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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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29Si MAS-NMR 2-13) SiO2
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Li2CO3 Na2CO3 K2CO3(Sigma-Aldrich, Japan)

Pt

1540K 30min

 

  

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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Fig.2-1 Schematic diagram of the furnace of impedance measurement. 



 

18 

1540K

180

ξ 10mm

Pt-20mass%Rh Pt

Pt

1.0V 50Hz 150kHz  

-

 

Z’=|Z|cos

-Z’’=|Z|sin Z

Cole-Cole 

1 ρ Fig.1-4

( )

Rsol

φ Rct

φ

φ

Cdl Zw

EIS Spectrum Analyzer2-14, 2-15)



 

19 

(2-1)

 

 

! = !!"# +
1

!"!!" + 1 (!!" + !!)
      (2 − 1) 

 

 

 

2-3  

2-3-1 K2O  

Fig.2-2 Fig.2-4 1540K 50.0SiO2-50.0K2O 66.7SiO2-33.3K2O

80.0SiO2-20.0K2O (mol%)

ρ

EIS Spectrum analyzer Fig.2-5 ρ

Table2-2
29Si MAS-NMR

NBO/T ρ NBO/T SiO4
4-

1
2-16) Table2-2 K2O NBO/T

 

Fig.2-3

66.7SiO2-33.3K2O (mol%)

4.4 R1

R1 Rsol

Fig.2-3 R2

R2 φ Rct C

Cdl Zw

50.0SiO2-50.0K2O 80.0SiO2-20.0K2O (mol%)



 

20 

φ

 

φ

θ Fig.2-6 Fig.2-8

NBO/T ρ   

  

Im
ag

in
ar

y 
Im

pe
da

nc
e,

 -Z
''/

 Ω

Real Impedance, Z'/ Ω

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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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 
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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. 
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2-3-2  

Fig.2-10 Fig.2-11 66.7SiO2-33.3Li2O 66.7SiO2-33.3Na2O mol

ρ Fig.2-10 ρ 66.7SiO2-33.3Li2O
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K+

ρ Fig.2-15(a) ρ K+ Li+

2-25)

φ 2-26)

K2O φ

Fig.2-14

φ

Li+, Na+, K+

SiO2

 Li2O K2O Fig.2-15(b)

ρ Fig.2-15(b) K+

Li+ φ

φ Li+ Na+, K+

Li+ K+

2-3-1 K2O

φ  

 

  

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. 
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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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3 SiO2-RO-R’O (R, R’= Na, K, or Ca)
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3-2  

3-2-1 29Si MAS-NMR  

Table3-1 ρ Table3-1

66.7SiO2-26.64RO-6.66R’O 66.7SiO2-16.65RO-16.65R’O

66.7SiO2-6.66RO-26.64R’O (R, R’=Na, K, or Ca) (mol%)

4R1R’ 1R1R’ 1R4R’

NMR θ

29Si MAS-NMR

 

Table3-1 ρ SiO2  Na2CO3 K2CO3

CaCO3 (Sigma Aldrich, Japan)  

 

  

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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30min 1540K )
29Si MAS-NMR

0.1wt% Fe2O3

NMR

( ) 29Si
3-10)

3-11)

Fe2O3 0.1wt% NMR

JNM-ECA400( 9.39 T 79.4 MHz)

ZrO2 4.0 mm MAS 15 kHz Single 

45 8192 10 s

ξ 29Si

TMS(tetramethylsilane, Si(CH3)4)

Qn (n=4, 3, or 2) n SiO4
4-

ω Qn  

 

3-2-2  

3-2-1 29Si

0.1wt%Fe2O3

CaO/(R2O+CaO) = 1.0 (R=Na or K) 66.7SiO2-33.3CaO

1873K

1Na4Ca 2

( 1540K Air 180 min

1.0 V, 50 Hz 150 kHz)  
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1Na4Ca

( ) ( )

1690K 180min

25K 15min 1440K

1Na4Ca

 

 

3-3  

3-3-1 29Si MAS-NMR  

Fig.3-1 Table3-1 ρ 29Si MAS 

NMR ρ

Q3 -80 -100ppm -90 -110ppm
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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 66.7SiO2-33.3Na2O(Na2O )

66.7SiO2-33.3K2O(K2O ) ρ Table3-2

NBO/T 1 SiO4
4-

Y X

ρ

3-14)   

 

   ! =  8 − 2!     (3 − 1)    

   ! =  4 − !     (3 − 2)     

 

R R = no / nSi

ρ no nSi

Si (3-1) (3-2)

66.7 mol% SiO2 R 2.5 Y=3

X=1 SiO4
4- 1

NBO/T=1 NBO/T NMR

NBO/T

NBO/T 1 Qn

2 Na2O K2O Q4 Q2

Q3

Na2O K2O CaO Na2O K2O

Q4 Q2 Q3

Z/r (Z r )

SiO4
4-

ρ 3-15)  

 

   2!! =  !! +  !!     (3 − 3)    
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3-10) Stebbins
3-16) 29Si MAS-NMR ξ

  

 

3-3-2
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Fig.3-2

2 EIS Spectrum 
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Fig.3-3(d) Qn

Na2O-K2O

Qn

 

( φ )
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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. 
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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 φ
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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  
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(pre-exponential factor) 0
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4-2  

4-2-1  

Table4-1 ρ

NMR 4-2, 4-4)

SiO2, Al2O3 MgO CaCO3 Sigma Aldrich, Japan

Pt

1873K

1873K 120

10mm

1.0V 50Hz

150kHz  

 

  

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 °  
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φ Rct Cdl 2

SiO2-Al2O3-RO(R=Mg or Ca)3 °

W E

3 2

WSi-Al, WSi-R, WAl-R, ESi-Al, ESi-R, EAl-R 6  6

2 °

Network Former(NWF)

Network Modifier(NWM) 2

NWF NWM

1 ° W E

 SiO2-Al2O3-RO 3 NWF -NWM
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2 W
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! =  !!"#!!"#
(!!"#!!"# ∙ !!"#!!"#)! !       (4 − 3)  

 

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

Ri-j i j 	

(4-2) GM(ternary) SiO2-Al2O3-RO 3

°

GM(binary) W E 1

(4-3) Ri-j SiO2-Al2O3-RO 3
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4-3  

4-3-1  

Fig.4-1 Fig.4-10 Table4-1 ρ

ρ Table4-2

ρ  
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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. 

Im
ag

in
ar

y 
Im

pe
da

nc
e,

 -Z
''/

 Ω

Real Impedance, Z'/ Ω

at 1873K

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. 



 

65 

  

Im
ag

in
ar

y 
Im

pe
da

nc
e,

 -Z
''/

 Ω

Real Impedance, Z'/ Ω

at 1873K

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. 



 

67 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SiO2-Al2O3-RO Table4-2 CaO

(No. 2) MgO (No. 6)

Al2O3 Al2O3

Al2O3 RO

Al2O3 Network Former AlO4

4-8) AlO4 Al3+

1 +3/4 SiO4 Si4+ 1

+4/4

AlO4 +1/4 4-9)

Cationic Field Strength(CFS)4-10)

4-11) CFS -1 NBO

 CFS Mg2+

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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Fig.4-11 Relationship between energy of cells formation and (a) 

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

layer capacitance at 1873K. 
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Fig.4-12
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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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4-3-3  

φ Rct φ

	 Cs 4-15)  

 

 !!" =  ! ∙ !!!             (4 − 8) 

 

(4-8)

φ

aRO
4-16) φ

φ ρ  

 

 !!"! =  !!" ∙ !!"       (4 − 9) 
 

Fig.4-13 φ

ρ Fig.4-13 ρ SiO2-Al2O3-CaO SiO2-Al2O3-MgO

 

 

 

 

 

 

 

 

 

 



 

75 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(

) φ φ

4-3-1

CFS φ

CFS

(Mg Ca) CFS

 

 

 !!"! =  !!" ∙  !"# (!)
!"# (!"#.)       (4 − 10) 

 

C
el

ls 
fo

rm
at

io
n 

en
er

gy
, W

 /
 c

al

Modified charge transfer resistance, R'ct

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

modified charge transfer resistance at 1873K. 



 

76 

CFS(R) CFS CFS(ave.) Mg Ca CFS

2.93 Fig.4-14

ρ Fig.4-14 SiO2-Al2O3-CaO

SiO2-Al2O3-MgO

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4-13 Fig.4-14

°

Table2-1 Table3-1 Table4-1 ρ

Fig.4-13 Fig.4-14

Table2-1

Table3-1 °

 Fig.4-15

C
el

ls 
in

te
ra

ct
io

n 
en

er
gy

, E
 /

 c
al

Modified double layer capacitance, C'dl

Fig.4-14 Relationship between energy of cells interaction 

and modified double layer capacitance at 1873K. 



 

77 

ρ NMR

NBO/T ρ Fig.4-15

Fig.4-15

ρ Table2-1

Table4-1 ρ

Table3-1 3 NMR

Fig.4-15

 

    

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

and NBO/T by 29Si MAS-NMR. 
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Fig.4-16 Relationship between NBO/T by cell model calculation 

and NBO/T by 29Si MAS NMR. 
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z=1 ( =T) yi  
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i  

!!∗ =
!!!!
!!

             ! − 17  

 

 

3

(Visual Basic for Applications, VBA)   
 
Sub () 
'''''''''''''''''' ''''''''''''''''''' 
    Dim h As Double  ''''  
    Dim x As Double ''''  
    Dim p As Double 
    Dim P12 As Double ''''  
    Dim P13 As Double ''''  
    Dim P23 As Double ''''  
     
    h = Cells(21, 2) 
    p = ((1 / h) + 21 + 1) 
     
    For x = 21 To ((1 / h) + 21) 
        ''''''''''''''z, ζ '''''''''''''''''''''' 
        Cells(x, 3) = 0 + (h * (x - 21)) ''''''''''z  
            If Cells(x, 3) = 0 Then 
                Cells(x, 4) = 1e+25 
            Else 
                Cells(x, 4) = (Cells(9, 7) / Cells(x, 3)) ''''''''''''ζ  
            End If 
     
    Next x 
     
    '''''''''''''''''''''''''' T Qi, Pij '''''''''''''''''''''''''' 
    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 ''''''''''''''''''''''''''' 
    '''''''''''''''''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 ''''''''''''''''''''''' 
        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 '''''''''''''''''''''''' 
    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  '''''''''''''''''' 
    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)   ''''''''''''''

 
    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 ''''''''''''''''''' 
    For x = 22 To ((1 / h) + 21) 
        ''''''''''''''''yi ''''''''''''''''' 
        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 ''''''''''''''''''''' 
        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 ''''''''''''''''''' 
        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  '''''''''''''''''' 
        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)   ''''''''''''''  
        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 '''''''''''''''''''''' 
        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 '''''''''''''''''' 
        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 '''''''''''''''''' 
        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 
     
''''''''''''''''''''' ( ) '''''''''''''''''' 
Range(Cells(p, 1), Cells(1000000, 100)).ClearContents 
Range("A1").Select 
 
''''''''''''''''''''''Rij, BO/NBO '''''''''''''''''''''' 
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  
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 
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°

2

° GM
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!!!!
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!!
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!!!!!
[!! ∙ ln
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!!!!

!

!!!!!

!!!

!!!

−  !!!! ∙ ln (!!!!!!!!
)]

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

!!!

!

!!!
        ! − 1  
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2 M1(u1)O(v1)-M2(u2)O(v2) M1

M2 Network Former(NWF) Network Modifier(NWM)

2 M1(u1)O(v1)-M2(u2)O(v2)

0.5SiO2-0.2Al2O3-0.3CaO (mol%) Al2O3 CaO

Al2O3 4  

NWF 0.5SiO2 + 0.2Al2O3 +0.2CaO = M1(1.1)O(1.8) 

NWM 0.1CaO = M2(0.1)O(0.1) 2

M1(1.1)O(1.8)-M2(0.1)O(0.1) Al2O3 4

NWF NWF  

3 2

GM

 

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

GM(ternary) GM(binary) 3 2

GM(ternary) °

 GM(binary) (B-1) W

E 2 3

 

!!" = exp !! + !! −
!!"
!"   = !!"

(!!! ∙ !!!)! !
       ! − 3  

(A-5) (B-3)  

E −W = !" ∙ ln !!"
!!! ∙ !!! ! !

       ! − 4  

(B-2) (B-4) W E

2 W

E  
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5 Quasichemical model  

 

5-1  

4 °

4

°

° Quasichemical 

model5-1, 5-2) θ Quasichemical model  FactSage5-3)

β

5-4, 5-5) Quasichemical 

model
5-6, 5-7)

Quasichemical model

ρ

Quasichemical model

 

 

5-2  

5-2-1 Quasichemical model  

Quasichemical model ° ° Fowler

Guggenheim Quasichemical model 5-8)

° 5-9, 5-10) Quasichemical model
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°

°

(Quasi lattice)

Quasichemical model

2

 

 

 

5-11)

 

 

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

Li2O

4

Quasichemical model
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5-2-2  

Quasichemical model °  

SiO2-Al2O3-RO(R=Mg or Ca) 3

Si-Al, Si-R, Al-R, Si-Al, Si-R, Al-R 6

NWF NWM 2

2

 

 

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

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

H(ternary) H(binary) 3 2

(5-1) Snc(ternary) Snc(binary)

3 2 (5-1)

Appendix

H(ternary) Snc(ternary) SiO2-Al2O3-RO(R=Mg or Ca) SiO2-R2O 

(R=Na or K) SiO2-Na2O-CaO

H(binary) Snc(binary)

(5-2) (5-3) 2

 

 

5-3  

5-3-1  

Quasichemical model 4

SiO2-Al2O3-RO(R=Mg or Ca)3
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(Table4-2) Fig.5-1

Fig.5-2

R2 ρ Fig.5-1 Fig.5-2

0.8 Quasichemical model

φ

R2 4 Fig.4-11 Fig.4-12 ρ

R2 0.7 Quasichemical model

φ
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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 Fig.5-2 ° MgO

CaO

Quasichemical model °

°

 Quasichemical 

model 4-3-3

φ Fig.5-3

Fig.5-4 ρ Fig.5-3

Fig.5-4

0.2

φ °

Quasichemical model

Quasichemical model θ

Quasichemical model

5-12)

( ) Rsol

 

 

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

Fig.5-5 (5-4) ρ Fig.5-5

0.7

!!"#! =  !!"# ∙ !!"  
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SiO2-Al2O3-CaO SiO2-Al2O3-MgO

 

   

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
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Modified solution resistance, R'sol / Ω

Modified solution resistance, R'sol / Ω

(a)
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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  

5-3-1 Fig.5-1 Fig.5-5

 

Fig.5-1 Fig.5-2 SiO2-Al2O3-CaO

Rct Cdl (5-5)

(5-6) °

Fig.5-6 ρ  

 

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

 

Fig5-6 NMR

NBO/T ρ

Fig.5-6

Fig.5-6

° 17 °

 

Fig.5-3 Fig.5-4

C’dl φ R’ct

(Fig.5-3 (b) Fig.5-4 (a))

Fig.5-7 ° ρ  

 

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

 

Fig.5-7 Fig.5-6
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°

Fig.5-7 34

(5-7) (5-8)

0.2

 

Fig.5-5

Fig.5-8 ρ  

 

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

 
Fig.5-8 ° Fig.5-6 SiO2-Al2O3-CaO

° 17.3
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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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Fig.5-6 Fig.5-8

 Fig.5-6 Fig.5-8 ρ

Quasichemical model

Appendix Quasichemical model

NBO/T

 

 

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

 

 NBO/T ( - T) Fig.5-9

(5-5) (5-10) ρ

( - T) ρ

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.5-9 SiO2-Al2O3-RO ( - T)

2

(SiO2-R2O) (SiO2-RO-R’O)

φ ( - T) (

)  ( - T)

2 NBO/T

 

  

SiO2-R2O SiO2-RO-R'O
(mixed alkali) SiO2-Al2O3-RO

Fr
ee
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y,

 (
ω

 - 
ηT

) 
/ 

J･m
ol
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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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Fig.5-10 2

SiO2-Al2O3-RO NBO/T ρ Fig.5-10(a)

2

φ NBO/T

NBO/T

Fig.5-10(b) SiO2-Al2O3-RO NBO/T

Fig.5-10 (

- T) NBO/T

Fig.5-10(a) NBO/T

NBO/T

Quasichemical model SiO2-Al2O3-CaO Rct

Cdl ( (5-5) (5-6)) R’sol

( (5-9) (5-10))

Fig.5-5 ρ

SiO2-Al2O3-CaO SiO2-Al2O3-MgO

R’sol  

Quasichemical model

SiO2-Al2O3-CaO SiO2-Al2O3-MgO SiO2-Na2O, SiO2-K2O  

SiO2-Na2O-CaO

R’sol Fig.5-11 ρ

Fig.5-11(a) (b) Fig.5-5 ρ

SiO2-Al2O3-RO Fig.5-11

ρ NBO/T Fig.5-12 ρ  

 

 ! =  15503 ln !!"#! − 120283    (5 − 12) 
! =  3.413 ln !!"#! + 7.269         (5 − 13) 
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Fig.5-6 Fig.5-8 ρ

(5-12) (5-13)

 

 SiO2-Li2O Table2-1 Table3-1 Table4-1

ρ FactSage Equilib NBO/T

Fig.5-13 ρ Fig.5-12 Fig.5-13

Fig.5-13 °

62.6

FactSage

ρ  
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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  

Quasichemical model

ρ Quasichemical model

SiO2-Al2O3-CaO SiO2-Al2O3-MgO

φ

SiO2-Al2O3-RO

Quasichemical model

FactSage

° 17.3

 

 

  



 

112 

References 

5-1 A.D. Pelton, and M. Blander, Metal. Trans. B, 17B (1986), 805. 

5-2 A.D. Pelton, S.A. Degterov, G. Eriksson, C. Robelin, and Y. Dessureault, 

 Metal. Mater. Trans. B, 31B (2000), 651. 

5-3 C.W. Bale, E. Belisle, P. Chartrand, S.A. Decterov, G. Eriksson, A.E. Gheribi, K. 

Hack, I.-H. Jung, Y.-B. Kang, J. Melancon, A.D. Pelton, S. Petersen, C. 

Robelin, J. Sangster, P. Spencer, and M.-A. Van Ende, CALPHAD: Computer 

Coupling of Phase Diagrams and Thermochemistry, 54 (2016), 35. 

5-4 M. Suzuki, and E. Jak, Metall. Mater. Trans. B, 44B (2013), 1435. 

5-5 M. Suzuki, and E. Jak, Metall. Mater. Trans. B, 44B (2013), 1451. 

5-6 M. Blander, and A.D. Pelton, Geochimica et Cosmochimica Acta, 51 (1987), 

85. 

5-7 P. Wu, G. Eriksson, and A.D. Pelton, J. Am. Ceram. Soc., 76 (1993), 2059. 

5-8 R.H. Fowler, and E.A. Guggenheim, Statistical Thermodynamics, Cambridge 

 University Press, Cambridge, United Kingdom, (1939), 350. 

5-9 G. Eriksson, and A.D. Pelton, Metal. Trans. B, 24B (1993), 807. 

5-10 G. Eriksson, P. Wu, and A.D. Pelton, CALPHAD, 17 (1993), 189. 

5-11 C.L. Losq, and D.R. Neuville, J. Non-Cryst. Solids, 463 (2017), 175. 

5-12 37 (1964), 959. 

 

  



 

113 

Appendix Quasichemical model 2

 

 

(A) Quasichemical model  

Quasichemical model ° 3 NWF

NWM 2

2 Quasichemical model (

) (

) 0.5SiO2-0.2Al2O3-0.3CaO (mol%)

XSiO2, XAl2O3 XCaO  

0.5SiO2-0.2Al2O3-0.3CaO (mol%) FactSage Equilib

FactSage  

�FactSage Equilib  

� 0.5SiO2-0.2Al2O3-0.3CaO →Next 

�Solution detabases FACT-SLAGA  

+ + – single phase  

� Parameters show bond fractions etc

ON  

�Variable Calculate  

� Mole fraction of quadruplets:  

Si-Si-O-O Bond ρ

Pair Fraction Si-O-Si  

0.5SiO2-0.2Al2O3-0.3CaO 2

Al2O3 AlO1.5 0.56SiO2- 

0.44AlO1.5 0.63SiO2-0.37CaO 0.57AlO1.5-0.43CaO  

 

0.56SiO2- 0.44AlO1.5 X’SiO2 SiO2- AlO1.5 SiO2

X’SiO2=0.56  
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Si-Al = 4800 + 100784(XSiO2)3 – 142068(XSiO2)5 + 78571(XSiO2)7  [J/mol] 

Si-Al = 0 

 

Si-Al, Si-Ca, Al-Ca, Si-Al, Si-Ca, Al-Ca

0.5SiO2-0.2Al2O3-0.3CaO H

Snc  

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

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

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

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

Rij FactSage [ i – j ] bi

”equivalent fraction” bSiO2 = 1.3774 n

(n/4)bSiO2 bAl2O3 = 1.0331 bCaO = 0.6887  

0.5SiO2-0.2Al2O3-0.3CaO 3 H Snc

2  

0.5SiO2-0.2Al2O3-0.3CaO Network Former(NWF) Network 

Modifier(NWM) 2

0.5SiO2-0.2Al2O3-0.3CaO Al2O3 CaO Al2O3 4

 

NWF 0.5SiO2 + 0.2Al2O3 +0.2CaO = 0.9NWF XNWF = 0.9  

NWM 0.1CaO = 0.1NWM XNWM = 0.1

2 RNWF-NWF RNWF-NWM RNWM-NWM FactSage

0.5SiO2-0.2Al2O3-0.3CaO

[ Si – Al ] Si Al

NMF RNWF-NWF  

2 (RNWF-NWM) NWF NWM

(XNWF XNWM) (A-1) (A-2) H Snc
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2

 

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

      (! − 3) 

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

      (! − 4) 

 

 

(B) Quasichemical model  

2

0.5SiO2-0.2Al2O3-0.3CaO XNWF = 0.9

XNWM = 0.1 Quasichemical model R

T  

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

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

     (! − 6) 
(A-5) (A-6) ( - T) RNWF-NWM

RNWF-NWM RNWF-NWF

RNWM-NWM  

2!!"#  =   2!!"#!!"# + !!"#!!"#     (! − 7) 
2!!"#  =   2!!"#!!"# + !!"#!!"#     (! − 8) 
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