''''''''b'i<ɿȺ''''''''''''''''''' 
        Cells(x, 28) = (-1) * Cells(x, 13) * (Cells(x, 9) * Log(P12) * Cells(x, 14) + Cells(x, 
10) * Log(P13) * Cells(x, 15)) ''''''''b'1 
        Cells(x, 29) = (-1) * Cells(x, 14) * (Cells(x, 9) * Log(P12) * Cells(x, 13) + Cells(x, 
11) * Log(P23) * Cells(x, 15)) ''''''''b'2 
        Cells(x, 30) = (-1) * Cells(x, 15) * (Cells(x, 10) * Log(P13) * Cells(x, 13) + Cells(x, 
11) * Log(P23) * Cells(x, 14))   ''''''''b'3 
    
        ''''''''''''''''''aij< ʨɫã<ɿȺ'''''''''''''''''' 
        Cells(x, 31) = Cells(x, 25) * Cells(x, 26) * Cells(x, 27) + Cells(x, 19) * Cells(x, 22) * 
Cells(x, 23) + Cells(x, 20) * Cells(x, 21) * Cells(x, 24) _ 
                                - Cells(x, 20) * Cells(x, 26) * Cells(x, 23) - Cells(x, 19) 
* Cells(x, 21) * Cells(x, 27) - Cells(x, 25) * Cells(x, 22) * Cells(x, 24)   ''''''''''''''ʨɫã<ÄƩ 
        Cells(x, 32) = (-1) / (Cells(x, 31)) * (Cells(x, 19) * Cells(x, 27) - Cells(x, 20) * 
Cells(x, 24)) '''''''''''a12^(-1) 
        Cells(x, 33) = 1 / (Cells(x, 31)) * (Cells(x, 19) * Cells(x, 22) - Cells(x, 20) * Cells(x, 
26)) '''''''''''a13^(-1) 
        Cells(x, 34) = (-1) / (Cells(x, 31)) * (Cells(x, 21) * Cells(x, 27) - Cells(x, 22) * 
Cells(x, 23)) '''''''''''a21^(-1) 
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        Cells(x, 35) = (-1) / (Cells(x, 31)) * (Cells(x, 25) * Cells(x, 22) - Cells(x, 20) * 
Cells(x, 21)) '''''''''''a23^(-1) 
        Cells(x, 36) = 1 / (Cells(x, 31)) * (Cells(x, 21) * Cells(x, 24) - Cells(x, 26) * Cells(x, 
23)) '''''''''''a31^(-1) 
        Cells(x, 37) = (-1) / (Cells(x, 31)) * (Cells(x, 25) * Cells(x, 24) - Cells(x, 19) * 
Cells(x, 23)) '''''''''''a32^(-1) 
        Cells(x, 38) = 1 / (Cells(x, 31)) * (Cells(x, 26) * Cells(x, 27) - Cells(x, 22) * Cells(x, 
24)) '''''''''''a11^(-1) 
        Cells(x, 39) = 1 / (Cells(x, 31)) * (Cells(x, 25) * Cells(x, 27) - Cells(x, 20) * Cells(x, 
23)) '''''''''''a22^(-1) 
        Cells(x, 40) = 1 / (Cells(x, 31)) * (Cells(x, 25) * Cells(x, 26) - Cells(x, 19) * Cells(x, 
21)) '''''''''''a33^(-1) 
 
        ''''''''''''''''''''y'i<ɿȺ'''''''''''''''''''''' 
        Cells(x, 16) = Cells(x, 38) * Cells(x, 28) + Cells(x, 32) * Cells(x, 29) + Cells(x, 33) * 
Cells(x, 30) ''''''''y'1 
        Cells(x, 17) = Cells(x, 34) * Cells(x, 28) + Cells(x, 39) * Cells(x, 29) + Cells(x, 35) * 
Cells(x, 30) ''''''''y'2 
        Cells(x, 18) = Cells(x, 36) * Cells(x, 28) + Cells(x, 37) * Cells(x, 29) + Cells(x, 40) * 
Cells(x, 30) ''''''''y'3 
         
   
        ''''''''''''''''''b''i<ɿȺ'''''''''''''''''' 
        Cells(x, 45) = -2 * Cells(x, 16) * Cells(x, 16) _ 
                                - Cells(x, 9) * (2 * Cells(x, 16) * Cells(x, 17) + 2 * 
(Cells(x, 16) * Cells(x, 14) + Cells(x, 13) * Cells(x, 17)) * Log(P12) + Cells(x, 13) * Cells(x, 
14) * ((Log(P12)) ^ 2 + Log(P12) / Cells(x, 3))) _ 
                                   - Cells(x, 10) * (2 * Cells(x, 16) * Cells(x, 18) + 2 * 
(Cells(x, 16) * Cells(x, 15) + Cells(x, 13) * Cells(x, 18)) * Log(P13) + Cells(x, 13) * Cells(x, 
15) * ((Log(P13)) ^ 2 + Log(P13) / Cells(x, 3))) ''''''b''1 
                              
        Cells(x, 46) = -Cells(x, 9) * (2 * Cells(x, 16) * Cells(x, 17) + 2 * (Cells(x, 16) * 
Cells(x, 14) + Cells(x, 13) * Cells(x, 17)) * Log(P12) + Cells(x, 13) * Cells(x, 14) * 
((Log(P12)) ^ 2 + Log(P12) / Cells(x, 3))) _ 
                                - 2 * Cells(x, 17) * Cells(x, 17) _ 
                                   - Cells(x, 11) * (2 * Cells(x, 17) * Cells(x, 18) + 2 * 
(Cells(x, 17) * Cells(x, 15) + Cells(x, 14) * Cells(x, 18)) * Log(P23) + Cells(x, 14) * Cells(x, 
15) * ((Log(P23)) ^ 2 + Log(P23) / Cells(x, 3)))  ''''''b''2 
                                 
        Cells(x, 47) = -Cells(x, 10) * (2 * Cells(x, 18) * Cells(x, 16) + 2 * (Cells(x, 18) * 
Cells(x, 13) + Cells(x, 15) * Cells(x, 16)) * Log(P13) + Cells(x, 13) * Cells(x, 15) * 
((Log(P13)) ^ 2 + Log(P13) / Cells(x, 3))) _ 
                                   - Cells(x, 11) * (2 * Cells(x, 17) * Cells(x, 18) + 2 * 
(Cells(x, 17) * Cells(x, 15) + Cells(x, 14) * Cells(x, 18)) * Log(P23) + Cells(x, 14) * Cells(x, 
15) * ((Log(P23)) ^ 2 + Log(P23) / Cells(x, 3))) _ 
                                      - 2 * Cells(x, 18) * Cells(x, 18) ''''''b''3 
 
 
 
      
        ''''''''''''''''y''i<ɿȺ'''''''''''''''''' 
        Cells(x, 42) = (Cells(x, 38) * Cells(x, 45) + Cells(x, 32) * Cells(x, 46) + Cells(x, 33) * 
Cells(x, 47)) ''''''''''y''1 
        Cells(x, 43) = (Cells(x, 34) * Cells(x, 45) + Cells(x, 39) * Cells(x, 46) + Cells(x, 35) * 
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Cells(x, 47)) ''''''''''y''2 
        Cells(x, 44) = (Cells(x, 36) * Cells(x, 45) + Cells(x, 37) * Cells(x, 46) + Cells(x, 40) * 
Cells(x, 47)) ''''''''''y''3 
         
    Next x 
     
'''''''''''''''''''''°�<j�(9:I9�ʳá)<`�T'''''''''''''''''' 
Range(Cells(p, 1), Cells(1000000, 100)).ClearContents 
Range("A1").Select 
 
''''''''''''''''''''''Rij, BO/NBOɿȺ'''''''''''''''''''''' 
Cells(12, 13) = (Cells(((1 / h) + 20), 13)) ^ 2 '''''''''''''R11 
Cells(12, 14) = (Cells(((1 / h) + 20), 14)) ^ 2 '''''''''R22 
Cells(12, 15) = (Cells(((1 / h) + 20), 13)) * (Cells(((1 / h) + 20), 14)) * Cells(18, 9) * 2 '''''''''''R12 
Cells(12, 16) = (Cells(((1 / h) + 20), 15)) ^ 2 '''''''''R33 
Cells(12, 17) = (Cells(((1 / h) + 20), 13)) * (Cells(((1 / h) + 20), 15)) * Cells(18, 10) * 2 
'''''''''''R13 
Cells(12, 18) = (Cells(((1 / h) + 20), 14)) * (Cells(((1 / h) + 20), 15)) * Cells(18, 11) * 2 
'''''''''''R23 
Cells(12, 19) = WorksheetFunction.Sum(Range(Cells(12, 13), Cells(12, 18))) ''''''''''Rij<Ďɿ 
Cells(12, 20) = (Cells(12, 13) + Cells(12, 14) + Cells(12, 15) + Cells(12, 18)) / (Cells(12, 16) + 
Cells(12, 17))   '''''''''''BO/NBO 
 
End Sub 

 

� �ʁ<k�hc�tRŅɫ+O&76j�<ƩRɿȺ+O&7!ċɛ79O  ˬ

 

 

(B)ȁïł{���l<ɿȺ:4�5 

� &&6=˫ƫȈ6j��°�:�$Oȁïł{���l!��MP0ɉƇ:

4�5˫.PMRƢ·Ț9 2 Óɂ6ɮ)0ˌ<ȁïł{���l<ɿȺ:4�

5ʦBOˬj��°�:�$OǳĎ<ɜȐYw�_�GM=˫°�<L�9Ū6

ɮ(POˬ 

!! = 2 ∙ !!"!!" +  !!!
!!!!
!!

!!" − !" !!
!!

!

!!!!!
[!! ∙ ln

!!
!!!!

!

!!!!!

!!!

!!!

−  !!!! ∙ ln (!!!!!!!!
)]

− !" [!!"∗ ∙ ln !!"∗ − !!" ∙ ln !!" ]
!

!!!

!

!!!
        ! − 1  
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&&6˫Ƣ·Ț9 2 ÓɂR M1(u1)O(v1)-M2(u2)O(v2)7ɮ+ˬ&<7"˫M1 �L?

M2=.P/P Network Former(NWF)�L? Network Modifier(NWM)79O\n

[�6�OˬƢ·Ț9 2 Óɂ M1(u1)O(v1)-M2(u2)O(v2):4�5˫÷łʹʍÄƩRǧ

ń+Oˬ¿�>˫0.5SiO2-0.2Al2O3-0.3CaO (mol%)<ĬĎ˫Al2O3ʹˮCaOʹ6�

O M˫Al2O3=Ø5 4ʴ¸ǔʪ79O7±ń+O7˫ 

� NWFá=˫0.5SiO2 + 0.2Al2O3 +0.2CaO = M1(1.1)O(1.8) 

� NWM á=˫0.1CaO = M2(0.1)O(0.1)� 6ɮ(PO0H˫Ƣ·Ț9 2 Óɂ=˫

M1(1.1)O(1.8)-M2(0.1)O(0.1)7ɮȊ6"O˩˒ɤɱÑ\n[�=˫Al2O3!Ø5 4 ʴ¸

NWF79O0H˫NWFá:đEPO7)0˪ˬ  

� &<7" 3˫Óɂ�L?Ƣ·Ț92Óɂ6= ɮ˫Ȋ<¬Ư<F!ĵQ35�N˫

ɪº<Ƈá=ĵ÷)5�9�&7 M˫�ɚ<ǳĎ<ɜȐYw�_�GM=ȷ)

�7ə�MPOˬ 

!!(!"#$%#&) =  !!(!"#$%&)            ! − 2  

&&6 G˫M(ternary)�L? GM(binary)= 3Óɂ�L?Ƣ·Ț9 2Óɂ:�$Oǳ

Ď<ɜȐYw�_�6�O GˬM(ternary)= ƫ˫Ȉ6j��°�<ȁïł{���

l!��MP5�OɉƇ6=ɿȺ6"OˬE0  ˫ GM(binary)=Ū(B-1)LNW�

L? E<˄Ʃ79O Eˬ0 Ƣ˫·Ț9 2Óɂ<j�<Ʃ= 3˫Óɂ<j�<Ʃ<

ɿȺɊǈLNǥHMPO0H˫áʴêLN˫ 

!!" = exp !! + !! −
!!"
!"   = !!"

(!!! ∙ !!!)! !
       ! − 3  

Ū(A-5)RəƆ)˫Ū(B-3)Rĵů+O7˫°�<Ū!ŸMPOˬ 

E −W = !" ∙ ln !!"
!!! ∙ !!! ! !

       ! − 4  

K�: Ū˫(B-2)�L?Ū(B-4)=82MIW�L? E<˄Ʃ7935�O&7 

M &˫PM<ŪRʫȳ(-5ɽ#&76Ƣ·Ț9 2Óɂ<ȁïł{���lW˫

ERǥHO&7!ċɛ79Oˬ 

  



 

91 

ȶ 5ȴ� Quasichemical model:LOʵ÷ȃɪº<ǔʪƝǷ  

 

5-1� ɑɾ 

� ȶ 4 ȴ6=j��°�:LOɪºǔʪ<ƝǷRɫ30ˬƫȈ6��MP0ȁ

ïł{���lRȎ�5ǔʪƝǷRɫ30Ɋǈ7ǡʠ)5˫ȶ 4 ȴ6ʦB0ȝ

˄Ū:L35ȁïł{���lRǥHǔʪƝǷRɫ30Ɋǈ=˫LNɁũ!ˤ

�I<6�O&7!Q 30ˬ) )9!MďƸ:˫j��°�<ɿȺ:ˆȓ

!�O&76˫(M9OƝǷɁũ<Đ�!ĝː6�Oċɛſ!ə�MP0ˬ.

&6ǀȴ6= L˫N�ɟȚ:¾Ȏ(P5�Oȁïł�°�7)5 Q˫uasichemical 

model5-1, 5-2):θț)0ˬ&< Quasichemical model=˫ FactSage5-3)98<ȁïł

ɿȺk~sWXT˂β:IŽȎ(P5�N˫&P:L35˫ǔʪƝǷJťɭȅ

ƅğ<ɿȺ<F9M,˫ɀũ<ƝȺ 5-4, 5-5)I9(P5"0ˬE0˫Quasichemical 

model<çǽ<�47)5 T˫�\�ʺŕRđS1ɉƇ98 ǡ˫ʠȚŤŧ�ɉƇ

ȼĞ6ǔʪƝǷ:żɴ9ȁïł{���l!��MP5�O 5-6, 5-7)ǽ!ƕ%M

POˬ.<0H˫Quasichemical model :�$Oȁïł{���l7ȷÂěʝƇ

á7<ȝ˄ŪR½Ƈ+OĬĎ:˫LNŤŧ�ɉƇȼĞ6ȝ˄ŪR½Ƈ6"O&

7!ə�MPO&7 M˫LNˤɁũ9ƝǷ!6"OċɛſRρė)5�Oˬ

)0!35˫V�}�m�hǷń:L35ŸMP0ȷÂěʝƇá7

Quasichemical model :�$Oȁïł{���l7<˄ÄRəŋ+O77I:˫

ŸMP0ȝ˄ŪRȎ�5ɪºǔʪƝǷRɫ�˫.<ƝǷɁũRʄÂ+O&7R

ǀȴ<țȚ7)0ˬ 

 

5-2� ŅˣƯǩ 

5-2-1� Quasichemical model:4�5 

� Quasichemical modelIj��°�7ďǕ ȁ˫ïł�°�<�ȯ6�O Fˬowler

7 Guggenheim:L35 Quasichemical model<Ăħ!ƟǍ 5-8)(P˫°Ŷķ#<

ȣȱ:L35&<�°�<ÇǞ!9(P5"0 5-9, 5-10) &ˬ< Quasichemical model

=˫ʵɆRƖS1¦4<\n[�R��T�7)5˫�T<ȃʗȚ�ȁïłȚ
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9ťɭRəƆ+O&76˫�T<ƩRɿȺ+OƯǩ6�Oˬj��°�:�$

O�j��7˓ţ:L#·0ə�Ư6�O!˫j��°�<L�:˫�T=þ

Ȇ<I<7)5ə�MP5�M, �˫OǧE30ǌĿ(Quasi lattice):×30ȅƅ

6ə�MP5�N˫wos��`RǔȽ)5�Oɪºǔʪ7ǡʠȚƄɸ7)5

ʤ�&7!Q OˬQuasichemical model :��5�T<ƩRǧń+Oȁïł{

���l=°�< 2 4!�N˫&PM<Ê7Łģ)5�OV[�<ʹȚ˄Ä�

L?˫�T<Ʃ!ťɭȅƅ<7"<_�hYw�_�!ƺŐ79O&7RçȎ

)5�T<ƩRɿȺ+Oˬ 

���TȍƇćŽ<Y�l�}�ĵ÷˫� 

���TȍƇćŽ<˓ʴɗY�s�}�ĵ÷˫� 

&&6˫˓ʴɗY�s�}�7=�TɊĎ<ƗöJěʞ98:ʙĜ)0Y�s

�}�ĵ÷6�N˫�T!ǳĎ)˫�T<ʴɗȅƅ!ĵ÷)0&7:LOY�

s�}�ĵ÷6�OʴɗY�s�}�ĵ÷ 5-11)7=Ȗ9O&7:Ǭƃ!żɴ6

�Oˬ&<7"˫°�<L�9ďȯ<\n[�!ɊĎ)0�T MȖȯ<\n

[�!ɊĎ)0�T!ȍƇ+OćŽRə�5�Oˬ 

 

             !! −  !! +   !! −  !! =  2 [ !! −  !!]     (5 − 1) 
 

&<7"˫�TȍƇćŽ<˓ʴɗY�s�}�ĵ÷��L?Y�l�}�ĵ÷

�=˫�O�4<�T!ȍƇ+OĬĎ<˓ʴɗY�s�}��L?Y�l�}

�ĵ÷6=9#˫ɪº<ɂØº<ĵ÷Rɮ)5�Oˬ&PM<ȁïł{���

l=˫ƫȈ6ǡʠȚŤŧ�ɉƇȼĞ6��MP5�O!˫Li2O ɂJǳĎT�\

�ɂ98˫ȁïł{���l!��MP5�9�ɉƇIƾ1ķ#�Oˬ.&6

ȶ 4 ȴ7ďǕ<ɪºɉƇ�L?T�\�đƻɉƇRȎ�5V�}�m�hǷń

:L35ŸMP0ȷÂěʝƇá7 Quasichemical model:�$Oȁïł{���

l7<ȝ˄Ū<½ƇRțƔ)˫ȝ˄Ū:L35ǥH0ȁïł{���l Mǔ

ʪƝǷRɫ30ˬ 
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5-2-2� ȷÂěʝƇá7ȁïł{���l7<ȝ˄Ū½Ƈ 

� &<ȴ6ʦBO Quasichemical model:4�5Ij��°�7ďǕ: ¿˫�>  ˫

SiO2-Al2O3-RO(R=Mg or Ca) 3Óɂ<ĬĎ˫ȁïł{���l��L?�=˫�

Si-Al, �Si-R, �Al-R, �Si-Al, �Si-R, �Al-R<Ďɿ 6 479Oˬ.<0H˫ǀȴ6I

ɪº<ɂRNWF79Oʵ÷ȃ7NWM79Oʵ÷ȃ<Ƣ·Ț9 2Óɂ7ə�5

ɪºǔʪ<ƝǷRʅF0ˬ&&6˫Ƣ·Ț9 2 Óɂ<ȁïł{���l��L

?�R°�<ŪRȎ�5ɿȺ)0ˬ 

 

∆!(!"#$%#&)  =  ∆!(!"#$%&)         (5 − 2) 
 

∆!!"(!"#$%#&)  =  ∆!!"(!"#$%&)     (5 − 3) 
 

&&6˫�H(ternary)�L?�H(binary)=.P/P˫3 Óɂ�L?ȗ· 2 Óɂ:

�$O�TȍƇćŽ(5-1)<Y�l�}�ĵ÷˫�Snc(ternary)�L?�Snc(binary)

=.P/P 3 Óɂ�L?ȗ 2 Óɂ:�$O�TȍƇćŽ(5-1)<˓ʴɗY�s�

}�ĵ÷6�Oˬ�TƩ<ʇɇ9ɿȺ:4�5=˫ȴƿ< Appendix :ʁ+!˫

�H(ternary)�L?�Snc(ternary)= SiO2-Al2O3-RO(R=Mg or Ca)ɂ˫SiO2-R2O 

(R=Na or K)�L? SiO2-Na2O-CaOɂ:4�5=ƫȈÊLNɿȺ+O&7!ċɛ

6�OˬE0˫�H(binary) =�<˄Ʃ˫�Snc(binary):4�5=�<˄Ʃ6�O

&7 M˫(5-2)Ū�L?(5-3)ŪRȎ�5˫ȗ 2 Óɂ<ȁïł{���l��L

?�RɿȺ+O&7!ċɛ79Oˬ&<L�:˫V�}�m�h:LNŸMP

0ȷÂěʝƇá7˫Õʦ<ɿȺ6ǥH0ȁïł{���l�˫�7<ȝ˄Ū<

½ƇRʅF0ˬ 

 

5-3� Ɋǈ�L?əŋ 

5-3-1� ȷÂěʝƇá7ȁïł{���l<˄Ä 

� Quasichemical model :�$Oȁïł{���l��L?�7˫ȶ 4 ȴ6ʦB

0 SiO2-Al2O3-RO(R=Mg or Ca)3Óɂ<V�}�m�h:L35ŸMP0ȷÂě



 

94 

ʝƇá(Table4-2)7<˄ÄRʌǊ)0ˬFig.5-1:�TȍƇćŽ<Y�l�}�ĵ

÷�7ȷÂěʝƇá7<˄ÄR˫Fig.5-2 :�TȍƇćŽ<˓ʴɗY�s�}�

ĵ÷�7ȷÂěʝƇá7<˄ÄR.P/Ph}T��<˘¸ȝ˄ÄƩ��L?

ȝ˄ÄƩ R277I:ρ+ˬFig.5-1 �L? Fig.5-2 LN˫Ǔ;h}T��<˘¸

ȝ˄ÄƩ�<ɍōÊ= 0.8°�6�N Q˫uasichemical model:�$Oȁïł{�

��l��L?�7čȷÂěʝƇá7<ȝ˄!�O&7!Q 30ˬ) )9

!M˫ȁïł{���l7˒ɤφöƏƌ�L?¦ʷŖňʹ7<ȝ˄Ū<ȝ˄Ä

Ʃ R2=˫ȶ 4ȴ< Fig.4-11�L? Fig.4-12:ρ)0ɊǈC8ˤ#9#˫�,P

I R2Ê= 0.7ëŶ6�O&7!Q 30ˬ&P= Quasichemical model:�$O

ȁïł{���l!˫ɂØº˩�`�˪:�$O�TȍƇćŽ<Y�l�}�

�L?˓ʴɗY�s�}�ĵ÷Rə�5�N˫¦ʷŖ7���`�9˚Ĩ<Ȋ

ʓ:ʙĜ)0˒ɤφöƏƌ�L?¦ʷŖňʹ7<ȝ˄ſ!Ő(#9300H6

=9� 7ə�MPOˬ  
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Solution resistance, Rsol / Ω

Charge transfer resistance, Rct / Ω

Double layer capacitance, Cdl / μF
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Fig.5-1 Relationship between change of enthalpy of pairs formation and 

(a) solution resistance, (b) charge transfer resistance and (c) double layer 

capacitance at 1873K. 
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Solution resistance, Rsol / Ω

Charge transfer resistance, Rct / Ω

Double layer capacitance, Cdl / μF
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Fig.5-2 Relationship between change of non-configurational entropy of 

pairs formation and (a) solution resistance, (b) charge transfer resistance 

and (c) double layer capacitance at 1873K. 
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Fig.5-1 �L? Fig.5-2 LN˫j��°�:�$Oȝ˄Ū7ďǕ:˫MgO Ǵñɉ

Ƈ7 CaOǴñɉƇ:��5.P/Pæ<ȝ˄Ū6ɮ(PO&7!Q 30ˬ.

<0H˫ǀȴ< Quasichemical model:��5Ij��°�7ďǕ:˫ȷÂěʝ

Ƈá:4�5ɉƇ<ű˕RɱǞ)˫ɉƇ:LM9�ȝ˄Ū6ɮ+&7RțƔ)

0ˬȷÂěʝƇá<ɱǞ:4�5=˫j��°�{���l7<ȝ˄Ū½ƇƸ

:¾Ȏ)0ɱǞRȎ�O&7!ĺE)�7ə�MPOˬ.&6˫ Quasichemical 

model :�$Oȁïł{���l��L?�7˫4-3-3 6ʦB0ɱǞŪ:L35

ɱǞ)0˒ɤφöƏƌ�L?¦ʷŖňʹ7<˄ÄR.P/P Fig.5-3 �L?

Fig.5-4:˫h}T��<˘¸ȝ˄ÄƩ�L?ȝ˄ÄƩ77I:ρ+ˬFig.5-3�

L? Fig.5-4LN˫�,P<˄Ä:��5Ih}T��<˘¸ȝ˄ÄƩ�L?ȝ

˄ÄƩ=Ǔ; 0.2ëŶ7˓ţ:Ő(#˫ȝ˄ſ!9�&7!Q 30ˬE0˫˒

ɤφöƏƌ�L?¦ʷŖňʹ:4�5˫j��°�:�$OɱǞ7=Ȗ9Oɱ

ǞRɫ35I˫h}T��<˘¸ȝ˄ÄƩ�L?ȝ˄ÄƩ<ĸ"9ƤĘ˫4E

N Quasichemical model:�$Oȁïł{���l7<ȝ˄RŸO&7=6"9

 30ˬ.&6˫Quasichemical model :��5=ǹǱƏƌ:θț)0ˬÕʦ<

ʩN˫Quasichemical model :�$Oȁïł{���l��L?�=ɂØº<�

T<ȍƇ:¶�ȁïłʎʹ<ĵ÷6�O&7 M˫z�`ʳ<˒ǢƏƌ6�O

ǹǱƏƌRɱǞ+O&76ȝ˄!ŸMPOċɛſ!ə�MPOˬǹǱƏƌ=�

ɟ:˫˒ɽʗǻũ<ʨƩ:ǡ¿+O&7!ȠMP5�O 5-12)ˬ.&6˫°�<Ū

<L�:ɪº¡<T�\�(T�\�ġ˝)<ǭʹR $O&76ǹǱƏƌRsolR

ɱǞ)0ˬ 

 

 � � � � � � � �  !!"#! =  !!"# ∙ !!"       (5 − 4) 
 

Fig.5-5:(5-4)Ū6ɱǞ)0ǹǱƏƌ7��L?�<˄ÄRρ+ˬFig.5-5LN˫

�,P<ȁïł{���l:��5Ih}T��<˘¸ȝ˄ÄƩ�L?ȝ˄Ä

Ʃ= 0.7ëŶ�O&7 M ȁ˫ïł{���l7ɱǞ)0ǹǱƏƌ:=ŭ�ȝ˄

!�O&7!Q N˫(M:ȝ˄Ū:4�5Iɠ�Ɂũ6½Ƈ6"5�O&7

!!"#! =  !!"# ∙ !!"  
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!Q 30ˬE0ɱǞ)0ǹǱƏƌ6ȁïł{���l7<ȝ˄:L35˫

SiO2-Al2O3-CaOɂ�L? SiO2-Al2O3-MgOɂ:4�5�4<ȝ˄Ū6ɮ+&7!

6"0ˬ 

   

Fig.5-3 Relationship between change of enthalpy of pairs formation and 

(a) modified charge transfer resistance and (b) modified double layer 

capacitance at 1873K. 
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Modified charge transfer resistance, R'ct / Ω

Modified double layer capacitance, C'dl / μF
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Fig.5-4 Relationship between change of non-configurational entropy of 

pairs formation and (a) modified charge transfer resistance and (b) 

modified double layer capacitance at 1873K. 

Modified charge transfer resistance, R'ct / Ω

Modified double layer capacitance, C'dl / μF

(a)

(b)

C
ha

ng
e 

of
 e

nt
ro

py
 o

f p
ai

r 
fo

rm
at

io
n,

 η
 /

 J･
K 
･m

ol
-1

-1
C

ha
ng

e 
of

 e
nt

ro
py

 o
f p

ai
r 

fo
rm

at
io

n,
 η

 /
 J･
K 
･m

ol
-1

-1



 

100 

  

Modified solution resistance, R'sol / Ω

Modified solution resistance, R'sol / Ω
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Fig.5-5 Relationship between thermodynamic parameters of 

quasichemical model and equivalent circuit components; (a) change of 

enthalpy of pairs formation and modified solution resistance and (b) 

change of non-configurational entropy of pair formation and modified 

solution resistance at 1873K. 
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5-3-2� ǔʪƝǷɊǈ<Ǐʃ 

� 5-3-1:��5˫Fig.5-1�Fig.5-5LNȝ˄Ū!ɳƩÈ½Ƈ6"00H˫&PM

<ȝ˄ŪRȎ�5˫.P/PǔʪƝǷRɫ�.<Ɋǈ:4�5əŋ)0ˬ 

� E, F˫ig.5-1�L? Fig.5-2LN S˫iO2-Al2O3-CaOɂ:��5ȝ˄ÄƩ!ǡʠ

Țĸ" 30 �˫7 Rct �˫L?�7 Cdl<˄ÄLNŸMP0 °˫�<ȝ˄Ū(5-5)

�L?(5-6)RȎ�5ǔʪƝǷRɫ30ɊǈRa��z�°�l�<Ê77I:

Fig.5-6:ρ+ˬ 

 

 � � � � �  ! =  −2866 ln !!" − 157320    (5 − 5) 
 � � �  � � ! =  −1.736 ln !!" − 20.353     (5 − 6)� � �   

 

Fig5-6:��5ǘʟ= NMR:LOǔʪɽǆɊǈR ɔ˫ʟ=ǀȣȱ6ƝǷ)0ǔ

ʪƝǷɊǈR82MI NBO/T7)5ρ)5�Oˬ&<7"˫.<ǘʟ�L?ɔ

ʟLN˫.PM<Ê!�ɝ+O7"˫4EN Fig.5-6¡<Ņɒ:��os!ʤ�

C8LNɁũɠ#ǔʪƝǷ!6"5�O&7Rɮ)5�OˬFig.5-6 LNčɉƇ

:��5��os=a�~¡<Ņɒ:ˍ¡)5�O&7!Q OˬE0˫a�

�z�°�l�<ÊIɃ 17˨7˫j��°�RȎ�5ƝǷ)0ĬĎ7ǡB5Ő

(#935�O&7 M˫ƝǷɁũ!Đ�)5�O&7!Q 30ˬ 

� ǜ: F˫ig.5-3�L? Fig.5-4LN˫8<˄Ä:��5Ih}T��<˘¸ȝ˄

ÄƩ�L?ȝ˄ÄƩ=¹�I<<˫ǡʠȚh}T��<˘¸ȝ˄ÄƩ!ĸ" 

30˫�7ɱǞ)0¦ʷŖňʹ C’dl˫�L?�7ɱǞ)0˒ɤφöƏƌ R’ct<a

�~(Fig.5-3 (b)�L?Fig.5-4 (a))LNŸMP0°�<ȝ˄ŪRȎ�5ǔʪƝǷR

ɫ30ˬ.<ɊǈR Fig.5-7:˫a��z�°�l�<Ê77I:ρ+ˬ 

 

 � � � � �  ! =  −14029 ln !!"! − 116744    (5 − 7) 
 � � �  � � ! =  12.565 ln !!"! + 11.962       (5 − 8)� � �   

 

Fig.5-7LN˫Fig.5-67ǡʠ)5��os!a�~¡<ŅɒLNˏP5�O&7
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 M˫ǔʪ<ƝǷɁũ!ƀ÷)5�O&7!Q Oˬ&P=˫a��z�°�

l<ɿȺɊǈ MIƴM 6�N˫Fig.5-7:��5=Ƀ 34˨7ĸ"#935�

O&7!Q Oˬ&<ƝǷɁũ<ƀ÷<¢9ɴĜ=˫½Ƈ)0ȝ˄Ū!ʰâ6

=9 300H6�O7ə�MPOˬ�ʁ<ȝ˄Ū(5-7)�L?(5-8)<ȝ˄ÄƩ

=82MIɃ 0.2Ȯũ6�N č˫{���l˃:C7S8ȝ˄!9 30ŪRȎ

�5ǔʪƝǷRɫ300H6�O7ə�MPOˬ 

� ǜ:˫Fig.5-5 6ŸMP0˫ȁïł{���l7ɱǞ)0ǹǱƏƌ<˄Ä M

ŸMP0°�<ȝ˄ŪRȎ�5ǔʪƝǷRɫ30ɊǈR Fig.5-8:ρ+ˬ 

 

 ! =  20386 ln !!"#! − 108899    (5 − 9) 
! =  13.143 ln !!"#! + 20.906        (5 − 10) 

 
Fig.5-8LNa��z�°�l<Ê= F˫ig.5-6:�$O SiO2-Al2O3-CaOɂ:��

5ŸMP0ȝ˄Ū MƝǷ)0Ɋǈ<a��z�°�l<Ê6�O 17.3˨7ď

*6�N˫ƝǷɁũ=ǡʠȚɠ�&7!Q Oˬ 
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Fig.5-6 Relationship between NBO/T by quasichemical model calculation by 

using correlation equations between thermodynamic parameters and charge 

transfer resistance or double layer capacitance and NBO/T by 29Si MAS-NMR. 

Fig.5-7 Relationship between NBO/T by quasichemical model calculation by using 

correlation equations between thermodynamic parameters and modified charge 

transfer resistance or double layer capacitance and NBO/T by 29Si MAS-NMR. 
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� &&6˫Fig.5-6�Fig.5-8 :��5˫�,PIØ#Ȗ9Oȝ˄ŪRȎ�5ǔʪ

ƝǷRɫ30:I  QM,˫ Fig.5-6 �L? Fig.5-8 6ρ)0Ɋǈ=CDď*

I<7930ˬ&<Ɋǈ:4�5˫Quasichemical model :�$O�TƩ<ɿȺ

ʮȮ<ɻǽ MəŋRɫ� ȴˬƿ Appendix: Quasichemical model:�$O�T

Ʃ<ɿȺƯǩ:4�5ʦB5�O!˫�TƩLNɿȺ(PO NBO/T7�˫�<

˃:=°�<L�9˄Ä!Ƈȳ+Oˬ 

 

 � � � � �  !"#/! ∝  1
1+exp (!−!")                (5 − 11) 

 

)0!35˫ NBO/T =ɜȐYw�_�(�-�T)<˄Ʃ7)5ɮ(POˬFig.5-9

:ǀȣȱ:��5ǔʪƝǷRɫ30čɉƇ:4�5˫Ū(5-5)�(5-10)6ρ)0ȝ

˄Ū MɿȺ)0ɜȐYw�_�(�-�T)<ÊRɔʟ:730a�~Rρ+ˬ

Fig.5-8 Relationship between NBO/T by quasichemical model calculation by 

using correlation equations between thermodynamic parameters and 

modified solution resistance and NBO/T by 29Si MAS-NMR. 
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Fig.5-9LN˫SiO2-Al2O3-ROɂ6=˫(�-�T)6��MPOɜȐYw�_�<Ê

=8<ȝ˄ŪRȎ�5ɿȺ)5ICDĵ÷!9�<:ō) 2˫ÓɂT�\�f�

b�sɂ(SiO2-R2O)�L?ǳĎT�\�ɉƇ(SiO2-RO-R’O):��5=˫ɱǞ)

0˒ɤφöƏƌ�L?¦ʷŖňʹ<ȝ˄Ū MɿȺ)0(�-�T)<Ê(ğ¡<�

��os)!˫­<Ê7ĸ"#Ȗ9O&7!Q 30ˬ&<&7LN˫ (�-�T)

<Ê!Ȗ9O 2 ÓɂT�\�f�b�sɂ�L?ǳĎT�\�ɉƇ6< NBO/T

<ş!˫ƝǷɁũ<ş7)5ɮP07ə�MPOˬ 

�   

SiO2-R2O SiO2-RO-R'O
(mixed alkali) SiO2-Al2O3-RO
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ee
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Fig.5-9 Free energy given (ω - ηT) calculated by each correlation equation for 

the all compositions used in estimating NBO/T. 
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.&6˫Fig.5-10 : 2 ÓɂT�\�f�b�sɂ�L?ǳĎT�\�ɉƇ7˫

SiO2-Al2O3-ROɂ:4�5˫.P/P NBO/TRɿȺ)0ɊǈRρ+ Fˬig.5-10(a)

LN 2˫ÓɂT�\�f�b�sɂ�L?ǳĎT�\�ɉƇ:��5 ɱ˫Ǟ)0

˒ɤφöƏƌ�L?¦ʷŖňʹ7<ȝ˄ŪLNɿȺ)0 NBO/T<Ê=˫­<ȝ

˄Ū6ɿȺ)0 NBO/T<Ê7Ȗ935�O&7!Q OˬE0˫&<Ȗ930

Ê:4�5˫a�~¡<Ņɒ MˏP5�O&7 MƝǷɁũ!ƀ�&7!Q

 O �ˬƯ F˫ig.5-10(b)LN S˫iO2-Al2O3-ROɂ:��5= 8˫<ȝ˄Ū6 NBO/T

RɿȺ)5ICDď*Ɋǈ6�O&7!Q 30 Fˬig.5-10<Ɋǈ= Õ˫ʦ<(�

-�T)<Ê:L35 NBO/T !ǧń(P5�O7��əŋRɰ®$OI<6�Oˬ

K�:˫Fig.5-10(a)6ɵMP0 NBO/T <ɿȺɊǈ<ş:L35˫ƝǷɁũ:ş

!ȍ*07ə�MPOˬ°�<&7LN˫NBO/T <ƝǷɁũ<ɻǽ M

Quasichemical model:LOǔʪƝǷ=˫SiO2-Al2O3-CaOɂ:�$O�7 Rct˫�

L?�7 Cdl7<ȝ˄(Ū(5-5)�L?(5-6))˫I)#=��L?�7 R’sol7<ȝ˄

(Ū(5-9)�L?(5-10))RȎ�O&7!ʰâ6�O7ə�MPOˬ) )˫Ťŧ�

ɉƇȼĞ6ǔʪƝǷRɫ�&7Rə�O7˫ Fig.5-5 6ρ)0ʩN˫

SiO2-Al2O3-CaO�L? SiO2-Al2O3-MgOɂ<Ȗ9OƇáɂR�4<ȝ˄Ū6ɮ-

O��L?�7 R’sol7<ȝ˄RȎ�O&7!ƺIʰâ6�O7ə�MPOˬ 

� &&6˫Quasichemical model <çǽ<�47)5˫ǡʠȚŤŧ�ɉƇȼĞ6

ǔʪƝǷ!ċɛ6�Oǽ!ƕ%MP˫Ņˌ:ǀȣȱ6Ƿń)0ɉƇɂ6I˫

SiO2-Al2O3-CaO �L? SiO2-Al2O3-MgO ɂ<­: SiO2-Na2O, SiO2-K2O �L? 

SiO2-Na2O-CaOɂ:4�5 �˫�L?�!ɿȺċɛ6�O .ˬ&6 &˫PM+B

5<ɂ:�$O��L?�7ɱǞ)0ǹǱƏƌR’sol7<˄ÄR Fig.5-11:ρ+ˬ

Fig.5-11(a)�L?(b)LN˫.P/P<˄Ä<ȝ˄ÄƩ!˫Fig.5-5 6ρ)0

SiO2-Al2O3-ROɂ<F<ȝ˄Ū7ǡB5ĸ"#935�O&7!Q O Fˬig.5-11

¡:ρ)0°�<ȝ˄ŪRȎ�5 NBO/T<ƝǷRɫ30ɊǈR Fig.5-12:ρ+  ˬ

 

 ! =  15503 ln !!"#! − 120283    (5 − 12) 
! =  3.413 ln !!"#! + 7.269         (5 − 13) 
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ƝǷɊǈ= Fig.5-6�L? Fig.5-86ρ)0Ɋǈ7C7S8ď*6=�O! L˫N

Ťŧ�ɉƇ M½Ƈ(P0ȝ˄Ū(5-12)�L?(5-13)RȎ�0ǔʪƝǷ!˫Ťŧ

�ɉƇȼĞ6ǔʪƝǷRɫ�&7RțȚ7)0ǀȣȱ:��5=ƺIʰâ6�

O7ɾ�Oˬ 

� ƺŶ:ǡʠ<0H˫ SiO2-Li2O ɂRˈ#˫Table2-1˫Table3-1 �L? Table4-1

:ρ)0ɉƇ:4�5 F˫actSage< Equilib�g���:L35ɿȺ)0 NBO/T

<ƝǷɊǈR Fig.5-13:ρ+ Fˬig.5-127ǡʠ)5 Fig.5-13=ƴM :a�~¡

<Ņɒ M��os!ˏP5�O&7!Q O Fˬig.5-13:4�5a��z�°

�l�RɿȺ+O7 6˫2.6˨6�O&7!Q 30ˬ&PM<ɊǈLN˫ǀȣȱ

:�$OȷÂěʝƇá7ȁïł{���l7<ȝ˄ŪRȎ�5ǔʪƝǷRɫ�

&76˫FactSage :LOǔʪƝǷLNIˤɁũ9ƝǷ!ċɛ79O&7!Q 

N˫&<Ɗǩ!ɪºǔʪ<ƝǷ:��5˓ţ:ƻõ6�O&7Rρ)5�Oˬ 
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NBO/T by   Si MAS-NMR measurement29
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NBO/T by   Si MAS-NMR measurement29

(a) SiO2-R2O and SiO2-RO-R'O systems

(b) SiO2-Al2O3-RO system

Fig.5-10 The results of estimations of NBO/T for (a) SiO2-R2O 

(binary silicate) system and SiO2-RO-R'O (mixed alkali silicate) 

system, and (b) SiO2-Al2O3-RO system. 
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Fig.5-11 Relationship between thermodynamic parameters of quasichemical 

model and equivalent circuit components; (a) change of enthalpy of pairs 

formation and modified solution resistance and (b) change of 

non-configurational entropy of pair formation and modified solution resistance. 

Modified solution resistance, R'sol / Ω

Modified solution resistance, R'sol / Ω
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Fig.5-12 Relationship between NBO/T by quasichemical model calculation by 

using correlation equations between thermodynamic parameters and modified 

solution resistance for SiO2-R2O, SiO2-RO-R'O and SiO2-Al2O3-RO systems and 

NBO/T by 29Si MAS-NMR. 

Fig.5-13 Relationship between NBO/T by FactSage calculation and 

NBO/T by 29Si MAS-NMR. 
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5-4� Ɋɾ 

� Quasichemical model :�$Oȁïł{���l7ȷÂěʝƇá<˄ÄRʌǊ

)0Ɋǈ˫°�:ρ+Ƞɵ!ŸMP0ˬQuasichemical model :�$Oȁïł{

���l��L?�=�,PI˫ɱǞ(P0ǹǱƏƌ7<ȝ˄!ɵMP˫

SiO2-Al2O3-CaOɂ�L? SiO2-Al2O3-MgOɂ:4�5�4<ȝ˄Ū6ɮ+&7!

6"0ˬ&P=˫��L?�!˫ɂØº:Łģ+O��T
Rə�5��MP

OÊ6�N˫ǀȣȱ:��5=˒ɤφöƏƌJ¦ʷŖňʹ7�30�`�9˚

Ĩ<Ȋʓ:ʙĜ)0ÊLNI˫z�`ʳ<˒ǢƏƌ6�OǹǱƏƌ!.PRL

NL#ÝȊ)00H6�O7ə�MPOˬ(M:&<ȝ˄=˫T�\�!Łģ

+Oɂ6IʰȎċɛ6�N .˫<Ƹ<ȝ˄ÄƩ= SiO2-Al2O3-ROɂ<F6ȝ˄Ū

R½Ƈ)0ĬĎ<ȝ˄ÄƩLNIĸ"#930ˬ&<L�:)5ŸMP0˫ȁ

ïł{���l��L?�7ɱǞ(P0ǹǱƏƌ7<ȝ˄ŪLN˫Ⱥà)0ȁ

ïł{���lRȎ�5ǔʪƝǷRɫ�&76˫ŷǂ< Quasichemical model:

LOǔʪƝǷ˩FactSage :LOǔʪƝǷ˪7ǡʠ)5˫ˤɁũ9ƝǷ!ċɛ6

�N˫.<ƝǷɁũIa��z�°�l!Ƀ 17.3˨7˓ţ:Ő(�&7 M˫

ȡƸ˃:ǔʪƝǷ+OƊǩ7)5˓ţ:ƻõ6�O&7!ƴM 7930ˬ 
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Appendix� Quasichemical model :�$OƢ·Ț9 2 ÓɂɉƇ<ȁïł{���

l�L?�TƩ<ɿȺƯǩ 

 

(A) Quasichemical model:�$Oȁïł{���l<ɿȺ:4�5 

� Quasichemical model :��5I˫j��°�7ďǕ:˫3 ÓɂɉƇR˫NWF

ʵ÷ȃ�L? NWM ʵ÷ȃ M9OƢ·Ț9 2 ÓɂɉƇ7ə�5�Oˬ&<Ƣ

·Ț9 2ÓɂɉƇ:�$O˫Quasichemical model<ȁïł{���l�(�Tȍ

ƇćŽ<Y�l�}�ĵ÷)�L?˫�(�TȍƇćŽ<˓ʴɗY�s�}�ĵ

÷)<ɿȺ:4�5˫0.5SiO2-0.2Al2O3-0.3CaO (mol%)R¿:˫°�6ʦBOˬ&

<7"˫čɉƇ<��áȉR XSiO2, XAl2O3�L? XCaO6ɮ+ˬ 

� E,˫0.5SiO2-0.2Al2O3-0.3CaO (mol%):�$O�TƩR FactSage< Equilib�

g���RȎ�5ɿȺ+O .ˬ<ˌ °˫�<ʩN FactSage:L35ɿȺRɫ�ˬ 

�FactSage M�Equilib�g���Rʙö+O 

�ƺä<Ȓ˔6ɉƇ˩0.5SiO2-0.2Al2O3-0.3CaO˪RƋ2ʣG→Next 

�Solution detabases<ǚ:��5˫Ǳȝ˩FACT-SLAGA˪<FʱƎ+O 

� � .<ˌ �˫+�<ǚ6Č`�o`) �˫+ – single phase�RʱƎ+O 

�Ş�<l��Parameters�R`�o`) �˫show bond fractions etc�<nXo`

�o`hR ON:+O 

�Variable<ǚ:5˫Ƕũ�ĢïR×ï) �˫Calculate�RƐ+ 

�ɿȺɊǈ<ɮ:��5 �˫Mole fraction of quadruplets:�<ǚRƛ+ 

� � Si-Si-O-O 98< Bond Ɓī!ɮρ(PO0H˫&PM:ōŽ+OÊ!˫� �

Pair Fraction˩Si-O-Si98<ǻũ˪<Ê79O 

� ǜ: 0˫.5SiO2-0.2Al2O3-0.3CaOɂR˫č 2Ƈá'7<ɉƇ:áɽ+Oˬ01)

&<7"˫Al2O3:˄)5=˫AlO1.57)5ɿȺRɫ�ˬÚºȚ:=˫0.56SiO2- 

0.44AlO1.5ɂ˫0.63SiO2-0.37CaOɂ�L? 0.57AlO1.5-0.43CaOɂ7+Oˬ 

� áɽ)0čɉƇɂ:4�5˫ƫȈRI7:��L?�RɿȺ+Oˬ 

¿�> 0.56SiO2- 0.44AlO1.5ɂ6�P> X˫’SiO2R SiO2- AlO1.5ɂ:�$O SiO2ǻ

ũ˩4EN˫X’SiO2=0.566�O˪7+O7˫ 
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� �Si-Al = 4800 + 100784(XSiO2)3 – 142068(XSiO2)5 + 78571(XSiO2)7  [J/mol] 

� �Si-Al = 0 

6��MPOˬ 

� ďǕ<ɿȺRɫ�˫�Si-Al, �Si-Ca, �Al-Ca, �Si-Al, �Si-Ca, �Al-Ca RɿȺŶ˫.

PM<Ê M 0.5SiO2-0.2Al2O3-0.3CaO ɂ<ǳĎ<Y�l�}��H �L?ǳĎ

<˓ʴɗY�s�}��Snc=°�<Ū6��MPOˬ 

∆! = (!!"#!!!"#! +   !!"!!!!!"!!! + !!"#!!"#) ∙ (!!"!!"!!"!!"

+ !!"!!"!!"!!" + !!"!!"!!"!!") ∙
1
2       (! − 1) 

∆!!"  = (!!"#!!!"#! +   !!"!!!!!"!!! + !!"#!!"#) ∙ (!!"!!"!!"!!"

+ !!"!!"!!"!!" + !!"!!"!!"!!") ∙
1
2       (! − 2) 

&&6˫Rij = FactSage LNɿȺ)0�T[ i – j ]<ƩRɮ)5�OˬE0˫bi

=”equivalent fraction”7Ĕ>P˫bSiO2 = 1.3774RĪǸ7)5˫nÂ<\n[�<

ĬĎ˫(n/4)bSiO26��MPOˬ4EN˫bAl2O3 = 1.0331˫bCaO = 0.688779Oˬ 

� �ʁ6ɿȺ)0˫0.5SiO2-0.2Al2O3-0.3CaO 3Óɂ<�H�L?�SncRI7:˫

Ƣ·Ț9 2Óɂ:�$Oȁïł{���l��L?�RɿȺ+Oˬ 

E,˫0.5SiO2-0.2Al2O3-0.3CaOɂR Network Former(NWF)ʵ÷ȃ�L? Network 

Modifier(NWM) ʵ ÷ ȃ  M 9 O Ƣ · Ț 9 2 Ó ɂ 6 ɮ Ȋ + O ˬ

0.5SiO2-0.2Al2O3-0.3CaOɂ<ĬĎ A˫l2O3ʹˮCaOʹ6�O M A˫l2O3=Ø5 4

ʴ¸ǔʪ79O7±ń+O7˫ 

� NWFá=˫0.5SiO2 + 0.2Al2O3 +0.2CaO = 0.9NWF˩XNWF = 0.9˪ 

� NWMá=˫0.1CaO = 0.1NWM˩XNWM = 0.1˪� 7ɮ(POˬE0˫Ƣ·Ț9

2Óɂ:�$O�TƩ RNWF-NWF R˫NWF-NWM�L? RNWM-NWM= F˫actSageLNɿ

Ⱥ)0 0.5SiO2-0.2Al2O3-0.3CaO ɂ<�TƩ MǥHO&7!6"O˫ÚºȚ:

=˫¿�> [˫ Si – Al ]�T<ĬĎ˫Si�L? Al=«ě¿:ƕ%0ɉƇ:��5

�,PI NMF7)5Ð�5�O&7 M˫RNWF-NWF6�O7F9-Oˬ 

� )0!35˫Ƣ·Ț9 2 Óɂ:�$O�TƩ(RNWF-NWM)˫NWF �L? NWM

<��áȉ(XNWF�L? XNWM)˫�L?Ū(A-1)˫(A-2)6ɿȺ)0�H˫�SncL
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N˫°�<Ū6Ƣ·Ț9 2 Óɂ:�$Oȁïł{���l��L?�RɿȺ6

"Oˬ 

! = 2 ∙ ∆! ∙ 1
!!"#!!"# ∙ (!!"# + !!"#)

      (! − 3) 

! = 2 ∙ ∆!!" ∙ 1
!!"#!!"# ∙ (!!"# + !!"#)

      (! − 4) 

 

 

(B) Quasichemical model:�$O�TƩ<ɿȺ:4�5 

� Ƣ·Ț9 2 Óɂ:�$O�TƩ<ɿȺ=˫ȁïł{���l��L?�RȎ

�5ɫ�ˬ�ʁ<¿6ƕ%0 0.5SiO2-0.2Al2O3-0.3CaOɂ:4�5˫XNWF = 0.9˫

XNWM = 0.16�30ˬ&<7" Q˫uasichemical model:�$O�TƩ= R˫RǢ

ºńƩ˫TRɍōǶũ7)5°�<Ū6ɮ(POˬ 

!!"#!!"#  =  4!!"#!!"#
1 + !       (! − 5) 

! = 1 + 4!!"#!!"# ∙ exp  ! − !"!" − 1
! !

     (! − 6) 
�Ū(A-5)�L?(A-6)LN˫(�-�T)!��MPP>˫RNWF-NWMRǥHO&7!

6"O ǥˬH0 RNWF-NWMR °˫�<ȃʗÆŁê:¯×+O&76 RNWF-NWF�L

? RNWM-NWMRǥHO&7!6"Oˬ 

2!!"#  =   2!!"#!!"# + !!"#!!"#     (! − 7) 
2!!"#  =   2!!"#!!"# + !!"#!!"#     (! − 8) 
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ȶ 6ȴ� Ɋʍ  

 

� ǀʍƫ6=˫ʻʾɲʿ��jhJ]�hɲʪ��jhRĽH7)0˫Ǖ�9

áʸ6Ȏ�MP5�Of�b�sɂɪº:θț)˫.<V�}�m�hRǷń

)ȁïł�°�7ɉFĎQ-O&76˫ɪºǔʪ<ƝǷRɫ30ˬ 

� f�b�sɂɪº<V�}�m�hǷń:4�5=˫ʮĄ:ɪº<V�}�

m�hRǷń)0¥¿!9�0H˫ŸMPOȷÂěʝƇá!ű˕Rĉ$OĜĿ

<ɽƴRțƔ)˫ɪºǔʪ7<˄ʫRʌǊ)0(ȶ 2ȴ)ˬǜ:˫ȊģIʐʍ!Ɏ

�5�OǳĎT�\�õǈ:4�5 T˫�\�(T�\�ġ˝)!ǳĎ)0f�b

�sɂɉƇRʱƎ)˫29Si MAS-NMR:LOǔʪɽǆɊǈ7 V˫�}�m�hǷ

ńɊǈLNɂɌȚ:ʌǊ�əŋRɫ30(ȶ 3ȴ)ˬE0˫ǀʍƫ<ƺɈțȚ6�

OV�}�m�hǷń:LOɪº<ǔʪƝǷR˫ȁïł�°�6�Oj��°

��L? Quasichemical model:θț)˫&PM<ȁïł{���l7ȷÂěʝ

Ƈá7<ȝ˄ŪR½Ƈ+O&76ɫ30(ȶ 4ȴ�L?ȶ 5ȴ) °ˬ�:ȶ 2ȴ�

ȶ 5ȴE6<ɐƒRρ+ˬ 

 

� ȶ 2ȴ6= 2˫Óɂ<T�\�f�b�sɂɪº<V�}�m�h�L?¸ȝ

ɼş<ǷńRɫ�˫ŸMP0uV^hs��os<ɽǆRɫ30ˬ.<Ɋǈ˫

uV^hs��os=˫ǹǱƏƌ˫˒ɤφöƏƌ˫¦ʷŖňʹ�L?ƑƧ<V

�}�m�h M9OȷÂěʝ6ɮȊ6"O&7!Q N˫ďƸ:ȷÂěʝƇ

áIǥHO&7!ċɛ7930ˬE0˫ȷÂěʝƇá7ɪºǔʪ˫T�\�Ǵ

ñʹ�L?T�\�<ȯ˝:4�5<˄ÄRʌǊ)0ˬ.<Ɋǈ˫T�\�ʺ

ŕʵ÷ȃ<Ǵñʹ!ıñ+O&76˫ǹǱƏƌ�L?˒ɤφöƏƌ=ǵő)˫

�Ư˫¦ʷŖňʹ=ıñ+O&7!ƴM :930ˬE0˫Ǵñ)0T�\�

ʺŕV[�<V[�üŴ!ĸ"#9O:4P5˫ǹǱƏƌ�L?˒ɤφöƏƌ

=ıñ)˫�Ư6¦ʷŖňʹ=ǵő+O&7!ƴM :930ˬ&<L�9ȷ

ÂěʝƇá<ĵ÷=˫ɪºǔʪ�L?˫.P:ʙĜ)0\n[�<ö"J+(

J˫¦ʷŖā(<ĵ÷:L35ȍ*0&7!ρė(P0ˬ 
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� ȶ 3ȴ6= ǳ˫ĎT�\�f�b�sɉƇRʱƎ)˫29Si MAS-NMR:LOǔ

ʪɽǆɊǈ7˫V�}�m�hǷńɊǈ M˫ǳĎT�\�õǈ:4�5<ə

ŋRɫ30ˬ.<Ɋǈ˫NMR :LNŸMP0f�b�s<ɏțǔʪ<ĵ÷=˫

T�\�<ǳĎ:ō)5þʌ:ĵ÷)5�O<:ō)˫V�}�m�hǷń:

L35ŸMP0ȷÂěʝƇá=˫ǑÊRƓ35ĵ÷+O&7!ƴM :930ˬ

&<&7LN˫ɪºǔʪ:ĆD+ǳĎT�\�õǈ<ű˕=Ő(#˫�Ư6˫

ȷÂěʝƇá=ǳĎT�\�õǈRρ+&7!Q 30ˬ&<ȷÂěʝƇá<

ĵ÷=˫ëƔƩĜĿ7Ĕ>POɪº¡:��5ö$OT�\�V[�ǻũ:˄

Ä+O{���l<ĵ÷:L35ȍ*0&7!ρė(P0ˬE0˫ʮÞĀȅƅ

:��5=˫V[�µŏ<ǭſ÷Yw�_�!ıñ+O&76ȷÂěʝƇá<

Ê!ĸ"#ĵ÷+O&7!ρ(P0ˬ 

� ȶ 4 ȴ6=˫ǀȣȱ<țȚ6�O˫V�}�m�hǷń:LOɪº<ǔʪƝ

ǷRʅF0ˬ.<0H:ȁïł�°�<�46�Oj��°�Rŏ×)˫j�

�°�<ȁïł{���l7ȷÂěʝƇá7<ȝ˄ŪR½Ƈ+O&76˫V�

}�m�hǷńɊǈ Mȁïł{���lRȺà)˫ɪºǔʪ<ƝǷRɫ30ˬ

ȝ˄Ū<½Ƈ:��5˫j��°�<ȁïł{���l6�Oj�<ȍƇɜȐ

Yw�_�=˒ɤφöƏƌ7˫j�˃<ȝ§½ȎYw�_�=¦ʷŖňʹ7<

ŭ�ȝ˄!ŸMP0ˬ&P=˫j��°�:�$O�j�
!V[�ƩÈáȮ

ũ<˓ţ:�`�9ǔʪRþ¸ǔʪ7)5�N˫.P:˄+Oȁïł{���

l!˫˒ǑʤÎ<¦ʷŖ7��˓ţ:ȇ#�`�9˚Ĩ<Ȋʓ:ʙĜ)0˒ɤ

φöƏƌ�L?¦ʷŖňʹ7<ȝ˄!ŸMP07ə�MPOˬ˒ɤφöƏƌ�

L?¦ʷŖňʹ:4�5˫ɉƇ:LOű˕RəƆ)ɱǞ+O&76˫Ťŧ�ɉ

ƇȼĞ6ʰȎċɛ9ȝ˄ŪRŸ0ˬ&<ȝ˄ŪRȎ�5ȁïł{���lRɿ

Ⱥ)˫ǔʪƝǷRɫ30Ɋǈ˫ƫȈ6��MP0ȁïł{���lRȎ�5ǔ

ʪƝǷRɫ�LNIƝǷɁũ!Đ�+O&7!ƴM :930ˬ&<7"˫(

M9OƝǷɁũ<Đ�!ɵʣEP˫.<0H:=ȷÂěʝƇá<ɱǞ˗<ɵȜ
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