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1

1.1 ●ꜝ☻─ ≤

●ꜝ☻≤│●ꜝ☻ ⌐ ╩ ↕∑√ ≢№╡ ●ꜝ☻≤ ─ ─ ╩╙

≈ ∕─√╘ ●ꜝ☻│●ꜝ☻ ╩ ⌐ ⇔ ─ ╩ ↕∑╢↓≤≢●ꜝ

☻ ≢│ ≢⅝⌂™ ╣√ ╛ ╩ ∆╢↓≤⅜≢⅝╢ ╣√

≢№╢ ●ꜝ☻│ 1950 ┌⌐ Corning ─ S. D. Stookey ⅜ ●ꜝ☻╩

∆╢ ≢ꜞ♅►ⱶ◦ꜞ◔כ♩●ꜝ☻╩ ∫≡ ≢ ╩ ∫√↓≤≢ ↕╣√

≢№╢[1,2] Stookey ─ ⅛╠╦⅛╢╟℮⌐ ●ꜝ☻─ │●ꜝ☻⌐ ╩

∆─╖≢ ⌐ ≢⅝╢↓≤≢№╢ ∕─√╘ ☿ꜝⱵ♇◒☻─╟℮⌐ ≢ ™

[3]╩ ≤∑∏ ─●ꜝ☻╩ ∆╢↓≤≢ ─ ●ꜝ☻╩ ∆╢↓≤⅜

≢№╢ ↕╠⌐ ⌐╟∫≡●ꜝ☻ ≢ ⅜ ∆╢√╘ ☿ꜝⱵ♇◒☻─ ⌐

∆╢ ─ ╙ ⅎ╠╣╢↓≤⅛╠☿ꜝⱵ♇◒☻≢ ℮╟℮⌂ [4]╙ ≢№╢

↓─╟℮⌂ ⅛╠ ●ꜝ☻─ ↄ─ ⅜ ╦╣≡⅝√ Fig. 1-1 ⌐ 1960

⅛╠ 2022 ╕≢⌐ ↕╣√₈ ⌐ꜟ♩▬♃⅜♪כ꞉כ◐℮™≥₉☻ꜝ● ╕╣╢

─ ╩ ∆ ↓─ ⅛╠ ●ꜝ☻⌐ ∆╢ │ ₁ ⇔≡™╢ ⅜ ⅛╢ ↓─╟℮

⌐ ●ꜝ☻─ ⅜ ╪⌐⌂╢⌐≈╣≡ ●ꜝ☻─ ⅜ ⇔ ●ꜝ☻⌐

∆╢ ⅜ ה ↕╣╢╟℮⌐⌂∫√

Table 1-1 ⌐ ⌂ ●ꜝ☻ ─ ≤ ⅔╟┘∕─ ╩ ∆[5-9] ↓

─ ⅛╠ ⅛╠Ⱶ◘▬ꜟ ⱶכ♪꜠─ ⱴ◦♫Ⱪꜟ☿ꜝⱵ♇◒☻

Li ▬○fi ─ ⌂≥ ⌂ ≢ ●ꜝ☻⅜ ™╠╣

≡™╢↓≤⅜ ⅛╢ Table 1-2 ⌐ ─ ≢№╢ NeoceramTM N-0 ≤ NeoceramTM

N-11 ─ ╩ ∆[5,10] Li2O-Al2O3-SiO2(LAS) ─ ≢№╢ ɓ- ╩ ∆╢

NeoceramTM N-0 │ ♫ⱡ ╩ ↕∑╢↓≤≢ ™ ╩ ≢⅝ ↕╠⌐ ⅜ ↄ

⅜ ™ ∕─√╘ ™ ≤ ⅔╟┘ ⅜ ╘╠╣╢ ─◒♇◒♩♇ⱪ

─Ⱪכ♩☻╛ ⌂≥⌐ ™╠╣≡™╢ ∕─ ∂ LAS ─ ≢№╢ ɓ-☻ⱳ☺ꜙⱷfi

╩ ∆╢ NeoceramTM N-11 │ ◘▬☼⅜ כꜞ▬꜠⌐╘√™⅝ [11,12]⅜ ∂

≢ │ ↄ⌂╢╙── ™ ╛ ⌐ ⅎ≡ ⌐ ╣╢≤™∫√ ╩╙

≈ ↓╣╟╡ ꜠fi☺─♃כfi♥כⱩꜟ╛ ─ ⌂≥⌐ ™╠╣≡™╢ ╕√ Table 

1-1 ⌐ ♩▬ꜝ▼☺כ◖√⇔ ─ ●ꜝ☻│ ╣√ ⅛╠Ⱶ◘▬ꜟ─꜠♪כⱶ

⌐╙ 5 ◦☻♥ⱶ 5G ↑─ ≤⇔≡ [13]⌐╟∫≡ ↕╣≡™╢

─♩▬ꜝ▼☺כ◖│ ≢№╡ ⌐ ╣╢▬fi♦▫▪ꜝ▬♩⅜ ☿ꜝⱵ♇◒☻≢│
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╙╡╟♩▬ꜝ▼☺כ◖ ≢ ∆╢⅜ ●ꜝ☻⅛╠─ ≢│ ▼☺כ◖≡⇔≥

ꜝ▬♩╟╡╙ ≢ ∆╢↓≤╩ ⇔≡™╢[13] ↓─╟℮⌐ ●ꜝ☻│●ꜝ☻ ╛

⌐╟∫≡ ∆╢ ╛∕─ ⅜ ⌂╡ ─ ╙ ₁≢№╢↓

≤⅛╠ ה ⌐ ∂≡ ⌂●ꜝ☻ ╛ ─ ⅜ ≤⌂╢ ∕─√╘

─●ꜝ☻ ≤ ∆╢ ≤─ ╛ ●ꜝ☻ ⅛╠ ⅜ ∆╢ⱷ◌♬☼ⱶ

╩ ∆╢↓≤│ ≢№╢

Fig. 1-1 1960 ⌐ ↕╣√♃▬♩ꜟ⌐₈ ●ꜝ☻₉≤ ─№╢ ─

Clarivate ⅜ ∆╢○fiꜝ▬fi ☻כⱬ♃כ♦ Web of Science ╩ ™≡♃▬♩ꜟ⌐ ñGlass 

ceramicsò ╕√│ ñCrystallized glassò ≤ ⅜№╢ ─ ╩ ⇔≡™╢
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Table 1-1 ↓╣╕≢⌐ ↕╣√ ⌂ ●ꜝ☻─ [5-9,14,15]

●ꜝ☻ ⌂

◒♇◒►▼▪/
◒♇◒♩♇ⱪ

VisionÈ/Corning

Li2O-Al2O3-SiO2

ɓ-
(Li2, R)OᴋAl2O3ᴋnSiO2

R: Mg2+, Zn2+

n: 2 ~ 10

CeranÈ/Schott
NarumiÈ/

NeoceramTM N-0
/

CerapureTM/
KeraglasÈ/Eurokera

Ⱶꜝכ ZerodureÈ/Schott ♀꜡

◒♇◒►▼▪
PyroceramÈ 9608/Corning ɓ-☻ⱳ☺ꜙⱷfi

Li2OᴋAl2O3ᴋnSiO2

n: 4 ~ 10

NeoceramTM N-11
/

ⱦfiכ♃☻● CercorÈ/Corning
꜠fi☺ CenturaÈ/Corning BaO-Al2O3-SiO2

☿ꜟ◦▪fi
BaAl2Si2O8

Ⱶ◘▬ꜟ

ⱶכ♪꜠
PyroceramÈ 9606/Corning MgO-Al2O3-SiO2

♩▬ꜝ▼☺כ◖
Mg2Al4Si5O18

ⱴ◦♫Ⱪꜟ

☿ꜝⱵ♇◒☻

MacorÈ/Corning

F-K2O-MgO-Al2O3-
SiO2

ⱴ▬◌
KMg3AlSi3O10F2

DicorÈ/CorningהDentsply
PhotoveelTM

/ⱨ▼꜡כ♥♇◒

☿ꜝⱵ♇◒☻

CrystonÈ/ ( AGC)
CaO-SiO2

ɓ-►◊ꜝ☻♩♫▬♩
CaSiO3NeopariesTM/

FireliteÈ/ Li2O-Al2O3-SiO2 ɓ-
♀꜡EclairÈ/Eurokera

◄♇

♅fi◓

FotoformÈ, 
FotoceramÈ/Corning

Li2O-SiO2

ꜞ♅►ⱶ◦ꜞ◔כ♩
Li2SiO3
Li2Si2O5

◄♇♅fi◓FoturanÈ/SchottהMikroglas

♦▫☻◒

ⱷ⸗ꜞ
TS-10TM/○Ɫꜝ

IPS e.maxÈ/CAD and Press

CERABONEÈ/A-W F-CaO-P2O5-SiO2

▪Ɽ♃▬♩: 
Ca10(PO4)6(O,F2)

►◊ꜝ☻♩♫▬♩: 
CaSiO3

LICGCTM/○Ɫꜝ
Li2O-Al2O3-SiO2-
P2O5-TiO2-GeO2

Li NASICON
Li1+x+yAlxTi2-xSiyP3-yO12

▬○fi
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Table 1-2 NeoceramTM N-0 ≤ NeoceramTM N-11 ─ [5,10]

◘fiⱪꜟ NeoceramTM N-0 NeoceramTM N-11
ɓ- ɓ-☻ⱳ☺ꜙⱷfi

30 ~ 750 Ĭ10-7 /K 1 12
J/kgהK 800 800
W/mהK 1.6 1.6

750 850
→ JIS R1601 MPa 170 220

ⱦ♇◌כ☻ Hv (0.2) - 700 800
Ĭ103 kg/m3 2.5 2.5

(1 MHz, 25 ) - 7.6 6.4
(1 MHz, 25 ) Ĭ10-3 22 4.1

1.2 ●ꜝ☻─ ⱨ꜡כ≤

●ꜝ☻─ │ ה☼▬◘─ ⌐ ⇔√Ᵽꜟ◒─●ꜝ☻╩ ⌂≥─ ╩

™≡●ꜝ☻ Tg ─ ≢ ╩ ℮↓≤⅜ ≢№╢ Fig. 1-2 ⌐

─ ⌂ ⱨ꜡כ╩ ∆ Fig. 1-2 ⌐ ∆╟℮⌐●ꜝ☻≢│ ⅜ ⇔╛∆™

≤ ⅜ ⇔╛∆™ ⅜ ⌂╢╙─⅜ ™[5,16,17] ∕─√╘ ─☻♥♇ⱪ≤⇔≡│

─ ≤⌂╢ ⅜ ⇔╛∆™ ≢ ∆╢₈ ₉─ ⌐ ⅜

⇔╛∆™ ╕≢ ⇔√ ⌐ ∆╢₈ ₉╩ ℮ 2 ─

ⱨ꜡כ⅜ ≢№╢ ↓─ ⱨ꜡כ╩ ℮↓≤≢●ꜝ☻ ⌐ ⅜ ⇔ ∕─

╩ ⌐ ⅜ ה ∆╢√╘⌐ ⌂ ╩╙∫√ ●ꜝ☻╩ ╢↓≤⅜≢

⅝╢ ●ꜝ☻ ⌐ ⅜ ⇔⌂™ │◄Ⱡꜟ◑כ─ ™

≢ ∂╛∆™ ∕─╟℮⌂●ꜝ☻≢│ ⌐ ⅜ ∂√ ≤∕

℮≢⌂™ ─ ╛ ─ ⅛╠ ⅜ ⅝ↄ ⇔ Fig. 1-3 ⌐ ∆╟℮⌂ ⌂

╩≤╢↓≤⅜№╢ ⌐╟╢ ⌐╙ ╩ ℮ │ ⇔≡⅔╡ ●ꜝ☻

╩ ה ↕∑ ─ ╩ ◘▬♩≤∆╢↓≤≢ ╩ ∆╢

[18-20]╛ ╩ ⌐ ⇔√ ⌐ ◖꜡▬♪╩ ↕∑ ⌐╟∫≡∕─◖꜡

▬♪╩ ⌐ ╩ ↕∑╢ ●ꜝ☻ [21,22]⅜№╢ ↓─╟℮⌐ │

●ꜝ☻─ ╩ ∆╢℮ⅎ≢ ⌂ ≢№╡ ⱷ◌♬☼ⱶ ─√╘⌐ ₁⌂

⅜ ╦╣≡™╢
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Fig. 1-2 ●ꜝ☻─ ⌂ ⱨ꜡כ≤ ─ ⌐╟╢ ▬ⱷכ☺

Fig. 1-3 ⌐ ⅜ ∂ ⅜™┘≈⌐⌂∫√ ●ꜝ☻─ (a) Enstatite 

(MgSiO3) ●ꜝ☻  (b) Forsterite (Mg2SiO4) ●ꜝ☻
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1.2.1

─ ⌐│ (homogeneous nucleation)≤ (heterogeneous nucleation)

⅜ ∆╢ │ ⌐⅔™≡ ⌐ ∂╢ ╩ ∆ │

╛ ≤─ ≢ ∂╢ ╩ ∆ ╕∏ ╘⌐ [5,23]⌐≈™≡ ⌐ ∆ ●ꜝ

☻- ─ ╩ ◄Ⱡꜟ◑כ─ ≤⇔≡ ⅎ╢≤ ─ (1)≢ ∆↓≤⅜≢⅝╢ ↓↓

≢ ȹG │ ─ ◄Ⱡꜟ◑כ r │ ─ ↓↓≢│ │ ≢ ≤

∆╢ ȹGX │ ⌐╟∫≡ ↕╣╢ №√╡─ ◄Ⱡꜟ◑כ─ ╩

⇔≡™╢ ů │ √╡─ ◄Ⱡꜟ◑כ≢№╢√╘ 4ˊr2ů │ ≢ √⌂ ԇ

╩ ∆╢√╘⌐ ⌂◄Ⱡꜟ◑כ≢№╢ Fig. 1-4 │ (1)─ ◄Ⱡꜟ◑כ─ ╩

─ r ─ ≤⇔≡ ⇔√ ≢№╢ ↓╣╟╡ ─ ⅜№╢ r*╟╡╙

↕™≤⅝│ ◄Ⱡꜟ◑כ│ ─ ╩ ⇔ ↓─ │ │ ⌐ ≢⅝∏ ≤

╩ ╡ ∆↓≤⌐⌂╢ ─ ⅜ r*╩ ⅎ╢≤ r*╟╡╙ ⅜ ⅝ↄ⌂∫≡╙ ◄Ⱡ

⅜כ◑ꜟ ∆╢ ⌐⌂╢√╘ ⅜ ⇔≡ ≢⅝╢↓≤⌐⌂╢ ↓─ r*╟

╡╙ ⅜ ⅝™╙─╩ ≤ ┘ ∕╣╟╡╙ ↕™╙─╩◄fiⱩꜞ○ ≤ ┬ ↓

─ r*─ ─ ◄Ⱡꜟ◑כȹG*│ (2)≢ ↕╣╢

ɝὋ “ὶ ɝὋ τ“ὶ „    (1)

ɝὋᶻ           (2)

⌐ [5,24]⌐≈™≡ ∆ │ ≢№╢●ꜝ☻ ≤│ ⌂╢

ⅎ┌ ≤│ ⌂╢ ⌂≥≢ ∂╢ Fig. 1-5(a)│ ⅜ ∂╢ ─

≤ ≤─ ╩ ⇔≡⅔╡ ɗ │ ≤ ≤─ ≢№╢ ↓

↓≢ ⌐ ∆╟℮⌐ L ⌐ ⇔≡™╢ S ⌐ R ─ ⅜ ∆╢

╩ ⅎ╢ ↓─ ─ ⌐ ℮ ⇔™ ─ ◄Ⱡꜟ◑כ ȹGS │ ─ (3)≢ ↕

╣╢

ɝὋ „ ὃ “Ὑ „ „ (3)

↓↓≢ ůLN ≤ ─ ◄Ⱡꜟ◑כ ůNS ≤ ─ ◄Ⱡꜟ◑כ ůLS

≤ ─ ◄Ⱡꜟ◑כ ALN ≤ ─ ─ ≢№╢ Fig. 1-5(a)

⅛╠╦⅛╢╟℮⌐↓╣╠─ ◄Ⱡꜟ◑כ≢│ (4)─ ⅜ ╡ ≈ ↓╣╩ (3)⌐ ∆╢
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≤ (5)⅜ ╠╣ ─ ⌐ ℮ ◄Ⱡꜟ◑כ─ ȹGH │ (6)≢ ↕╣╢

„ „ „ ÃÏÓ —            (4)

ɝὋ „ ὃ “Ὑ „ ÃÏÓ — (5)

ɝὋ “Ὑ ɝὋ „ ὃ “Ὑ ÃÏÓ — (6)

(6)╩ R ─ ≤⇔≡(ÖȹGH)/ ÖR = 0 ≤∆╢≤ R*
H │ (7)≤⌂╡ R*

H ╩ (6)⌐

∆╢↓≤≢ (8)⌐ ∆ ⌐⅔↑╢ ◄Ⱡꜟ◑כ ȹG*
H ⅜ ╠╣╢

Ὑᶻ ÓÉÎ —        (7)

ɝὋᶻ (8)

↓↓≢ (9)⌐ ∆ f(ɗ)│ꜘfi◓─ ─ ≤ ┌╣╢╙─≢№╡ Fig. 1-5(b)│ꜘfi◓─ ╩

⇔√╙─≢№╢ ≤ ⅜ ↄ ╣≡™⌂™ ɗ │ 180Á≢№╡ f(ɗ)

│ 1 ≤⌂╢ ↓─ ─ ◄Ⱡꜟ◑כ│ ≤ ∂≢№╢ ≤ ⅜ ╣≡

™≡ ɗ ⅜ 180Á ─ f(ɗ) │ 1 ╟╡╙ ↕ↄ⌂╢ ⇔√⅜∫≡ ɗ ⅜ ↕™

╒≥ ȹG*
H │ ↕⌂ ≤⌂╡ ⅜ ∂╛∆ↄ⌂╢

Ὢ —       (9)
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1.2.2 ≤

●ꜝ☻⌐⅔↑╢ ≤│ ─●ꜝ☻ ⅜ ─ ⌐ ∆╢ ─↓≤≢№╢ ↓╣│

─ ⅛╠⌂╢ ⌂ ⅜ ─ ⌐ ™ ≢│⌂ↄ ─ ≢ ∆╢╒℮⅜

⌐ ≢№╢√╘⌐ ∂╢ Fig. 1-6 ⌐ 2 ─●ꜝ☻─ ≤ ─▬ⱷכ☺

╩ ∆[25-27] ─○꜠fi☺─ │●ꜝ☻⅜ ≤⌂╢ ╩ ⇔≡™╢ ↓─ ─╟

℮⌐ ╟╡╙ ⌐ ∆╢ ╩ ≤ ┬ ○꜠fi☺─ ≤ ≢

╕╣√ ≢│ ─ ⅜ ה ∆╢↓≤⌐╟∫≡ ∂╢Ᵽ▬ⱡכ♄ꜟ ⅜ ∂╢ ↓─

≢ ∆╢ ─ ╩♪꜡♇ⱪ꜠♇♩≤ ┘ ╡─ ╩ⱴ♩ꜞ♇◒☻≤ ┬ ─

─ ≢│ ⌐ ⌂ ≢№╡ ⅜ ∂╢↓≤⌂ↄ ⅜ ∂╢ ☻Ⱨⱡ

ꜟ♄כ ↓─ ≢│ 2 ⅜ ╖ ∫√ ╩≤╢ ⌐ ∆╟℮⌐№╢ ─●

ꜝ☻╩ T1 ⅛╠ T2 ╕≢ →√ ⌐│ ∆╢ ⌐╟∫≡☻Ⱨⱡכ♄ꜟ ╙⇔ↄ│

- ≢ ⅜ ∆╢ ∕─ ⌐ ↕╣╢ 2 ─●ꜝ☻ │ ≢ ⌐

╕╡ ∕─ │ ─ ≤ ⅜ ╦╢ ≤⌂╢ ─ C1 ≤ C2 ─ ↓╣╠─

╩◄fi♪ⱷfiⱣכ [28]≤ ┬

↓─ ╩ ™≡ ●ꜝ☻╩ ∆╢ [27]⅜ ╠╣≡™╢⅜ ↓─ │

⌐╙ ╩ ╓∆↓≤⅜ ╠╣≡™╢ ╠│ ⅜ ∂╢↓≤≢ ─ ⌐

∆╢ ╩ ⇔≡⅔╡ ⌐│ ─ 4 ⅜ ∆╢≤ ⇔≡™╢[28]

(1) ─●ꜝ☻⅜ ⇔⌐ↄ™ ⌂●ꜝ☻ ≢№∫√≤⇔≡╙ ─ ⅜

⇔╛∆™ ≢№╣┌ ⅜ ∂╛∆ↄ⌂╢ ─ ╩ ╕⌂™

(2) ─ ≤⌂╡℮╢ ⅜ ─ 1 ≈⌐ ↕╣ ∕─ ─ ≢ ⇔ ∕╣

╩ ≤⇔≡ ⅜ ⇔╛∆ↄ⌂╢ ─ ╩ ╗

(3) ⌐╟∫≡ ∂√ ⇔╛∆™ ⅜ ≢№╣┌ ∆╢ ╙ ⌐⌂╢

(4) ≤ⱴ♩ꜞ♇◒☻≤─ ⅜ ╩ ∆╢ ⱷ◌♬☼ⱶ│ Fig. 1-5 ⌐ ⇔√

≢№╢

↓─╟℮⌐ │ ╩ ⇔℮╢ ≢№╡ ⱷ◌♬☼ⱶ╩ ∆╢℮ⅎ≢

│ ⌂ ≢№╢ ╕√ ⌐╟∫≡ ∂╢ ╛ ≢ ∆╢ │ ╩

↕∑╢√╘●ꜝ☻─ ⌐ ∆╢ ↓─╟℮⌂ ─ ⌐ ℮●ꜝ☻─

כꜞ▬꜠│ ╛Ⱶכ ╩ ™≡ ∆╢↓≤⅜≢⅝╢ Fig. 1-7 כꜞ▬꜠⌐ ≤Ⱶכ

─ⱷ◌♬☼ⱶ╩ ∆[11,29] כꜞ▬꜠ ≤│ ─ ⌐ ⇔≡ ↕⌂ ⌐╟╢ ≢№

╢ כꜞ▬꜠ ⌐│ ⅜№╡ │ ─ 4 ⌐ ∆╢√╘ ─ ™

╒≥ ↄ ↕╣╢ Ⱶכ │ ─ ≤ ⅛∕╣╟╡╙ ⅝⌂ ─ ≢№╢ Ⱶכ

≢│ ⌐ ⅜⌂ↄ ⌐ ─ ⅜ ⅝™ ∕─√╘ ●ꜝ☻│
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⌐╖ⅎ╢ ↓─╟℮⌐ ●ꜝ☻─ ⌐⅔™≡ ─◘▬☼│ ⌂ ≢№

╡ ∞↑≢⌂ↄ ●ꜝ☻⌐ ∆╢ ⅜ ⌐ ⅎ╢ ⌐≈™≡╙╟ↄ

∆╢ ⅜№╢ ∕↓≢ ≢│ ⅜ ⌐ ╓∆ ⌐≈™≡ ═╢

Fig. 1-6 2 ─●ꜝ☻⌐⅔↑╢ ≤ ─▬ⱷכ☺

Fig. 1-7 כꜞ▬꜠ ≤Ⱶכ ─▬ⱷכ☺

ӗ ₤ ӽ

ׁ ˴ᾧ

ỡԁׁ

ᾧ

C1 C2
T2

T1

ᴛ

ЖкАФйАЕ

ЫЕзАϼІ

НϱЛ˔Ѝи ӽ
ˢᶋἹ ² Ṑ ˣ

ІСЛ˔Ѝи ӽ
ˢІСЛ˔Ѝи ᵔṐ ˣ
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1.2.3 ╩ ╗ ●ꜝ☻

1.1 ─ Table 1-1 ⌐ ⇔√ ●ꜝ☻─ │ ●ꜝ☻─ ⌐ ⌐ ⅜

⇔√╙─⅜ ™ ↓╣│ ─ ≢●ꜝ☻─ ⌐ ⌐ ╩ ↕∑╢↓≤≢

╩ ↕∑≡™╢ ≈╕╡ Fig. 1-4 ⌐ ⇔√ ⌐⅔↑╢ r*╩ ⌐

ⅎ ⅜ ⇔╛∆™●ꜝ☻⅜ ≢№╢ ⇔⅛⇔⌂⅜╠ ●ꜝ☻≤⇔≡╟ↄ ╠╣≡

⌐☻ꜝ●♩כ◔ꜞ◦╢™ ∆╢≤ 9 │☻ꜝ●♩כ◔ꜞ◦─ ─╖⅜ ∂╢↓

≤⅜ Zanotto ╠[30]╟╡ ↕╣≡™╢ ∕─√╘ ↕╣≡™╢ ●ꜝ☻─ ↄ│

⅜ ∂╛∆ↄ⌂╢╟℮⌐₈ ₉≤ ┌╣╢ ╩№╠⅛∂╘●ꜝ☻ ─ ≤⇔≡

↕╣≡™╢ ∕─╟℮⌐⇔≡ ⇔√●ꜝ☻⌐ ╩ ℮↓≤≢ ╩ ↕∑

╩ ↕∑≡™╢

│ Stookey ⅜ ₁⌂●ꜝ☻ ⌐ TiO2 ╩ ⇔≡ ╩ ∫√↓≤≢ ↕╣

√╙─≢№╢[31] ↓─ ⌐╟╡ ●ꜝ☻─ ⅜ ≤⌂╡ ≤⇔≡

ↄ ™╠╣╢╟℮⌐⌂∫√ ⌐ ⇔≡ ₁⌂ ⅜ ╦╣ TiO2 ⌐╙ ZrO2, 

SnO2, HfO2, GeO2, Cr2O3, MoO3, WO3, Fe2O3, NiO, P2O5, Ta2O5, Nb2O5, V2O5,⌂≥─ ⌐ ⅎ≡

Pt, Au, Ag, Cu, W, Mo ⌂≥─ ╛ CaF2 ⌂≥─ⱨ♇ ╙ ≤⇔≡ ∆╢↓≤⅜ ™∞

↕╣√[32-45] ╕√ ⇔√ ─ │∕╣∙╣⅜∆═≡─●ꜝ☻ ≢ ∆╢╦↑≢

│⌂ↄ ≤⇔≡─ ╙ ∆╢●ꜝ☻ ⌐╟∫≡ ⌂╢ Table 1-3 ⌐ LAS

●ꜝ☻⅔╟┘MgO-Al2O3-SiO2(MAS) ●ꜝ☻⌐⅔™≡ ⌂ ≢№╢ZrO2, TiO2

─ ╩ ∆ ↓─ ⅛╠╦⅛╢╟℮⌐ ZrO2 ≤ TiO2 │ ≢─ ∞↑≢│⌂ↄ ⇔

≡╙ ≤⇔≡─ ╩ ≈↓≤⅜╦⅛╢ ⅎ┌ ZrO2 ≤ TiO2 ╩ ⇔√ LAS ●ꜝ

☻≢│ Fig. 1-8 ⌐ ∆╟℮⌂⸗♦ꜟ[54,55]⅜ ↕╣≡™╢ ↓─⸗♦ꜟ≢│ ZrTiO4 ─ ⌐

∆╢ Al-rich ⅛╠ ɓ- ⅜ ∆╢⅜ ZrTiO4 ─ ─ ⅛╠ ɓ- ⅜

⇔≡ ∆╢⸗♦ꜟ[47]╙ ↕╣≡⅔╡ ∞⌐ ─ ≤ ∆

╢ ─ ─ │ ╠⅛⌐⌂∫≡™⌂™╙─⅜ ™ ≤ ∆╢ ─

─ ╩ ∆╢ ≢│ TEM: Transmission Electron Microscopy ⅜

≢№╢⅜ ●ꜝ☻⅔╟┘ ●ꜝ☻│ ⌐ ⇔≡ ⅜ ™╙─⅜ ↄ TEM

⌐●ꜝ☻ ╛ ⅜ ♄ⱷכ☺≢╛╠╣≡⇔╕℮√╘⌐ ⌂ ⅜ ≢№╢

[46-48] ⇔⅛⇔⌂⅜╠ ≤ ─ ─ ╩ ∆╢↓≤│ ●ꜝ☻─

╩ ∆╢℮ⅎ≢ ⌂ ≤⌂╢ ─ TEM ─ ⅛╠ ⌐ ═╢≤

♄ⱷכ☺╩ ⅎ⌂⅜╠ ≢⅝╢ ╛∕─ ╩ ™√ [49-51]╙ ⅎ≡⅝≡│™

╢⅜ TEM ─ ╙ ™≡ ⌂ ⅛╠ ╩ ∆╢↓≤⅜ ≢№╢≤ ⅎ

╠╣╢
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Table 1-3 Li2O-Al2O3-SiO2 ●ꜝ☻⅔╟┘ MgO-Al2O3-SiO2 ●ꜝ☻⌐⅔↑╢ ZrO2

⅔╟┘ TiO2 ╩ ⌐ ™√ ─ │ DeCeanne ╠[44]⅜ ⇔√ ─ ╩

⇔ ⇔√

●ꜝ☻ ⱷ◌♬☼ⱶ ◘▬♩
⌐

∆╢

Li2O-Al2O3-SiO2

ZrO2 [52]

ZrO2─ ⌐Al-rich⌂
⅜ ↕╣ ♫ⱡ

⇔√ ZrO2⅛╠ ⅜

∆╢ 

ZrO2

ɓ-
ɓ-☻ⱳ☺ꜙⱷfi

TiO2 [48,53]

TiO2─ ⌐ Al-rich ⅜

↕╣ ♫ⱡ ⇔

√ TiO2⅛╠ ⅜

∆╢

TiO2

ZrO2 + TiO2 

[47,54,55]

ZrTiO4─ ⌐ Al-rich
⅜ ↕╣ ♫ⱡ

⇔√ ZrTiO4 ⅛╠ ⅜

∆╢

ZrTiO4

MgO-Al2O3-SiO2

ZrO2 [51,56] ZrO2 ɓ-
Ŭ-

♩▬ꜝ▼☺כ◖

◄fi☻♃♃▬♩

ⱨ◊꜠☻♩ꜝ▬♩
TiO2 [5,55,57]

MgTi2O5

Al2TiO5 ♩▬ꜝ▼☺כ◖

ZrO2 + TiO2 [58,59] ZrTiO4
ɓ-
Ŭ-

Fig. 1-8 ⅜ ⇔√ ɓ- ─ ⸗♦ꜟ [54,55]. Zr, Ti, Al-rich ⌂♪꜡♇ⱪ꜠♇♩

⅜ ⇔√ ╩ Al-rich ⌐ ╦╣√ ZrTiO4 ⅜ ∆╢ ɓ- ─ ⌐ ⇔≡│

ᵓ─ Al-rich ⅛╠ ɓ- ⅜ ∆╢⸗♦ꜟ[54,55]≤ ZrTiO4 ─№╢ ⌐ ɓ-

⅜ ⇔≡ ∆╢⸗♦ꜟ[47]⅜ ↕╣≡™╢
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1.2.4 ╩ ╕⌂™ ●ꜝ☻

⇔√╟℮⌐ │ ●ꜝ☻─ ╩ ∆╢√╘⌐ ⌂ ≢№╢

∕─ ≢ ─ │●ꜝ☻ ⌐╟∫≡ ⌂╢√╘ ∕╣∙╣─●ꜝ☻ ⌐ ⇔√

╛∕─ ⌂≥ ₁⌂ ─ ⌐ ↄ─ ≤ ⅜ ⌐⌂╢ ╕√

●ꜝ☻ ─ ⅛╠│ ╩ ╗ ⱨ꜡כ│ ⅜ ™ ∕─ 1

≈─ ╩ ╢√╘⌐ ⌂ ⅜ ⇔ ─ ⌐≈⌂⅜╢ ↕╠⌐ ⌐

⌂◄Ⱡꜟ◑כ╙ ∆╢√╘ ╛ꜟꜝ♩כꜙ♬Ⱳfiכ◌ ◖☻♩ ─ ⅛╠ ◄Ⱡꜟ

כ◑ ⅜ ╘╠╣≡™╢ ∕─√╘ ╩ ╦∏⌐ ≢ ⅜ ⌂

●ꜝ☻│ ─ ⅛╠╙ ╕⇔™ ⇔⅛⇔⌂⅜╠ ⇔√╟℮⌐ ─ ⇔≢

⅜ ⌂●ꜝ☻│↔ↄ╦∏⅛≢№╢[30]

Table 1-4 ⌐ ╩ ∆●ꜝ☻ ≤ ∆╢ ╩ ∆[17,60-63] ⅜

∂╢●ꜝ☻─ ≤⇔≡ ∆╢ ─ ≤●ꜝ☻─ ⌐ ⅜№╢↓≤⅜↓╣╕

≢─ ⅛╠╦⅛∫≡™╢[17] ╕√ ●ꜝ☻ Tg ╩ ∆╢ ─ Tm ≢ ⇔√

≢№╢ Reduced glass transition temperature Tgr ─ ⅛╠ ╩ ∆●ꜝ☻╩ ≢⅝

╢↓≤⅜ Fokin ╠[60]⅛╠ ↕╣≡™╢ ↓─ │●ꜝ☻ ─ ≢№╡ ●ꜝ☻

⅜ ↄ ─ ⅜ ™ │ Tgr ⅜ ↄ⌂╡●ꜝ☻ ⅜ ™ ≢●ꜝ☻ ⅜

ↄ ─ ⅜ ™≤ Tgr ⅜ ↄ⌂╡●ꜝ☻ ⅜ ™ ↓─ Tgr ─ ⅜ 0.58 0.60 ─

─●ꜝ☻ ≢│ ⅜ ∂ Tgr ⅜ 0.58 ─●ꜝ☻≢│ ⅜ ∂╢

⌐№╢ ≤ Tgr ⌐│⅔╟∕ ⅜№╡ Tgr ⅜ ™╒≥ ⅜ ™ ⌐ Tgr

⅜ 0.58 ─●ꜝ☻≢│ ⅜ ↄ ⌂≥─ ⌐ ™ ≢│Ᵽꜟ◒╟╡╙ ⅜

⅛∫√╡ ⇔╛∆⅛∫√╡∆╢√╘⌐ ⅜ ∂╢≤ ⅎ╠╣≡™╢[60] ─

≢│↓─ ⅛╠│∏╣╢╙─⅜№╡ BaO-2SiO2 (BS2)●ꜝ☻│ ∕─ ─●ꜝ☻⌐

═≡ Tgr ⅜ ↄ ●ꜝ☻≤⇔≡ ≢№╢╙── ⅜ ™≤™℮ ⌂ ╩ ∆

─↓≤⅛╠ Tgr ⅜ ™●ꜝ☻│ ⅜ ∂╛∆™√╘ ─ ╛ ─

⅜ ≢№╢ ⅜ ↄ ╕⇔™ ∕─ ≢ ↓─╟℮⌂●ꜝ☻│ ⅜ ™

√╘ ●ꜝ☻─ ⌐ ⅜ ∂╛∆ↄ ●ꜝ☻─ ⅜ ™ ∕─√╘ ↕

╣≡™╢ ●ꜝ☻│ ●ꜝ☻─ ╙ ⇔ ≤∆╢ ⅜ ∆╢ ≢

●ꜝ☻ ─ ⅜ ╦╣≡™╢
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Table 1-4 ╩ ∆●ꜝ☻ ≤ ∆╢ [17,60-63]

●ꜝ☻
Li2O-SiO2 Li2SiO3

Li2O-2SiO2 Li2Si2O5

Na2O-SiO2 Na2SiO3

CaO-SiO2 CaSiO3

BaO-2SiO2 BaSi2O5, Ba5Si8O21

Na2O-2CaO-3SiO2 Na2Ca2Si3O9

2Na2O-CaO-3SiO2 Na4CaSi3O9

2BaO-TiO2-2SiO2 Ba2TiSi2O8

Li2O-2B2O3 Li2B4O7

1.3 ─

─ ⅛╠↓╣╕≢⌐ ₁⌂ ●ꜝ☻⌐ ∆╢ ⅜ ╦╣≡⅝√⅜ ⌂

⌐│ ⅔╟┘ ⌐ ∆╢ ╩╟╡ ╘╢↓≤⅜ ≢№╢≤ ⅎ╠╣╢ ∕↓

≢ ≢│ ╩ ≤∆╢●ꜝ☻ ≢ ↄ ↕╣≡™╢ LAS ●ꜝ☻≤

╩ ≤⇔⌂™●ꜝ☻ ─ ≢╙ ™●ꜝ☻ ≤ ╩╙≈ BaO-SiO2 (BS)

●ꜝ☻⌐ ⇔√ ≢│∕╣∙╣─ ●ꜝ☻⌐ ∆╢ ─ ╩ ∆

1.3.1 Li2O-Al2O3-SiO2 ●ꜝ☻─ ─

LAS ●ꜝ☻│ ⇔√ ⌐ ™ ≤ ╩ ≈↓≤⅛╠◐♇♅fi

─◒♇◒♩♇ⱪ╛ ●ꜝ☻ ─Ⱶꜝכ╕≢ ™ ≢ ™╠╣≡™╢[5-

7,9,14,15] ⌂ LAS ─ ≢№╢ ─ ɓ- [64]≤ ─ ɓ-☻ⱳ☺ꜙⱷ

fi[65]─ ⌐ ∆╢ ≤ ╩ Table 1-5 Fig. 1-9 ⅔╟┘ Fig. 1-10 ⌐ ∆ ɓ-

│ Li ◘▬♩⌐ Mg ╛ Zn ⅜ ∆╢⅜ ⌐ LiAlSi2O6 ╩ 50 mol% ⇔≡™╢╙─

╩ Virgilite ≤ ↕╣≡™╢[66] ⇔⅛⇔⌂⅜╠☿ꜝⱵ♇◒☻≢ ɓ- ≤ ↄ ┌╣√

⌐ Virgilite ─ ⅜ ↕╣√√╘ ɓ- ≤ ┌╣╢↓≤⅜ ™[5] ∕─√╘

⌐⅔™≡╙Virgilite≢│⌂ↄ ɓ- ≤ ∆╢ ╕√ ɓ-☻ⱳ☺ꜙⱷfi╙ ╩ ⇔

ɓ- ⅛╠ ⇔≡ ∆╢↓≤⅜ ╠╣≡™╢[5,35,36,67]

1.2.3 ≢ ═√╟℮⌐ LAS ●ꜝ☻≢│ ─ ●ꜝ☻╩ ∆╢ ⌐

≢№╢ ZrO2 ╛ TiO2 ╩ ∆╢ ⇔√●ꜝ☻─ ─ ⌐│ ─√╘─ ╩



15

∫≡ ─ ╩ ↕∑ ↕╠⌐ ╩№→≡ LAS ─ ↕∑

╢ ⅜ ≢№╢ ─ ╛ ⌐╟∫≡ ╛ ⅜ ⅝ↄ

∆╢√╘ ₁⌂ ╩ ╖ ╦∑√ LAS ●ꜝ☻─ ⅜ ∆╢ ⅎ┌

╠[68]│ P2O5 ╩ ∆╢↓≤≢ ZrO2 ─ ⅜ ⇔ ZrO2 ─ ≤⇔≡─ ⅜

≢⅝╢↓≤╩ ⇔≡™╢ ↕╠⌐ ╠[69]│ P2O5 ≤ ZrO2 ⌐ ⅎ≡ TiO2 ╩ ≤

⇔≡ ∆╢↓≤≢ ZrO2 ╩ ≢ ∆╢╟╡╙ ⅜ ∆╢↓≤╙ ⇔≡™╢ ↓

─ ⌐ ⇔≡ Wu ╠[70]│ P2O5 │ AlPO4 ╩ ⇔ ∕─ ZrTiO4 ─ ⅜ ↕╣╢↓≤⌐

╟∫≡ ≤ ⅜ ∂╛∆ↄ⌂╢≤ ⇔≡™╢ ╕√ Kleebusch ╠[47]│ ɓ-

⅜ ZrTiO4 ⌐ ⇔≡ ⇔≡ ∆╢↓≤╩ ⇔≡⅔╡ ─ │

LAS ─ ≤ ⌐ ⇔≡™╢ ∕─ ≢ TiO2 ╩ ≤⇔≡ ∆╢

⌐◖fi♃Ⱶ ≤⇔≡ ╕╣╢ Fe2O3 ⌐╟∫≡ Fe-O-Ti ⅜ ↕╣ ─ ╩ ∂

╢√╘⌐ ⌂ LAS ●ꜝ☻╩ ∆╢↓≤│ ≢№╢≤ ↕╣≡™╢[71]

↓─ ⌐ ⇔≡│ ⌐ TiO2 ─ ╦╡⌐ SnO2 ╩ ™ ZrO2 ≤ ∆╢↓≤≢

≢⅝╢ ⅜ 30 ⌐ ╠[72]╟╡ ↕╣≡™√ ↓─ ─ ╖ ╦

∑≢ ≢№╡⌂⅜╠ ™ ╩ ⇔√ LAS ●ꜝ☻─ [7,71]⅜ ↕╣≡

⅔╡ ZrO2 ≤ SnO2 ─ │ ∆═⅝ ─ ╖ ╦∑─ ≈≢№╢ Dressler ╠[73]

╛ ╠[74]│ X XRD: X-ray diffraction ♩ꜟⱬ♩כꜞ╛ ╩ ™≡ ZrO2 ≤ SnO2

╩ ∆╢↓≤≢ ZrO2 ╛ SnO2 ╩ ≢ ⇔√ ╟╡╙ ⅜ ⇔ LAS

─ ⅜ ∆╢↓≤╩ ╠⅛⌐⇔≡™╢ Dressler ╠[73]─ ⌐╟╢≤ ─

│ ∆╢ ZrO2 ≤ SnO2 ─ ≢ ⇔ ☻☼─ ⅜ ⌂™≤ ─ Zr1-xSnxO2

(x = 0-0.08)⅜ ☻☼─ ⅜ ↄ⌂╢≤ ─ ZrSnO4 ⅜ ⇔ ☻☼─ ⅜ ™

≤ ⅜ ∆╢ ╕√ Zhang ╠[75]│ 2.5 mol%─ ZrO2 ≤ SnO2 ╩ ≤⇔

≡ LAS ●ꜝ☻⌐ ⇔ SnO2 ╩ 0.4, 0.8, 1.5, 2.5 mol%≤ ∫√ ●ꜝ☻╩ ⇔√

SnO2 ⅜ 0.8 mol%─ ⌐ ⅜ ≢№╡⌂⅜╠ ɓ- ─ ⅜ ╙ ↕ↄ

⌐ ╣√ ●ꜝ☻╩ ≢⅝╢↓≤⅜ ↕╣≡™╢ ─╟℮⌐ ≤⇔

≡ ZrO2 ≤ SnO2 ╩ ∆╢↓≤≢ ⌐ ╣√ LAS ●ꜝ☻╩ ≢⅝╢ ⅜

↕╣≡™╢ ⇔⅛⇔⌂⅜╠ ZrO2 ≤ SnO2 ╩ ⇔√ LAS ─ ╩

⇔√ ╛ ⌐╟╢ ─ ⅜ LAS ─ ⌐ ⅎ╢

⌐ ∆╢ │╒≤╪≥⌂™ ─↓≤⅛╠ ZrO2 ≤ SnO2 ╩ ⌐ ™√ LAS

●ꜝ☻─ │ ≢№╢≤ ⅎ╠╣╢
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Table 1-5 ɓ- ⅔╟┘ ɓ-☻ⱳ☺ꜙⱷfi─

⌐ ∆╢ │ ICSD (Inorganic Crystal Structure Database)╟╡ ⇔√ ─ │

─☻כⱬ♃כ♦ ≢№╢

ɓ-
(Virgilite*) ɓ-☻ⱳ☺ꜙⱷfi

ICSD 24897 26817
LiAlSi2O6 LiAlSi2O6

ꜚ♬♇♩ Z 1 4
P6222 P43212

Hexagonal Tetragonal

☿ꜟⱤꜝⱷכ♃

a [¡] 5.217(1) 7.541(1)
b [¡] 5.217(1) 7.541(1)
c [¡] 5.464(2) 9.156(2)
Ŭ [Á] 90 90
ɓ [Á] 90 90
ɔ [Á] 120 90

* LiAlSi2O6 ╩ 50 mol% ⇔≡™╢ ɓ- ╩ Virgilite ≤ ↕╣≡™╢[66]

Fig. 1-9 ɓ- ─  (ICSD No. 24897) (a) a ⅛╠ √ (b) b

⅛╠ √  (c) c ⅛╠ √ ICSD ╟╡ Crystallographic Information (CIF)

ⱨ□▬ꜟ[76]╩ ⇔ ה ─ ♃כ♦ ┘ ─ ⱪ꜡

◓ꜝⱶ≢№╢ VESTA (Visualization for Electronic and Structural Analysis) [77]╩ ™≡ ╩

⇔√
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Fig. 1-10 ɓ-☻ⱳ☺ꜙⱷfi─  (ICSD No. 26817) (a) a ⅛╠ √ (b) b

⅛╠ √ (c) c ⅛╠ √ Fig. 1-9 ≤ ─ ≢ ╩

⇔√

1.3.2 BaO-SiO2 ●ꜝ☻─ ─

BS ●ꜝ☻─ ≢╙ 33.3BaO-66.7SiO2 [mol%]─ ≢№╢ BS2 ●ꜝ☻│ ⌂⇔≢

⅜ ∂ ⅜ ⌂ [78-81]╢№≢☻ꜝ●♩כ◔ꜞ◦™⌂  ↓─●ꜝ☻≢

∆╢ ⌂ ≤⇔≡ BaSi2O5 (Sanbornite)[82]⅜ →╠╣╢ ╒⅛⌐╙ ∆╢╟℮⌐

₁⌂ BaO-SiO2 ─ [83-85]⅜ ⇔ Sanbornite ╩│∂╘≤⇔√ BS ╩ ∆╢

●ꜝ☻│ ™ ≤ ⅝⌂ ╛ ╣√ ╩╙≈ ↓─ ⅛╠

 (SOFC: Solid Oxide Fuel Cell) ─◦כꜟ ↑─

⌂≥ ₁⌂ ╩ ⇔√ ⅜ ↕╣≡™╢[86-88] 1.2.4 ≢ ═√╟℮⌐ BS2 ●ꜝ

☻│ ⅜ ™⌐╙ ╦╠∏●ꜝ☻ ╙ ™≤™∫√ ⌂ ╩╙≈ ∕─√╘

↓─●ꜝ☻─ ה ⱷ◌♬☼ⱶ⌐ ⇔≡ ₁⌂ ⅜ ╦╣≡⅝√ ↓─ 2

≢│ BaO ⅜⅔╟∕ 32 mol% ⌐⅔™≡ ≢ ⅜ ∂╢

╩╙≈↓≤⅜ ╠╣≡™╢[79,80,89-92] ⅎ┌ BaO ⅜ 1 mol%⅛╠ 6 mol%╕≢│ Ba ꜞ

♇♅⌂♪꜡♇ⱪ꜠♇♩⅜ ⇔ BaO ⅜ 8 mol%⅛╠ 12 mol%╕≢│☻Ⱨⱡכ♄ꜟ ⌐ ℮

⅜ ╖ ∫√ ⅜ 14 mol%⅛╠ 30 mol%≢│ Si ꜞ♇♅⌂♪꜡♇ⱪ꜠♇♩⅜ ∆╢[93]

ⱴ♩ꜞ♇◒☻│ BaO ─ ™ ╒≥ Sanbornite ─ ⌐ ™ ≤⌂╡

│ ⅝ↄ⌂╢[78,79] ∕─ Sanbornite ─ ≤ ∂ ≢№╢ BS2 ●ꜝ☻≢
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│ │ ∂⌂™⅜ BaO-SiO2 ─ 2 ─ ≢│ ⅜ ╙ ™↓≤⅜ ↕╣≡™

╢[78,79,81] ⅜ ⌐ ╓∆ ⌐ ⇔≡│ BaO-TiO2-SiO2 ⅔╟┘ SrO-TiO2-

SiO2 ─ ●ꜝ☻≢╙ ↕╣≡⅔╡ │●ꜝ☻─ ⱷ◌♬☼ⱶ╩ ∆╢

≢ ⌂ ≢№╢[94-96]

BaSi2O5 │ ≢ ─ Ba2Si4O10 (High-temperature form: H-BaSi2O5)≤ ≢

─ BaSi2O5 (Low-temperature form: L-BaSi2O5)─ 2 ─ ╩╙≈↓≤⅜ ╠╣≡™╢[85,89]

⌐ ∆╢ ≤ ╩ Table 1-6 Fig. 1-11 ⅔╟┘ Fig. 1-12 ⌐ ∆ ↓╣╠─

⅜ ∆╢ ●ꜝ☻≢│ ╘⌐ H-BaSi2O5 ⅜ ⇔ ╛ ─ ⌐

∫≡ L-BaSi2O5 ┼ ∆╢↓≤⅜ ↕╣≡™╢[78,97] ☿ꜝⱵ♇◒☻─ ≢№

╢ H-BaSi2O5 │ ⌐ 1350 ÁC ≢ L-BaSi2O5 ╟╡╙ ≢№╢ ∕─√╘ ●ꜝ

☻⌐⅔™≡ ≢№╢ H-BaSi2O5 ⅜ ⌐ ∆╢ ⌂ ⱷ◌♬☼ⱶ│ ●ꜝ

☻ ─╙─≢№╢[98] Moulton ╠│ H-BaSi2O5 ⅜ 1350 ÁC ╟╡╙ ≢ ∆╢ ⌐ ⇔

≡ BaSi2O5 ─ ≤ BS2 ●ꜝ☻─ SiO4 ≤─ ⅛╠ ╩ ∫≡™╢[98] Fig. 

1-13 ─ ─ ⅛╠╦⅛╢╟℮⌐ H-BaSi2O5 ≤ L-BaSi2O5 ⌐│ SiO4 ─Ɑ▪≢

♩כ◦╢╣↕ ─ ⅜ ∆╢ H-BaSi2O5≢│↓─◦כ♩ ╩ ∆╢ SiO4 ⌐│∕

╣∙╣─ NBO: Non-bridging oxygen ⅜ ∂ ╩ ™√Ɑ▪≤ ─ ╩ ™

√Ɑ▪─ ⅜ ∆╢ ≢ L-BaSi2O5 ♩כ◦─ ╩ ∆╢ SiO4 ⌐│ NBO ⅜

∂ ╩ ™√╙──╖⅜ ∆╢ ↓↓≢ ⅜ ∆╢ ─ BS2 ●ꜝ☻─ ⌐ ∆

╢≤ (MD: Molecular dynamics) ╛ꜞⱣכ☻⸗fi♥◌ꜟ꜡ (RMC: Reverse Monte 

Carlo) ╩ ™√◦Ⱶꜙ꜠כ◦ꜛfi (NMR: Nuclear Magnetic Resonance) ╛ꜝ

ⱴfi ╩ ™√ ⌐╟╢ ⅜ ∆╢[99-102] ●ꜝ☻ ─ SiO4 ⌐ ∆

╢≤ SiO4 ─ ╩ ∆ Qn ─ │ H-BaSi2O5 ╛ L-BaSi2O5 ≤ ∂ Q3 ⅜ ™

≢ NBO ─ │●ꜝ☻ ≢№╢√╘ꜝfi♄ⱶ⌐⌂∫≡™╢ ∕─√╘●ꜝ☻⅛╠─

≢│ SiO4 Ɑ▪─∕╣∙╣─ NBO ⅜ ∂ ╩ ™√Ɑ▪≤ ─ ╩ ™√Ɑ▪─

⅜ ∆╢ H-BaSi2O5 ─╒℮⅜ ≢ ⇔╛∆™≤ Moulton ╠│ ⇔≡™╢[98] ╕√

Moulton ╠│ BS2 ●ꜝ☻─ ⌐⅔™≡ H-BaSi2O5 ╟╡╙ ⌐ ╩╙∫√

H-BaSi2O5 (Metastable H-BaSi2O5: M-BaSi2O5≤ ∆╢) ╛ Ba6Si10O26 ⅜ ∆╢↓≤╙ ⇔≡

™╢[98,103] ↓─╟℮⌐ BS2 ●ꜝ☻─ ≢│ M-BaSi2O5 ╛ Ba6Si10O26 ⌐╙

Ba2Si3O8 Ba3Si5O13 Ba5Si8O21 ⌂≥─ ─ ⅜ ↕╣≡⅔╡ ─ ⌐

⇔√ ⌐ ⅜ ╕∫≡™╢[104-108]

≢ BS2 ●ꜝ☻⌐ 3 ╩ ⅎ√●ꜝ☻ ≢─ ⌐ ∆╢ │№╕╡

ↄ│⌂™ 3 ⅜ ┼ ⅎ╢ ╩ ╠⅛⌐∆╢↓≤│ ●ꜝ☻─ ה

ⱷ◌♬☼ⱶ─ ╛ ●ꜝ☻─ ─ ⅛╠ ≢№╢ ↕╠⌐│

●ꜝ☻─ ─ ╛ ─ ⌐≈⌂⅜╣┌ ─ ⅛╠╙

⌂ ≤⌂╢ Rowlands ╠│ Li2Si2O5-BaSi2O5 ╛ Na2Si2O5-BaSi2O5 ⌂≥─ 2 ⌐╖√≡
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≡ ╛ ◄Ⱡꜟ◑כ⌐≈™≡ ⇔≡™╢[97,109] ↓╣╠─ ≢│ Li2O ╛

Na2O ╩ ∆╢↓≤≢ ─ ◄Ⱡꜟ◑כ⅜ ∆╢↓≤⅜ ↕╣≡™╢ ╕

√ ⅜ ◦ⱨ♩∆╢↓≤╛ H-BaSi2O5 ⅛╠ L-BaSi2O5 ┼─ ⅜ ⌐ ∂╢↓

≤╙ ╠⅛≤⌂∫≡™╢ ↓╣╠─ ⌐≈™≡ Li+▬○fi╛ Na+▬○fi─ ⅜ ∆╢≤

Rowlands ╠│ ⇔≡⅔╡ ▪ꜟ◌ꜞ▬○fi─ ⱪ꜡☿☻⌐╟∫≡ BS ─ ╩

≢⅝╢ ⅜ ↕╣≡™╢ ↕╠⌐ Li2Si2O5-BaSi2O5 2 ≢│ 3.3Li2O-30BaO-

66.7SiO2 [mol%] 8.33Li2O-24.97BaO-66.7SiO2 [mol%]─ ⌐⅔™≡ ─ ╛

◄Ⱡꜟ◑כ─ ⅜ ↕╣≡⅔╡ Li2O ⅜ ┼ ⅎ╢ │ ∆═⅝╙─≢№

╢ (Fig. 1-14, Fig. 1-15)

Table 1-6 H-BaSi2O5 ⅔╟┘ L-BaSi2O5 ─

⌐ ∆╢ │ ICSD ╟╡ ⇔√ ─ ─☻כⱬ♃כ♦│ ≢№╢

H-BaSi2O5 L-BaSi2O5

ICSD 9339 15486
Ba2Si4O10 BaSi2O5

ꜚ♬♇♩ Z 6 4
C12/c1 Pcmn

Monoclinic Orthorhombic

☿ꜟⱤꜝⱷכ♃

a [¡] 23.202(5) 4.63(1)
b [¡] 4.661(1) 7.69(2)
c [¡] 13.613(4) 13.53(2)
Ŭ [Á] 90 90
ɓ [Á] 97.54(2) 90
ɔ [Á] 90 90
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Fig. 1-11 Ba2Si4O10 (H-BaSi2O5) ─  (ICSD No. 9339) (a) a ⅛╠ √ (b) 

b ⅛╠ √  (c) c ⅛╠ √ Fig. 1-9 ≤ ─ ≢ ╩

⇔√

Fig. 1-12 BaSi2O5 (L-BaSi2O5) ─  (ICSD No. 15486) (a) a ⅛╠ √ (b) 

b ⅛╠ √  (c) c ⅛╠ √ Fig. 1-9 ≤ ─ ≢ ╩

⇔√
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Fig. 1-13 H-BaSi2O5 ≤ L-BaSi2O5 ─ ─ (a) H-BaSi2O5 ─  (ICSD No. 9339)

(b) L-BaSi2O5 ─  (ICSD No. 15486) SiO4 ≢ ♩כ◦╢╣↕ ─ ─√╘⌐

─ꜚ♬♇♩☿ꜟ─ ╩ ⇔≡™╢

Fig. 1-14 Li2Si2O5-BaSi2O5 2 ⌐⅔↑╢ U ≤ ─  [97]

│ Rawlands [97]─ ⅛╠ │ ◘fiⱪꜟ─ ─√╘⌐ T ≤ Tg ─ ╩

⇔≡™╢ ─ ⅜ ™◘fiⱪꜟ│ ₃ 3.3Li2O-30.0BaO-66.7SiO2 [mol%] Ǐ

8.3Li2O-25.0BaO-66.7SiO2 [mol%]≢№╢
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Fig. 1-15 Li2Si2O5-BaSi2O5 2 ⌐⅔↑╢●ꜝ☻ ≤ ─ ◄Ⱡꜟ◑כ─

[97] Rawlands [97]─ ⅛╠ ◄Ⱡꜟ◑כ─ ╩ ⇔≡◓ꜝⱨ⌐╕≤╘≡™╢

1.4 ─

Fig. 1-16 ⌐ ∆╟℮⌐ LAS ●ꜝ☻≤ BS2 ●ꜝ☻│ ⅜ ⌂●ꜝ☻≤

⅜ ⌂●ꜝ☻─ ≢№╡ ∕╣∙╣─●ꜝ☻ ≢ ⌐╟╢ ⱷ◌♬☼ⱶ╩

∆╢↓≤│ ●ꜝ☻ ⌐ ↑√●ꜝ☻ ⅔╟┘ ─ ╩ ℮ ≢ ⌂

≤⌂╢ ⌐ᵑLAS ●ꜝ☻⌐⅔↑╢ ZrO2 ⌂≥─ ᵒBS2 ●ꜝ☻⌐⅔↑╢ Li2O ⌂

≥─▪ꜟ◌ꜞ │ ╩ ↕∑╢ ≢№╡ ●ꜝ☻╩ ∆╢

≢ ⌂ ≢№╢≤™ⅎ╢ ⇔⅛⇔⌂⅜╠ ↓╣╠─ ⅜ ╩ ↕∑╢

⌂ⱷ◌♬☼ⱶ│ ╠⅛⌐⌂∫≡™⌂™↓≤⅜ ™

∕↓≢ ≢│ ↓╣╠─ ⅜ ╩ ∆╢ⱷ◌♬☼ⱶ╩ ╠⅛⌐⇔

●ꜝ☻─ ≤ ה ≢ ⅜ ⌂●ꜝ☻ ╩ ∆╢√╘─ ╩

╢↓≤╩ ≤⇔√ ⌐ ┼─ ⅜ ⅝™≤ ⅎ╠╣╢ ⌐ ℮●ꜝ☻

─ ╛ ─ ⅔╟┘∕─ ⅜ ⌐ ⅎ╢ ⌐ ⇔≡

─ ╩ ⇔√ ∕╣∙╣─●ꜝ☻ ⌐⅔↑╢ ⌂ ╩ ⌐ ∆

3.3Li2O-30.0BaO-66.7SiO2[mol%]
8.3Li2O-25.0BaO-66.7SiO2[mol%]
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Li2O-Al2O3-SiO2ה ●ꜝ☻

ZrO2 ≤ SnO2 ╩ ⇔√ LAS ●ꜝ☻│ ●ꜝ☻≤⇔≡ ↕╣≡™

╢╙── ⅔╟┘ ⅜ LAS ─ ⌐ ⅎ╢ │ ⌐│

╠⅛⌐⌂∫≡™⌂™ ╕√ LAS ─ ─ │ ⅜╒≤╪≥⌂ↄ LAS

≤ ≤─ ─ ╙ ╠⅛⌐⌂∫≡™⌂™ ∕↓≢ ─ ⅜ ⌂╢

LAS ●ꜝ☻ ⌐ ZrO2 ≤ SnO2 ╩ ⇔√●ꜝ☻⌐ ⇔≡ ─ ⅔╟┘

⅜ LAS ─ ⌐ ⅎ╢ ╩ ∆╢≤≤╙⌐ ╩ ℮↓≤

≢ LAS ─ ╩ ↕∑╢ⱷ◌♬☼ⱶ╩ ╠⅛⌐∆╢

BaO-SiO2ה ●ꜝ☻

Li2O ╩ ⇔√ BS ●ꜝ☻⌐≈™≡│ ה ─ ⌐╟╢ ⅜ ↕╣≡™

╢╙── ⌐ ℮ ⌐ ∆╢ │ ∑∏ ⌂ ⱷ◌♬☼ⱶ│ ╠

⅛⌐⌂∫≡™⌂™ ∕↓≢ Li2O ─ ⌂╢ BS ●ꜝ☻╩ ™≡ ●ꜝ☻╩ ⇔

─ Li2O ⅜ BS ─ ⌐ H-BaSi2O5 ─ ⅔╟┘ H-BaSi2O5 ⅛╠ L-

BaSi2O5 ┼─ ╩ ↕∑╢ⱷ◌♬☼ⱶ╩ ╠⅛⌐∆╢

Fig. 1-16 Li2O-Al2O3-SiO2 ●ꜝ☻≤ BaO-2SiO2 ●ꜝ☻⌐⅔↑╢ ⱨ꜡כ─▬ⱷכ☺

(a) Li2O-Al2O3-SiO2 ●ꜝ☻ (b) BaO-2SiO2 ●ꜝ☻
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1.5 ─

─ ≤ ─ ╩ ⌐ ∆

1 ≢│ ●ꜝ☻─ ≤ ─ ⌐≈™≡ ╣ ●ꜝ☻─ ─

ⱨ꜡כ╛ ⌐ ∆╢ ⅔╟┘ ╛▪ꜟ◌ꜞ ⌂≥─

─ ╩ ═ ─ ╩ ⇔√

2 ≢│ ⅜ ⌐ ⅎ╢ ╩ ╠⅛⌐∆╢√╘⌐ ZrO2 ≤ SnO2 ╩

⇔√●ꜝ☻ ZrO2 ╩ ⇔√●ꜝ☻ SnO2 ╩ ⇔√●ꜝ☻ ↓╣╠─ ╩ ╕⌂™●

ꜝ☻─ 4 ─LAS ●ꜝ☻╩ ⇔ X (XAFS: X-ray Absorption Fine Structure)

╩ ™≡ ─ ╩ ⇔√ ⌐≈™≡ ═╢≤≤╙⌐ ⅛╠

─ ─ ™⅜●ꜝ☻─ ⌐ ─ ⌐ ℮ ⌐ ⅎ╢ ╩ ⇔√

⌐≈™≡ ═╢

3 ≢│ 2 ≢ ⇔√●ꜝ☻⌐ ₁─ ╩ ™ ─◘fiⱪꜟ─ XRD

≤ ╩ ℮↓≤≢ ─ ╛ ─ ™⅜ ╛ ⌐

ⅎ╢ ╩ ⇔√ ⌐≈™≡ ═╢

4 ≢│ (STEM: Scanning Transmission Electron Microscopy) ≤ XAFS

╩ ™≡ ─ ─ ≤ ⌐ ℮ ─ ⅜ LAS

●ꜝ☻─ ⌐ ɓ- ─ ⌐ ⅎ╢ ⌐≈™≡ ⇔√ ⌐≈™≡

═╢

5 ≢│ xLi2O-(30īx)BaO-70SiO2 [mol%] (x = 0, 0.2, 0.5, 1, 2, 3)─ LBSx ●ꜝ☻╩ ⇔ ꜝ

ⱴfi ≤ XAFS ╩ ™√●ꜝ☻ ≤ ╩ ™≡ Li2O ─ ⅜●ꜝ☻ ╛

─ ⌐ ℮ ⌐ ⅎ╢ ╩ ⇔√ ⌐≈™≡ ═╢

6 ≢│ 5 ≢ ⇔√●ꜝ☻⌐ ⇔≡ ╩ ™ XRD ꜝⱴfi STEM ╩ ™

√ ╩ ℮↓≤≢ Li2O ─ ⅜ BS ●ꜝ☻─ ⌐ H-BaSi2O5 ─ ⅔╟

┘ H-BaSi2O5 ⅛╠ L-BaSi2O5 ┼─ ⌐ ⅎ╢ ╩ ⇔√ ⌐≈™≡ ═╢

7 ≢│ BS2 ●ꜝ☻⅔╟┘ LBSx ●ꜝ☻─ ─ in-situ XAFS ≤ in-situ XRD ╩

℮↓≤≢●ꜝ☻ ≤ ─ ╩ ⇔√ ⌐≈™≡ ═╢

8 ≢│ ─ ╩ ℮



25

1. S. D. Stookey, J. Ind. Eng. Chem., 46 [1], 174-176 (1954).

2. S. D. Stookey, J. Ind. Eng. Chem., 51 [7], 805-808 (1959).

3. , ≤ , 69 [1], 20-23 (2021).

4. , ╕≡╡№, 58 [11], 677-683 (2019). 

5. W. Hºland and G. H. Beall, 'Glass-Ceramic Technology, Third Edition'. Wiley Online Library (2019).

6. E. D. Zanotto, Bull. Am. Ceram. Soc., 89 [8], 19-27 (2014).

7. , ñ♀꜡ ●ꜝ☻ ☿ꜝⱧꜙ▪ TMò, (2021). 

https://www.neg.co.jp/cerapure/assets/file/cerapure.pdf

8. ○Ɫꜝ, ñLICGCÊ -01ò. https://www.ohara-inc.co.jp/product/licgc_sp01/

9. L. A. Orlova et al., Russ. J. Inorg. Chem., 60 [13], 1692-1707 (2015).

10. ○Ɫꜝ, ñ ◐ꜗꜞ▪⁸ Ⱡ○☿ꜝⱶ N-O⁸N-11ò, Ref. No. 2210-51.

11. ╠, , 35 [3], 133-138 (2006).

12. , ≤ , 65 [12], 636-639 (2017).

13. , ñ 5G Ⱶꜞ ▬fi♦▫▪ꜝ♩ ♩▬ꜝ◄▫♦כ◖/

●ꜝ☻☿ꜝⱵ♇◒☻ Ⱶꜞ ─ ò, ה

(2017).  https://www.nisri.jp/dor/report/2016/ohsato_paper.pdf

14. , NEW GLASS, 23 [4], 22-26 (2008).

15. G. H. Beall and L. R. Pinckney, J. Am. Ceram. Soc., 82 [1], 5-16 (1999).

16. J. W. P. Schmelzer et al., J. Non-Cryst. Solids., 429, 24-32 (2015).

17. J. D. Musgraves et al., 'Springer Handbook of Glass' in Springer Handbooks. Springer, Cham, 

Switzerland AG (2019).

18. T. Honma et al., J. Ceram. Soc. Jpn., 130 [8], 545-551 (2022).

19. , NEW GLASS, 11 [1], 40-46 (1996).

20. , , NEW GLASS, 21 [2], 63-67 (2006).

21. , , 35 [11], 1-7 (1998).

22. ╠, NEW GLASS, 22 [1], 75-80 (2007).

23. , NEW GLASS, 26 [103], 33-37 (2011).

24. ,ñ│∂╘≡●ꜝ☻╩ ╢ ─√╘⌐ò( , 1989) .



26

25. , NEW GLASS, 28 [108], 5-12 (2013).

26. A. Yasumori, J. Soc. Inorg. Mater. Japan, 10, 48-55 (2003).

fiꜛ◦כꜙꜞ♁ ,╠ .27 , 6 [2], 2-8 (2010).

28. , , 19 [203], 705-713 (1970).

29. , NEW GLASS, 32 [122], 30-34 (2017).

30. E. D. Zanotto and V. M. Fokin, Philos. trans. - R. Soc. Lond., Phys. sci. eng., 361 [1804], 591-613 

(2003).

31. Corning Inc., S. D. Stookey, ñMethod of making ceramics and product thereofò, U. S. Patent no. 

2920971(1960).

32. M. Garai et al., J. Mater. Sci., 49 [4], 1612-1623 (2014).

33. B. Rinc·n-Mora et al., Mater. Lett., 179, 138-141 (2016).

34. P. Alizadeh and V. K. Marghussian, J. Eur. Ceram. Soc., 20 [6], 775-782 (2000).

35. O. A. Al-Harbi, Ceram. Int., 35 [3], 1121-1128 (2009).

36. A. M. Hu et al., Ceram. Int., 31 [1], 11-14 (2005).

37. B. Li et al., J. Alloys Compd., 693, 9-15 (2017).

38. P. Glatz et al., J. Non-Cryst. Solids., 493, 48-56 (2018).

39. A. Ozturk, Int. J. Microstruct. Mater. Prop., 3 [6], 780-790 (2008).

40. ╠, , 69 [7], 527-531 (2020).

41. ╠, , 64 [6], 447-450 (2015).

42. C. Thieme et al., J. Mater. Sci., 57 [12], 6607-6618 (2022).

43. K. Maeda and A. Yasumori, J. Non-Cryst. Solids., 427, 152-159 (2015).

44. A. V. DeCeanne et al., J. Non-Cryst. Solids., 591, 121714 (2022).

45. , HYBRIDS, 4 [1], 39-44 (1988).

46. B. Duan et al., Int. J. Appl. Glass Sci., 10 [2], 220 (2018).

47. E. Kleebusch et al., J. Alloys Compd., 748, 73-79 (2018).

48. E. Kleebusch et al., Ceram. Int., 44 [3], 2919-2926 (2018).

49. ╠, , 53 [2], 57-61 (2018). 

50. A. de Pablos-Martin et al., CrystEngComm, 15 [35], 6979-6985 (2013).

51. C. Patzig et al., J. Non-Cryst. Solids., 384, 47-54 (2014).

52. E. Kleebusch et al., Sci. Rep., 7 [1], 1-12 (2017).



27

53. E. Kleebusch et al., Sci. Rep., 8 [1], 1-8 (2018).

54. S. Bhattacharyya et al., Cryst. Growth Des., 10 [1], 379-385 (2010).

55. G. H. Beall, Annu. Rev. Mater. Sci., 22 [1], 91-119 (1992).

56. M. Dittmer et al., Mater. Chem. Phys., 124 [2], 1083-1088 (2010).

57. V. M. Fokin and E. D. Zanotto, J. Non-Cryst. Solids., 246 [1-2], 115 (1999).

58. J. Wang et al., J. Wuhan Univ. Technol. -Mat. Sci. Edit., 28 [1], 69-72 (2013).

59. G. Carl et al., Phys. Chem. Glasses, 43C, 256-258 (2002).

60. V. M. Fokin et al., J. Non-Cryst. Solids., 321 [1-2], 52-65 (2003).

61. Y. Takahashi et al., Appl. Phys. Lett., 95 [7], 071904-071904 (2009).

62. E. D. Zanotto, J. Non-Cryst. Solids., 89 [3], 361-370 (1987).

63. E. D. Zanotto, Int J. Appl. Glass Sci., 4 [2], 117-124 (2013).

64. C. LI, Z Kristallogr. Cryst. Mater., 127 [1-6], 327-348 (1968).

65. C. LI and D. R. PEACOR, Z Kristallogr. Cryst. Mater., 126 [1-6], 46-65 (1968).

66. B. M. French et al., Am. Mineral., 63 [5-6], 461-465 (1978).

67. Z. Zhou et al., J. Wuhan Univ. Technol. -Mat. Sci. Edit., 37 [5], 794-800 (2022).

68. M. Tashiro and M. Wada, 'Advances in Glass Technology Part II', 18-19 (1962).

69. M. Tashiro, J. Non-Cryst. Solids., 73, 575-584 (1985).

70. J. Wu et al., J. Non-Cryst. Solids., 521, 119486 (2019).

71. S. Nakane, J. Non-Cryst. Solids X, 16, 100121 (2022).

72. ╠ ●ꜝ☻ 64-52631.

73. M. Dressler, et al., J. Non-Cryst. Solids., 389, 60-65 (2014).

74. S. Nishida and K. Choju, Paper presented at the 56th Symposium on Glasses and Photonic Materials, 

November 12, 2015, Nagoya.

75. J. Zhang et al., Ceram. Int., 48, 21355-21361 (2022).

76. Y. Matsushita, Journal of Surface Analysis, 21 [2], 71-81 (2014).

77. K. Momma and F. Izumi, J. Appl. Crystallogr., 44 [6], 1272-1276 (2011).

78. M. H. Lewis and G. Smith, J. Mater. Sci., 11 [11], 2015-2026 (1976).

79. A. H. Ramsden and P. F. James, J. Mater. Sci., 19 [5], 1406-1419 (1984).

80. E. D. Zanotto et al., J. Mater. Sci., 21 [9], 3050-3064 (1986).

81. E. D. Zanotto and P. F. James, J. Non-Cryst. Solids., 104 [1], 70-72 (1988).



28

82. R. M. Douglass, Am. Mineral., 43, 517-536 (1958).

83. K.-F. Hesse and F. Liebau, Zeitschrift F¿r Kristallographie, 153, 3-17 (1980).

84. M. Czank and P. R. Buseck, Zeitschrift F¿r Kristallographie, 153, 19-32 (1980).

85. K.-F. Hesse and F. Liebau, Zeitschrift F¿r Kristallographie, 153, 33-41 (1980).

86. M. Kerstan and C. R¿ssel, J. Power Sources, 196 [18], 7578-7584 (2011).

87. A. Herrmann et al., J. Lumin., 132, 215-219 (2012).

88. AGC ╠ ●ꜝ☻⁸ ⅔╟┘ ●ꜝ☻─

WO2021/199631.

89. R. S. Roth and E. M. Levin, J. Res. Natl. Bur. Stand., 62 [5], 193-200 (1959).

90. T. P. Seward III et al., J. Am. Ceram. Soc., 51 [5], 278-285 (1968).

91. E. D. Zanotto, Ph D. Thesis, University of Sheffield, (1982).

92. E. D. Zanotto et al., Journal de Physique I, 43, 107-110 (1982).

93. Y. Gueguen et al., J. Am. Ceram. Soc., 100 [5], 1982-1993 (2017).

94. H. Hijiya et al., J. Ceram. Soc. Jpn., 117 [1361], 120-126 (2009).

95. E. Boulay et al., J. Non-Cryst. Solids., 384, 61-72 (2014).

96. Y. Takahashi et al., Sci. Rep., 3, 1147 (2013).

97. E. G. Rowlands, Ph D. Thesis, University of Sheffield, (1976).

98. B. J. A. Moulton et al., CrystEngComm, 21 [17], 2768-2778 (2019).

99. M. Rai and G. Mountjoy, J. Non-Cryst. Solids., 401, 159-163 (2014).

100. A. M. Rodrigues et al., J. Phys. D, 49 [43], 435301 (2016).

101. B. J. A. Moulton et al., J. Non-Cryst. Solids., 583, 121477 (2022).

102. H. Schlenz et al., J. Non-Cryst. Solids., 297 [1], 37-54 (2002).

103. B. J. A. Moulton et al., Ceram. Int., 49 [7], 10852-10863 (2023).

104. G. Oehlschlegel, J. Am. Ceram. Soc., 58 [3-4], 148 (1975).

105. Y. Takahashi et al., Appl. Phys. Lett., 95 [7], 071904 (2009).

106. Y. Takahashi et al., J. Appl. Phys., 108 [6], 063507 (2010).

107. L. Cai et al., J. Non-Cryst. Solids., 548 [C], 120330 (2020).

108. M. E. Mckenzie et al., Sci. Rep., 11 [1], 1-15 (2021).

109. E. G. Rowlands and P. F. James, Proc. Int. Congr. Glass, Volume 2 Extended abstracts, 68-69 (2001).



29

2

₁─ ╩ ⇔√

Li2O-Al2O3-SiO2 ●ꜝ☻─ ≤

2.1

1 ≢ ═√╟℮⌐ LAS ●ꜝ☻⌐ ZrO2≤ SnO2 ╩ ≤⇔≡ ∆╢↓≤≢

≢№╡⌂⅜╠ ⌐ ╣╢ ●ꜝ☻⅜ ≢⅝╢ ⅜ ↕╣≡™╢[1-3] ∕↓≢

ZrO2 ≤ SnO2 ╩ ⇔√ ─ ┼─ ╛ ∕─ ╩ ∆╢√╘⌐ ZrO2 ≤

SnO2 ╩ ⇔√ ZrO2─╖╩ ⇔√ SnO2─╖╩ ⇔√ ZrO2╙ SnO2 ╙

╕⌂™ ─ 4 ─●ꜝ☻╩ ⇔√ 2 ≢│ X (XAFS: X-ray 

Absorption Fine Structure) [4]╩ ™≡ ⇔√●ꜝ☻ ─Zr⅔╟┘Sn─ ╩ ∫√

╕√ (DSC: Differential Scanning Calorimetry) [5]╩ ™ ●ꜝ☻ ─

√╘─ ─ ≤ ─ ™⅜●ꜝ☻─ ⌐●ꜝ☻ ⅛╠─

─ ⌐ ℮ ⌐ ⅎ╢ ╩ ⇔√

2.2

≢ ™√●ꜝ☻ │ ╠─ [1]╩ ⌐ ─ ⅜ ⌂╢ ╩

⇔√ Table 2-1 ⌐ ≢ ™√ 4 ─◘fiⱪꜟ(∕╣∙╣ LAS1, LAS2, LAS3, LAS4≤

∆╢)─●ꜝ☻ ╩ ∆ LAS1 │ ZrO2 ≤ SnO2 ╩ ⇔⌂™ LAS2 │ ZrO2 ≤ SnO2 ╩

∆╢ LAS3 │ ZrO2 ╩ ∆╢ LAS4 │ SnO2 ╩ ∆╢ ≢№╢ Table 2-1 ⌐

─ ⌐⌂╢╟℮⌐●ꜝ☻ ╩ ⇔√ │

99.9% ▪ꜟⱵ♬►ⱶ 99% ꜞ♅►ⱶ

99% ♫♩ꜞ►ⱶ 99.8% ⱷ♃ꜞfi ▪ꜟⱵ♬

►ⱶ ꜝ◘ ☺ꜟ◖♬►ⱶ 99%

☻☼(IV) 98% ╩ ™√ ●ꜝ☻ ≢ 900 g ⌐⌂╢╟℮⌐ ⇔√

╩ ╢≈╓⌐™╣≡ ─ ⸗♩ꜘⱴ ⌐≡ 1650 ÁC ≢

⇔√ ╩ ⌐ ⇔ ⇔●ꜝ☻◌꜠♇♩╩ ⇔√ ↓─ ╩╙℮ 1 ╡ ⇔√

⸗♩ꜘⱴ NEV-2020D ⌐≡ 1700 ÁC ≢●ꜝ☻◌꜠♇♩╩

⇔ ⅜ ↑╢╕≢ ⇔√ ∕─ ╩ 200 ÁC ⌐ Ⱳfiכ◌√⇔ ⌐ ⇔∞⇔

⇔∞⇔√ ╩ ─ SS-2030PKP ≢ 680 ÁC ≢ 3 ⇔√

0.5 ÁC/min ─ ≢ ╕≢ ∆╢↓≤≢●ꜝ☻Ⱪ꜡♇◒╩ √ ⌂⅔ 1700 ÁC ≢╙
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⅜ ↑⌂™ │ SPS2022-16V ⌐≡ 1650 ÁC ≢ ₁⌐

╩ →⌂⅜╠ ⇔ 1700 ÁC ─ ⌐╢≈╓╩ ↕∑≡⅛╠ ─ ⇔ ⇔

╩ ∫√

Table 2-1 ◘fiⱪꜟ─ ●ꜝ☻

╠─ [1]⌐ ─●ꜝ☻ ╩ⱬכ☻⌐ ─ ⅜ ⌂╢ ╩ ⇔√

●ꜝ☻ │ SiO2 ~ P2O5 ╕≢╩ ≤⇔ ↓╣╠─ ╩ 100 mol%≤⇔√ │

≤ ⇔ LAS2≢│ ZrO2╩ 1.2 mol% SnO2╩ 0.9 mol% LAS3≢│ ZrO2╩ 2.1 mol% LAS4

≢│ SnO2╩ 2.1 mol%╩∕╣∙╣ ⇔√

mol% LAS1 LAS2 [1] LAS3 LAS4
SiO2 72.8 72.8 72.8 72.8

Al2O3 14.7 14.7 14.7 14.7
Li2O 9.6 9.6 9.6 9.6
Na2O 2.2 2.2 2.2 2.2
P2O5 0.7 0.7 0.7 0.7
ZrO2 0.0 1.2 2.1 0.0
SnO2 0.0 0.9 0.0 2.1

⇔√●ꜝ☻Ⱪ꜡♇◒─ ╩ ∆╢√╘⌐ ╩ ∫√ ●ꜝ☻ ─ ⌐│

X (XRF: X-ray Fluorescence) [6] ╩ ™√ √∞⇔ ●ꜝ☻ ⌐ ╕╣╢ Li │

≢№╢√╘ X ─ ⅜ ↕ↄ ⌐ ↑╢ ∕─√╘ Li ─ ⌐│

(AAS: Atomic Absorption Spectrometry) [7]╩ ™√ ⌐ ─ ╩ ∆

XRF ⌐ 33 mm Ĭ 33 mm ⌐ ⇔√◘fiⱪꜟ╩ ⌐ ∑ ⱱ♇♩ⱪ꜠כ♩≢

⇔⌂⅜╠◄꜠◒♩꜡fi꞉♇◒☻ ⱨꜟ►♅ ╩ ™≡◘fiⱪꜟ╩ ⌐

⇔√ ◘fiⱪꜟ─ ╖⅜ 4 mm ≤⌂╢╟℮⌐ ICB-35

≢ ╖ ⌐ ╩ ∫√ SGM-6301 ╩ ™≡

#1000 ─ ≢ ╩ ∫√ │ ╩ⱱ♇♩ⱪ꜠כ♩≢ ⇔≡◄꜠◒♩꜡

fi꞉♇◒☻╩ ⅛⇔ ⅛╠◘fiⱪꜟ╩│⅜⇔≡◄♃ⱡכꜟ≢ ⇔√ ─◘fi

ⱪꜟ│ X ꜞ●◒ ZSX Primus ╩ ™≡ ╩

⇔√ XRF ─ │ 30 mmű ≤⇔ ZSX Primus ⌐ ↕╣≡™╢ ♪כ⸗

(EZ Scan) ╩ ™≡ ⇔√ │ꜞ●◒ ─♁ⱨ♩►▼▪ SQX ╩ ™≡

⅜ ⌂ⱨ□fi♄ⱷfi♃ꜟהⱤꜝⱷכ♃ (FP) [8]≢ ⇔√ Li ─◘fiⱪꜟ│●ꜝ

☻Ⱪ꜡♇◒╩▪ꜟⱵ♫ ─ ≤ ╩ ™≡ ⇔√ ⱷⱡ► ─ ≤ ≢

∆╢↓≤≢ ⇔√ ∕─ Fig. 2-1 ⌐ ∆ ≢ ╩ ™ ⱴfiכ♀

Ɫ▬♥◒◘▬◄fi☻ ZA3300 ≢ Li ╩ ⇔√ XRF ≤ AAS

≢ ╠╣√ ╩ ZSX Primus ⌐ ↕╣≡™╢♁ⱨ♩►▼▪≢ ∆╢↓≤≢●ꜝ☻ ╩

╘√



31

Fig. 2-1 ⌐╟╢ ◘fiⱪꜟ─ ⱨ꜡כ

™≡ ⇔√●ꜝ☻─ ⌐≈™≡ ═╢ XAFS │◘fiⱪꜟ⌐ X ╩ ⇔ ◘fi

ⱪꜟ⅜ ∆╢ X ─ ╩ ◄Ⱡꜟ◑כ⌐ ⇔≡ⱪ꜡♇♩∆╢↓≤≢ X ☻Ɑ◒♩

ꜟ╩ ╢ ≢№╢ ◄Ⱡꜟ◑כ⅜◘fiⱪꜟ⌐ ╕╣╢ ─ ─ ◄Ⱡꜟ◑כ⌐

⇔ↄ⌂╢≤ ⌐ ⅜ ∆╢ ⅜ ∂ ↓─ ─ X ☻Ɑ

◒♩ꜟ╩ ∆╢↓≤≢∕─ ─ ╩ ∆╢↓≤⅜≢⅝╢ ↓─ ⅛╠⅔╟∕

50 eV ╕≢─ ╩ X ☻Ɑ◒♩ꜟ (XANES: X-ray Absorption Near Edge Structure)

≤ ┘ ∕╣ ─⅔╟∕1000 eV─ ╩ X ☻Ɑ◒♩ꜟ (EXAFS: Extended 

X-ray Absorption Fine Structure) ≤ ┬ XANES ─ X ☻Ɑ◒♩ꜟ│ ─

┼─ ≤ ⌐╟∫≡ ╠╣╢☻Ɑ◒♩ꜟ≢№╢ ↓─☻Ɑ◒♩ꜟ⅛╠│ ─

≤⇔≡™╢ ⌐ ∆╢ ─ ╛ ─ ╛ ⌂≥─ ╩ ╢

↓≤≢⅝╢ EXAFS ─ X ☻Ɑ◒♩ꜟ│ X ⌐╟∫≡ ↕╣√ ⅜

↕╣ ∆╢ ⌐╟╡ ↕╣√ ☻Ɑ◒♩ꜟ─ ⌡ ╦∑≢ ╠╣╢ ↓

─☻Ɑ◒♩ꜟ⅛╠│ ≤∆╢ ─ ⌐ ∆╢ ≤─ ╛ ─

─ ↕╩ ∆♦Ᵽ▬꞉ꜝכ ⌂≥─ ⅜ ╠╣╢[4,9-11] ─ (1) ⌐ EXAFS ☻

Ɑ◒♩ꜟ─ [4,11]╩ ∆

ʔ Ὧ Ὓ В Ὡ ÓÉÎ ςὯ ὶ • Ὧ      (1)

Ὓ : intrinsic loss Ni : Fi(ki) : ki: i ─ ─ ri: 

ůi : ♦Ᵽ▬꞉ꜝכ • Ὧ : ◦ⱨ♩

Pt
Ḳ100 mg

HClO4Ḳ5 ml
HFḲ10 ml

HFḲ10 ml

H2OḲ3 ml

HCl (1+1)Ḳ3 ml

HCl (1+50) 50 ml
טּצּ HF 0.1mL
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─ (1)⌐⅔™≡ EXAFS ☻Ɑ◒♩ꜟ─ ⌐ ∆╢Ɽꜝⱷכ♃⌐│ intrinsic loss

♦Ᵽ▬꞉ꜝכ ⅜ →╠╣╢ intrinsic loss │ ─

─ ─ ⌐ ∂╢ Ɽꜝⱷכ♃≢№╡ EXAFS ─ ⌐ ⅎ╢ │ ↕™≤ ⅎ

╠╣╢ ∕─√╘ ♦Ᵽ▬꞉ꜝכ ⌐ ⇔√ ⅜ ╦╣╢↓≤

⅜ ™ ⌂⅔ (k) ≢│ ⅜ ⅝ↄ ⇔≡ ⅜ ⅎ⌐ↄↄ⌂╢ ∕─√╘

─ (1)⌐ kn ( n = 2-3 ⅜ ↄ ™╠╣╢)╩ ↑╢↓≤≢ ╩ ™╛∆ↄ∆╢ ╕√ ─

(1)⅛╠╦⅛╢╟℮⌐ EXAFS ☻Ɑ◒♩ꜟ│ ─ ─ ─ ╩ ╪≢⅔

╡ (1)╩ⱨכꜞ◄ ∆╢↓≤≢ ─ ≤ ─ ≤─ ╛ ╩ ∆

╩ ╢↓≤⅜≢⅝╢

⇔√●ꜝ☻─℮∟ Zr ╙⇔ↄ│ Sn ╩ ∆╢ LAS2 ~ LAS4 ⌐≈™≡ Zr K (17.9 keV)

≤ Sn K (29.2 keV) ─ XAFS ╩ ⇔√ ⌐ ◘fiⱪꜟ─ ╩ ∆ XAFS

≢│ ─ ≢─ ╩ ∆Ɽꜝⱷכ♃≢№╢ ȹɛt ⅜ 1 ≤⌂╢╟℮⌐

╖╩ ∆╢↓≤≢ ╠╣╢ ⅜ ≢⅝╢↓≤⅜ ╠╣≡™╢[12,13] ∕╣∙╣─

◘fiⱪꜟ─ ╖│ ◦fi◒꜡♩꜡fi ☿fi♃כ─ ⅜ ⇔≡™

╢ ⱪ꜡◓ꜝⱶ: AbsC [14]╩ ™≡ ⇔√ XAFS ⌐ ™√◘fiⱪꜟ─ ╖╩

Table 2-2 ⌐ ∆ ─◘fiⱪꜟ│ ⌐ ∆ ≢ ⇔√

10 mm Ĭ 10 mm ⌐ ⇔√◘fiⱪꜟ╩ ⌐ ∑ ⱱ♇♩ⱪ꜠כ♩≢ ⇔⌂⅜╠◄

꜠◒♩꜡fi꞉♇◒☻ ⱨꜟ►♅ ╩ ™≡◘fiⱪꜟ╩ ⌐ ⇔√ ∕

─ ICB-35 ≢ ╖ ─ ╩ ∫√

SGM-6301 ╩ ™≡#1000 ─ ≢ ╩ ∫√

⇔─ → ≤⇔≡ ה ꜝ♇Ⱨfi◓ ◄fi◑☻ EJ-380IN ╩

™≡ ☿ꜞ►ⱶ☻ꜝꜞכ╩ ⇔⌂⅜╠ ╩ ∫√ │ ╩ⱱ♇♩ⱪ꜠כ

♩≢ ⇔≡◄꜠◒♩꜡fi꞉♇◒☻╩ ⅛⇔ ⅛╠◘fiⱪꜟ╩│⅜⇔≡◄♃ⱡכꜟ≢

⇔√ XAFS │ SPring-8 ─ ⱦכⱶꜝ▬fi

BL14B2 [15]⌐≡ ∫√ 2021B2017 2022A1768 Si (311) ─ ╩ ™

≡ ─ XANES ☻Ɑ◒♩ꜟ≤ EXAFS ☻Ɑ◒♩ꜟ╩ ◒▬♇◒☻◐ꜗfi≢ ⇔√

QXAFS [4,16] ─♃כ♦√⇔ ⌐│ XAFS Ɽ♇◔כ☺♁ⱨ♩ Demeter

(Athena/Artemis) [17]╩ ™√ ╩♃כ♦─ ™≡ k2─ ╖≠↑╩⇔√ EXAFS☻Ɑ◒♩ꜟ

⅛╠ Zr ⅔╟┘ Sn ─ ╩ ⇔√

Table 2-2 XAFS ⌐ ™√◘fiⱪꜟ─ ╖

Sample LAS2 LAS3 LAS4
Zr K-edge (17.9 keV) 2.5 mm 1.5 mm -
Sn K-edge (29.2 keV) 5.7 mm - 2.3 mm
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DSC │◘fiⱪꜟ≤ ─ ╩ ⇔≡ ∕─ ⅛╠◘fiⱪꜟ─ ╩ ╛

≤⇔≡≤╠ⅎ╢ ≢№╢[5] DSC ─◘fiⱪꜟ│▪ꜟⱵ♫ ⅔╟┘▪ꜟⱵ♫

╩ ™≡ ─●ꜝ☻Ⱪ꜡♇◒╩ ⇔√ ╩ ™≡ 106 ɛm 180 ɛm ─

╩ √ ∕─ ű5.0 mm ↕ 5.0 mm ─ Ɽfi ꜞ●◒ ⌐ 50 mg ─●ꜝ

☻ ╩™╣ Bruker AXS DSC 3300SA ≢ Fig. 2-2 ⌐ ∆ 2 ≈─

≢ DSC ╩ ⇔√ ⌐│▪ꜟⱵ♫ ╩ ™√ ⌂⅔ 2 ─ 750 ÁC - 4 ─

│ ╠─ [1]⌐ ─ ╩ ™√ ─ │ ◦☻

♥ⱶ ♁ⱨ♩ NETZSCH Japan ╩ ™≡ ●ꜝ☻ Tg

Ts Ⱨכ◒ Tp ╩∕╣∙╣ ╘√ ⌂⅔ DSC ─ⱬכ☻ꜝ▬fi≤●ꜝ☻ ⌐

℮ Ⱨכ◒─∕╣∙╣─ ─ ╩ Tg ≤⇔√

Fig. 2-2 DSC ─ ⱪ꜡ⱨ□▬ꜟ : 5 ÁC/min ≢ ⅛╠ 1200 ÁC ╕≢ ─ 2 ≈

─ ≢ ╩ ∫√
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2.3 ⅔╟┘

2.3.1 ⇔√●ꜝ☻─

Table 2-3 ⌐ XRF ≤ AAS ╩ ™≡ ⇔√ LAS1 ~ LAS4 ─●ꜝ☻ ╩ ∆ Table 2-3(a)≢

│ wt% ≢ 100 wt%≤⌂╢╟℮⌐●ꜝ☻ ╩ ⇔≡™╢ ─ ⌐ ↕

╣√◖fi♃Ⱶ ≤⇔≡ HfO2 CaO Fe2O3 TiO2 ⅜ ≢⅝╢⅜ HfO2 │ 0.01 wt%╙⇔

ↄ│ 0.01 wt% ≤ ≢№╢ HfO2 │ ZrO2 ─◖fi♃Ⱶ [18]≤⇔≡ ╠╣≡⅔╡

ZrO2 ╩ ™√ LAS2 ≤ LAS3 ─╖⅛╠ ↕╣≡™╢ ≤╙ ∆╢ mol%⌐ ⇔√

Table 2-3(b)⅛╠ LAS1 ~ LAS4 │╒╓ ™ ╡─●ꜝ☻ ⌐⌂∫≡™╢↓≤⅜ ⅛╢

Table 2-3(a) LAS1 ~ LAS4 ─ (wt% )

wt% LAS1 LAS2 LAS3 LAS4
SiO2 68.0 64.9 65.3 64.6

Al2O3 24.0 22.9 23.0 22.8
Li2O* 4.4 4.2 4.2 4.3
Na2O 1.9 1.8 1.8 1.8
P2O5 1.6 1.5 1.5 1.5
ZrO2 <0.01 2.3 4.0 <0.01
SnO2 <0.01 2.3 <0.01 5.1
HfO2 <0.01 0.04 0.08 <0.01
CaO 0.01 <0.01 0.01 <0.01

Fe2O3 0.01 <0.01 <0.01 <0.01
TiO2 <0.01 <0.01 0.01 <0.01

Table 2-3(b) LAS1 ~ LAS4 ─ (mol% )

─╖ Table 2-1 ≤ ⌐ SiO2 ~ P2O5╕≢─ ╩ 100 mol%≤⇔≡ ⇔≡™╢

mol% LAS1 LAS2 LAS3 LAS4
SiO2 72.7 72.7 72.8 72.6

Al2O3 15.1 15.1 15.1 15.1
Li2O 9.5 9.5 9.4 9.6
Na2O 2.0 2.0 2.0 1.9
P2O5 0.7 0.7 0.7 0.7
ZrO2 0.0 1.2 2.1 0.0
SnO2 0.0 0.9 0.0 2.1
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2.3.2 ─ ⅜ ⌂╢●ꜝ☻─ Zr ⅔╟┘ Sn ─ ─

╩ ⇔√ LAS2 ~ LAS4 ⌐≈™≡ ∫√ Zr K ⅔╟┘ Sn K ─ XAFS ─

╩ ∆ ╕∏ ╘⌐ Zr ─ ⌐ ∆╢ Fig. 2-3 ⌐ ZrO2≤ SnO2╩ ⇔√ LAS2≤

ZrO2 ╩ ⇔√ LAS3 ─●ꜝ☻─ Zr K ─ XANES ☻Ɑ◒♩ꜟ╩ ∆ ⌐ ∆╟℮⌐ 1s Ÿ

4d ⌐ ↕╣╢ⱪꜞ◄♇☺Ⱨכ◒ A [19]≤Ⱨכ◒ B C ≢ ∆ ⌂Ⱨכ◒⅜ ≢⅝

╢ LAS2 ≤ LAS3 ─ XANES ☻Ɑ◒♩ꜟ│ ⌂∫≡⅔╡ ☻Ɑ◒♩ꜟ ⅜╟ↄ ⇔≡™╢

Fig. 2-4 ⌐ ZrO2 ≤ SnO2 ╩ ⇔√ LAS2 ≤ ZrO2 ╩ ⇔√ LAS3 ─ k2 ─ ╖≠↑╩⇔√

EXAFS ☻Ɑ◒♩ꜟ≤ ╩ ∆ Fig. 2-4(a)─ EXAFS ☻Ɑ◒♩ꜟ╙ Fig. 2-4(b)

─ ╙ LAS2 ≤ LAS3 │╟ↄ ⇔≡™╢↓≤⅜╦⅛╢ Fig. 2-4(b)─

⌐⅔™≡ │ Zr-O ─ ≢№╢⅜ 3 ⌐№╢ ─Ⱨכ◒─ │

≢№╢ ⌐ LAS2 ≤ LAS3 ─ Zr ─ ╩ ╠⅛⌐∆╢√╘⌐ Fig. 2-3 ─ XANES ☻Ɑ

◒♩ꜟ≤ SPring-8─ BL14B2ⱦכⱶꜝ▬fi⌐ ↕╣≡™╢ ─ XANES ☻Ɑ◒♩ꜟ≤─

╩ ∫√ ∕─ ╩ Fig. 2-5 ⌐ ∆ ─☺ꜟ◖♬▪(m-ZrO2) │ LAS2 ╛ LAS3 ≤

⌐ ⇔√ ≢№╡ ☺ꜟ◖fi (ZrSiO4) [20]╛▬♇♩ꜞ▪ ☺ꜟ◖♬▪ (YSZ) [21]│

MDR XAFS DB [22]⌐ ╩♃כ♦╢™≡╣↕ ⇔≡™╢ ↓─ ⅛╠ ZrO2≤ SnO2╩

⇔√ LAS2 ≤ ZrO2 ─╖╩ ⇔√ LAS3 ─ XANES ☻Ɑ◒♩ꜟ│ ≢ Zr ⅜ 7 ≢№╡

≤ ╩≤╢ m-ZrO2 ≢ Zr⅜ 8 ≢№╡ ╩≤╢ ZrSiO4

≢ Zr ⅜ 8 ≢ ╩≤╢ YSZ ─™∏╣≤╙ ⇔≡™⌂™↓≤⅜ ⅛╢

─ │ Fig. 2-6 ⌐ ⇔≡™╢

Fig. 2-3 LAS2 ≤ LAS3 ─ Zr K ─ XANES☻Ɑ◒♩ꜟ ─ A ─ⱪꜞ◄♇☺Ⱨכ◒│ Zr ─

1s Ÿ 4d ⌐ ℮ ≢№╢[19]
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Fig. 2-4 LAS2 ≤ LAS3 ─ Zr K ─ EXAFS☻Ɑ◒♩ꜟ (a) k2─ ╖≠↑╩⇔√ EXAFS ☻

Ɑ◒♩ꜟ (b) ⱨכꜞ◄ ⌐ ™√ │ 3.0 ~ 12.5 -1 ≤⇔√

Fig. 2-5 Zr ─ ≤ LAS2 ≤ LAS3 ─ Zr K ─ XANES ☻Ɑ◒♩ꜟ─ m-ZrO2

│ LAS2 ≤ LAS3 ─ ≤ ∂ ⌐ ╩ ╩♃כ♦√⇔ ZrSiO4 ≤ YSZ │ MDR XAFS 

DB [22] ⌐ ♃כ♦╢™≡╣↕ [20,21]╩ ⇔≡™╢
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Fig. 2-6 m-ZrO2 ZrSiO4 YSZ ─ (a) m-ZrO2 (ICSD No. 96537): ≢ ZrO7

(b) ZrSiO4 (ICSD No. 9582): ≢ ZrO8 (c) YSZ (ICSD No. 75316): 

≢ ZrO8 ICSD ╟╡ Crystallographic Information (CIF) ⱨ□▬ꜟ[23]╩ ⇔

ה ─ ♃כ♦ ┘ ─ ⱪ꜡◓ꜝⱶ≢№╢ VESTA 

(Visualization for Electronic and Structural Analysis) [24]╩ ™≡ ╩ ⇔√

⌐ Sn ─ ⌐ ∆╢ Fig. 2-7 ⌐ ZrO2 ≤ SnO2 ╩ ⇔√ LAS2 ≤ SnO2 ╩

⇔√ LAS4─ Sn K ─ XANES ☻Ɑ◒♩ꜟ╩ ∆ ꜞⱨ□꜠fi☻≤⇔≡ LAS2≤ LAS4≤ ⌐

⇔√ ─ SnO2 (t-SnO2) ─ XANES☻Ɑ◒♩ꜟ╙ ⇔≡™╢ LAS2≤ LAS4─ XANES

☻Ɑ◒♩ꜟ─ │ t-SnO2 ─ XANES ☻Ɑ◒♩ꜟ─ ⌐ ≡™╢⅜ ☻Ɑ◒♩ꜟ─

∟ ⅜╡⌐ ≢⅝╢ ⌂Ⱨכ◒ ⱱ꞉▬♩ꜝ▬fi ⌐ ∆╢≤ LAS2─ⱱ꞉▬♩ꜝ▬

fi⅜ ╙ ◄Ⱡꜟ◑כ ⌐ ⇔≡⅔╡ ™≢ LAS4 t-SnO2 ─ ⌐⌂∫≡™╢ Fig. 2-8

⌐ ZrO2 ≤ SnO2 ╩ ⇔√ LAS2 SnO2 ─╖╩ ⇔√ LAS4 ≤ t-SnO2 ─ k2 ─ ╖≠↑╩⇔

√ EXAFS ☻Ɑ◒♩ꜟ≤ ╩ ∆  LAS2 ≤ LAS4 ⌐ ∆╢≤ ☻Ɑ◒♩

ꜟ─ │ ⇔≡™╢⅜ Fig. 2-4(a)─ Zr K ─ ☻Ɑ◒♩ꜟ╒≥ │⇔≡⅔╠∏

⌐╙╦∏⅛⌐ ™⅜╖╠╣╢ ─ t-SnO2 ⌐ ∆╢≤ LAS2 ╛ LAS4 ≤│

☻Ɑ◒♩ꜟ─ ⅜ ⅝ↄ ⌂∫≡⅔╡ ≢│ t-SnO2 ⌐╖╠╣╢╟℮⌂ Sn-Sn ─

⌐ ↕╣╢Ⱨכ◒│ LAS2 ≤ LAS4 ≢│ ≢⅝⌂™
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Fig. 2-7 LAS2 ≤ LAS4 ─ Sn K ─ XANES☻Ɑ◒♩ꜟ ꜞⱨ□꜠fi☻≤⇔≡ ─ SnO2

(t-SnO2) ─ ╩ ⇔≡™╢

Fig. 2-8 LAS2 ≤ LAS3 ─ Sn K ─ EXAFS☻Ɑ◒♩ꜟ (a) k2─ ╖≠↑╩⇔√ EXAFS ☻

Ɑ◒♩ꜟ (b) ⱨכꜞ◄ ⌐ ™√ │ 3.0 ~ 13.5 -1 ≤⇔√ ꜞⱨ□꜠

fi☻≤⇔≡ ─ SnO2 (t-SnO2) ─ ╩ ⇔≡™╢

3 5 7 9 11 13

k2 X
(k

) [
A

-2
]

Wavenumber [¡-1]

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5 6

FT
 M

ag
ni

tu
de

 k
2 x

(k
) [

¡
-3

]

Radial distance [¡]

(a) (b) LAS2
LAS4
t-SnO2

LAS2
LAS4
t-SnO2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

29160 29180 29200 29220 29240 29260

N
or

m
al

iz
ed

 a
bs

or
ba

nc
e 

[a
rb

.u
ni

t]

Energy [eV]

LAS2
LAS4
t-SnO2



39

╕∏ Zr ─ ⌐≈™≡ ∆╢ Fig. 2-3 ⅔╟┘ Fig. 2-4 ⌐ ⇔√ ZrO2 ≤ SnO2 ╩

⇔√ LAS2 ≤ ZrO2 ╩ ⇔√ LAS3 ─ XAFS ─ ⅛╠ LAS2 ≤ LAS3 ─ Zr ─

│ ™ ≢№╢≤ ⅎ╠╣╢ ≢ Fig. 2-5 ⌐ ⇔√ Zr ─ ≤─ XANES ☻Ɑ◒

♩ꜟ─ ⅛╠ LAS2⅔╟┘ LAS3│ ⇔√ Zr ⅜╙≈ 7 ╛ 8 ─

│≤∫≡™⌂™↓≤⅜ ↕╣╢ ZrO2 ╩ ∆╢ LAS ●ꜝ☻─ Zr ─ ⌐ ⇔≡│

Kleebusch ╠[25]╟╡ Zr L ─ XANES ⅜ ╦╣ 6 ─ ╩≤╢↓≤⅜ ╠⅛⌐⌂

∫≡™╢ ╕√ Zr⅜ 6 ─ │≢☻ꜝ●♩כ◔ꜞ◦ꜞ◌ꜟ▪╢≥╩ Zr K XANES

☻Ɑ◒♩ꜟ⌐⅔™≡ LAS2⅔╟┘ LAS3─ XANES☻Ɑ◒♩ꜟ≢ ╠╣√Ⱨכ◒ B≤ C─╟℮⌂

≈─ ⌂♄ⱩꜟⱧכ◒⅜ ∆╢↓≤⅜ Galoisy ╠[26]⅛╠ ↕╣≡⅔╡ ∕─ ─ Zr

─ │ Fig. 2-4(b)≤╟ↄ ⇔≡™╢ ╕√ Zr ⅜ 6 ─ Zr╩ ⌐ 6≈─

⅜ ↕╣√ ZrO6─  (Fig. 2-9) ╩≤╡ Zr-O ─ ⅜ ↄ ⅛╠∏

╣╢≤ 1s Ÿ 4d ⌐ ℮ⱪꜞ◄♇☺Ⱨ[27]◒כ⅜ ╣╢↓≤⅜ ↕╣≡™╢ ⇔√⅜∫≡

ZrO2 ≤ SnO2 ╩ ⇔√ LAS2 ≤ ZrO2 ╩ ⇔√ LAS3 ─●ꜝ☻ ─ Zr │ 6 ─

≢№╡ └∏╪∞ ZrO6 ─ ╩≤∫≡™╢ ⅜ ↕╣╢ ╕√ Galoisy ╠─

[26]╩ ∆╢≤ Fig. 2-4(b)─ ≢╖╠╣√ 3 ¡ ─Ⱨכ◒│ Zr-Si ─

⌐ ≢⅝╢≤ ⅎ╠╣╢

Fig. 2-9 ZrO6 ─ ─▬ⱷכ☺

⌐ Sn ─ ⌐≈™≡ ∆╢ Fig. 2-7 ─ XANES ☻Ɑ◒♩ꜟ⅛╠ ZrO2≤ SnO2 ╩

⇔√ LAS2 ─ⱱ꞉▬♩ꜝ▬fi│ SnO2 ╩ ⇔√ LAS4 ⅔╟┘ t-SnO2 ≤ ⇔≡ ◄Ⱡꜟ◑

כ ⌐ ⇔≡™╢ ↓╣│●ꜝ☻ ─ Sn ─ ⅜ ⌂∫≡⅔╡ LAS2 ─╒℮⅜ LAS4

⌐ ═≡ 2 ─ Sn─ ⅜ ™↓≤╩ ⇔≡™╢[28-31] SnO2│●ꜝ☻ ─ ─√╘─

≤⇔≡ ™╠╣╢ ≢╙№╡ ╛ ⌂≥ ₁⌂ ≢ Sn ─

⅜ ∆╢↓≤⅜ ╠╣≡™╢[32,33] ↓─↓≤⅛╠●ꜝ☻ ─ ⅜↓─ Sn ─ ─

™⌐ ⇔√ ⅜№╢⅜ ─╖≢│↓╣ ─ │ ≢№╢ ╕√ Fig. 2-8

─ EXAFS ☻Ɑ◒♩ꜟ≤ ⅛╠ ZrO2 ≤ SnO2 ╩ ⇔√ LAS2 ≤ SnO2 ╩

⇔√ LAS4 ─ Sn ─ ⌐╦∏⅛⌂ ™⅜╖╠╣≡™╢↓≤⅛╠ Sn ─ ─ ™⅜

⇔≡™╢╙─≤ ⅎ╠╣╢



40

2.3.3 ─ ⅜ ⌂╢●ꜝ☻─ ─

Fig. 2-10 ⌐ ─⌂™ 1 ⌐⅔↑╢ LAS1 ⅛╠ LAS4 ─ Tg ─ DSC ╩ ∆

DSC ─ ⅛╠ ●ꜝ☻─ Tg │ LAS1 720 ÁC Ñ 2 ÁC LAS2 705 ÁC Ñ 2 ÁC LAS3 711 ÁC 

Ñ 2 ÁC LAS4 699 ÁC Ñ 2 ÁC ≢№╡ ─ ⌐╟∫≡ Tg⅜ ⇔≡™╢ Fig. 2-11 ⌐

●ꜝ☻─ 760 ÁC ⅛╠ 1200 ÁC ─ ─ DSC ╩ ∆ ZrO2⅔╟┘ SnO2╩ ⇔⌂™ LAS1

(Fig. 2-11(a) ) ≢│ 1 2 ≤╙⌐ ⌐ ≢ ∆ ⌐╦∏⅛⌐ Ⱨכ◒─╟℮⌂

DSC ─ ⅜╖╠╣╢⅜ Ⱨכ◒≤│ ≢⅝⌂™ ∕─ ≢ ZrO2╛SnO2╩

∆╢ LAS2 ~ LAS4 ≢│ ─ ⌐ ℮ ⌂ Ⱨכ◒⅜ ≢⅝╢ Table 2-4 ⌐

Ⱨכ◒⅜ ↕╣√ LAS2 ~ LAS4 ─ DSC ─ ╩ ∆ ZrO2⅔╟┘ SnO2 ╩ ∆

╢ LAS2 (Fig. 2-11(b)) ≢│ 750  - 4 ─ ╩ ∫√ │ 860 ÁC ⌐ Ⱨכ◒

1⅜ ⇔≡™╢ ╕√ ─ ⌐╟╠∏ 900 ÁC ⌐ ⅜ ╙ ⅝⌂Ⱨכ◒ 2

≤ 1000 ÁC ⌐ ─ ↕⌂Ⱨכ◒ 3 ≤Ⱨכ◒ 4 ⅜ ≢⅝╢ ZrO2 ╩ ∆╢ LAS3 (Fig. 

2-11(c)) ≢│ 3 ≈─ Ⱨכ◒⅜ ≢⅝╢ ⌐╟∫≡ ─ ↕⌂Ⱨכ◒ 1 │

30 ÁC ⌐◦ⱨ♩⇔ ─ ╙ ⅝⌂Ⱨכ◒ 2 │ 40 ÁC Ⱨכ◒ 3 │ 100 ÁC

⌐◦ⱨ♩⇔≡™╢ SnO2 ╩ ∆╢ LAS4 (Fig. 2-11(d)) ≢│ 2 ≈─ Ⱨכ◒⅜ ≢⅝╢

⅜ ╩ ∫√ 840  ÁC ─Ⱨכ◒ 1 │ ≢⅝∏ 1040 ÁC ⌐ ∆╢Ⱨ

◒כ 2 │ 10 ÁC ⌐◦ⱨ♩⇔≡™╢

Fig. 2-10 ─⌂™ 1 ⌐⅔↑╢ LAS1 ⅛╠ LAS4 ─ Tg ─ DSC Tg│ DSC

─ⱬכ☻ꜝ▬fi≤●ꜝ☻ ⌐ ℮ Ⱨכ◒─∕╣∙╣─ ─ ≤⇔√ ●ꜝ☻─ Tg

│ LAS1 720 ÁC Ñ 2 ÁC LAS2 705 ÁC Ñ 2 ÁC LAS3 711 ÁC Ñ 2 ÁC LAS4 699 ÁC Ñ 2 ÁC ≢№

∫√
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Fig. 2-11 760 ÁC ⅛╠ 1200 ÁC ─ ⌐⅔↑╢ LAS1 ⅛╠ LAS4 ─ DSC (a) ZrO2 ≤

SnO2 ╩ ⇔⌂™ (LAS1) (b) ZrO2 ≤ SnO2 ╩ ∆╢ (LAS2) (c) ZrO2╩ ∆╢

(LAS3) (d) SnO2 ╩ ∆╢ (LAS4) 1 ⅛╠ 1200 ÁC ╕≢ 2

⅛╠ 750 ÁC ╕≢ ⇔≡ 4 ⇔√ ⌐ 1200 ÁC ╕≢ ─ │ 1 ≤ 2

╩ ⇔√≤⅝⌐ ⅜ ≡™╢ Ⱨכ◒╩ ∂ ─ ⌐╟╢Ⱨכ◒≤⇔≡╕≤╘≡

™╢ ─ │ TS ⅔╟┘ Ⱨכ◒ TP ≤ ⅎ╠╣╢ ╩ ⇔

≡™╢
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2.4 ─╕≤╘

≢│ ─ ⅜ ⌂╢ 4 ─ LAS ●ꜝ☻╩ ⇔ ─ ≤⇔≡

⇔√ Zr ⅔╟┘ Sn ⌐ ⇔√ ≤ ─ ─ ⌂╢●ꜝ☻─ ╩ ⇔

√ ZrO2 ≤ SnO2 ╩ ⇔√ (LAS2)≤ ZrO2 ╩ ⇔√ (LAS3) SnO2 ╩ ⇔√

(LAS4)─ ⅛╠ Zr ⌐ ⇔≡│ ╛ ─ ≤─ ⌐ ⅝⌂ ™│ ≢⅝

⌂⅛∫√⅜ Sn ⌐ ⇔≡│ LAS2 ─╒℮⅜ 2 ─ Sn ─ ⅜ ™ ⌐№╡ Sn ─

⌐╙╦∏⅛⌐ ™⅜╖╠╣√ ─ ─ ⌂╢●ꜝ☻─ ⅛╠ ZrO2≤ SnO2╩

⇔⌂™ (LAS1) ─ ≢│ ⌐ ⌐ ℮ Ⱨכ◒⅜ ↕╣ ∕─ │

─ ⌐╟∫≡ ⅝ↄ ⌂∫≡™√ ZrO2≤ SnO2╩ ∆╢↓≤≢ Ⱨכ◒

⅜ ╙ ≢ ∂√↓≤⅛╠ [3,40]≢ ↕╣≡™╢╟℮⌐ ZrO2 ≤ SnO2 ─

⅜ LAS ─ ╩ ∆╢ ⅜ ↕╣√ ↕╠⌐ [1]⌐ ↕╣≡

™╢ 750 ÁC - 4 ─ ╩ ℮↓≤≢ ⅜ ⇔ ⅜ ∆╢ ⅜№

╢ ↓╣╟╡ 750 ÁC - 4 ─ ╩ ™≡ ●ꜝ☻╩ ה ∆╢↓≤≢
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3

₁─ ╩ ⇔√

Li2O-Al2O3-SiO2 ●ꜝ☻─ ─

3.1

2 ≢ LAS ●ꜝ☻⌐ ∆╢ ─ LAS2 ZrO2+SnO2, LAS3 ZrO2, LAS4

SnO2 ⌐╟∫≡ ⅜ ⅝ↄ ⌂╢↓≤ 750 ÁC - 4 ─ ╩ ℮↓≤≢ ⅜

∆╢ ⅜ ↕╣√ 3 ≢│ LAS2 ~ LAS4 ⌐ ⇔≡ ₁⌂ ≢ ╩ ™

─◘fiⱪꜟ─ ╛ XRD ⌐╟╢ ─ ⅛╠ ─ ™╛

750 ÁC - 4 ─ ⅜ ⌐ ⅎ╢ ╩ ⇔√

3.2

2 ≢ ⇔√ LAS2 ~ LAS4 ─●ꜝ☻Ⱪ꜡♇◒╩ ⇔√ ⌐ ╩ ∫√

─◘fiⱪꜟ│ ⌐ ∆ ≢ ⇔√ 20 mm Ĭ 10 mm ─◘▬☼⌐ ⇔√◘fiⱪꜟ

╩ ⌐ ∑ ⱱ♇♩ⱪ꜠כ♩≢ ⇔⌂⅜╠◄꜠◒♩꜡fi꞉♇◒☻ ⱨꜟ►♅

╩ ™≡◘fiⱪꜟ╩ ⌐ ⇔√ ∕─ ╖⅜ 3 mm ⌐⌂╢╟℮⌐

ICB-35 ≢ ╖ ─ ╩ ∫√

SGM-6301 ╩ ™≡#1000 ─ ≢ ╩ ⇔√ │ ╩ⱱ♇

♩ⱪ꜠כ♩≢ ⇔≡◄꜠◒♩꜡fi꞉♇◒☻╩ ⅛⇔ ⅛╠◘fiⱪꜟ╩│⅜⇔≡◄♃

ⱡכꜟ≢ ⇔√ ─◘fiⱪꜟ│◌fi♃ꜟ☻כⱤכ

╩ ™≡ 5 ÁC/min 5 ÁC/min ─ ≢ ⅛╠ Table 3-1 ~ Table 3-3 ⌐ ∆

≢∕╣∙╣ ╩ ∫√ ─◘fiⱪꜟ│ ≤ ─ ≢ ⌐ ⇔

╖ 2 mm ≤⌂╢╟℮⌐ SGM-6301 ╩ ™≡#1000 ─

≢ ╩ ⇔√ ⇔─√╘⌐ ה ꜝ♇Ⱨfi◓ ◄fi◑☻

EJ-380IN ╩ ™≡ ☿ꜞ►ⱶ☻ꜝꜞכ╩ ⇔⌂⅜╠ → ╩ ∫√ ─

◘fiⱪꜟ│ ─ ≤ ⌐ ⅛╠│⅜⇔≡◄♃ⱡכꜟ≢ ⇔√ ╕√ ─

╩ ─●ꜝ☻⌐≈™≡╙ ∫√ ─◘fiⱪꜟ│ ⌐ ∆ ⌐ ⇔√

⌐ ℮ ─ ╩≤╠ⅎ╢√╘⌐ ╖ 2 mm ⌐ ⇔√◘fiⱪꜟ─ ~ 

─ ☻Ɑ◒♩ꜟ╩ ⇔√ ☻Ɑ◒♩ꜟ─ ⌐│

Ɫ▬♥◒◘▬◄fi☻ U-4100 ╩ ™√ │ 200 ~ 1500 nm ☻ꜞ♇♩

2.00 mm ☻◐ꜗfi☻Ⱨכ♪ 300 nm/min (200-849 nm) 150 nm/min (850 ~ 1500 nm) ◘fiⱪꜞfi
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◓ 1.00 nm ≤⇔√ ─ ─ ╩ ∆╢√╘⌐ ─ (1)╩ ™≡

╖№√╡─ ─ ─ ȹabs.╩ ⇔√

ɝὥὦίȢ ‗ (1)

↓↓≢ ɚ TGC(ɚ) ⌐⅔↑╢ ─◘fiⱪꜟ─ TGlass(ɚ) ⌐⅔↑

╢ ─●ꜝ☻─ t ◘fiⱪꜟ─ ╖≢№╢

⌐╟∫≡ ⇔√ ╩ ∆╢√╘⌐ X (XRD: X-Ray Diffraction) ╩

⇔√ XRD │ X ꜞ●◒ Smart Lab ╩ ™≡ ∫√ ╖ 2 

mm ⌐ ⇔√◘fiⱪꜟ╩ ⱱꜟ♄כ⌐☿♇♥▫fi◓⇔ Cu-KŬ ╩ ™≡ 45 

kV 200 mA 2ɗ 10 ~ 60ę ☻♥♇ⱪ 0.020ę─ ≢ ╩ ⇔√

╠╣√ ╩ ICSD (Inorganic Crystal Structure Database)⅔╟┘ NIMS ה ⱬ♃כ♦

⌐[1] (MatNavi)☻כ ↕╣≡™╢ ─ ≥♃כ♦ ⇔ Ɫ♫꞉ꜟ♩ [2]⌐╟∫≡

─ ╩ ∫√ ╕√ ╠╣√ X ⅛╠ LAS ─ ╩ Williamson-

Hall [3]╩ ™≡ ╘√ Williamson-Hall ≤│ X Ⱨכ◒─ ⅜╡─ ≢№╢

≤└∏╖─ ╩ ↑╢ ≢№╢ ◘▬☼⌐ ∆╢Ⱨכ◒─ ⅜╡╩ 1/cosɗ └∏

╖⌐╟╢Ⱨכ◒─ ⅜╡╩ tanɗ ⌐ ∆╢≤ ⇔≡ ─ (2)⅛╠ ╘╢↓≤⅜≢⅝╢

‍ ς‐ÔÁÎ — (2)

↓↓≢ ɓ Ⱨכ◒ D ◘▬☼ K כꜝ▼◦ ɚ Ů └∏╖≢№╢ ♁

ⱨ♩ ꜞ●◒ PDXL ╩ ™≡ ⇔√ ─ ╩ ╘√
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Table 3-1 ZrO2 ≤ SnO2 ╩ ⇔√●ꜝ☻(LAS2)─

─ ≢ ⅛╠ ╩ ∫√ 5 ÁC/min 5 ÁC/min

Sample Nucleation Crystallization
Temperature [ÁC] Hold Time [h] Temperature [ÁC] Hold Time [h]

LAS2-750-4 h 750 4 - -
LAS2-800-4 h - - 800 4
LAS2-850-4 h - - 850 4

LAS2-900-0 h* - - 900 0
LAS2-NT900-0 h* - - 900 0
LAS2-NT800-4 h 750 4 800 4
LAS2-NT850-4 h 750 4 850 4
LAS2-NT875-4 h 750 4 875 4
LAS2-NT900-4 h 750 4 900 4
LAS2-NT920-4 h 750 4 920 4
LAS2-NT920-4 h 750 4 950 4
LAS2-NT985-4 h 750 4 985 4
LAS2-NT1050-4 h 750 4 1050 4
LAS2-NT1100-4 h 750 4 1100 4

* ⅛╠ 900 ÁC ╕≢ ⇔√ │ ∑∏ ╕≢ 5 ÁC/min ─ ≢ ⇔√
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Table 3-2 ZrO2 ╩ ⇔√●ꜝ☻(LAS3)─

─ ≢ ⅛╠ ╩ ∫√ 5 ÁC/min 5 ÁC/min

Sample Nucleation Crystallization
Temperature [ÁC] Hold Time [h] Temperature [ÁC] Hold Time [h]

LAS3-750-4 h 750 4 - -
LAS3-875-0 h* - - 875 0

LAS3-NT875-0 h* 750 4 875 0
LAS3-875-4 h - - 875 4

LAS3-NT800-4 h 750 4 800 4
LAS3-NT850-4 h 750 4 850 4
LAS3-NT865-4 h 750 4 865 4
LAS3-NT875-4 h 750 4 875 4
LAS3-NT890-4 h 750 4 890 4
LAS3-900-0 h* - - 900 0
LAS3-900-0.5 h - - 900 0.5

LAS3-NT900-0 h* 750 4 900 0
LAS3-NT900-0.5 h 750 4 900 0.5
LAS3-NT905-4 h 750 4 905 4
LAS3-NT920-4 h 750 4 920 4
LAS3-NT950-4 h 750 4 950 4
LAS3-NT985-4 h 750 4 985 4
LAS3-NT1050-4 h 750 4 1050 4
LAS3-NT1100-4 h 750 4 1100 4

* 2 ─ DSC (Fig. 2-11(c)) ≢ ⌂⇔─ ─ 1 Ⱨכ◒ ─

⅛╠ ╕≢ ⇔√ │ ∑∏ ╕≢ 5 ÁC/min ─ ≢ ⇔√

Table 3-3 SnO2 ╩ ⇔√●ꜝ☻(LAS4)─

─ ≢ ⅛╠ ╩ ∫√ 5 ÁC/min 5 ÁC/min

Sample Nucleation Crystallization
Temperature [ÁC] Hold Time [h] Temperature [ÁC] Hold Time [h]

LAS4-750-4 h 750 4 - -
LAS4-840-0.5 h* - - 840 0.5
LAS4-NT800-4 h 750 4 800 4
LAS4-NT850-4 h 750 4 850 4
LAS4-NT875-4 h 750 4 875 4
LAS4-NT900-4 h 750 4 900 4

LAS4-950-4 h - - 950 4
LAS4-NT950-4 h 750 4 950 4
LAS4-NT1000-4 h 750 4 985 4
LAS4-NT1050-4 h 750 4 1050 4
LAS4-NT1100-4 h 750 4 1100 4

* 2 ─ DSC (Fig. 2-11(d))≢ ⌂⇔─ ─ 1 Ⱨכ◒ ─
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3.3 ⅔╟┘

3.3.1 ZrO2 ≤ SnO2 ╩ ⇔√●ꜝ☻⌐⅔↑╢ ─

│∂╘⌐ ZrO2 ≤ SnO2 ╩ ⇔√ LAS2 ⌐⅔™≡ 750 ÁC - 4 ─ ⅜

⌐ ⅎ╢ ╩ ⇔√ Fig. 3-1 ⌐ LAS2 ─ ─ ╩ ∆ Fig. 3-1(a)│ LAS2 ─

─●ꜝ☻ (LAS2 glass) LAS2-750-4 h LAS2-NT850-4 h ⅔╟┘ LAS2-850-4 h ─

╩ ⇔≡™╢ NT ≤ ─№╢◘fiⱪꜟ│ 750 ÁC - 4 ─ ╩ ∫√◘fiⱪꜟ≢№

╢↓≤╩ ⇔≡™╢ LAS2-750-4 h ≢│ ─●ꜝ☻⌐ ⇔≡╦∏⅛⌐ ⅛╠

─ ─ ⅜ ≢⅝╢ LAS2-NT800-4 h ≤ 800-4 h ╩ ∆╢≤ ≥∟╠╙ LAS2-750-4 

h ╟╡╙ ⅜ ™⅜ 750 ÁC - 4 ─ ╩ ∫√ LAS2-NT800-4 h ─╒℮⅜

⅜╛╛ ™ Fig. 3-1(b)│ LAS2 glass ≤ LAS2-NT850-4 h ⅔╟┘ LAS2-850-4 h ─ ╩ ⇔≡

™╢ LAS2-NT850-4 h ⅔╟┘ LAS2-850-4 h ─ │ Fig. 3-1(a) ╟╡╙ ⅜ ⅝ↄ ⇔

≡⅔╡ ⌂⅛≢╙ LAS2-850-4 h ─ ─ ⅜ ⅝™ ↓─ ─ │ ≢ ⇔

√ ⌐╟╢ ⅜ ⌂ ∞≤ ⅎ╠╣╢ ∕↓≢ XRD ╩ ™ ─ ╩ ∫

√ Fig. 3-2 ⌐ ZrO2 ≤ SnO2 ╩ ⇔√ LAS2 ─ ─●ꜝ☻ (LAS2 glass) ≤ LAS2-750-

4 h, LAS2-800-4 h, LAS2-NT800-4 h ─ 2ɗ 15 ~ 35Á─ ─ XRD ╩ ∆ ↓╣╟╡

─●ꜝ☻≤ LAS2-750-4 h, LAS2-800-4 h ─ XRD Ɽ♃כfi⅛╠│●ꜝ☻ ─ ╩ ∆Ɫ꜡

⅜fiכ♃Ɽכ ≢⅝╢⅜ ↓╣╠⌐ ⅝⌂ ™│ ╠╣⌂™ ≢ 750ÁC - 4 ─

╩ ⇔√ LAS2-NT800-4 h ≢│ ⌐ ≢ ∆ ⌐∕─ ─◘fiⱪꜟ≢│ ≢⅝

⌂™Ɫ꜡כⱤ♃כfi─ ⅜ ≢⅝╢ Fig. 3-3 ⌐ LAS2-850-4 h ≤ LAS2-NT850-4 h ─ XRD

╩ ∆ ↓╣╟╡ ◘fiⱪꜟ≤╙ │ ɓ- ≢№╡ LAS2-850-4 h ─╒℮

⅜ ɓ- ─ Ⱨכ◒─ ⅜ ↕ↄ ⅜ ⅝™ ⅜ ↕╣╢ ↓╣

╠─◘fiⱪꜟ─ ɓ- ─ ╩ ⇔√≤↓╤ LAS2-850-4 h 46 nm LAS2-NT850-

4 h 33 nm ≢№╡ ╩ ∫√╒℮⅜ │ ↕™↓≤⅜ ⅛∫√ ⌂⅔ ɓ-☻ⱳ

☺ꜙⱷfi ─ Ⱨכ◒╙╦∏⅛⌐ ≢⅝╢⅜ LAS2-850-4 h ─╒℮⅜∕─ │ ⅝

™ 2ɗ 26 ~ 35ę─ ╩ ⇔√ (Fig. 3-3(b)) ⅛╠ ZrSnO4 ≤╖╠╣╢Ⱪ꜡כ♪⌂

Ⱨכ◒⅜ 2ɗ 29.6ę ⌐ ≢⅝╢ ↓─Ⱨכ◒│ ZrSnO4 ─ h k l = 1 1 1 ─ ≢№╡

Fig. 3-2 ≢ LAS2-NT800-4 h ⌐ ↕╣√Ɫ꜡כⱤ♃כfi≤ ∂ ≢№╢↓≤⅛╠ 750 ÁC -

4 ─ ⌐╟∫≡ ZrSnO4 ─ ⅜ ⇔√ ⅜ ™ ∕↓≢ LAS2-900-0 h ≤

LAS2-NT900-0 h ╩ ∆╢↓≤≢ 750 ÁC - 4 ─ ⌐╟∫≡ ZrSnO4 ─ ⅜ ↕

╣╢⅛ ╩ ∫√ Fig. 3-4 ⌐ LAS2-900-0 h ≤ LAS2-NT900-0 h ─ XRD ╩ ∆ ↓╣

╟╡ ╩ ∫≡™⌂™ LAS2-900-0 h ≢│ ⌐ ≢ ∆ ≢ ─●ꜝ☻╟

╡╙╒╪─╦∏⅛⌐ ⅜№⅜∫≡™╢⅜ ─●ꜝ☻≤╒≤╪≥ ∂ Ɽ♃כ

fi≤⌂∫≡™╢ ≢ ╩ ∫√ LAS2-NT900-0 h ≢│ ZrSnO4 ≤╖╠╣╢Ⱪ꜡כ♪
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⌂ Ⱨכ◒⌐ ⅎ≡ ɓ- ─ Ⱨכ◒╙ ≢⅝ ZrSnO4 ─ ⅜ ↕╣√

ɓ- ╙ ⇔√≤ ⅎ╠╣╢

Fig. 3-1 ZrO2 ≤ SnO2 ╩ ∆╢ LAS2 ─ ╖ 2 mm ⌐⅔↑╢ ☻Ɑ◒♩ꜟ (a) ─

●ꜝ☻≤ LAS2-750-4 h, LAS2-800-4 h, LAS2-NT800-4 h ≤─ (b) ─●ꜝ☻≤ LAS2-

850-4 h ⅔╟┘ LAS2-NT850-4 h ≤─ NT ─ ⅜№╢◘fiⱪꜟ│ 750 ÁC - 4 ─

╩ ∫√↓≤╩ ⇔≡™╢
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Fig. 3-2 ZrO2 ≤ SnO2 ╩ ∆╢ LAS2 ─ ≤ ─ XRD ─ │

≢ ⇔√Ɫ꜡כⱤ♃כfi╩ ⇔≡™╢ NT ─ ⅜№╢◘fiⱪꜟ│ 750 ÁC - 4 ─

╩ ∫√↓≤╩ ⇔≡™╢

Fig. 3-3 LAS2-850-4 h ≤ LAS2-NT850-4 h ─ XRD (a) 2ɗ 15 ~ 35ę─ XRD Ɽ♃כfi

(b) 2ɗ 26-35ę─ ─ │ ─ Ⱨכ◒╩ ⇔≡™╢ ɓ- ICSD 

No. 24897. ɓ-☻ⱳ☺ꜙⱷfi ICSD No. 14235. ZrSnO4 NIMS-MatNavi No. 4295349472_1_2.

NT ─ ⅜№╢◘fiⱪꜟ│ 750 ÁC - 4 ─ ╩ ∫√↓≤╩ ⇔≡™╢
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Fig. 3-4 LAS2 ─ ≤ LAS2-900-0 h ⅔╟┘ LAS2-NT900-0 h ─ XRD ─

│ ─ Ⱨכ◒╩ ⇔≡™╢ ɓ- ICSD No. 24897. ZrSnO4 NIMS-MatNavi 

No. 4295349472_1_2. ─ │ ≢ ⅜╦∏⅛⌐ ⇔√Ɫ꜡כⱤ♃כfi╩ ⇔

≡™╢ NT ─ ⅜№╢◘fiⱪꜟ│ 750 ÁC - 4 ─ ╩ ∫√↓≤╩ ⇔≡™╢

─ ⅛╠ ZrO2 ≤ SnO2 ╩ ∆╢ LAS2 ≢│ 750 ÁC - 4 ─ ⌐╟∫≡

ZrSnO4 ≤ ⅎ╠╣╢ ─ ─ ⅜ ∆╢≤ ⅎ╠╣╢ 750 ÁC - 4 ─

─╖╩ ∫√◘fiⱪꜟ≢│ XRD ≢●ꜝ☻≤─ ⌂ ™│ ╠╣⌂⅛∫√⅜

☻Ɑ◒♩ꜟ─ ⅛╠ ╦∏⅛⌐ ⅜ ∂ ─ ⅜ ∂√╙─≤ ⅎ╠╣╢ ⌂⅔

─ ─ Ⱨכ◒│ Ⱪ꜡כ♪≢№╡ ╙ ↕™√╘ XRD ─ ╙

™≡ ╩ ∆╢ ⅜№╢ LAS2-900-0 h ≤ LAS2-NT900-0 h ─ ⅛╠ ZrSnO4 ─

⅜ ɓ- ─ ╩ ↕∑╢ ⅜№╢ 2 ─ LAS2 ─ DSC (Fig. 2-11(b)) ≢

│ ╩ ℮↓≤≢ 860 ÁC ⌐ √⌂ Ⱨכ◒ Ⱨכ◒ 1)⅜ ⇔ ↕╠⌐Ⱨכ

◒ 2 ─ ╛ Ⱨכ◒ │ ⌐◦ⱨ♩⇔≡™√ ↓╣│ ⌐

™ ZrSnO4 ─ ⅜ ↕╣√↓≤≢Ⱨכ◒ 1 ⅜ ∂ ZrSnO4 ─ ⌐╟∫≡ ɓ- ─

⅜ ↕╣ ∕─ Ⱨכ◒ 2 ─ ◦ⱨ♩⅜ ∂√≤ ⅎ╠╣╢ ↓╣╟╡ ZrO2 ≤ SnO2 ╩

⇔√ LAS2 ─ DSC ⌐⅔↑╢Ⱨכ◒ 1 │ ZrSnO4 ─ ⌐╟╢ Ⱨכ◒ 2 │ ɓ-

─ ⌐╟╢ ≢№╢≤ ⅎ╠╣╢ ╕√ ∂ ≢ ∆╢≤

╩ ∫√◘fiⱪꜟ─╒℮⅜ ™ ╩ ⇔√ ─ │ ⇔√ ─◘▬☼⌐

╟╢ ─ ⅜ ⌂ ≤ ⅎ╠╣ ─ ™◘fiⱪꜟ─╒℮⅜ │ ↕⅛∫

√ ⇔√⅜∫≡ ZrSnO4 ⅜ ∆╢↓≤≢ ɓ- ─ ╩ ≢⅝╢ ⅜№╢≤

ⅎ╠╣╢
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3.3.2 ZrO2 ╩ ⇔√●ꜝ☻⌐⅔↑╢ ─

⌐ ZrO2 ╩ ⇔√ LAS3 ⌐⅔™≡ 750 ÁC - 4 ─ ⅜ ⌐ ⅎ╢ ╩

⇔√ Fig. 3-5 ⌐ LAS3 ─ ─ ☻Ɑ◒♩ꜟ╩ ∆ Fig. 3-5(a)─ 200 ~ 400 nm ─

☻Ɑ◒♩ꜟ⅛╠ LAS3-750-4 h ≢│ ─●ꜝ☻ (LAS3 glass) ⌐ ⇔≡╦∏⅛⌐

─ ─ ⅜ ≢⅝╢ ╕√ LAS3-NT875-0 h ≤ LAS3-875-0 h ╩ ∆╢≤ LAS3-

875-0 h ─ ⅜╛╛ ™↓≤⅛╠ ⌐╟╢ ─ ™⅜ ⌐ ⇔≡™

╢≤ ⅎ╠╣╢ Fig. 3-5(b)─ 200 ~ 1500 nm ─ ☻Ɑ◒♩ꜟ⌐ ∆╢≤ ™↓≤⌐

ZrO2≤SnO2╩ ⇔√LAS2─ (Fig. 3-1(b)) ≤│ ⌂╡ ╩ ∫√LAS3-NT875-

4 h ─╒℮⅜ LAS3-875-4 h ╟╡╙ ⅜ ™↓≤⅜ ⅛╢ ↓╣│ ⇔√ ╛

⌐ ™⅜№╢≤ ⅎ╠╣╢√╘ ↓╣╠─◘fiⱪꜟ⌐≈™≡ XRD ╩ ∫√

Fig. 3-6 ⌐ LAS3 glass ≤ LAS3-750-4 h LAS3-NT875-0 h ⅔╟┘ LAS3-875-0 h ─ XRD

╩ ∆ ↓╣╟╡ LAS3 glass ≤ LAS3-750-4 h ─ XRD Ɽ♃כfi─ │ ⌐ ≢⅝⌂™

LAS3-875-0 h ≤ LAS3-NT875-0 h ≢│≤╙⌐ 2ɗ 30ę ⌐Ɫ꜡כⱤ♃כfi─ ⅜ ╘╠╣

↓─Ɫ꜡כⱤ♃כfi─ │ ╩ ∫√ LAS3-NT875-0 h ─╒℮⅜ ⅝™ Fig. 3-

7 ⌐ LAS3-NT875-4 h ≤ LAS3-875-4 h ─ XRD ╩ ∆ ◘fiⱪꜟ≤╙ ɓ- ≤

ɓ-☻ⱳ☺ꜙⱷfi ─ Ⱨכ◒⅜ ≢⅝╢⅜ ╩ ∫√ LAS3-NT875-4 h ─

│ ɓ-☻ⱳ☺ꜙⱷfi 45 nm ≢№╡ LAS3-875-4 h ≢│ ɓ- ⅜

52 nm ≢№╢ 2ɗ 26 ~ 35ę─ ╩ ⇔√ Ɽ♃כfi (Fig. 3-7(b)) 

⅛╠ Fig. 3-6 ≢ LAS3-NT875-0 h ≤ LAS3-875-0 h ⌐⅔™≡ 2ɗ 30ę ⌐ ↕╣√Ɫ꜡כⱤ♃

≥fiכ ∂ ⌐⅔™≡ ─ ZrO2 (t-ZrO2) ╙⇔ↄ│ ─ ZrO2 (c-ZrO2) ≤╖

╠╣╢Ⱪ꜡כ♪⌂ Ⱨכ◒⅜ ≢⅝╢ ↓╣╠─ Ⱨכ◒─ │ LAS3-NT875-4 h ─

╒℮⅜ ⅝ↄ t-ZrO2 ≤ ⇔≡ ╩ ╘√≤↓╤ LAS3-NT875-4 h 5.4 nm LAS3-T875-

4 h 6.7 nm ≢№∫√

Fig. 3-8 ⌐ LAS3-900-0, 0.5 h ≤ LAS3-NT900-0, 0.5 h ─ XRD ╩ ∆ ≡─◘fiⱪꜟ

⌐⅔™≡Ɫ꜡כⱤ♃כfi⅜ ≢⅝ ∕─Ɫ꜡כⱤ♃כfi│ t-ZrO2 ╙⇔ↄ│ c-ZrO2 ─ Ⱨכ

◒─ ⌐ ∆╢ LAS3-NT900-0 h ≤ LAS3-900- 0 h ╩ ∆╢≤ ╩ ∫

√╒℮⅜Ɫ꜡כⱤ♃כfi─ ⅜ ⅝™ ≢ LAS3-NT900-0.5 h ≤ LAS3-900-0.5 h ╩

∆╢≤ ╩ ∫≡™⌂™ LAS3-900-0.5 h ─ 2ɗ 30ę ─Ɫ꜡כⱤ♃כfi─

⅜ ⅝ↄ ╙ ↕™ ↕╠⌐↓─◘fiⱪꜟ≢│ ɓ- ─ ⅜ ╘╠╣╢√╘

╩ ╦∏⌐ 900 ÁC ≢ ╩ ∫√╒℮⅜ ─ ≤ ɓ-

⅜ ⇔╛∆™↓≤╩ ⇔≡™╢
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Fig. 3-5 ZrO2 ╩ ∆╢ LAS3 ─ ╖ 2 mm ⌐⅔↑╢ ☻Ɑ◒♩ꜟ (a) 200 ~ 400 nm ─

☻Ɑ◒♩ꜟ (b) 200 ~ 1500 nm ─ ☻Ɑ◒♩ꜟ NT ─ ⅜№╢◘fiⱪꜟ│ 750 ÁC - 4 ─

╩ ∫√↓≤╩ ⇔≡™╢
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Fig. 3-6 ZrO2 ╩ ∆╢ LAS3 ─ ≤ ─ XRD ─ │ ≢

⇔√Ɫ꜡כⱤ♃כfi╩ ⇔≡™╢ NT ─ ⅜№╢◘fiⱪꜟ│ 750 ÁC - 4 ─

╩ ∫√↓≤╩ ⇔≡™╢

Fig. 3-7 LAS3-875-4 h ≤ LAS3-NT875-4 h ─ XRD (a) 2ɗ 15 ~ 35ę─ XRD Ɽ♃כfi

(b) 2ɗ 26 ~ 35ę─ ─ │ ─ Ⱨכ◒╩ ⇔≡™╢ ɓ- ICSD 

No. 24897.  ɓ-☻ⱳ☺ꜙⱷfi ICSD No. 14235 t-ZrO2 ICSD No. 53998 c-ZrO2 ICSD No. 

93031. NT ─ ⅜№╢◘fiⱪꜟ│ 750 ÁC - 4 ─ ╩ ∫√↓≤╩ ⇔≡™╢
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Fig. 3-8 LAS3-900-0, 0.5 h ≤ LAS3-NT900-0, 0.5 h ─ XRD ─ │ ─

Ⱨכ◒╩ ⇔≡™╢ ɓ- ICSD No. 24897. t-ZrO2 ICSD No. 53998 c-ZrO2 ICSD 

No. 93031. NT ─ ⅜№╢◘fiⱪꜟ│ 750 ÁC - 4 ─ ╩ ∫√↓≤╩ ⇔≡™╢

─ ⅛╠ ZrO2 ╩ ∆╢ LAS3 ≢│ ⌐╟∫≡ t-ZrO2 ╙⇔ↄ│ c-ZrO2 ⅜

─ ≤⇔≡ ∆╢ ⅜ ↕╣√ [4,5]≢│ t-ZrO2 ⅜ ∆╢

⅜ ↕╣≡⅔╡ ≢╙ ─ │ t-ZrO2 ≢№╢ ⅜ ™≤

ⅎ╠╣╢ ⇔⅛⇔ ⅜ ↕ↄ XRD ─╖≢│ ─ ⅜ ⇔ↄ ─ ≢─

⅜ ≢№╢ ─ ⅛╠ 2 ─ LAS3 ─ DSC (Fig. 2-11(c))⌐⅔↑╢Ⱨכ◒ 1 │

ZrO2 ─ ─ ⌐ ℮ ≢№╢≤ ⅎ╠╣╢ ╕√ ⌐╟∫≡ ɓ-

─ ⅜ ↕╣╢ ⅜№╢↓≤⅜ ↕╣√ 2 ─ LAS3 ─ DSC (Fig. 2-

11(c))⌐⅔™≡ ╩ ℮↓≤≢Ⱨכ◒ 2 ─ Ⱨכ◒⅜ ⅝ↄ ⌐◦ⱨ♩⇔≡™

√↓≤⅛╠ ↓─Ⱨכ◒⅜ ɓ- ─ ⌐ ℮ Ⱨכ◒≢№╢≤ ⅎ╠╣╢ ∕─

≢ ╩ ℮↓≤≢ ɓ- ⅛╠ ɓ-☻ⱳ☺ꜙⱷfi ┼─ ⅜ ↕╣

╢ ╙ ⇔√ ↓─╟℮⌐ ≢ LAS ─ ╩ ⇔√╡ ⇔

√╡∆╢↓≤│ ─ ─ ⅜ LAS ─ ⌐ ⅝ↄ ∆

╢↓≤╩ ⇔≡™╢≤ ⅎ╠╣╢ ╕√ ─ ☻Ɑ◒♩ꜟ⌐ ∆╢≤ ɓ-☻ⱳ☺

ꜙⱷfi ⅜ ≢№╢ LAS3-NT875-4 h ≢│ LAS3-875-4 h ─ ≢№╢ ɓ-

─ ╟╡╙◘▬☼⅜ ↕™╙── │ ⅛∫√ ⌐ ∆╢ ≤⇔≡

│ ─◘▬☼⅜ →╠╣╢⅜ ∕╣ ⌐ ⇔√ ─ ╛ ●ꜝ☻ ≤─

╙ ∆╢≤ ⅎ╠╣╢ ∕─√╘ ⅜ ⇔√ ╩ ─╖⅛╠ ∆╢

↓≤│ ⇔™⅜ ɓ-☻ⱳ☺ꜙⱷfi ─ ⅜ ⌐ ⇔≡™╢ │ ™
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3.3.3 SnO2 ╩ ⇔√ LAS4 ⌐⅔↑╢ ─

SnO2 ╩ ⇔√ LAS4 ⌐⅔™≡ 750 ÁC - 4 ─ ⅜ ⌐ ⅎ╢ ╩

⇔√ Fig. 3-9 ⌐ LAS4 ─ ─ ☻Ɑ◒♩ꜟ╩ ∆ LAS4-750-4 h │ ─●

ꜝ☻ (LAS4 glass) ⌐ ⇔≡ ⅛╠ ⌐⅛↑≡ ⅜ ⇔≡™╢↓≤⅜ ⅛╢ LAS4-

840-0.5 h ╙ ⌐ ⅛╠ ⌐⅛↑≡ ⅜ ⇔≡⅔╡ LAS4-750-4 h ╟╡╙

│ ™ Fig. 3-10 ⌐ LAS4 glass ≤ LAS4-750-4 h LAS4-840-0.5 h ─ XRD ╩ ∆ LAS4 

glass ≤ LAS4-750-4 h ─ XRD Ɽ♃כfi⌐ ⅝⌂ │ ╠╣⌂™⅜ LAS4-840-0.5 h ≢│

─ SnO2 (t-SnO2) ≤ ™ ⌐Ɫ꜡כⱤ♃כfi⅜ ∂≡™╢↓≤⅛╠ t-SnO2 ⌐ ™

⅜ ⇔√ ⅜№╢ LAS4-840-0.5 h ─ ≢№╢ 840 ÁC │ 2 ─ DSC

(Fig. 2-11(d)) ⌐⅔™≡ ⌂⇔─ ≢ ╠╣√ DSC ─ 1 Ⱨכ◒ ─

≢№╢ ⇔√⅜∫≡ ↓─ Ⱨכ◒│ t-SnO2 ─ ⌐ ℮ ≢№╢≤ ⅎ╠╣╢ Fig. 

3-11 ⌐ LAS4-NT950-4 h ≤ LAS4-950-4 h ─ XRD ∆ ↓╣╟╡ ◘fiⱪꜟ⌐⅔™≡ ɓ-

≤ ɓ-☻ⱳ☺ꜙⱷfi ⅜ ⇔≡™╢⅜ LAS4-NT950-4 h ─╒℮⅜ ɓ-☻ⱳ☺ꜙⱷ

fi ─ ⅜ ™ ╕√ 2ɗ : 26-35ę─ ╩ ⇔√ Ɽ♃כfi (Fig. 3-11(b)) ⅛╠

t-SnO2 ─ Ⱨכ◒⅜ ≢⅝╢ ─ ⅛╠ ⌐╟∫≡ t-SnO2 ─ ⅜ ↕

╣ ↕╠⌐ t-SnO2 ⅜ ∆╢↓≤≢ ɓ- ⅛╠ ɓ-☻ⱳ☺ꜙⱷfi ┼─ ⅜

↕╣╢ ⅜ ↕╣╢

Fig. 3-9 SnO2 ╩ ∆╢ LAS4 ─ ╖ 2 mm ⌐⅔↑╢ ☻Ɑ◒♩ꜟ
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Fig. 3-10 SnO2 ╩ ∆╢ LAS4 ─ ≤ ─ XRD ─ │ t-SnO2 

(ICSD No. 9163)─ Ⱨכ◒╩ ⇔≡™╢

Fig. 3-11 LAS4-950-4 h ≤ LAS4-NT950-4 h ─ XRD (a) 2ɗ 15 ~ 35ę─ XRD Ɽ♃כfi

(b) 2ɗ 26 ~ 35ę─ ─ │ ─ Ⱨכ◒╩ ⇔≡™╢ ɓ- ICSD 

No. 24897.  ɓ-☻ⱳ☺ꜙⱷfi ICSD No. 14235 t-SnO2 ICSD No. 9163 NT ─ ⅜№╢

◘fiⱪꜟ│ 750 ÁC - 4 ─ ╩ ∫√↓≤╩ ⇔≡™╢
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3.3.4 ─ ⅜ ⌂╢●ꜝ☻⌐⅔↑╢ ─

Fig. 3-12 ⌐ LAS2 ~ LAS4 ─ ─●ꜝ☻≤ 750 ÁC - 4 ─ ─ 800 ~ 

1100 ÁC - 4 ─ ╩ ∫√◘fiⱪꜟ─ ╩ ∆ ─●ꜝ☻─ (Fig. 

3-12(a)) │ ∂╟℮⌐ ⅎ╢ ─ (Fig. 3-12(b)) ⌐ ∆╢≤ SnO2 ╩ ∆╢

LAS4 ≢│≥─◘fiⱪꜟ╙ ⌐╟∫≡ ↄ ⇔≡™╢ ╕√ ⅜ ⅜╢

⌐≈╣≡ ⅜ ⇔ 925 ~ 950 ÁC ≢ ⌐ ⅜ ⇔≡™╢ ZrO2 ╩ ∆╢ LAS3

≢│ LAS4 ─╟℮⌂ ™ │ ╠╣⌂™⅜ LAS4 ╟╡╙ ─ 875 ÁC ≢ ⌐ ⅜

⇔≡™╢ ZrO2 ≤ SnO2 ╩ ∆╢ LAS2 ≢│ LAS4 ⌐ ╠╣√╟℮⌂ ™ │

≢⅝∏ ⅜ ⇔≡╙ LAS3 ⅔╟┘ LAS4 ╟╡╙ ⅜ ™

Fig. 3-13 ⌐ LAS2 ~ LAS4 ─ ─●ꜝ☻≤ 750 ÁC - 4 ─ ─ 800 ~ 1100 ÁC 

≢ 4 ─ ╩ ∫√◘fiⱪꜟ─ ☻Ɑ◒♩ꜟ╩ ∆ ≡─◘fiⱪꜟ⌐⅔™≡

⅜ ↄ⌂╢⌐≈╣≡ ⅜ ⇔ ZrO2 ╩ ∆╢ LAS3 ≢│ 985 ÁC SnO2 ╩

∆╢ LAS4 ≢│ 950 ÁC ≢ ⅜ 200 ~ 1500 nm ─ ≢╒╓ 0%≤⌂∫≡™╢ ZrO2 ≤

SnO2 ╩ ∆╢ LAS2 ≢│ ⅜ ⇔≡╙ LAS3 ≤ LAS4 ╟╡╙ ™ ╩

⇔≡™╢ ↓─ ─ ⌐ ℮ ☻Ɑ◒♩ꜟ─ │ ●ꜝ☻ ⌐ ⇔√

─◘▬☼╛ ●ꜝ☻ ≤ ─ ⅜ ≢ ∂╢ ⌐╟╢╙─≤ ⅎ

╠╣╢ LAS2 ≤ LAS3 ─ ☻Ɑ◒♩ꜟ─ ─ │ ⇔≡⅔╡ ⅔╟┘ ⅛╠

₁⌐ ⅜ ⇔ ⅜ ⌐⌂╢≤ ─ ╙ ⅝ↄ ∆╢

─ ⌐ ⅜№╢ כꜞ▬꜠│ [6]─ ⅜ ™ ∕─ ≢ LAS4 │

⌐ ℮ ─ ⌐ │№╕╡ ╠╣∏ ⌐ ⅜ ⇔≡™╢ ↓╣│

⌐╟╢ ⅜ ≢ ∂╢Ⱶכ [7]─ ⅜ ™ ↓╣╠─ ╩ ∆╢⌐│

◘fiⱪꜟ≢ ∆╢ ─◘▬☼╩ ∆╢ ⅜№╢√╘ XRD ⌐╟╢ ─ ≤

Williamson-Hall ⌐╟╢ ─ ╩ ∫√
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Fig. 3-12 ─ LAS2 ~ LAS4 ─◘fiⱪꜟ (a) ─●ꜝ☻ (b) 750 ÁC - 4

─ ─ 800 ~ 1100 ÁC ≢ 4 ─ ╩ ∫√●ꜝ☻



61

Fig. 3-13 750 ÁC - 4 ─ ─ 800 ~ 1100 ÁC ≢ 4 ─ ╩ ∫√ LAS2 

~ LAS4 ─ 2 mm ⌐⅔↑╢ ☻Ɑ◒♩ꜟ (a) ZrO2 ≤ SnO2 ╩ ∆╢ LAS2 (b) ZrO2 ╩ ∆

╢ LAS3 (c) SnO2 ╩ ∆╢ LAS4
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3.3.4.1 ZrO2 ≤ SnO2 ╩ ⇔√●ꜝ☻≢ ∆╢ ─

Fig. 3-14 ⌐ 750 ÁC - 4 ─ ⌐ 4 ─ ╩ ∫√ LAS2 ─ XRD

╩ ∆ ─√╘⌐ ⌂ ─ ╩ ⇔≡™╢ Fig. 3-14(a)╟╡ LAS2-

NT875-4 h ─ │ ɓ- ≢№╡ LAS2-NT900-4 h LAS2-NT985-4 h LAS2-NT1100-

4 h ─ │ ɓ-☻ⱳ☺ꜙⱷfi ≢№╢↓≤⅜ ⅛╢ Fig. 3-4 ─ LAS2-NT900-0 h ≢│ ɓ-

⅜ ↕╣√↓≤⅛╠ LAS2-NT900-4 h ≢│ 900 ÁC - 4 ─ ─ ⌐ ɓ-

⅛╠ ɓ-☻ⱳ☺ꜙⱷfi ┼─ ⅜ ∂√↓≤⅜ ⅛╢ 2ɗ 26 ~ 35Á─ ╩ ⇔

√ (Fig. 3-14(b)) ⅛╠ LAS2-NT875-4 h ≤ LAS2-NT900-4 h ≢│ ZrSnO4 ≤╖╠╣╢Ⱪ

⌂♪כ꜡ Ⱨכ◒⅜ 2ɗ 29.6ę ⌐ ≢⅝╢ LAS2-NT985-4 h ≢│ 2ɗ 30ę ─ Ⱨ

│◒כ ⌐◦ⱨ♩⇔ ⅜ ⅝ↄⱩ꜡כ♪≢№╢ ↓─Ⱨכ◒│ ZrSnO4 ⌐ ⅎ≡ c-ZrO2

╛ t-ZrO2 ─ ≤╙ ™ ⌐ ⇔≡™╢ LAS2-NT1100-4 h ≢│ 2ɗ 30ę ─ Ⱨ

─◒כ │∕─ ─◘fiⱪꜟ≤ ⇔≡ ↕ↄ ╙ ⅝™ ↕╠⌐ t-SnO2 ≤╖╠╣

╢ Ⱨכ◒╙ ≢⅝╢

Fig. 3-14 750 ÁC - 4 ─ ─ 875, 900, 985, 1100 ÁC ≢ 4 ─ ╩ ∫

√ LAS2 ─ XRD (a) 2ɗ 15 ~ 35ę─ XRD Ɽ♃כfi (b) 2ɗ 26 ~ 35ę─ ─

│ ─ Ⱨכ◒╩ ⇔≡™╢ ɓ- ICSD No. 24897.ɓ-☻ⱳ☺ꜙⱷfi

ICSD No. 14235. ZrSnO4 NIMS-MatNavi No. 4295349472_1_2. t-ZrO2 ICSD No. 53998 c-ZrO2

ICSD No. 93031. t-SnO2 ICSD No. 9163
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3.3.4.2 ZrO2 ╩ ⇔√●ꜝ☻≢ ∆╢ ─

Fig. 3-15 ⌐ 750 ÁC - 4 ─ ⌐ 4 ─ ╩ ∫√ LAS3 ─ XRD

╩ ∆ ─√╘⌐ ⌂ ─ ╩ ⇔≡™╢ ↓╣╟╡ ɓ-

≤ ɓ-☻ⱳ☺ꜙⱷfi ─ ─ Ⱨכ◒⅜ ≢⅝╢⅜ ZrO2 ≤ SnO2 ╩ ∆╢ LAS2

≤ ⌂╡ 1000 ÁC ≢╙ ɓ- ⅜ ≤⇔≡ ⇔≡™╢ 2ɗ 26 ~ 35Á─ ╩

⇔√ (Fig. 3-15(b)) ╟╡ LAS3-NT800-4 h ⌐⅔™≡ c-ZrO2 ╛ t-ZrO2 ─ Ⱨכ◒

≤ ™ 2ɗ 30.2Á ⌐Ⱪ꜡כ♪⌂Ɫ꜡כⱤ♃כfi⅜ ≢⅝ ⅜ ∆╢⌐≈

╣≡ ─ ≤ ─ ⅜ ≢⅝╢

Fig. 3-15 750 ÁC - 4 ─ ─ 800, 850, 905, 985, 1100 ÁC ≢ 4 ─ ╩

∫√ LAS3 ─ XRD (a) 2ɗ 15 ~ 35ę─ XRD Ɽ♃כfi (b) 2ɗ 26 ~ 35ę─

─ │ ─ Ⱨכ◒╩ ⇔≡™╢ ɓ- ICSD No. 24897. ɓ-☻ⱳ☺ꜙⱷfi

ICSD No. 14235. t-ZrO2 ICSD No. 53998 c-ZrO2 ICSD No. 93031.
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3.3.4.3 SnO2 ╩ ⇔√●ꜝ☻≢ ∆╢ ─

Fig. 3-16 ⌐ 750 ÁC - 4 ─ ⌐ 4 ─ ╩ ∫√ LAS4 ─ XRD

╩ ∆ ─√╘⌐ ⌂ ─ ╩ ⇔≡™╢ ↓╣╟╡ ɓ-

≤ ɓ-☻ⱳ☺ꜙⱷfi ─ ─ Ⱨכ◒⅜ ≢⅝╢ ⅜ 1000 ÁC ≢╙ ɓ-

─ Ⱨכ◒⅜ ≢⅝╢⅜ ɓ-☻ⱳ☺ꜙⱷfi ─ Ⱨכ◒─ ⅜ ↄ ɓ-☻

ⱳ☺ꜙⱷfi ⅜ ≢№╢↓≤⅜ ⅛╢ 2ɗ 26-35Á─ ╩ ⇔√ (Fig. 

3-16(b)) ╟╡ 2ɗ 26.6Á≤ 33.9Á⌐ t-SnO2 ≤ ⅎ╠╣╢ Ⱨכ◒⅜ ⇔ ─

⌐ ™ ─ ≤ ─ ⅜╖╠╣╢

Fig. 3-16 750 ÁC - 4 ─ ─ 850, 900, 950, 1000, 1100 ÁC ≢ 4 ─

╩ ∫√ LAS4 ─ XRD (a) 2ɗ 15 ~ 35ę─ XRD Ɽ♃כfi (b) 2ɗ 26 ~ 35ę─

─ │ ─ Ⱨכ◒╩ ⇔≡™╢ ɓ- ICSD No. 24897. ɓ-☻ⱳ☺ꜙⱷ

fi ICSD No. 14235. t-SnO2 ICSD No. 9163
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3.3.5 ─ ⅜ ⌂╢●ꜝ☻≢ ∆╢ ─

Fig. 3-17 ⌐ 750 ÁC - 4 ─ ─ ≢ 4 ─ ╩ ∫√ LAS2 ~ 

LAS4 ─◘fiⱪꜟ⌐≈™≡ ─ ≤ ⅎ╠╣╢ ⌂ Ⱨכ◒─ ≤

─ ╩ ∆ ZrO2 ≤ SnO2 ╩ ∆╢ LAS2 ≢│ ⅜ ∆╢

⌐≈╣≡ Ⱨכ◒⅜ ⌐◦ⱨ♩∆╢ ⅜№╢ ∕─ ≢ ZrO2 ╩ ∆╢ LAS3 ≤

SnO2 ╩ ∆╢ LAS4 ≢│ Ⱨכ◒─ ⌐╒≤╪≥ │ ╠╣⌂™ ZrO2 ≤ SnO2 ╩

∆╢ LAS2 ≢│ ⌐ ∆╢ │ ZrSnO4 ≢№╢ ⅜ ™ ZrSnO4 │

╩ ∆╢↓≤[8]⅜ ╠╣≡™╢ ∕─√╘ ⌐╟∫≡ ZrSnO4 ─

Zr ≤ Sn ─ ⅜ ⇔ Ⱨכ◒─◦ⱨ♩≤⇔≡ ↕╣√╙─≤ ⅎ╠╣╢ ╕√ LAS2-

NT1100-4 h ≢│ c-ZrO2 ╙⇔ↄ│ t-ZrO2 ≤ ⅎ╠╣╢ Ⱨכ◒⌐ ⅎ≡ t-SnO2 ─ Ⱨכ◒

╙ ↕╣√↓≤⅛╠ ≢│ ZrSnO4 ⅜ ⇔≡™╢ ╙ ↕╣╢ ⌂⅔ ZrO2-SnO2

─▪⸗ꜟⱨ□☻╩ ∆╢↓≤≢ ─ ⅜ ∂╢↓≤⅜ ↕╣≡™╢[8] Fig. 3-18 ⌐

─ ─ ≤ ≤─ ╩ ∆ ╩ ∆╢⌐№

√╡ ─ ╩ LAS2 ZrSnO4 t-ZrO2 t-SnO2 LAS3 t-ZrO2 LAS4 t-SnO2 ≤

⇔≡ ╩ ∫√ ™∏╣─◘fiⱪꜟ≢╙ │ ⅜ ≢│ 5 nm

≢№╢ ⅜ ⅜╢≤ │ ⇔≡ 10 nm ╩ ⅎ╢◘▬☼≤⌂╡

1100 ÁC ≢│ 15 ~ 20 nm ≢№╢

Fig. 3-17 ─ ─ ≤ ─ 750 ÁC - 4 ─

─ ≢ 4 ─ ╩⇔√◘fiⱪꜟ─ ╩ ∆
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Fig. 3-18 ─ ─ ≤ ─ 750 ÁC - 4 ─

─ ≢ 4 ─ ╩⇔√◘fiⱪꜟ─ ╩ ∆

Fig. 3-19 ⌐ 750 ÁC - 4 ─ ⌐ ⌂╢ ≢ 4 ─ ╩ ∫√

LAS2 ~ LAS4 ⌐≈™≡ LAS ≢№╢ ɓ- ─ h k l = 1 0 0 ≤ ɓ-☻ⱳ☺ꜙⱷfi

─ h k l = 1 0 2 ─ XRD ≤ ─ ╩ ∆ ↓╣╟╡ ZrO2 ≤ SnO2 ╩

∆╢ LAS2 (Fig. 3-19(a)) ≢│ ⅜ 850 ÁC ≤ 875 ÁC ≢│ ɓ- ─

⅜ ⅝ↄ 900 ÁC ≢│ ɓ-☻ⱳ☺ꜙⱷfi ─ ⅜ ⅝™↓≤⅜ ⅛╢ ɓ-☻ⱳ☺

ꜙⱷfi │ ɓ- ⅛╠ ∆╢√╘ 900 ÁC ─ ≢│ 4

∆╢ ⌐ ⅜ ⇔√≤ ⅎ╠╣╢ ZrO2 ╩ ∆╢ LAS3 (Fig. 3-19(b)) ≢│

⅜ 865, 875, 890 ÁC ≢ ɓ-☻ⱳ☺ꜙⱷfi ─ ⅜ ⅝™ ≢ 900 ÁC │

ɓ-☻ⱳ☺ꜙⱷfi ─ │ ↕ↄ ɓ- ─ ─╒℮⅜ ⅝™ ↕╠⌐

⅜ 1050, 1100 ÁC ≢│ ɓ-☻ⱳ☺ꜙⱷfi ─ ⅜ ⅝ↄ⌂∫≡™╢

↓─╟℮⌂ │ ZrO2 ≤ SnO2 ╩ ∆╢ LAS2 ≢│ ╠╣⌂⅛∫√ ↓╣╕≢─ ⅛╠ ╠

⅛⌂╟℮⌐ ɓ- ⅔╟┘ ɓ-☻ⱳ☺ꜙⱷfi ─ │ ⌐ ∆╢

─ ─ ╩ ↄ ↑╢ ∕─√╘ ╕≢─ ≤

≢─ ─ ⌐ ↕╣√ ─ ─ ⅜ LAS ─ ⌐ ↄ

⇔≡™╢ ⅜ ™ SnO2 ╩ ∆╢ LAS4 (Fig. 3-19(c)) ≢│ ⅜ 950 ÁC ╕

≢│ ɓ- ╙ ɓ-☻ⱳ☺ꜙⱷfi ╙ ⅜ ⅜╢⌐≈╣≡ ╙

⇔≡™╢⅜ 950 ÁC ╟╡╙ ≢│ ɓ- ─ │ ⇔, ɓ-☻ⱳ☺ꜙⱷfi ─

─╖⅜ ⇔≡™╢ ↓╣╟╡ ⅜ ⌐⌂╢⌐≈╣≡ ɓ- ⅛

╠ ɓ-☻ⱳ☺ꜙⱷfi ┼─ ⅜ ⇔≡™╢≤ ⅎ╠╣╢

Fig. 3-20 ⌐ Fig. 3-19 ⌐ ⇔√ ɓ- ≤ ɓ-☻ⱳ☺ꜙⱷfi ─ ≤

─ ╩ ∆ ↓╣╟╡∆═≡─ ≤ ≢ │ 100 nm ≢№╢↓≤

⅜ ™╒≥ ╙ ⅝ↄ⌂∫≡™╢↓≤⅜ ⅛╢ ╕√ LAS2 ~ LAS4 ╩

∆╢≤ ZrO2 ≤ SnO2 ╩ ∆╢ LAS2 ≢ ⇔√ ɓ- ≤ ɓ-☻ⱳ☺ꜙⱷfi ─
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│ ZrO2 ╩ ∆╢ LAS3 ╛ SnO2 ╩ ∆╢ LAS4 ╟╡╙ ↕™ ≢№╢

Fig. 3-18 ≤ Fig. 3-20 ⅛╠ ╠⅛⌂╟℮⌐ ⌐╟∫≡ ⇔√ ─ ɓ-

⅔╟┘ ɓ-☻ⱳ☺ꜙⱷfi ─ │ 100 nm ≢№∫√ Fig. 3-13 ─ ☻

Ɑ◒♩ꜟ⌐ ∆╢≤ ☻Ɑ◒♩ꜟ╩ ⇔√ ╟╡╙ ⅜ ↕ↄ כꜞ▬꜠

⌐╟∫≡ ⅜ ⇔√ ⅜ ↕╣╢ ⇔⅛⇔ SnO2 ╩ ∆╢ LAS4 ⌐⅔™≡

⌐ ℮ ─ │Ⱶכ ⌐ ™ ╩ ⇔≡™√ ↓─ ≤⇔≡│ 100 nm ─◘

▬☼─ ⅜ ⌐ ⇔ ⇔√ ⅜ ⇔√ ⌐╟∫≡ ╩ ↓∆↓≤≢

Ⱶכ ─╟℮⌂ ╩ ⇔√╙─≤ ⅎ╠╣ כꜞ▬꜠ ≤Ⱶכ ─ ⅜ ∂≡™╢

⅜№╢ ↕╠⌂╢ ⌐│ ╩ ™ ─ ╛ ⅔╟┘ ⌂≥╩

∆╢ ⅜№╢ ≢ ─ ⌐ ⅜ ╠╣√ ZrO2 ≤ SnO2 ╩ ∆╢ LAS2

≤ ZrO2 ╩ ∆╢ LAS3 ≢│ LAS4 ≤│ ⌂╡ ─ כꜞ▬꜠│ ⅜ ≢№╢

≤ ⅎ╠╣╢ כꜞ▬꜠ ⌐⅔↑╢ │ ─ (3) [6]≢ ↕╣╢

Ὅ — Ὠ Ὅ   (3)

↓↓≢ I (ɗ) │ ɗ │ r │ ⅛╠─ ɚ │ ─ d │ ─

M │ⱴ♩ꜞ♇◒☻●ꜝ☻≤ ─ ─ I0│ ─ ≢№╡ │ ─

─ 6 ⌐ ∆╢↓≤⅜ ⅛╢ ∕↓≢ ZrO2 ≤ SnO2 ╩ ∆╢ LAS2 ≤ ZrO2 ╩ ∆╢

LAS3⌐≈™≡ ─ ─ ⅜ ⇔√ ─ ⌐ ∆╢╙─≤ ⇔≡

─ ─ 6 ⌐ ∆╢⅛ ⇔√ ∕─ ╩ Fig. 3-21 ⌐ ∆ ─ ⅜

∆╢ │ XRD ╟╡ ≤ ⅎ╠╣╢ ─ ─ ╩ ™√

─ ─ │ 1250 nm ─ ╩ ™√ Fig. 3-21 ╟╡ ZrO2 ≤ SnO2 ╩ ∆

╢ LAS2 ╙ ZrO2 ╩ ∆╢ LAS3 ╙ ─ ─ ≤ ─ ─ 6 ⌐

⅜№╢╟℮⌐╖ⅎ╢↓≤⅛╠ ─ ─ כꜞ▬꜠│ ⅜ ∞≤ ⅎ╠

╣╢ ≢ LAS2 ≤ LAS3 ╩ ∆╢≤ ─◘▬☼⌐ ⇔≡ ─ ⅝↕│ ZrO2

╩ ∆╢ LAS3 ─╒℮⅜ ⅝™ ↓╣│ Fig. 3-21 ≢ ─ ─╖╩ ⇔√↓≤

⌐ ⅎ≡ כꜞ▬꜠⌐℮╟╢⅛╦╠⅛(3) ─ ⌐│ ⌐╙ ╛

●ꜝ☻ ≤ ─ ⌂≥─ ₁⌂ ⅜ ∆╢√╘ ╩ ∆╢∞↑≢│

⌐╟╢ ╩ ≢⅝⌂™╙─≤ ⅎ╠╣╢
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Fig. 3-19 ─ LAS2 ~ LAS4 ≢ ⇔√ ɓ- ─ h k l = 1 0 0 ≤ ɓ-☻ⱳ☺ꜙⱷfi

─ h k l = 1 0 2 ─ XRD ≤ ─ 750 ÁC - 4 ─ ─

≢ 4 ─ ╩⇔√◘fiⱪꜟ─ ╩ ∆
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Fig. 3-20 ─ LAS2 ~ LAS4 ≢ ⇔√ ɓ- ≤ ɓ-☻ⱳ☺ꜙⱷfi ─

≤ ─ 750 ÁC - 4 ─ ─ ≢ 4 ─ ╩⇔√◘

fiⱪꜟ─ ╩ ∆  
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Fig. 3-21 LAS2 ≤ LAS3 ≢ ⇔√ ─ ─ ─ 6 ≤ ─

─ ≢ ⇔√ ─℮∟ ─ ─ ╩ 6 ⇔√ ╩

⌐ ™≡™╢ ─ ─ │ 1250 nm ─ ╩ ™√

3.4 ─╕≤╘

≢│ 2 ≢ ⇔√ ─ ⅜ ⌂╢ LAS2 ~ LAS4 ─●ꜝ☻⌐ ⇔≡ ╩

™ 750 ÁC - 4 ─ ╛ ─ ™⅜ ∆╢ ⌐ ⅎ╢ ╩

⇔√ ─ ⅜ ⌐ ∆╢ ≢№╡ 750 ÁC - 4 ─ ╩

℮↓≤⌐╟∫≡ ≡─ ≢ ─ ─ ⅜ ∆╢↓≤⅜ ⅛∫√

⌐╟∫≡╦∏⅛⌐ ⅜ ⇔√↓≤⅛╠ ≢ ⅜ ∂√ ⅜ ™ ╕√

∕─ ─ ≢ ⌐ ─ ≤ ⅎ╠╣╢ ⌐Ɫ꜡כⱤ♃כfi⅜╖

╠╣╢↓≤⅛╠ ─ ⌐ ™ ╩╙∫√ ⅜ ∂≡™╢ ⅜ ™

─ │ ZrO2 ≤ SnO2 ╩ ∆╢ LAS2 ≢│ ZrSnO4 ZrO2 ╩ ∆╢ LAS3 ≢│ t-

ZrO2 ╙⇔ↄ│ c-ZrO2 SnO2 ╩ ∆╢ LAS4 ≢│ t-SnO2 ≢№╢ ⅜ ↕╣√

LAS ─ ⌐ ∆╢≤ ZrO2≤ SnO2 ╩ ∆╢ LAS2 ≢│ 750 ÁC - 4

─ ╩ ℮↓≤≢ ɓ- ─ ⅜ ∆╢ ZrO2 ╩ ∆╢ LAS3 ≢│

╩ ℮↓≤≢ ⌐ ɓ- ─ ╩ ∆╢ ⅜№╢↓≤⅜ ╠⅛⌐⌂∫√

⇔⅛⇔⌂⅜╠ LAS3 ≢│ ─ ⌐⅔™≡ ɓ- ⅛╠ ɓ-☻ⱳ☺ꜙⱷfi┼─

⅜ ∆╢↓≤╙ ↕╣√ ↓─╟℮⌐ ─ ╛ ⌐╟∫≡
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─ ─ XRD Ɽ♃כfi⌐ ™⅜╖╠╣√↓≤⅛╠ ─ ─

⅜ ⌐╟∫≡ ⌂╡ ⇔√ ─ ™⅜ LAS ─ ⌐ ∆

╢↓≤╩ ⇔≡™╢≤ ⅎ╠╣╢

↕╠⌐ ≢│ [9,10]≢ ↕╣≡™╢╟℮⌐ ZrO2 ≤ SnO2 ╩ ∆╢ LAS2 ⌐

⅔™≡ ╙ ─ ™ ●ꜝ☻╩ ∆╢↓≤⅜≢⅝√ ↓╣│ ─ ─ ™

⅜ ⅝ↄ ⇔≡⅔╡ ─ ⅜ ɓ- ⅔╟┘ ɓ-☻ⱳ☺ꜙⱷfi ─

⌐ ⅎ╢ ⅜ ⌂╢√╘≤ ⅎ╠╣╢ ⅎ┌ ZrO2 ≤ SnO2 ╩ ∆╢ LAS2 ≢│

750 ÁC - 4 ─ ╩ ℮↓≤≢ ╟╡ ─ ™ ●ꜝ☻╩ ≢⅝╢⅜ ZrO2

╩ ∆╢ LAS3 ≢│↓─ ≢│ ⌐ ⅜ ⇔√╙─╙ ⇔√ ╕√⁸∆

═≡─◘fiⱪꜟ≢ ↕╣√ ─ │™∏╣╙ 100 nm ≢№╡ כꜞ▬꜠ ⅜

─ ≢№╢≤ ⅎ╠╣╢⅜ SnO2 ╩ ∆╢ LAS4 ≢│ ⌂ ⅜ ⌐

⇔√↓≤⅜ ≤ ⅎ╠╣╢Ⱶכ ⌐╟╢ ─ ⌂ ╙ ╘╠╣√ ⇔√⅜∫

≡ ─ ≤ ╛ ⌂≥─ ╩ ∆╢↓≤⅜

╩ ∆╢√╘⌐ ≢№╢ ∕─√╘⌐╙ ≤⇔≡ ∆╢≤ ⅎ╠╣╢

─ ─ ≤ ∕─ ─ ™⅜ LAS ⌐ ⅎ╢ ╩ ∆╢↓≤⅜ ≢
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4

₁─ ╩ ⇔√

Li2O-Al2O3-SiO2 ●ꜝ☻─

4.1

3 ⌐⅔™≡ 750 ÁC - 4 ─ ⌐╟∫≡ ─ ─ ⅜ ↕

╣╢↓≤ ─ ╛∕─ ⅜ ⌂╢≤ LAS ─ ⅜ ⅝ↄ

⌂╢ ⅜ ↕╣√ ↓─↓≤⅛╠ ─ ⅜ LAS ─ ≤⇔

≡─ ╩╙≈≤ ⅎ╠╣╢ ─ ─ │ ⌂™√╘ XRD Ɽ♃

─fiכ ─╖≢│ ─ ─ ╛ ⌂ ─ │ ≢№∫√

∕↓≢ ≢│ STEM ⅔╟┘ XAFS ╩ ™≡ ─ ─ ≤ ─

™⌐╟╢ ─ ─ ─ ╩ ⇔√ ↕╠⌐ ≢ ⇔√

─ ≤ 3 ─ ╩╙≤⌐ 2 ⌐⅔↑╢ DSC ≤ ─ ⌐≈™≡

╩ ∫√

4.2

STEM ─◘fiⱪꜟ│ ╩ ™≡ ⇔√ ⇔√◘fiⱪꜟ╩◄♃ⱡכꜟ ⌐

↕∑ Ⱳfiכ◌ ⅝─ Cu ◓ꜞ♇♪ EM Japan quantifoil R0.6/1 200mesh ─ ⌐

⇔√ ∕─ ⇔√◘fiⱪꜟ╩ ↕∑ ╩ ♩כ◖Ⱳfiכ◌⌐╘√╢→

╩ ⇔√ STEM ◄Ⱡꜟ◑כ X EDS: Energy dispersive X-ray spectroscopy

4 (4D-STEM)[1]│ (Thermo Fisher 

Scientific Titan Cubed G2 60-300) ╩ ™≡ 300 kV ≢ ⇔√

(HAADF: High Angle Annular Dark-Field)-STEM │ ─ ╡ ╖ 52 ~ 200 mrad ◌

ⱷꜝ 115 mm ─ ≢ ⇔√ ╕√ Si Al Zr Sn O ─ ⱴ♇Ⱨfi◓│ ⌐

ⅎ ↑╠╣≡™╢ EDS Super-X ╩ ™≡ 18 mrad ⱪ꜡כⱩ 70 pA

ⱪ꜡כⱩ 0.1 nm ☻♥♇ⱪ◘▬☼ 4 nm ─ ≢ ⇔√ ╕√ 4D-STEM ╩

™≡ ─ ─ ╩ ⇔√ 4D-STEM ─ │ ⱪ꜡כⱩ 10 pA

1.2 mrad ◄Ⱡꜟ◑כⱨ▫ꜟ♃כ ♀꜡꜡☻Ⱨכ◒╩ ╗ Ñ 5 eV ─◄Ⱡꜟ◑

כ ≢─ⱦכⱶ☻◐ꜗfi─☻♥♇ⱪ◘▬☼ 2 nm Ɽ♃כfi─ 0.171 

nm-1/Ⱨ◒☿ꜟ ≢─ №√╡─ 0.05 ≤⇔√ ╕√ ─

─√╘⌐ ≤⌂╢ ─ ╢№≢▪▼►♩ⱨ♁☻כ♁ⱪfiכ○╩ Recipro [2]
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╩ ™≡ ⇔√

─◘fiⱪꜟ⌐≈™≡ Zr K ≤ Sn K ─ XAFS ╩ ∫√ ◘fiⱪꜟ│ ZrO2

≤ SnO2╩ ∆╢ LAS2 ≤ SnO2 ╩ ∆╢ LAS4 ⌐≈™≡│ 2 ≤ ─ ≢ ╩

™ ⇔√ √∞⇔ ȹɛt ⅜ 1 ≤⌂╢ ╖⌐ ⇔≡◘fiⱪꜟ─ ╖⅜ ╡⌂™ │ ╖

╩ ⇔√ ─◘fiⱪꜟ╩ ⌡≡ ∆╢↓≤≢ ⇔√ ZrO2 ╩ ∆╢ LAS3 ─ ◘

fiⱪꜟ│ ─ ≢ ⇔√ ╕∏◘fiⱪꜟ╩▪ꜟⱵ♫ ≤▪ꜟⱵ♫ ╩ ™≡ ⇔

◘fiⱪꜟ╩ √ ∕─ ◘fiⱪꜟ≤ 99% ─ ⱱ► Boron Nitride: BN

╩ ⇔√ ⌐ ȹɛt ⅜ 1 ≤⌂╢ ╩ ⇔ ⇔√ ◘fiⱪꜟ≤ BN ╩

≢ ∆╢↓≤≢ 7 mmű ─Ɑ꜠♇♩╩ √ ⇔√Ɑ꜠♇♩│ⱳꜞ ⌐ כ◦

ꜟ╩ ™ ⌐ ⇔√ XAFS │ 2 ≤ ⌐ SPring-8 ─

ⱦכⱶꜝ▬fi BL14B2 [3]⌐≡ ∫√ 2021A1648 2021B2017 2022A1768

Si (311)─ ╩ ™≡ ─ XANES ☻Ɑ◒♩ꜟ≤ EXAFS ☻Ɑ◒♩ꜟ╩

◒▬♇◒☻◐ꜗfi≢ ⇔√ QXAFS [4,5] ─♃כ♦√⇔ ⌐│ XAFS Ɽ♇◔

♩ⱨ♁☺כ Demeter (Athena/Artemis)[6]╩ ™√ ╩♃כ♦─ ™≡ k2 ─ ╖≠↑╩⇔√

EXAFS ☻Ɑ◒♩ꜟ⅛╠ Zr ⅔╟┘ Sn ─ ╩ ⇔√ Artemis ⌐ ↕╣√ FEFF

⌐ ≠ↄ ─ XAFS ♁ⱨ♩►▼▪ ╩ ⇔≡ ─

─ ╩ ∫√

4.3 ⅔╟┘

4.3.1 ZrO2≤ SnO2╩ ⇔√●ꜝ☻≢ ∆╢ ─

Fig. 4-1 ⌐ ZrO2≤ SnO2╩ ∆╢ LAS2 ⌐≈™≡ 750 ÁC - 4 ─ ─ ⌐ 920 ÁC -

4 ─ ╩ ∫√ LAS2-NT920-4 h ─ HAADF-STEM ≤ EDS ⱴ♇ⱪ╩ ∆

HAADF-STEM (Fig. 4-1(a)) ⅛╠ nm ⅛╠ 10 nm ─ ⅜ ⇔≡™╢↓≤⅜

≢⅝╢ HAADF-STEM │ Z ◖fi♩ꜝ☻♩ [7]≢№╢√╘ │ ─ ⅝⌂

≢ ↕╣╢ ≢№╢↓≤╩ ⇔≡™╢ ↓─ ⌐ ∆╢≤ ∕─ ⌐⅔

™≡ Zr ≤ Sn ─ ⅜ ™↓≤⅜ EDS ⱴ♇ⱪ (Fig. 4-1(b) ~ Fig. 4-1(f)) ⅛╠╦⅛╢ ╕√ Al ─

EDS ⱴ♇ⱪ⌐⅔™≡ ─ ╠⅞⅜ ≢⅝ ≢№╢ ɓ-☻ⱳ☺ꜙⱷfi─ ⌐ ⇔

√╙─≤ ⅎ╠╣╢⅜ LAS ─ │ ⌐ ™√╘ EDS ⱴ♇ⱪ─ ⌐ ɓ-☻ⱳ☺

ꜙⱷfi─ ⅜ ╣≡™╢ ╙№╡ ⅜ ⇔™

Fig. 4-2 ⌐ 750 ÁC - 4 ─ ─ ⌐ 850 ÁC - 4 ─ ╩ ∫√ LAS2-

NT850-4 h ─ 4D-STEM ╩ ∆ Fig. 4-2(a)─ ╟╡ nm ◘▬☼─ ⌂

⅜ ⇔≡ ⇔≡™╢↓≤⅜╦⅛╢ Fig. 4-2(a)≢ ™ ≢ ╪∞ ─ (Fig. 

4-1(b)) ╟╡ ZrSnO4 ─ [h k l] = [0 1 1] ≤ ⅎ╠╣╢ Ɽ♃כfi⅜ ≢⅝╢ ↓─
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│ (Fig. 4-2(c)) ≤╙╟ↄ ⇔≡™╢ ↕╠⌐ Table 4-1 ⌐ ∆ ZrSnO4 ─

─ ≤ ─ ╟╡ ≤ ─ ╙ ™↓≤⅜ ⅛╢ ─

⅛╠ nm ◘▬☼─ ⌂ │ ZrSnO4 ≢№╢↓≤⅜ ↕╣╢

Fig. 4-3 ⌐ LAS2-NT850-4 h ─ Fig. 4-2 ≤ ⌂╢ ─ 4D-STEM ╩ ∆ Fig. 4-3(a)

─ ⌐ ™ ≢ ╪∞ ─ (Fig. 4-3(b)) │ ZrSnO4─[h k l] = [1 0 

1] ╩ ⇔≡™╢ ↓─ ─ ╩ ↄ ⌐ ╕╣╢ ☻ⱳ♇♩╩

™≡ ⇔√ (Fig. 4-3(c))╟╡ ⌐ ≢ ∆ 5 nm ─ ZrSnO4≤ ⅎ╠

╣╢ ⅜ ≢⅝╢ ⌐ Fig. 4-3(a) ─ ⌐ ™ ≢ ╪∞ ─

(Fig. 4-3(d)) ╩ ∆ ↓─ ╟╡ ⌐ ⇔≡ ─ ⅜ ⌂∫≡™╢

√╘⌐ ─ ─ ☻ⱳ♇♩⅜ ≢⅝╢ ↓─ ⅛╠ │ ≢⅝⌂™⅜ ɓ-

≤ ⅎ╠╣╢ ☻ⱳ♇♩⅜™ↄ≈⅛ ≢⅝╢ Fig. 4-3(d) ⌐ ≢ ∆

⌐ ╕╣╢ ☻ⱳ♇♩╩ ™≡ ⇔√ (Fig. 4-3(e)) ╟╡ ɓ- ≤

ⅎ╠╣╢ nm ◘▬☼─ ⅜ ∆╢↓≤⅜ ≢⅝╢ ZrSnO4 ⅔╟┘ ɓ-

─ ─◘▬☼│ 3 ⌐⅔™≡ Williamson-Hall ≢ ⇔√ ≤ ™◘▬☼≢

№╢ ZrSnO4 ⅜ ↕╣√ (Fig. 4-3(c)) ≤ ɓ- ⅜ ↕╣√

(Fig. 4-3(e)) ─ ─ ▬ⱷכ☺ (Fig. 4-3(f))╟╡ nm ─◘▬☼─ ZrSnO4≤ nm ◘

▬☼─ ɓ- ⅜ ⇔≡ ⇔≡™╢↓≤⅜╦⅛╢

Fig. 4-1 LAS2-NT920-4 h ─ HAADF-STEM ≤ EDS ⱴ♇ⱪ [8] (a) HAADF-STEM . (b) Si ─

EDS ⱴ♇ⱪ. (c) Al ─ EDS ⱴ♇ⱪ. (d) Zr ─ EDS ⱴ♇ⱪ. (e) Sn ─ EDS ⱴ♇ⱪ. (f) O ─ EDS ⱴ♇ⱪ.
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Fig. 4-2 LAS2-NT850-4 h ─ 4D-STEM [8] (a) BF-STEM . (b) Fig.4-2(a) ─ ™

─ ─ (c) ZrSnO4 ─ [h k l] = [0 1 1] ─ ─

Table 4-1 Fig. 4-2 ─ ZrSnO4─ ─ ≤ ─ [8]

Crystal plane of ZrSnO4 Simulated [¡] Observed [¡] Error [%]

022 1.88 1.90 0.85

111 2.97 2.95 -0.54

200 2.41 2.36 -1.87

ľ

ľ ľ

ľ
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Fig. 4-3 LAS2-NT850-4 h ─ Fig. 4-2 ≤ ⌂╢ ─ 4D-STEM [8] (a) BF-STEM

(b) Fig. 4-3(a) ⌐ ™ ≢ ╕╣√ ─ Ɽ♃כfi (c) Fig. 4-3(b)─ ╩

ↄ ─ ☻ⱳ♇♩╩ ⇔≡ ↕╣√ DF-STEM (d) Fig. 4-3(a) ⌐ ™

≢ ╕╣√ ─ Ɽ♃כfi (e) Fig. 4-3(d) ⌐ ≢ ↕╣≡™╢ ─ ☻

ⱳ♇♩╩ ⇔≡ ↕╣√ DF-STEM (f) Fig. 4-3(c)≤ Fig. 4-3(e)─ Fig. 4-

3(f) ─ ™ │ ZrSnO4 ─ ╩ ⇔≡™╢
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Fig. 4-4 ⌐ LAS2 ─ ≤ 750 ÁC - 4 ─ ─ ₁─ ≢ 4 ─

╩ ∫√◘fiⱪꜟ─ Zr K ─ XANES ☻Ɑ◒♩ꜟ╩ ∆ ─●ꜝ☻⌐│ ZrO6

─ ─ ⌐ ⌂ 1s Ÿ 4d ⌐ ∆╢ⱪꜞ◄♇☺Ⱨכ◒ A [9]≤ ⌂Ⱨ

◒כ B C ⅜ ≢⅝╢ ⅜ ↄ⌂╢≤ ☻Ɑ◒♩ꜟ ⌐Ⱨכ◒ B ─ ⅜

⇔≡™╢ Li ╠[9]⌐╟∫≡ ↕╣√ ZrO2 ─ ─ XANES ☻Ɑ◒♩ꜟ≤ ∆╢≤

─●ꜝ☻≤ LAS2-NT800-4 h ⅛╠ LAS2-NT920-4 h ╕≢─☻Ɑ◒♩ꜟ │ c-ZrO2 ─☻

Ɑ◒♩ꜟ ≤ ≡™√╙── ⱪꜞ◄♇☺Ⱨכ◒ A ⅜ ∆╢↓≤╛Ⱨכ◒ ⅜╛╛ ⌂

∫≡™╢ ↕╠⌐ STEM ╙ ∆╢≤ ↓╣╠─ XANES ☻Ɑ◒♩ꜟ│ ZrSnO4 ─

Zr ─ ╩ ⇔≡™╢≤ ⅎ╠╣╢ LAS2-NT985-4 h ─☻Ɑ◒♩ꜟ │ LAS2-

NT920-4 h ≤ LAS2-NT1100-4 h ─ ─╟℮⌂ ╩⇔≡⅔╡ LAS2-NT1100-4 h ≢│Ⱨכ◒ D

╩╙≈ t-ZrO2─☻Ɑ◒♩ꜟ [9]≤╟ↄ ≡™√

Fig. 4-5 ⌐ Zr K ─ k2 ─ ╖≠↑╩⇔√ EXAFS ☻Ɑ◒♩ꜟ≤ ╩ ∆

(Fig. 4-5(b)) ⌐ ∆╢≤ 1.5 Zr-O ≤ ↕╣╢ 2.0

3.0-4.0 Zr-Si ≤ Zr-Zr ╕√│ Zr-Sn ≤ ↕╣╢ ⌐Ⱨכ◒⅜ ≢⅝╢ ⌂⅔

─●ꜝ☻≤ LAS2-NT800-4 h ─ 3.0 ⌐ ≢⅝╢Ⱨכ◒│ 2 ─ ⅛╠ Zr-Si ─Ⱨ

≥◒כ ⅎ╠╣╢ Fig. 4-5(b) ⌐ ≢ ⇔≡™╢╟℮⌐ LAS2-NT850-4 h ~ LAS2-NT1100-4 h

╕≢─ Zr-Zr ╕√│ Zr-Sn ─Ⱨכ◒│ ─ ⌐╟∫≡ ⅜ ↄ⌂╢↓≤╩ ⇔

≡™╢ ↕╠⌐ LAS2-NT985-4 h ⅔╟┘ LAS2-NT1100-4 h ≢│ ↓─ Ⱨכ◒─ ⅜ ⅝

ↄ⌂∫≡™╢ EXAFS ☻Ɑ◒♩ꜟ⅔╟┘ ─ ╩ ∆╢≤ ⱪכꜟ◓ 1

─●ꜝ☻≤ LAS2-NT800-4 h ⱪכꜟ◓ 2 LAS2-NT850-4 h ~ LAS2-NT920-4 h כꜟ◓

ⱪ 3 LAS2-NT985-4 h ≤ LAS2-NT1100-4 h ─ 3 ⌐ⱪכꜟ◓─≈ ≢⅝ LAS2-NT985-4 h ⌐

≈™≡│ LAS2-NT920-4 h ≤ LAS2-NT1100-4 h ─ ─ ╩⇔≡™╢ STEM ⅛╠◓

ⱪכꜟ 2 │ ZrSnO4 XANES ⱪכꜟ◓╠⅛ 3 │ t-ZrO2 ─ ╩ ⇔≡⅔╡ LAS2-

NT985-4 h ≢│ ZrSnO4 ≤ t-ZrO2 ─ ─ ╩ ≈ ⅜ ™
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Fig. 4-4 LAS2 ─ ─●ꜝ☻≤ 750 ÁC - 4 ─ ⌐ 4 ─ ╩

∫√◘fiⱪꜟ─ Zr K ─ XANES ☻Ɑ◒♩ꜟ [8]

Fig. 4-5 LAS2 ─ ─●ꜝ☻≤ 750 ÁC - 4 ─ ⌐ 4 ─ ╩

∫√◘fiⱪꜟ─ Zr K ─ EXAFS [8] (a) k2 ─ ╖≠↑╩⇔√ EXAFS ☻Ɑ◒♩ꜟ

(b) ⱨכꜞ◄ ⌐ ™√ │ 3.0 ~ 12.5 ¡-1≤⇔√
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Fig. 4-6 ⌐ LAS2 ─ ≤ 750 ÁC - 4 ─ ─ ₁─ ≢ 4 ─

╩ ∫√◘fiⱪꜟ─ Sn K ─ XANES ☻Ɑ◒♩ꜟ╩ ∆ ↓╣╟╡ ─●ꜝ☻─

ⱱ꞉▬♩ꜝ▬fi ─ ⌐ ⇔≡ ─●ꜝ☻─ⱱ꞉▬♩ꜝ▬fi│ ◄Ⱡꜟ◑

כ ⌐◦ⱨ♩⇔≡™╢↓≤╛ ─●ꜝ☻─ XANES ☻Ɑ◒♩ꜟ─ │ꜞⱨ□꜠fi☻

─ t-SnO2 ⌐ ⇔≡™╢↓≤⅜ ⅛╢ ↓╣│ ⌐╟∫≡ Sn2+⅛╠ Sn4+┼─

[10,11]⅜ ∂≡™╢↓≤╩ ⇔≡™╢

Fig. 4-7 ⌐ Sn K ─ k2 ─ ╖≠↑╩⇔√ EXAFS ☻Ɑ◒♩ꜟ≤ ╩ ∆

(Fig. 4-7(b))⌐ ∆╢≤ 1.5 Sn-O ≤ ↕╣╢ ⌐ ≢ ∆ 2.8 

Sn-Si ≤ ↕╣╢ 3.0 ~ 4.0 Sn-Sn ╕√│ Sn-Zr ≤ ↕╣╢ ⌐Ⱨכ◒⅜

≢⅝╢ ╕√ ⌐╟∫≡ ─ Sn-O ≤ ⅎ╠╣╢ ⅜ ↄ⌂╢↓≤

⅜ ⅛╢ ─●ꜝ☻≤ LAS2-NT800-4 h ⌐ ∆╢ 2.8 ─ Sn-Si ≤ ⅎ╠╣╢Ⱨ

⌐◒כ ∆╢≤ ⌐╟∫≡ ⅜ ↄ⌂∫≡™╢↓≤⅜ ⅛╢ LAS2-NT850-4 h

~ LAS2-NT985-4 h ≢│ Sn-Sn ╙⇔ↄ│ Sn-Zr ≤ ⅎ╠╣╢ ⅜ ⌐╟∫≡

╛╛ ⌂╢⅜ ⅝⌂ ™│ ╠╣⌂™ LAS2-NT1100-4 h ─ ─ │ꜞⱨ□꜠fi

☻─ t-SnO2 ≤╟ↄ ⇔≡™╢↓≤⅛╠ t-SnO2 ─ ⅜ ↕╣╢ EXAFS ☻Ɑ◒♩ꜟ

⅔╟┘ ─ ╩ ∆╢≤ ⱪכꜟ◓ 1 ─●ꜝ☻≤ LAS2-NT800-4 h

ⱪכꜟ◓ 2 LAS2-NT850-4 h ~ LAS2-NT985-4 h ⱪכꜟ◓ 3 LAS2-NT1100-4 h ─ 3 ≈─◓ꜟ

⌐ⱪכ ≢⅝╢ Zr K ─ XAFS ≢│ LAS2-NT985-4 h │ LAS2-NT920-4 h ≤ LAS2-

NT1100-4 h ─ ─ ╩⇔≡™√⅜ Sn K ≢│∕─╟℮⌂ ⱪכꜟ◓∏╣╠╖│ 2 ⌐

↕╣╢ ⇔√⅜∫≡ ⱪכꜟ◓ 2 │ ZrSnO4 ⱪכꜟ◓ 3 │ t-SnO2 ─ ╩ ⇔≡™╢≤

ⅎ╠╣╢
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Fig. 4-6 LAS2 ─ ─●ꜝ☻≤ 750 ÁC - 4 ─ ⌐ 4 ─ ╩

∫√◘fiⱪꜟ─ Sn K ─ XANES ☻Ɑ◒♩ꜟ [8] ─ │ ─●ꜝ☻─ⱱ꞉▬♩

ꜝ▬fi╩ ⇔≡™╢

Fig. 4-7 LAS2 ─ ─●ꜝ☻≤ 750 ÁC - 4 ─ ⌐ 4 ─ ╩

∫√◘fiⱪꜟ─ Sn K ─ EXAFS [8] (a) k2 ─ ╖≠↑╩⇔√ EXAFS ☻Ɑ◒♩ꜟ

(b) ⱨכꜞ◄ ⌐ ™√ │ 3.0 ~ 13.5 ¡-1≤⇔√
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─ EXAFS ☻Ɑ◒♩ꜟ─ ╩ ℮⌐№√╡ 3 ≢ ⇔√ XRD ≤ ─

STEM ⅔╟┘ XAFS ⅛╠ ⅜ ↕╣╢ ZrSnO4 t-ZrO2 t-SnO2⌐≈™≡ FEFF

╩ ™≡ ─◦Ⱶꜙ꜠כ◦ꜛfi╩ ⇔√ ⌂⅔ ZrSnO4 ─ ╩ ∆╢≤

Zr ≤ Sn │ ∂ ◘▬♩⌐ ⇔≡⅔╡ ╩ ∆╢↓≤⅛╠ FEFF ≢─ │ ≢№

∫√ ∕↓≢ ∆═≡─ Sn ╩ Zr ⌐ ⇔√ Zr1īxSn1+xO4 (x = ī1)≤∆═≡─ Zr ╩ Sn ⌐ ⇔

√ Zr1īxSn1+xO4 (x = 1)─ ╩ ⇔≡ ⌐ ™√ Fig. 4-8 ⌐ Zr1īxSn1+xO4 (x = ī1)

Zr1īxSn1+xO4 (x = 1) t-ZrO2 t-SnO2 ─ ─ ╩ ∆ ↓╣╟╡ ⌐

⇔√Ⱨכ◒⅜ ≢⅝ 1.5 ─Ⱨכ◒│ Sn-O ╕√│ Zr-O ─ ≢№╡ 2.5 ~ 

4.0 ─Ⱨכ◒│ Sn-Sn ╙⇔ↄ│ Zr-Zr ─ ≢№╢↓≤⅜╦⅛╢

Fig. 4-8 FEFF ╩ ™√ ─ ─ [8] (a) Zr1īxSn1+xO4 (x = ī1). (b) 

Zr1īxSn1+xO4 (x = 1). (c) t-ZrO2. (d) t-SnO2. ─ │ FEFF ≢ ╠╣√ ─

╩ ⇔≡™╢ ↓╣╠─ ╩ ⇔ ╦∑√╙─⅜ ≢ ↕╣╢

≤⌂╢
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─ ╩ ╕ⅎ≡ ╕∏│ ZrO2 ≤ SnO2 ╩ ∆╢ LAS2 ─ ─ ⌐≈

™≡ ∆╢ ⅜ ╙ ≢№╢ LAS2-NT800-4 h │ 3 ─ XRD

(Fig. 3-2) ⌐⅔™≡ ZrSnO4 ─ ⌐Ɫ꜡כⱤ♃כfi─ ⅜ ↕╣√◘fiⱪꜟ≢№∫

√ ↓─◘fiⱪꜟ─ Zr K ─ XANES ☻Ɑ◒♩ꜟ (Fig. 4-4) ≤ (Fig. 4-5(b)) ⅛╠│

─●ꜝ☻⌐ ⇔≡ ⅝⌂ │ ≢⅝⌂⅛∫√ ⇔⅛⇔ Sn K ─ XANES ☻Ɑ◒

♩ꜟ (Fig. 4-6) ⅛╠ ⌐╟∫≡ Sn2+ Ÿ Sn4+┼─ ⅜ ∂≡™╢↓≤╛ Sn ─

(Fig. 4-7(b)) ⅛╠ ─●ꜝ☻⌐ ⇔≡ Sn-O ⅔╟┘ Sn-Si ≤ ⅎ╠╣╢ ⅜

ↄ⌂∫≡™╢↓≤⅛╠╙ ─ ⅜ ∂≡™╢↓≤│ ╠⅛≢№╢ ZrO2 ╩ ∆╢ LAS

●ꜝ☻≢│ ZrO2 ─ ⌐⅔™≡ ΅ ⅜ ∂ ⇔√♪꜡♇ⱪ꜠♇♩ ⅛

╠ t-ZrO2 ⌐ ⇔√ ⅜ ∆╢↓≤⅜ Kleebusch ╠[12]⅛╠ ↕╣≡™╢ ∕─ ─

XANES ☻Ɑ◒♩ꜟ─ │ ≤ ⇔≡⅔╡ LAS2-NT800-4 h ⌐⅔™≡ Zr ≤ Sn ꜞ♇♅

⌂♪꜡♇ⱪ꜠♇♩ ⅜ ⇔≡™╢ ⅜№╢ ↓╣│ ZrSnO4 ─ ≢№╢

⅜ ↄ ⅜ 50 ÁC ™ LAS2-NT850-4 h ─ STEM (Fig. 4-2) ⅛╠ nm ─

ZrSnO4 ─ ⅜ ↕╣√↓≤╙↓─ ╩ ⇔≡™╢≤ ⅎ╠╣╢ ↕╠⌐ XAFS

⅛╠ ╠╣√ ─ ≤ ⅔╟┘ STEM ⅛╠ LAS2-NT850-4 h ∞↑≢⌂ↄ

LAS2-NT875-4 h ~ LAS2-NT985-4 h ⌐⅛↑≡╙ ZrSnO4⅜ ↕╣≡™╢≤ ⅎ╠╣╢ ╕√

3 ─ XRD (Fig. 3-14) ⌐ ⅎ≡ XANES ☻Ɑ◒♩ꜟ─ ⅛╠ ZrSnO4│

╟∫≡ Zr ≤ Sn ─ ⅜ ⌂╢ ≤⇔≡ ⇔≡™╢ ⅜ ↕╣╢

ZrSnO4 ≢│ Zr ≤ O ⅜ 6 ─ ╩ ⇔≡™╢√╘ Zr K ─ XANES ☻

Ɑ◒♩ꜟ Fig. 4-4 ⌐⅔™≡ⱪꜞ◄♇☺Ⱨכ◒ A ⅜ ↕╣√≤ ⅎ╠╣╢ Zr K ─

XANES ☻Ɑ◒♩ꜟ─ │ ⌐╟∫≡ ⇔ Zr ─ ⌐⅔↑╢ ZrïZr

╕√│ Zr-Sn ─ 3.5 ¡ ⅜ ↄ⌂╢⅜ Sn-Sn ─ │ ⅝ↄ ⇔≡™⌂⅛

∫√ ↕╠⌐ LAS2-NT985-4 h ⌐ ╠╣╢╟℮⌐ ⅜ ↄ⌂╢≤ ZrSnO4

∞↑≢⌂ↄ t-ZrO2 ╙ ↕╣√ ↕╠⌐ ⅜ ↄ⌂╢≤ LAS2-NT1100-4 h ⌐

╠╣√╟℮⌐ t-ZrO2 ∞↑≢⌂ↄ t-SnO2 ╙ ↕╣ ZrSnO4 │ ↕╣⌂ↄ⌂∫√

ZrSnO4 │ Sn4+≤ Zr4+─ ⅜ ∂ ⌐ 6 ≢ ⇔ Sn4+≤ Zr4+─ │

≢ ⌂╢√╘ Zr ≤ Sn ─ │ ∏⇔╙ ∂≢│⌂™[13] ZrO2≤ SnO2 ⅛╠⌂╢

⌐ ∆╢ [13]≢│ ─ ⌐ ™ Sn ─ ⅜ ⇔≡ t-ZrO2 ≤⌂╢↓

≤ ≢│ ZrSnO4 ⅜ ∆╢↓≤⅜ ↕╣≡™╢ ⇔√⅜∫≡ ZrSnO4 ─ Zr ≤

Sn ─ │ ⌐╟∫≡ ⌂╡ ⅜ ↄ⌂╢≤ ZrSnO4 ─

Sn ─ │ ∆╢ ⅜№╢≤ ⅎ╠╣╢ ZrSnO4 ⌐⅔↑╢ Sn ─ ⅜ ∆

╢⌐≈╣≡ t-ZrO2─ ⅜ ₁⌐ ↕╣╢√╘ Zr K ─ XANES ⅔╟┘ EXAFS ☻Ɑ◒♩ꜟ

⅜ ⌐ ≢№∫√≤ ⅎ╠╣╢ t-SnO2 ⅜ t-ZrO2 ╟╡╙ ≢ ∆╢─│ t-ZrO2

⅜ Sn ─ ⅜ ↄ⌂∫√ ZrSnO4 ⅛╠ ∆╢↓≤ ZrSnO4 ⅛╠ ↕╣╢ Sn

─ ⅜ ™≤ t-SnO2⅜ ⌐ ≢⅝⌂™√╘≤ ⅎ╠╣╢
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⌐ ZrSnO4 ≤ LAS ─ ⌐≈™≡ ∆╢ Kleebusch ╠[14]│ ZrTiO4

⅜ ɓ- ≤ ⇔≡ ⇔ ↓╣╠─ ⌐ ⅜№╢↓≤╩ ⇔≡™╢

↓╣│ ZrTiO4 ─ ─ ⌐ ⇔≡ ɓ- ⅜ ↕╣╛∆™↓≤╩ ⇔≡™

╢ ≢│ LAS2-NT850-4 h ⌐⅔™≡ nm ─ ⅝↕─ ZrSnO4 ⅜ nm─

ɓ- ≤ ⇔≡ ∆╢↓≤╩ ╘≡ ╠⅛⌐⇔√ ZrSnO4 ≤ ɓ- ─

╕≢│ ╠⅛⌐≢⅝⌂⅛∫√⅜ ZrSnO4│ ZrTiO4 ─ Ti ◘▬♩⅜ Sn ≢ ↕╣√

≢№╢↓≤⅛╠ ZrTiO4 ⌐ ⇔√ ≢№╢ ⇔√⅜∫≡ ZrSnO4 ╙ ZrTiO4

≤ ⌐ ɓ- ≤ ╩╙∟ ɓ- ⅜ ⇔╛∆™ ╩ ⇔≡

™╢≤ ⅎ╠╣╢ ⌐ ɓ- ⅜ ZrSnO4 ⌐ ⇔≡ ↕╣╢≤ ∆╢≤

ZrSnO4 ─ Zr ≤ Sn ─ ╛ ⅜ ⌂╢≤ ZrSnO4 ≤ ɓ- ─

⌐⅔↑╢ ⅜ ╦╡ ZrSnO4 ╩ ≤⇔≡ ɓ- ⅜ ∆╢ ⅜ ╦

╢≤ ⅎ╠╣╢ ⇔√⅜∫≡ ∞↑≢⌂ↄ Dressler [15]╛ Zhang ╠[16]─ ⌐№╢

╟℮⌐ ─●ꜝ☻─ SnO2 ≤ ZrO2 ─ ╛ ╙ ∆╢↓≤╙ ≢№╢≤ ⅎ╠

╣╢

4.3.2 ZrO2╩ ⇔√●ꜝ☻≢ ∆╢ ─

Fig. 4-9 ⌐ ZrO2 ╩ ∆╢ LAS3 ─ ≤ 750 ÁC - 4 ─ ─ ₁─

≢ 4 ─ ╩ ∫√◘fiⱪꜟ─ Zr K ─ XANES ☻Ɑ◒♩ꜟ╩ ∆ ─●

ꜝ☻⌐│ ZrO6 ─ ─ ⌐ ⌂ 1s Ÿ 4d ⌐ ∆╢ⱪꜞ◄♇☺Ⱨכ◒ A [9]

≤ ⌂Ⱨכ◒ B C ⅜ ≢⅝╢ ╩ ℮↓≤≢Ⱨכ◒ C ─ ─ ≤Ⱨכ◒

B Ⱨכ◒ D ≤Ⱨכ◒ E ─ ⅜ ╘╠╣ ─ ≤≤╙⌐↓╣╠─Ⱨכ◒─

╙ ↄ⌂∫≡™╢ Li ╠[9]⌐╟∫≡ ↕╣√ ZrO2 ─ ─ XANES ☻Ɑ◒♩ꜟ≤

∆╢≤ LAS3-NT800-4 h ~ LAS3-NT985-4 h ─ XANES ☻Ɑ◒♩ꜟ─ │ 3 ≢ ⅜

↕╣√ c-ZrO2╙⇔ↄ│ t-ZrO2≤│ ⇔⌂⅛∫√⅜ c-ZrO2╟╡╙ t-ZrO2─☻Ɑ◒♩ꜟ─

⌐ ⅛∫√ ╕√ LAS3-NT1100-4 h ─☻Ɑ◒♩ꜟ─ │ t-ZrO2 ≤╟ↄ ⇔≡™√ Fig. 4-

10 ⌐ Zr K ─ k2 ─ ╖≠↑╩⇔√ EXAFS ☻Ɑ◒♩ꜟ≤ ╩ ∆ ─

◘fiⱪꜟ─ EXAFS ☻Ɑ◒♩ꜟ≤ ─ │∆═≡─ ⌐⅔™≡

⇔≡™╢ (Fig. 4-10(b)) ⌐ ∆╢≤ ⌐╟∫≡ 1.5 ─Ⱨכ◒

Zr-O ≤ ↕╣╢ ─ ⅜ ↄ⌂╢↓≤ 3.2 ─Ⱨכ◒ Zr-Zr ≤ ↕╣╢

⅜ ∂╢↓≤⅜ ⅛╢ ⌂⅔ ─●ꜝ☻⌐╖╠╣√ 3.0 ─Ⱨכ◒ 2 ─

⅛╠ Zr-Si ≤ ⅎ╠╣╢ │ ─◘fiⱪꜟ≢│ ≢⅝⌂™ ⌐ c-ZrO2 ≤ t-ZrO2 ⌐≈

™≡ FEFF ╩ ™≡ ∫√ ─ ╩ Fig. 4-11 ⌐ ∆ ↓─ ⅛╠ 1.5 

─Ⱨכ◒│ Zr-O 3.2 ─Ⱨכ◒│ Zr-Zr ─Ⱨכ◒≢№╢↓≤⅜╦⅛╢⅜ c-ZrO2 ≤ t-ZrO2

─ ─ │ ≡⅔╡ ⌂ ™│ ≢⅝⌂™



84

Fig. 4-9 LAS3 ─ ─●ꜝ☻≤ 750 ÁC - 4 ─ ⌐ 4 ─ ╩

∫√◘fiⱪꜟ─ Zr K ─ XANES ☻Ɑ◒♩ꜟ

Fig. 4-10 LAS3 ─ ─●ꜝ☻≤ 750 ÁC - 4 ─ ⌐ 4 ─ ╩

∫√◘fiⱪꜟ─ Zr K ─ EXAFS (a) k2 ─ ╖≠↑╩⇔√ EXAFS ☻Ɑ◒♩ꜟ

(b) ⱨכꜞ◄ ⌐ ™√ │ 3.0 ~ 12.5 ¡-1≤⇔√
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Fig. 4-11 FEFF ╩ ™√ ─ ─ (a) t-ZrO2. (b) c-ZrO2. ─ │

FEFF ≢ ╠╣√ ─ ╩ ⇔≡™╢

─ ╩ ╕ⅎ≡ ZrO2 ╩ ⇔√●ꜝ☻─ ─ ⌐≈™≡ ∆╢

Fig. 4-9 ─ Zr K ─ XANES ☻Ɑ◒♩ꜟ≤ ZrO2 ─ ─ XANES ☻Ɑ◒♩ꜟ[9]≤─ ⅛

╠ LAS3-NT1100-4 h ≢│ t-ZrO2 ⅜ ⇔≡™╢≤ ⅎ╠╣╢ ∕╣╟╡╙ ≢─

◘fiⱪꜟ≢│ ─ ⅜≢⅝≡™⌂™⅜ XANES ☻Ɑ◒♩ꜟ─ ⅜ c-ZrO2 ≤│ ⌂

╡ t-ZrO2 ⌐ ™↓≤ ─ ⅜ t-ZrO2⅜ ⇔√ LAS3-NT1100-4 h ≤╟ↄ ≡™

╢↓≤⅛╠ LAS3-NT800-4 h ~ NT985-4 h ≢│ t-ZrO2⌐ ⇔√ ╩╙≈ ⅜ ⇔√

≤ ⅎ╠╣╢ ⅜ ∆╢↓≤≢╟╡ t-ZrO2 ⌐ ™ ╩ ∆╢╙─≤ ⅎ

╠╣╢

4.3.3 SnO2╩ ⇔√●ꜝ☻≢ ∆╢ ─

Fig. 4-12 ⌐ SnO2 ╩ ∆╢ LAS4 ─ ≤ 750 ÁC - 4 ─ ─ ₁─

≢ 4 ─ ╩ ∫√◘fiⱪꜟ─ Sn K ─ XANES ☻Ɑ◒♩ꜟ╩ ∆ ↓╣╟╡

≤ ─●ꜝ☻│ꜞⱨ□꜠fi☻─ t-SnO2 ─ XANES ☻Ɑ◒♩ꜟ─ ⌐ ⇔≡™

╢↓≤⅜╦⅛╢ Fig. 4-13 ⌐ Sn K ─ k2 ─ ╖≠↑╩⇔√ EXAFS ☻Ɑ◒♩ꜟ≤

╩ ∆ ─●ꜝ☻─ EXAFS ☻Ɑ◒♩ꜟ⅔╟┘ │ t-SnO2 ≤╟ↄ

⇔≡⅔╡ ↓─ ≤ 2 ─ XRD ⅛╠ LAS4 ≢│ t-SnO2 ⅜ ⇔√╙─≤ ⅎ

╠╣╢

0

1

2

3

4

5

6

0 1 2 3 4 5 6

FT
 M

ag
ni

tu
de

 [a
rb

. u
ni

t]

Radial distance [ ]

Zr-O1.1 Zr-O1.2 Zr-Zr1.1

0

1

2

3

4

0 1 2 3 4 5 6

FT
 M

ag
ni

tu
de

 [a
rb

. u
ni

t]

Radial distance [ ]

Zr-O1.1 Zr-O1.2 Zr-O1.3 Zr-O1.4
Zr-O1.5 Zr-Zr1.1 Zr-Zr1.2

Zr-O

Zr-Zr

Zr-O

Zr-Zr(a) (b)



86

Fig. 4-12 LAS4 ─ ─●ꜝ☻≤ 750 ÁC - 4 ─ ⌐ 4 ─ ╩

∫√◘fiⱪꜟ─ Sn K ─ XANES ☻Ɑ◒♩ꜟ

Fig. 4-13 LAS4 ─ ─●ꜝ☻≤ 750 ÁC - 4 ─ ⌐ 4 ─ ╩

∫√◘fiⱪꜟ─ Sn K ─ EXAFS (a) k2─ ╖≠↑╩⇔√ EXAFS ☻Ɑ◒♩ꜟ

(b) ⱨכꜞ◄ ⌐ ™√ │ 3.0 ~ 13.5 ¡-1≤⇔√
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4.4 ─╕≤╘≤

≢│ STEM ⅔╟┘ XAFS ╩ ™≡ ─ ─ ≤ ─ ™⌐╟

╢ ─ ─ ─ ╩ ⇔√ ≢ ╠╣√ ╩╕≤╘╢≤≤╙

⌐ ≤⇔≡ 3 ≢ ╠╣√ ╙ ⅎ≡ 2 ─ DSC (Fig. 2-9) ─ Ⱨכ◒─

≤ ─ ⅜ LAS ─ ⌐ ╓∆ ⌐≈™≡ ∆╢ ╕∏

⌐⅔™≡ ɓ- ⅛╠ ɓ-☻ⱳ☺ꜙⱷfi┼─ ⅜ ╘╠╣√⅜ Dressler ╠[15]─

≢│ (DTA: Differential thermal analysis) ≢│ ɓ- ⅛╠ ɓ-☻ⱳ☺ꜙⱷfi┼─

⌐ ℮ │ ≢⅝∏ ⌐╟╢ ─ ⅛╠ ɓ- ⅛╠ ɓ-☻

ⱳ☺ꜙⱷfi┼─ ╩ ╘≡™√ ≢ ™√ DSC │ ─ ╩ ⇔≡™╢↓

≤⅛╠ DTA ≤ ⌐ ɓ- ⅛╠ ɓ-☻ⱳ☺ꜙⱷfi┼─ ╩ ╠⅛⌐∆╢↓≤│

⇔™≤ ⅎ╠╣╢ ∕─√╘ DSC ⌐ ╣√ Ⱨכ◒│ ─ ⅔╟┘ ɓ-

─ ⌐ ℮ Ⱨכ◒≢№╢≤ ⅎ╠╣╢ Fig. 4-14 ⌐ 2 ≢ ⇔√ LAS2 ~ 

LAS4 ─ DSC ╩ ⇔ ∕╣∙╣─ Ⱨכ◒⌐≈™≡ ⌐ ═╢

ZrO2 ≤ SnO2╩ ∆╢ LAS2 (Fig. 4-14(a)) ≢│ ZrSnO4 ɓ- ɓ-☻ⱳ☺ꜙ

ⱷfi t-ZrO2 t-SnO2 ─ ⅜ ╘╠╣√ ⌐╟∫≡ ZrSnO4 ─ ⅜

↕╣╢↓≤⅛╠ ≢ ∂√ᵑ─ Ⱨכ◒│ ZrSnO4 ─ ⌐ ℮╙─≢

№╢≤ ⅎ╠╣╢ ╕√ ᵑ─ Ⱨכ◒─№≤⌐ ∂√ᵒ─ ⅝⌂ Ⱨכ◒│ ≢

№╢ ɓ- ─ ⌐╟╢╙─≢№╡ ᵓ─ Ⱨכ◒│ ZrSnO4 ⅛╠ Sn ⅜ ↕

╣╢↓≤≢ ⇔√ t-ZrO2 ᵔ─ Ⱨכ◒│ ↕╣√ Sn ⌐╟∫≡ ↕╣√ t-SnO2≢№╢

≤ ⅎ╠╣╢ ⌐╟∫≡ᵒ─ ɓ- ─ ⅜╦∏⅛⌐ ⇔≡™

╢⅜ ⌐╟∫≡ ɓ- ─ ⅜ ↕╣╢↓≤⅜ 3 ─ XRD ⅛╠

↕╣≡™╢

ZrO2 ╩ ∆╢ LAS3 (Fig. 4-14(b)) ≢│ t-ZrO2 ɓ- ɓ-☻ⱳ☺ꜙⱷfi ─

⅜ ╘╠╣√ ⇔√⅜∫≡ᵑ─ Ⱨכ◒│ t-ZrO2 ᵒ─ Ⱨכ◒│ ɓ- ─

⌐╟╢╙─≤ ⅎ╠╣╢ ᵓ─ Ⱨכ◒│ ≢⅝≡™⌂™√╘ ≢№╢ LAS3 ≢│

⌐╟∫≡ᵑ─ Ⱨכ◒─ ◦ⱨ♩≤ᵒ ᵓ─ Ⱨכ◒─ ◦ⱨ♩⅜ ↕

╣≡™╢ ↓╣│ ⌐╟∫≡ t-ZrO2 ─ ⅜ ↕╣╢ ≢ t-ZrO2 ─ │ ɓ-

─ ╩ ⇔≡™╢↓≤╩ ⇔≡⅔╡ ─ ⅜ XRD ⅛╠╙ ↕╣≡

™╢

SnO2 ╩ ∆╢ LAS4 (Fig. 4-14(c)) ≢│ t-SnO2 ɓ- ɓ-☻ⱳ☺ꜙⱷfi ─

⅜ ╘╠╣ ᵑ─ Ⱨכ◒│ t-SnO2 ᵒ─ Ⱨכ◒│ ɓ- ─ ⌐╟╢╙─≤

ⅎ╠╣╢ ⌐╟∫≡ᵑ─ Ⱨכ◒│ ≢⅝⌂ↄ⌂∫√↓≤⅛╠

⌐╟∫≡ t-SnO2 ─ ⅜№╢ ⇔ ─ ⅜ ↕╣⌂ↄ⌂∫√╙─≤ ⅎ╠╣╢

╕√ LAS4 │ ZrO2≤ SnO2╩ ⇔⌂™ LAS1 ≤ ∆╢≤ ɓ- ─ ╩ ∆╢╙
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── ZrO2 ≤ SnO2 ╩ ∆╢ LAS2 ╛ ZrO2 ╩ ∆╢ LAS3 ╟╡╙ ɓ- ─

│ ≢№╢

╟╡ ─ ⅜ ⌐ ⇔ ɓ- ─ ╩ ↕∑╢

↓≤⅜ ╠⅛⌐⌂∫√ ∕─ ─ │ ─ ⌐╟∫≡ ⅝ↄ ⌂╢↓≤⅛╠

ZrSnO4 t-ZrO2 t-SnO2 ⅜ ɓ- ─ ⌐ ╩ ⅎ≡™╢ ⅜ ™ LAS

●ꜝ☻⌐⅔↑╢ ⅛╠─ ⱷ◌♬☼ⱶ│ ⅎ┌ ─ ⅜

ZrTiO4 ─ ᵑFig. 4-15 ⌐ ∆ ─ Al-rich ⅛╠ ɓ- ⅜ ∆╢⸗♦ꜟ

[17,18] ZrO2 [12]╛ TiO2 [19,20]≢╙ ─⸗♦ꜟ⅜ ↕╣≡™╢ ≤ ᵒZrTiO4 ⌐ ⇔≡

ɓ- ⅜ ╩╙∫≡ ∆╢⸗♦ꜟ[14]⅜ ↕╣≡™╢

ZrO2≤ SnO2╩ ∆╢ LAS2 ─ STEM ⅛╠ ZrSnO4 ⅜ ɓ- ⌐ ⇔≡

⇔≡™╢↓≤⅜ ↕╣√ ⌐╟∫≡ ZrSnO4 ─ ⅜ ↕╣ ɓ-

─ ╙ ↕╣√↓≤⅛╠ ZrSnO4 ⅜ ɓ- ─ ≤⇔≡ ⇔√≤ ⅎ

╠╣╢ √∞⇔ ≢│ Kleebusch ╠[14]─ ⌐№╢╟℮⌂ ZrTiO4 ≤ ɓ-

─ │ ≢⅝⌂⅛∫√√╘ ─ ⸗♦ꜟᵑ≤ ⸗♦ꜟᵒ─≥∟╠≢ ɓ-

⅜ ⇔√⅛│ ╠⅛⌐≢⅝≡™⌂™ ⇔⅛⇔ ZrSnO4 ⅜ ZrTiO4 ≤ ™

╩ ∫≡™╢↓≤⅛╠ ɓ- ⅜ ZrSnO4 ⌐ ⇔≡ ∆╢⸗♦ꜟᵒ≢№

╢ ⅜ ™≤ ⅎ╠╣╢ t-ZrO2 ╛ t-SnO2 ⅜ ≤⇔≡ ∆╢ ⅜№╢ LAS3 ╛

LAS4 ⌐≈™≡╙ ⌐ ɓ- ⅜⸗♦ꜟᵑ≤⸗♦ꜟᵒ─≥∟╠≢ ⇔√⅛│ ╠⅛⌐

≢⅝≡™⌂™ ™∏╣─ ╙ ⌐╟∫≡ ⌐ ⅜ ∂≡™╢ ⅜

↕╣≡™╢√╘ ⸗♦ꜟᵑ─ ≢ ɓ- ⅜ ∆╢ │№╢ √∞⇔

─ Al-rich ⅜ ɓ- ─ ⌐ ∆╢≤ ∆╢≤ ≤⌂╢ ─

⌐╟∫≡ ɓ- ─ ⅜ ⅝ↄ ∆╢≤│ ⅎ⌐ↄ™ ╕√ t-ZrO2 ⅜ ⇔√

LAS3 ≢│ ╩ ℮↓≤≢ ɓ- ─ ⅜ ⌐◦ⱨ♩⇔√╡ ─

≢│ ≢№╡⌂⅜╠ ɓ- ⅛╠ ɓ-☻ⱳ☺ꜙⱷfi┼─ ⅜ ↕╣√

╡≤ ⌐ ∆╢ Al-rich ⅛╠ ɓ- ⅜ ∆╢⸗♦ꜟ≢│ ⅎ⌐ↄ™ ⅜

↕╣≡™╢ ─ ─ ⌐ ⇔≡ ɓ- ⅜ ∆╢⸗♦ꜟᵒ≢№╣┌

⌐╟∫≡ ─ ⅜ ⌂╢√╘⌐ ɓ- ─ ⅜ ∆╢

│ ™≤ ⅎ╠╣╢ Fig. 4-16 ⌐ ∆╟℮⌐ ZrSnO4 t-ZrO2⅔╟┘ t-SnO2 ─

│ ⅝ↄ ⌂╢√╘ ɓ- │ ZrSnO4 ≤ ∆╢≤ t-ZrO2╛ t-SnO2 ⌐ ⇔≡

⇔⌐ↄ™ ≢№╢ ⅜ ↕╣╢ ⇔⅛⇔⌂⅜╠ ↓─ ╩ ↑╢

─ ≤ ɓ- ─ │ ↕╣≡™⌂™√╘ ≤ ɓ- ─

⌐ ⇔√ ⅜ ≢№╢
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Fig. 4-14 2 ⌐≡ ⇔√ LAS2 ~ LAS4 ─ DSC (a) ZrO2 ≤ SnO2╩ ∆╢ LAS2

(b) ZrO2╩ ∆╢ LAS3 (c) SnO2 ╩ ∆╢ LAS4 1 │ ⅛╠ 1200 ÁC ╕≢ ⇔√

≢№╡ 2 │ ⅛╠ 750 ÁC ╕≢ ⇔√ ⌐ 4 ⇔≡⅛╠ 1200 ÁC ╕≢

⇔√ ≢№╢ ⌐│ ╟╡ ⅎ╠╣╢ Ⱨכ◒─ ╩∕╣∙╣ ⇔≡™╢

Fig. 4-15 ⅜ ⇔√ ɓ- ─ ⸗♦ꜟ[17,18] 1 Fig. 1-8 ╩ Zr, Ti, 

Al-rich ⌂♪꜡♇ⱪ꜠♇♩ ⅜ ⇔√ ╩ Al-rich ⌐ ╦╣√ ZrTiO4 ⅜ ∆╢ ɓ-

─ ⌐ ⇔≡│ ᵓ─ Al-rich ⅛╠ ɓ- ⅜ ∆╢⸗♦ꜟ[17,18]≤

ZrTiO4─№╢ ⌐ ɓ- ⅜ ⇔≡ ∆╢⸗♦ꜟ[14]⅜ ↕╣≡™╢
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Fig. 4-16 LAS2 ~ LAS4 ≢ ⇔√ ≤ ⅎ╠╣╢ ─ ─

ICSD ⅔╟┘ NIMS_MatNavi ╟╡ CIF ⱨ□▬ꜟ[21]╩ ⇔ ה ─

♃כ♦ ┘ ─ ⱪ꜡◓ꜝⱶ≢№╢ VESTA (Visualization for Electronic and 

Structural Analysis) [22] ╩ ™≡ ╩ ⇔√ ZrSnO4 NIMS_MatNavi No. 

4295349472_1_2 t-ZrO2 ICSD No. 66781 t-SnO2 ICSD No. 9163
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5

Li2O ╩ ⇔√ BaO-SiO2 ●ꜝ☻─ ≤

5.1

⅛╠│ BaO-SiO2 ●ꜝ☻⌐ ∆╢ ╩ ∆╢ 1 ≢ ═√╟℮⌐ BaO-

SiO2 (BS) ●ꜝ☻─ ≢╙ 33.3BaO-66.7SiO2 [mol%]─●ꜝ☻ (BS2: BaO-2SiO2 │ ─

⌂⇔⌐ ⅜ ⌂●ꜝ☻≢№╢ ↓─●ꜝ☻ ⌐ Li2O ╩ ⇔√ 3.3Li2O-30BaO-

66.7SiO2 [mol%] 8.33Li2O-24.97BaO-66.7SiO2 [mol%] ⌐⅔™≡ ─ ╛

◄Ⱡꜟ◑כ─ ⅜ ↕╣≡™╢⅜ 3.3 mol%─ ⅜ ≢№╡ ╟╡ ─ Li2O ╩

⇔√ ⌐⅔↑╢ ⌐ ∆╢ │↕╣≡™⌂™ ∕↓≢ ≢│ BaO-SiO2 ●

ꜝ☻⅔╟┘ BaO ╩ Li2O ┼ ⇔√ Li2O-BaO-SiO2 ●ꜝ☻⌐ ⇔√ ⱬכ☻≤⌂╢●ꜝ☻

│ BaSi2O5 ─ ⌐ ⇔≡ BaO ⅜ ⌂ↄ SiO2 ⅜ ™ 30BaO-70SiO2 [mol%]╩

⇔√ ↓─ │ ⅛╠ ╩∏╠∆↓≤≢ BaSi2O5 ─ ╩ ⇔ Li2O ─

⌐ ℮ ┼─ ╩ ≢⅝╢≤ ⅎ√√╘≢№╢ ≢│↓─●ꜝ☻ ╩ⱬכ

☻⌐ ⌐ BaO ⅛╠ Li2O ┼ 0.2 mol%⅛╠ 3 mol%╕≢ ⇔√●ꜝ☻╩ ⇔ X

(XAFS [1]⅔╟┘ꜝⱴfi [2]╩ ™≡ ⇔√●ꜝ☻─ ╩ ∫√

╕√ Li2O ─ ⅜●ꜝ☻ ╛●ꜝ☻ ⅛╠─ ─ ⌐ ℮ ⌐ ⅎ╢

╩ (DSC) [3]╩ ™≡ ⇔√

5.2

☻ꜝ●─♩♇◕כ♃ │ x Li2O-(30īx)BaO-70SiO2 [mol%] (x = 0, 0.2, 0.5, 1, 2, 3)≢№╡ ◘fi

ⱪꜟ │ LBSx (x = 0, 0.2, 0.5, 1, 2, 3)≤⇔√ ⇔√●ꜝ☻⌐ ⅜ ∆╢≤ ⌐

∆╢√╘ ▬○fi ⅜ ⌐ ╩ ⅎ╢ ⅜№╢↓≤╩ ⇔⌂⅜╠

≤⇔≡ SO3 ╩ ≢ 0.1 wt% ⇔√ ≢─ ─ ⌐╟╡ SO2 ●☻≤ O2 ●☻⅜

∆╢√╘ ●ꜝ☻Ᵽ♇♅⌐ SO3 ╩ ∆╢≤ ●ꜝ☻ ─ ─ ⅜ ↕╣╢

│ 99.9% ꜞ♅►ⱶ

99% Ᵽꜞ►ⱶ 99% ╩ ™ ≤⇔≡ LBS0 ≢│

Ᵽꜞ►ⱶ LBS0.2 ⅛╠ LBS5 ≢│ ꜞ♅►ⱶ

99% ╩ ⇔√ ●ꜝ☻ ≢ 400 g ⌐⌂╢╟℮⌐ ⇔√ ╩ ╢≈

╓⌐™╣≡ ─ ⸗♩ꜘⱴ ⌐≡ 1600 ÁC ≢ ⇔√ ☻♃

≢כꜝכ ⇔√ ∕─ ╩ Ⱳfiכ◌─ ⌐ ⇔∞⇔ ─

SS-2030PKP ⌐≡◘fiⱪꜟ↔≤⌐ ⇔√ ≢ 3 ⇔√ 0.5 ÁC/min ─
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≢ ∆╢↓≤≢●ꜝ☻Ⱪ꜡♇◒╩ ⇔√ │ ─ DSC ╩ ⌐

⇔√ ∕╣∙╣─◘fiⱪꜟ─♃כ◕♇♩─●ꜝ☻ ≤ ╩ Table 5-1 ⌐ ∆

Table 5-1 ◘fiⱪꜟ─ ●ꜝ☻ ≤

mol% LBS0 LBS0.2 LBS0.5 LBS1 LBS2 LBS3
SiO2 70.0 70.0 70.0 70.0 70.0 70.0
BaO 30.0 29.8 29.5 29.0 28.0 27.0
Li2O 0.0 0.2 0.5 1.0 2.0 3.0

Annealing
temperature [ÁC] 735 720 700 660 630 615

⇔√●ꜝ☻─ ╩ ∆╢√╘⌐ ╩ ∫√ ●ꜝ☻ ─ │ X

(XRF) [4] ╩ ™√ √∞⇔ ●ꜝ☻ ⌐ ╕╣╢ Li │ ≢№╢√╘ X ─

⅜ ↕ↄ ⌐ ↑╢ ∕─√╘ Li ─ ⌐│ (AAS) [5]╩ ™√ ⌐

─ ╩ ∆ XRF ⌐ 20 mm Ĭ 20 mm ⌐ ⇔√●ꜝ☻╩ ⌐◄꜠◒♩꜡fi

꞉♇◒☻╩ ™≡ ╡ ↑√ ╖⅜ 2 mm ≤⌂╢╟℮⌐

ICB-35 ≢ ╖ ⌐ ╩ ∫√ SGM-6301 ╩

™≡#1000 ─ ≢ ╩ ∫√ SiO2 ⅔╟┘ BaO │●ꜝ☻ⱦכ♪ [6]⌐╟╢ XRF

╩ ∫√ ╕∏ ≤⇔≡ SiO2 BaCO3 Li2CO3 ╩ ™≡ Table 5-2 ⌐ ∆ ⌐⌂╢╟

℮⌐ ⇔ Li2B4O7 ≢ 10 ⇔ⱦכ♪ ⇔√ ∕─ X

ꜞ●◒ ZSX Primus ≢ ╩ ™≡ ⱪ꜡◓ꜝⱶ╩ ⇔√ ─

│●ꜝ☻Ⱪ꜡♇◒╩▪ꜟⱵ♫ ─ ≤ ╩ ™≡ ⇔√ ⱷⱡ► ─ ≤

≢ ∆╢↓≤≢ ⇔√ ⇔√●ꜝ☻ ╩ 500 mg ╡ ∫√ ≤

⌐ Li2B4O7 ╩ ™≡ 10 ⇔ⱦכ♪ ⇔ ⇔√ ⱪ꜡◓ꜝⱶ╩ ™≡ SiO2 BaO ─

╩ ⇔√ XRF ─ │ 30 mmű ≤⇔√ Li ─◘fiⱪꜟ│ ⇔√●

ꜝ☻ ╩ ™√ Fig. 5-1 ⌐ ∆ ≢ ╩ ™ ⱴfiכ♀

Ɫ▬♥◒◘▬◄fi☻ ZA3300 ≢ Li ╩ ⇔√ ∕─ ─ ⌐ ⇔≡│ ZSX 

Primus ⌐ ↕╣≡™╢ ♪כ⸗ EZ Scan ╩ ™≡ XRF ╩ ∫√ XRF

─ │ 10 mmű ≤⇔√ │ꜞ●◒ ─♁ⱨ♩►▼▪ SQX ╩ ™≡

⅜ ⌂ⱨ□fi♄ⱷfi♃ꜟהⱤꜝⱷכ♃ (FP) [7]≢ ⇔√ Na2O ⌐ ⇔≡│ Ba ⅜

∆╢√╘ ⅛╠ ⇔√ ─ ≢ ╠╣√ ╩ ZSX Primus  ⌐ ↕╣≡™╢♁ⱨ

♩►▼▪≢ ∆╢↓≤≢●ꜝ☻ ╩ ╘√
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Table 5-2 ●ꜝ☻ⱦכ♪ ⌐ ™√ ─ ╖

wt% SiO2 BaO Li2O*
Standard sample 1 39.76 59.74 0.5
Standard sample 2 44.27 54.73 1.0
Standard sample 3 48.50 49.51 2.0
Standard sample 4 52.47 44.56 3.0

*Li2O │ ◘fiⱪꜟ⌐ ⇔≡™╢⅜ │ AAS ─ ╩ ™≡™╢

Fig. 5-1 ⌐╟╢◘fiⱪꜟ─ ⱨ꜡כ

Pt
Ḳ100 mg

HClO4Ḳ5 ml
HFḲ10 ml

ṇ

HClO4

HFḲ10 ml

100 ml 

Ḳ2 ml

ṇ

HClO4

HClḲ5 ml
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⇔√●ꜝ☻◘fiⱪꜟ⌐≈™≡ ꜝⱴfi XAFS ╩ ™√ ≤ DSC ╩ ™√

╩ ∫√ ꜝⱴfi [2]≤│ ⌐ ╩ ⇔√ ⌐ ≤ ⅜ ╩ ↓∆

↓≤≢ ∂╢ꜝⱴfi ╩ ™√ ≢№╢ ≤ꜝⱴfi ─ │ ─

─ ◄Ⱡꜟ◑כ⌐ ∆╢√╘ ∕─ ─╙≈ ⌐ ∂√ꜝⱴfi☻Ɑ◒♩ꜟ╩ ╢

↓≤⅜≢⅝╢ ↓─ꜝⱴfi☻Ɑ◒♩ꜟ╩ ™╢↓≤≢●ꜝ☻─ ╛ ●ꜝ☻ ─

─ ╩ ה ∆╢↓≤⅜ ≤⌂╢ ꜝⱴfi ─◘fiⱪꜟ│ ─ ≢ ⇔

√ 9 mm Ĭ 9 mm ⌐ ⇔√◘fiⱪꜟ╩ ⌐ ∑ ⱱ♇♩ⱪ꜠כ♩≢ ⇔⌂⅜╠◄

꜠◒♩꜡fi꞉♇◒☻ ⱨꜟ►♅ ╩ ™≡◘fiⱪꜟ╩ ⌐ ⇔√ ∕─

╖⅜ 2 mm ⌐⌂╢╟℮⌐ ICB-35 ≢ ╖ ─

╩ ∫√ SGM-6301 ╩ ™≡#1000 ─ ≢

╩ ∫√ ⇔─ → ≤⇔≡ ה ꜝ♇Ⱨfi◓ ◄fi◑☻

EJ-380IN ╩ ™≡ ☿ꜞ►ⱶ☻ꜝꜞכ╩ ⇔⌂⅜╠ ╩ ∫√ │

╩ⱱ♇♩ⱪ꜠כ♩≢ ⇔≡◄꜠◒♩꜡fi꞉♇◒☻╩ ⅛⇔ ⅛╠◘fiⱪꜟ╩│

⅜⇔≡◄♃ⱡכꜟ≢ ⇔√ ꜝⱴfi │ ⱴfiꜝכ◙כ꜠

LabRAM HR Evolution ╩ ™≡ : 532 nm fi◓: 1200 gr/mm▫♥כ꜠◓ ꜠

fi☼: 100 ─ ≢ 400 ~ 1300 cm-1 ─ ≢ ∫√ ─ꜝⱴfi☻Ɑ◒♩ꜟ│ ꜝⱴfi

◦ⱨ♩─ ╩ Bose-Einstein : n(ɜ) = [1īexp(īhɜ/kT)]-1 ≢ ╢↓≤≢ ╩ ⇔

√ ↓↓≢ h ⱪꜝfi◒ ɜ ꜝⱴfi◦ⱨ♩ k Ⱳꜟ♠ⱴfi T ꜝⱴfi ─

293.15 K ≢№╢ ∕─ ꜝⱴfi◦ⱨ♩⌐ ∆╢ ─☻Ɑ◒♩ꜟ⌐≈™≡

SiO4 ─ Qn ─Ⱨכ◒⅜ ∂╢ 870 ~ 1300 cm-1 ─ ⌐≈™≡Ⱨכ◒ ╩ ∫√ Ⱨ

◒כ │ Gaussian ╩ ™≡ ☻Ɑ◒♩ꜟ⅜ ⌐ ℮╟℮⌐ ╩ ™≡

ⱨ▫♇♥▫fi◓⇔√ ⱨ▫♇♥▫fi◓╩ ℮ ─ Ⱨכ◒ Ⱨכ◒ ⌂≥ │

Moulton ╠─ [8]╩ ⌐ ⇔√

⇔√●ꜝ☻─ XAFS │ Si K (1.84 keV)≤ Ba K (37.4 keV)⌐≈™≡ ⇔√ Si 

K ─ XAFS ◘fiⱪꜟ⌐│ꜝⱴfi ⌐ ⇔√ 9 mm Ĭ 9 mm Ĭ 2mm ─

◘fiⱪꜟ╩ ™√ XAFS │ №™∟◦fi◒꜡♩꜡fi ☿fi♃כ

─ⱦכⱶꜝ▬fi BL6N1 ⌐≡ ∫√ 202105055 InSb (111) ─

╩ ™≡ He ≢ Si K ─ XANES ☻Ɑ◒♩ꜟ╩ [1]≢ ⇔√ Ba K

─ XAFS ◘fiⱪꜟ│ ─ ≢ ⇔√ ╕∏▪ꜟⱵ♫ ─ ≤ ╩ ™≡

⇔√●ꜝ☻╩ ⇔ ◘fiⱪꜟ╩ √ ∕─ ◘fiⱪꜟ≤ 99% ─ ⱱ►

(BN) ╩ ⇔√ ⌐ ȹɛt ⅜ 1 ≤⌂╢ ╩ ⇔ ⇔√ ◘fiⱪꜟ≤ BN

╩ ≢ ∆╢↓≤≢ 7 mmű ─Ɑ꜠♇♩╩ √ ⇔√Ɑ꜠♇♩│ⱳꜞ ⌐

╩ꜟכ◦ ™ ⌐ ⇔√ 2 ⅔╟┘ 3 ≤ ⌐ SPring-8

─ ⱦכⱶꜝ▬fi BL14B2 [9]⌐≡ ∫√ 2021A1648 Si (311) ─

╩ ™≡ Ba K ─ XANES ☻Ɑ◒♩ꜟ≤ EXAFS ☻Ɑ◒♩ꜟ╩ ◒▬♇◒☻◐ꜗfi
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≢ ⇔√ QXAFS [1,10] ─♃כ♦√⇔ ⌐│ XAFS Ɽ♇◔כ☺♁ⱨ♩ Demeter

()Athena/Artemis) [11]╩ ™√

DSC ─◘fiⱪꜟ│▪ꜟⱵ♫ ⅔╟┘▪ꜟⱵ♫ ╩ ™≡ ─●ꜝ☻Ⱪ꜡♇◒

╩ ⇔√ ╩ ™≡ 106 ɛm 180 ɛm ─ ╩ √ ∕─ 5.0 mmű ↕ 5.0 

mm ─ Ɽfi ꜞ●◒ ⌐ 70 mg ─●ꜝ☻ ╩™╣ Bruker 

AXS DSC 3300SA ≢ DSC ╩ ⇔√ │ 10 ÁC/min ≤⇔ ⅛╠ 1000 ÁC

╕≢ ╩ ⇔√ ─ ≢│ ◦☻♥ⱶ ♁ⱨ♩ NETZSCH JAPAN

╩ ™≡ ●ꜝ☻ Tg Ts Ⱨכ◒ Tp ╩∕╣∙╣ ╘

√ ⌂⅔ DSC ─ⱬכ☻ꜝ▬fi≤●ꜝ☻ ⌐ ℮ Ⱨכ◒─∕╣∙╣─ ─ ╩ Tg ≤

⇔√ ╕√ DSC ⅛╠ ─ ⌐ ∆╢≤ ⅎ╠╣╢ Ⱨכ◒

Tc ≢ ⅜ ∆╢ ─ ◄Ⱡꜟ◑כ╩ ⇔ Li2O ─ ™⅜ ◄Ⱡꜟ◑כ

⌐ ⅎ╢ ╩ ⇔√ DSC ╩ ™√ ◄Ⱡꜟ◑כ─ │™ↄ≈⅛№╢⅜

Kissinger ─ (1) [12]⅜ ↄ ╠╣√ ─ ≈≢№╢ Ŭ │ Tc │ Ⱨכ◒

E │ ◄Ⱡꜟ◑כ R │ ╩ ⇔≡™╢ Kissinger ⌐╟∫≡ ↕╣√ Kissinger

─ (1)│ ⅜ ─ ⅛╠ ╕╡ ⌐ ⌐ ⅛∫≡ ∆╢≤⅝─ ◄

Ⱡꜟ◑כ╩ ╘╢ ≢№╢ ⇔√⅜∫≡ ⅜ ⇔√ ─ ≢№╡ ⅛≈ 1 ─

⌐⇔⅛ ⇔≡™⌂™

ÌÎ + const.     (1)

∕↓≢ ₁⌂ ⌐ ∆╢╟℮⌐ ↕╣√ ≤⇔≡ ≤ ⌐╟∫≡ Kissinger

─ ╩ⱬכ☻⌐ ↕╣√ Kissinger ─ (2) [13,14]⅜ ∆╢ ↓─ │ ≤

⅜ ⌐ ∂╢ ≈╕╡ ─ ─ ◄Ⱡꜟ◑כ╩ ∆╢↓≤⅜≢⅝╢ Ŭ

│ Tc │ Ⱨכ◒ E │ ◄Ⱡꜟ◑כ R │ n ≤ m │

⌐╟∫≡ ╕╢ ≢№╢[13-17] ↓─ n ≤ m ─ [14]╩ Table 5-3 ⌐ ∆ m = 1 ─≤

⅝│ 1 ─ ≤⌂╡ m = 2 ─≤⅝│ 2 ─ m = 3 ─ │ 3 ─

≤⌂╢ n │ ⅜ ≤ ⌐ ∆╢⅛ ≢№╢⅛≢ ⅜ ⌂╢ ↓─ ╩

™≡ ⌂╢ ⌐⅔↑╢ Ⱨכ◒ : Tc ⅛╠ ln(Ŭn/Tc
2) 1/Tc ≢ⱪ꜡

♇♩∆╢↓≤≢ ╠╣╢ ─ ⅝⅛╠ ⌐ ⌂ ⅛↑ ─ ◄Ⱡꜟ◑כ╩ ╘╢

↓≤⅜≢⅝╢ ≢│ 5, 10, 15, 20 ÁC /min ≤ ╩ ↕∑√≤⅝─ ◘fiⱪꜟ─

Ⱨכ◒─ ⅛╠ Kissinger ⱪ꜡♇♩╩ ∫√

ÌÎ + const.    (2)
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Table 5-3 ₁⌂ ⌐⅔↑╢ n ≤ m ─ [14]

Crystallization mechanism n m
Bulk nucleation with varying number of nuclei*1

Three-dimensional growth
Two-dimensional growth
One-dimensional growth

4 3
3 2
2 1

Bulk nucleation with constant number of nuclei*2

Three-dimensional growth
Two-dimensional growth
One-dimensional growth

3 3
2 2
1 1

*1 ─ │ ⌐ ∆╢

*2 ─ │ ╟╠∏ ≢№╢

5.3 ⅔╟┘

5.3.1 ⇔√●ꜝ☻─

Table 5-4 ⌐ XRF ≤ AAS ╩ ™≡ ⇔√ LBS0 ~ LBS3 ─●ꜝ☻ ╩ ∆ Table 5-4(a)≢

│ wt% ≢ 100 wt%≤⌂╢╟℮⌐●ꜝ☻ ╩ ⇔≡™╢ ↓╣╟╡ SiO2 BaO Li2O

SO3 ⌐●ꜝ☻ ╙⇔ↄ│ ⅛╠─◖fi♃Ⱶ≤ ⅎ╠╣╢ ⅜ ↕╣≡™╢↓

≤⅜ ⅛╢ Table 5-4(b)─ mol%⌐ ⇔√ ⅛╠ ↓╣╠─◖fi♃Ⱶ ─ mol%⌐⅔

↑╢ │ ↕ↄ ◘fiⱪꜟ ≢ ∆╢≤⅔╟∕ ─ ≤⌂∫≡™╢ ╕√♃

─♩♇◕כ ≢№╢ xLi2O-(30īx)BaO-70SiO2 [mol%] (x = 0, 0.2, 0.5, 1, 2, 3)⌐ ⇔≡│ LBS0 ~ 

LBS2 ╕≢│ ⌐ ⇔≡ SiO2 ─ ⅜╛╛ ⌂ↄ BaO ─ ⅜ ™ ≤⌂∫≡

™╢ ≢ LBS3 ⌐≈™≡│ SiO2 ⅔╟┘ BaO ─ │ ≤╒╓ ∂≢№╢ ⌂⅔

Li2O ⌐ ⇔≡│™∏╣─◘fiⱪꜟ╙ ≤╒╓ ™ ╩ ⇔≡™╢
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Table 5-4(a) LBS0 ~ LBS3 ─ (wt% )

wt% LBS0 LBS0.2 LBS0.5 LBS1 LBS2 LBS3
SiO2 46.9 46.7 47.3 47.7 48.3 49.8
BaO 52.7 52.9 52.2 51.6 50.6 48.7

Li2O* <0.01 0.06 0.16 0.32 0.65 1.01
P2O5 0.12 0.14 0.14 0.14 0.12 0.10
Al2O3 0.10 <0.01 <0.01 0.06 0.06 0.05
MgO 0.11 0.08 0.09 0.07 0.08 0.05
CaO <0.01 0.03 <0.01 <0.01 <0.01 0.07
SrO 0.02 0.04 <0.01 0.02 0.04 0.02
K2O <0.01 <0.01 <0.01 <0.01 <0.01 0.06
SO3 0.10 0.11 0.12 0.10 0.12 0.10

*Li2O ─ │ AAS ╩ ™√

Table 5-4(b) LBS0 ~ LBS3 ─ (mol% )

mol% LBS0 LBS0.2 LBS0.5 LBS1 LBS2 LBS3
SiO2 69.1 68.8 69.2 69.3 69.2 69.9
BaO 30.4 30.5 29.9 29.4 28.4 26.8
Li2O 0.0 0.2 0.5 0.9 1.9 2.9
P2O5 0.1 0.1 0.1 0.1 0.1 0.1
Al2O3 0.1 0.0 0.0 0.1 0.1 0.1
MgO 0.2 0.2 0.2 0.2 0.2 0.1
CaO 0.0 0.0 0.0 0.0 0.0 0.1
SrO 0.0 0.0 0.0 0.0 0.0 0.0
K2O 0.0 0.0 0.0 0.0 0.0 0.1
SO3 0.1 0.1 0.1 0.1 0.1 0.1
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5.3.2 Li2O ─ ⌂╢●ꜝ☻─ Si ⅔╟┘ Ba ─ ─

Fig. 5-2 ⌐ LBS0 ~ LBS3 ─ꜝⱴfi☻Ɑ◒♩ꜟ╩ ∆ ↓╣╟╡ LBS0 ~ LBS3 ╕≢─ꜝⱴfi☻Ɑ

◒♩ꜟ─ │ ⇔≡™╢↓≤⅜╦⅛╢ ⌐ ≢⅝╢Ⱨכ◒│ 500 ~ 600 cm-1 ─ Si-

O-Si ─ ≥[18]◒כⱧ╢╟⌐♪כ⸗→ 780 cm-1 ─ SiO4 ─ Si ─ ⌐╟╢Ⱨכ◒

[18] 850 ~ 1200 cm-1 ─ SiO4 ─ Qn ⌐ ∆╢Ⱨ[18]◒כ≢№╢⅜ 850 cm-1 ─ Q1

⌐ ∆╢Ⱨכ◒│™∏╣─●ꜝ☻≢╙ ≢⅝⌂™↓≤⅛╠ Q1 │ ⇔⌂™↓≤⅜

↕╣╢ ≈≠™≡ Fig 5-3 ⌐ 1075 cm-1 ─Ⱨכ◒ ≢ ⇔√ꜝⱴfi☻Ɑ◒♩ꜟ╩

∆ LBS0 ⌐ ∆╢≤ ∕─ ─●ꜝ☻≤ ⇔≡ Q2 ─Ⱨכ◒ ⅜ ↄ Q4 ─

Ⱨכ◒ ⅜ ↕™↓≤⅜ ⅛╢ Fig. 5-4 ⌐ LBS0 ─ Qn ⌐ ⇔≡Ⱨכ◒ ⇔√ ╩

∆ ─ Q3s ─Ⱨכ◒│●ꜝ☻ ─ Ba2+▬○fi ⅜ ↄ⌂∫√ ⌐ ╩℮↑╢ Qn ─

⌐╟╢╙─≤ Moulton ╠[8]│ ⇔≡⅔╡ ↓─Ⱨכ◒╙ Q3 ⌐ ⇔√╙─≢№╢≤

ⅎ╠╣╢ ∕─ ─●ꜝ☻⌐ ⇔≡╙ ⌐Ⱨכ◒ ╩ ⇔√ Ⱨכ◒ ⌐╟∫≡ ╘√

ⱨ▫♇♥▫fi◓Ɽꜝⱷכ♃≤ Qn ─ ╩ Table 5-5 ⌐ ∆ Qn ─ │Ⱨכ◒ ⅛

╠ √∕╣∙╣Ⱨכ◒─ ╩ ∆╢↓≤≢ ╘√ LBS0 ≤ ∂ 30BaO-70SiO2 [mol%]

─●ꜝ☻⌐ ⇔≡│ꜝⱴfi☻Ɑ◒♩ꜟ⌐╟∫≡ ╘√ Qn ─ ⅜ Moulton ╠ [8]╟╡

↕╣≡™╢ ∕─ │ Q2: 13.9% Q3: 78.6% Q4: 7.7%≢№╡ Q3 ≤ Q4 ─ ⅜ ─

≤╛╛ ⅜ ⌂╢⅜ LBS0 ~ LBS3 ─ ⌂ ⌐│ ⌂™≤ ⅎ╠╣╢

Fig. 5-2 LBS0 ~ LBS3 ─ꜝⱴfi☻Ɑ◒♩ꜟ
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Fig. 5-3 1075 cm-1 ─Ⱨכ◒ ≢ ⇔√ LBS0 ~ LBS3 ─ꜝⱴfi☻Ɑ◒♩ꜟ ⌐

SiO4 ─ Qn ⌐ ∆╢Ⱨכ◒ ╩ ⇔≡™╢

Fig. 5-4 LBS0 ─ SiO4 ─ Qn ╩Ⱨכ◒ ⇔√
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Table 5-5 LBS0 ~ LBS3 ─ꜝⱴfi☻Ɑ◒♩ꜟ─ⱨ▫♇♥▫fi◓Ɽꜝⱷכ♃≤ SiO4 ─ Qn

─

Fig. 5-5 ⌐ LBS0 ~ LBS3 ⌐≈™≡ⱨ▫♇♥▫fi◓⇔√ SiO4 ─ Qn ─ ╩ Li2O

⌐ ⇔≡ⱪ꜡♇♩⇔√ ╩ ∆ ↓╣╟╡ Li2O ⅜ ↄ⌂╢⌐≈╣≡ Q2 ≤ Q3 ─

⅜ ⇔ Q4 ─ ⅜ ∆╢↓≤⅜ ⅛╢ LBSx ≢│ BaO ⅛╠ Li2O ─ ╩

∫≡™╢√╘ ●ꜝ☻ ─ NBO: Non-bridging oxygen ─ ⅜ ⌂╢↓≤⅜

↕╣╢ ∕↓≢ Table 5-4(b)─ ─ ╩ ™≡ LBS0 ~ LBS3 ╕≢─ NBO ╩ ⇔√

╩ Fig. 5-6 ⌐ ∆ NBO ─ │ ─ (3)╩ ™√ Fig. 5-6 ╟╡ LBS0.2 ╩ ™≡

Li2O ⅜ ↄ⌂╢⌐≈╣≡ LBS0 ⌐ ∆╢ NBO ⅜ ↕ↄ⌂╢ ⅜ ⅛╢ NBO ─

│●ꜝ☻ ─ ─ ╩ ⇔≡⅔╡ ꜝⱴfi ─Ⱨכ◒ⱨ▫♇♥▫fi◓─

⅛╠ ↕╣╢ Q4 ─ ≤╙ ∆╢≤ ⅎ╠╣╢

."/ 2 / ς 2/ !Ì /      (3)

Fig. 5-5 ꜝⱴfi☻Ɑ◒♩ꜟ─ⱨ▫♇♥▫fi◓⌐╟╡ ╠╣√ LBS0 ~ LBS3 ─ SiO4 ─ Qn

─ ≤ Li2O ─

Q3 + Q3s

Center
[cm-1]

Abs.
[-]

FWHM
[cm-1]

Area
[%]

Center
[cm-1]

Abs.
[-]

FWHM
[cm-1]

Area
[%]

Center
[cm-1]

Abs.
[-]

FWHM
[cm-1]

Area
[%]

Area
[%]

Center
[cm-1]

Abs.
[-]

FWHM
[cm-1]

Area
[%]

LBS0 934.7 0.2805 20.9 13.8 1075.1 0.8643 25.11 52.1 1016.5 0.2926 29.31 20.4 72.6 1131.4 0.1734 32.54 13.7

LBS0.2 934.6 0.2593 21.2 12.8 1075.0 0.8549 24.85 50.7 1017.1 0.2947 29.80 20.8 71.5 1131.7 0.1882 34.72 15.7

LBS0.5 934.7 0.2386 21.1 12.1 1075.3 0.8348 24.83 50.9 1018.0 0.2855 29.99 20.9 71.8 1133.7 0.1847 35.16 16.1

LBS1 935.1 0.2436 21.5 12.4 1075.4 0.8339 24.81 50.4 1018.7 0.2916 29.90 21.1 71.5 1131.5 0.1843 35.42 16.0

LBS2 935.2 0.2386 20.7 11.7 1075.6 0.8297 24.45 49.3 1019.5 0.3016 30.67 22.3 71.7 1131.4 0.1936 34.94 16.6

LBS3 935.5 0.2419 20.6 11.8 1075.7 0.8189 24.54 48.6 1018.9 0.3058 30.62 22.5 71.0 1130.0 0.1986 35.57 17.2
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Fig. 5-6 ⅛╠ ⇔√ LBSx ─ (NBO) ─

⌐ Si K ─ XAFS ╩ ∆ Fig. 5-7 ⌐ Si K ─ XANES ☻Ɑ◒♩ꜟ Si K ─

E0 ≤ Li2O ─ ⅔╟┘ LBS0.2 ~ LBS3 ─ XANES ☻Ɑ◒♩ꜟ≤ LBS0 ─ XANES ☻Ɑ

◒♩ꜟ≤─ ☻Ɑ◒♩ꜟ╩ ∆ XANES ☻Ɑ◒♩ꜟ (Fig. 5-7(a)) ╟╡ LBS0 ~ LBS3 ─☻Ɑ◒

♩ꜟ │ ⇔≡⅔╡ A ~ C ─Ⱨכ◒⅜ ≢⅝╢ ─Ⱨכ◒│ Si ─ 1s ќ 3p/3s ─

⌐ ∆╢╙─≢№╡ SiO4 ─ ╩ ⇔≡™╢[19,20] B ─Ⱨכ◒│ Si ─ ─

⌐╟╢ ⌐╟╢╙─≤ ⅎ╠╣≡⅔╡ │ ≢№╢[20] C ─Ⱨכ◒│ Si ─ 1s ќ

3d/3p ┼─ ⌐ ∆╢╙─≢№╡ Si-O-Si ─ ⅜ ↕ↄ⌂╢≤Ⱨכ◒ C ─ ⅜

∆╢↓≤⅜ ↕╣≡™╢[20] Si K ─ E0 ≤ Li2O ─ (Fig 5-7(b)) ⅛╠ Li2O ─

⌐ ™ E0 ⅜ ∆╢ ≢№╢↓≤⅜ ⅛╢ Bender ╠[21]│ Qn ─ ⌂╢ BaO-SiO2

─ ≤ low-quartz BaO-SiO2 ●ꜝ☻─ Si K ─ XANES ╩ ™ E0 ⅜ ⅝™╒≥ Q4

─ ⅜ ™↓≤╩ ⇔≡™╢ ↓─↓≤⅛╠ Li2O ─ ⌐ ™ Q4 ─ ⅜ ↄ⌂

∫≡™╢ ⅜ ↕╣ Table 5-5 ─ꜝⱴfi☻Ɑ◒♩ꜟ─ ≤╙ ∆╢ LBS0.2 ~ 

LBS3 ─ XANES ☻Ɑ◒♩ꜟ≤ LBS0 ─ XANES ☻Ɑ◒♩ꜟ≤─ ☻Ɑ◒♩ꜟ (Fig. 5-7(c)) ⅛

╠ ≥─◘fiⱪꜟ╙ LBS0 ╟╡╙Ⱨכ◒ A ≤Ⱨכ◒ B ─ ⅜ ↄ⌂∫≡⅔╡ Ⱨכ◒ C ⌐│

⅜╖╠╣⌂™ Ⱨכ◒ A │ Si ─ 4 ⌐ ∆╢Ⱨכ◒≢№╢⅜ ●ꜝ☻│

⌐ ═≡ SiO4 ─ ⅜ ↕ↄ Ⱨכ◒ ⅜ ↕™↓≤⅜ ↕╣≡™╢[20] LBSx ●ꜝ

☻⌐≈™≡╙ ─ ⅜№╢≤ ∆╢≤ Li2O ╩ ∆╢ LBS0.2 ~ LBS3 │ LBS0 ≤

⇔≡ SiO4 ⅜ ╪≢™╢ ⅜ ↕╣╢ Ⱨכ◒ B │ Si ─ ⌐╟╢ ⅜

∆╢√╘ Li2O ─ ⌐ ™ Si ─ ⅜ ⇔√╙─≤ ⅎ╠╣╢ ∕─ ≢Ⱨכ

◒ C ⌐ ⇔≡│ ⅜⌂ↄ Si-O-Si ─ ⌐ ⇔≡│ ⅝⌂ ⅜⌂™↓≤⅜ ↕╣╢
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╕√ Fig. 5-7(c) ⌐ ≢ ∆Ⱨכ◒⌐ ⇔≡│ Fig. 5-7(b)⌐ ⇔√ E0 ⌐ ∆╢╙─

≤ ⅎ╠╣ SiO4 ─ Qn ─ ™⅜ ☻Ɑ◒♩ꜟ⌐ ↕╣≡™╢≤ ⅎ╠╣╢

⌐ Ba K ─ XAFS ╩ ∆ Fig. 5-8 ⌐ Ba K ─ XANES ☻Ɑ◒♩ꜟ Ba K ─

E0 ≤ BaO ─ ⅔╟┘ LBS0.2 ~ LBS3 ≤ LBS0 ─ XANES ☻Ɑ◒♩ꜟ≤─ ☻Ɑ◒

♩ꜟ╩ ∆ XANES ☻Ɑ◒♩ꜟ (Fig. 5-8(a)) ╟╡ LBS0 ~ LBS3 ─☻Ɑ◒♩ꜟ │ ⇔≡⅔

╡ A ≤ B ─ 2 ≈─Ⱨכ◒⅜ ≢⅝╢ Ba K ─ E0 ≤ BaO ─ (Fig. 5-8(b)) ⅛

╠ BaO ⅜ ⌂™●ꜝ☻╒≥ E0 ⅜ ↕™↓≤⅜ ⅛╢ Fig. 5-8(c)─ LBS0 ≤─ ☻Ɑ◒♩ꜟ

⅛╠ Ⱨכ◒ A ⅔╟┘Ⱨכ◒ B ≤│ ⌂╢◄Ⱡꜟ◑כ⌐⅔™≡ ⅜ ∂≡™╢↓≤⅜ ≢

⅝ Li2O ⅜ ™ ╕√│ BaO ⅜ ⌂™ ●ꜝ☻╒≥ LBS0 ≤─ ─ ⅜ ⅝™ ↓╣╠

─ ⅛╠ Li2O ─ ╙⇔ↄ│ Li2O ─ ⌐ ℮ BaO ─ ⌐╟∫≡ Ba ─ ⌐

⅜ ∂≡™╢↓≤⅜ ↕╣╢ ⅎ┌▪ꜟⱵⱡ◔▬ ≢│ Al K ─ XAFS ⅛

╠ Al-O ─ ─ ╛ Al ─ ╛ ─ ⌐ ∫≡ ⅜ ◄Ⱡꜟ◑כ⌐

◦ⱨ♩∆╢↓≤⅜ ↕╣≡™╢[22]

Fig. 5-9 ⌐ k2 ─ ╖≠↑╩⇔√ Ba K ─ EXAFS ☻Ɑ◒♩ꜟ≤ ╩ ∆ Fig. 

5-9(a)─ EXAFS ☻Ɑ◒♩ꜟ╟╡ LBS0 ~ LBS3 ─ ☻Ɑ◒♩ꜟ─ │ ⇔≡™╢

│ⱡ▬☼⅜╖╠╣╢√╘ ╩ ∆╢√╘─ⱨכꜞ◄ ─

│ 3.0 ~ 8.0 М-1 ≤⇔√ (Fig. 5-9(b)) ╟╡ 3 ≈─ ⌂Ⱨכ◒⅜ ≢⅝╢

BS2 ●ꜝ☻⌐≈™≡│ ₁⌂ ╛ ─◦Ⱶꜙ꜠כ◦ꜛfi⅜ ↕╣≡⅔╡ Ba ─

≤─ ⌐ ⇔≡ ↕╣≡™╢[23] ↓─ ╩ ⌐∆╢≤ ─Ⱨכ◒│

Ba-O ─Ⱨכ◒│ Ba-Si ─Ⱨכ◒│ Ba-Ba ≢№╢≤ ⅎ╠╣╢ Ba-O ─

Ⱨכ◒⌐ ∆╢≤ LBSx ●ꜝ☻⌐⅔↑╢ BaïO ─ │╒╓ ≢№╢⅜ ◘fiⱪꜟ⌐

╟∫≡ ⅜ ⌂╡ ↓─ │⅔╟∕ BaO ⌐ ⇔≡™╢ ≤ ─ Ba-

Si ⅔╟┘ Ba-Ba Ⱨכ◒─ ⌐╙╦∏⅛⌐ ⅜№╢⅜ ─ ☻Ɑ◒♩ꜟ⌐╛╛ⱡ

▬☼⅜ ∫≡⅔╡↓─꜠ⱬꜟ─ ≢│ ─ ™╩ ∆╢↓≤│ ⇔™≤ ⅎ╠╣╢

─ ⅛╠ LBSx ●ꜝ☻⅔↑╢ Si ⅔╟┘ Ba ─ ⌐ ⅝⌂ │⌂™╙──

─ ⌂≥⅛╠╦∏⅛⌐ ™⅜№╢↓≤⅜ ╘╠╣√ Si K ─ XANES ☻Ɑ◒♩ꜟ─

│ ꜝⱴfi ☻Ɑ◒♩ꜟ─ ≤ ⅜ ⇔≡⅔╡ Li2O ─ ╕√│ BaO ─ ⌐

℮ Si ─ Qn ─ ╩≤╠ⅎ≡™╢≤ ⅎ╠╣╢ Ba K ⌐≈™≡╙ ⌐ BaO ─

⌐ ℮ BaïO ─ ─ ╛ Si ─ Qn ─ ⌐ ™ Ba ─ ─ ⅜ ↕╣

√ ↓╣╠─ ─ ⅜XANES☻Ɑ◒♩ꜟ╛EXAFS☻Ɑ◒♩ꜟ⌐ ╣≡™╢≤ ⅎ╠╣╢

╟╡ ⌂ ╩ ℮⌐│ MD ⌐╟╢◦Ⱶꜙ꜠כ◦ꜛfi╛ ⌂≥╩ ™≡╟╡

●ꜝ☻ ⌐ ⇔√ ╩ ℮ ⅜№╢≤ ⅎ╠╣╢
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Fig. 5-7 LBSx ─ Si K ─ XANES (a) Si K ─ XANES ☻Ɑ◒♩ꜟ (b) Si K ─

E0 ≤●ꜝ☻ ─ Li2O ─ (c) LBS0.2 ~ LBS3 ─ XANES ☻Ɑ◒♩ꜟ≤ LBS0 ─ XANES

☻Ɑ◒♩ꜟ≤─ ☻Ɑ◒♩ꜟ

Fig. 5-8 LBSx ─ Ba K ─ XANES (a) Ba K ─ XANES ☻Ɑ◒♩ꜟ (b) Ba K ─

E0 ≤●ꜝ☻ ─ BaO ─ (c) LBS0.2 ~ LBS3 ─ XANES ☻Ɑ◒♩ꜟ≤ LBS0 ─

XANES ☻Ɑ◒♩ꜟ≤─ ☻Ɑ◒♩ꜟ
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Fig. 5-9 LBSx ─ Ba K ─ EXAFS (a) k2 ─ ╖≠↑╩⇔√ EXAFS ☻Ɑ◒♩ꜟ

(b) ⱨכꜞ◄ ─ ─ │ 3.0 ~ 8.0 М-1 ≤⇔√

5.3.3 Li2O ─ ⌂╢●ꜝ☻─ ─

Fig. 5-10 ⌐ 10 ÁC/min ⌐⅔↑╢●ꜝ☻ ─ DSC ╩ ∆ ⌐⅔™≡

─ Ⱨכ◒⅜ ≢⅝╢ ⅎ┌ LBS0 ≤ LBS0.2 ⌐ ∆╢≤ LBS0 ≢│ 820 ~ 920 ÁC

LBS0.2 ≢│ 800 ~ 850 ÁC ≢∕╣∙╣ 2 ≈─ Ⱨכ◒⅜ ⌂∫≡ ⇔≡™╢⅜ ≢│

─ ⅝⌂Ⱨכ◒ ─ ╩ Ⱨכ◒ Tc ≤⇔√ Tc ⌐ ∆

╢≤ Li2O ⌐╟∫≡ Ⱨכ◒─ ⅜ ⌂∫≡⅔╡ LBS0 ─Ⱨכ◒─ │ ╙Ⱪ꜡

╢№≢♪כ LBS0.2 ~ LBS1 ≢│ Li2O ⅜ ⅎ╢⌐≈╣≡ Ⱨכ◒─ ⌂⌐ⱪכꜗ◦│

╡ LBS2 ⅔╟┘ LBS3 ≢│ Li2O ─ ⌐ ™ Ⱨכ◒─ │Ⱪ꜡כ♪⌐⌂∫≡™╢

Tc ─ ≢│ LBS1 ⅛╠ LBS3 ⌐⅔™≡ 920 ~ 930ÁC ─ ⌐ ⌂ Ⱨכ◒⅜

≢⅝╢ ↓─ │ Li2O ⅜ ™╒≥ ⅝™↓≤⅛╠ Li2O ⅜ ⇔√ ⌐╟╢╙─≤ ⅎ

╠╣╢ ╕√ Li2O ─ ⌐≤╙⌂™●ꜝ☻ Tg T0 Tc │∕╣∙╣

⌐◦ⱨ♩⇔≡™╢ ●ꜝ☻ ⅛╠ ↕╣╢ NBO ⅜ Li2O ─ ⌐ ™ ∆╢

╛ SiO4 ─ Q4 ⅜ ∆╢ ⅜№╢↓≤⅛╠ ●ꜝ☻ ─Ⱡ♇♩꞉כ◒ ⅜╟╡

⌐⌂∫≡™╢↓≤⅜ ↕╣≡™╢ ↓╣│ ─ ─ ◦ⱨ♩≤│ ∆╢ ≢

№╢ ↓─ ≤⇔≡│ Hard and Soft Acids and Bases (HSAB) [24]⌐⅔™≡ Li+▬○fi⅜ Ba2+

▬○fi╟╡╙Ɫכ♪⌂ ≢№╢↓≤⅜ →╠╣╢ ∕─√╘ Fig. 5-16 ⌐ ∆╟℮⌐ SiO4

⌐⅔™≡ Li+▬○fi≤ ⇔≡™╢ NBO ⅜ Li+▬○fi ⌐└⅝≈↑╠╣ Si-O ─ ⅜ ↄ
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⌂∫√ ⅜ ↕╣╢ ∕─ ≢ Li+▬○fi⅜ ─▬○fi╩ ⇔≡●ꜝ☻

╩ ≢⅝╢╟℮⌐⌂╡ ⅜ ⇔√↓≤≢ Tg T0 Tc ─ ◦ⱨ♩⅜ ∂√╙─≤ ⅎ╠

╣╢

Table 5-6 ⌐ DSC ╟╡ ╘√ Tg T0 Tc Ⱨכ◒ : TE T0 ≤ Tg ≤─ :  

T0 ī Tg Tc ≤ Tg ≤─ : Tc ī Tg ─ ╩ ∆ T0 ī Tg │●ꜝ☻ ⅛╠ ╕≢

─ ╩ ⇔≡™╢─≢↓─ ⅜ ⅝™╒≥●ꜝ☻≤⇔≡ ≢№╡ Tc ī Tg │●ꜝ☻

⅛╠ Ⱨכ◒ ╕≢─ ╩ ⇔≡™╢─≢ ↓─ ⅜ ↕™╒≥ Ⱨכ

◒⌐ ∆╢ ─ ⅜ ∂╛∆™↓≤╩ ⇔≡™╢ ⌂⅔ ⌐│ꜞⱨ□꜠fi☻≤⇔≡

≢ ↕╣≡™╢ BS2 ●ꜝ☻─ DSC [25]╩ ⇔≡™╢ ↓∟╠─ │

≢│⌂ↄⱣꜟ◒◘fiⱪꜟ≢─ ≢№╢⅜ LBSx ●ꜝ☻≤─ │ ≢№╢≤ ⅎ╠╣

╢ LBS0 ≤ BS2 ●ꜝ☻─ ╩ ∆╢≤ BS2 ●ꜝ☻│ LBS0 ≤ ⇔≡ T0 ī Tg │ ⅝ↄ

Tc ī Tg ⅜ ↕™↓≤ ↓╣│ ●ꜝ☻ │ LBS0 ╟╡╙ ≢№╢╙── ™∫√╪ ⅜

∆╢≤ Tc ⌐ ∆╢ ─ ⅜ LBS0 ≤ ⇔≡ ∂╛∆™↓≤╩ ⇔≡™╢ Li2O

╩ ∆╢ LBS0.2 ~ LBS3 ⌐ ∆╢≤ LBS0.2 ≤ LBS0.5 ≢│ LBS0 ⌐ ═≡ T0 ī Tg ─ ⅜

⅝™↓≤⅛╠ ─ Li2O ─ │●ꜝ☻ ╩ ↕∑╢ ⅜ ↕╣╢ ≢

LBS1 ~ LBS3 ─ T0 ī Tg ─ │ LBS0 ≤ ≢№╢↓≤⅛╠●ꜝ☻ ≤⇔≡─ │

LBS0 ≤ ™ Tc ī Tg ─ │ LBS0.5 ╕≢│ Li2O ⅜ ⅎ╢⌐≈╣≡ ⌐ ⇔ LBS1

│ LBS0.5 ≤ ™ ≢№╢ ↓╣╠─ │ BS2 ●ꜝ☻≤ ™ ─ ⅛╠ Li2O ╩ ∆╢

●ꜝ☻─ │ LBS0 ≤ ≢№╢⅜ Tc ⌐ ∆╢ ─ │ LBS0 ╟╡╙

∂╛∆™╙─≤ ⅎ╠╣╢

Fig. 5-12 ⌐ ─ ⌂╢ DSC ─ ≤⇔≡ LBS0 ─ ╩ ∆

⌐╟∫≡ Ⱨכ◒ : Tc ⅜ ⇔≡⅔╡ ⅜ ™╒≥ Tc ─ │ ⌐◦

ⱨ♩⇔≡™╢ ◄Ⱡꜟ◑כ─ DSC ⌐ ™√ ◘fiⱪꜟ─ │ 106 ɛm 180 ɛm

≢№╢⅜ ╠─ Y2O3 ╩ ⇔√ BaO-SiO2 ●ꜝ☻─ ⌐ ∆╢ [27]╟╡

™√ ≢№╢≤ ⅜ ≢№╢≤ ⅎ n = m = 1 ╩ ⇔√ Fig. 5-13 ⌐

LBS0 ~ LBS3 ─ Ⱨכ◒ ─ Kissinger ⱪ꜡♇♩╩ ∆ ◘fiⱪꜟ⌐╟∫≡┌╠

≈⅝│№╢⅜ ≥─◘fiⱪꜟ╙ ⅜ ≢⅝╢ ↓─ ─ ⅝⅜ ◄Ⱡꜟ◑כ≢№

╡ ◘fiⱪꜟ⌐╟∫≡↓─ ⅝⅜ ⌂╢↓≤⅜ ⅛╢ Table 5-7 ⌐ ⇔√ ●ꜝ☻─ ◄

Ⱡꜟ◑כ╩ Fig. 5-14 ⌐ ◄Ⱡꜟ◑כ≤ Li2O ─ ╩ ∆ ↓╣╟╡ Li2O ─ ⌐╟∫

≡ ◄Ⱡꜟ◑כ│ ⇔ Li2O ⅜ 1 mol%≢ ╩ ⇔ ↕╠⌐ Li2O ⅜ ↄ

⌂╢≤ ◄Ⱡꜟ◑כ│ ∆╢↓≤⅜ ⅛╢ ↓─ │ Fig. 5-10 ⌐ ⇔√ DSC ⌐⅔

↑╢ Tc ─ Ⱨכ◒─ ─ ≤╙ ⅜ ∂≢№╢ ⇔√⅜∫≡ Li2O ─ ╛ ∕─

⌐ ∂≡ Tc ≢ ∆╢ ─ ╛ ⅜ ⌂╢ ⅜ ⅎ╠╣╢
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Table 5-6 LBSx ─ DSC ─╕≤╘

* Ⱨכ◒ ─ │Ñ 3 ÁC ≢№╢

Fig. 5-12 ─ ⌂╢ LBS0 ─ DSC
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w
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t]

Temperature [ ]

5 ÛC/min

10 ÛC/min

15 ÛC/min

20 ÛC/min

TcExo

Sample    LBS0[25]   LBS0.2[25]   LBS0.5[25] LBS1 LBS2 LBS3     BS2[24]

T g [̆] 694 677 663 650 622 601 690
T 0 [̆] 821 808 809 778 742 727 845
T 1[̆] 846 831 819 788 761 740 853
T 2[̆] 877 840 847 803 883 886 875
T 3[̆] - 910 - - - - 905
T 4[̆] - 915 - - - - 915
T 5[̆] - 926 - - - - -
T c [̆] 877 840 819 788 761 740 853
T E[̆] - - - 923 928 930 -

T 0˵T g [̆] 127 131 146 128 120 126 155
T c˵T 0 [̆] 56 32 10 10 19 13 8
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Fig. 5-13 LBS0 ~ LBS3 ⌐⅔↑╢ Tc ─ n = m = 1 ─ Kissinger ⱪ꜡♇♩

Table 5-7 n = m = 1 ─ Kissinger ⱪ꜡♇♩╟╡ ╘√ ◄Ⱡꜟ◑כ

Sample LBS0 LBS0.2 LBS0.5 LBS1 LBS2 LBS3
Activation energy

[kJ/mol] 357.3 343.2 319.6 238.6 274.9 291.3

Error
[kJ/mol] Ñ 23.3 Ñ 19.2 Ñ 4.6 Ñ 15.3 Ñ 30.2 Ñ 30.7

Fig. 5-14 Tc ─ Ⱨכ◒⌐⅔↑╢ ─ ◄Ⱡꜟ◑כ≤ Li2O ─
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5.4 ─╕≤╘

≢│ 30BaO-70SiO2 [mol%] ─●ꜝ☻╩ⱬכ☻⌐ ⌐ 0.2 mol%⅛╠ 3 mol%╕

≢─ BaO ╩ Li2O ⌐ ⇔√ xLi2O-(30īx)BaO-70SiO2 [mol%] (x = 0, 0.2, 0.5, 1, 2, 3)─ LBSx ●ꜝ

☻╩ ⇔ ꜝⱴfi ⅔╟┘ XAFS ╩ ™≡ ╩ ∫√ ╕√ DSC ╩ ™≡ Li2O

─ ⅜●ꜝ☻ ╛●ꜝ☻ ⅛╠─ ─ ⌐ ℮ ⌐ ⅎ╢ ⌐≈™≡

⇔√ ─♩♇◕כ♃│☻ꜝ●√⇔ ⌐ ⇔≡ ─◖fi♃Ⱶ╛ ☼꜠⅜ ↕╣√

⅜ XAFS ꜝⱴfi DSC ─ │ Li2O ╛ BaO ⌐ ⅜№╢ ≢№∫√ ꜝⱴ

fi ⅛╠ Li2O ─ ⌐ ™ SiO4 ─ Q2 ⅔╟┘ Q3 ⅜ ⇔ Q4 ⅜ ∆╢

⅜ ↕╣√ XAFS ≢│ ⅝⌂●ꜝ☻ ─ ™│ ↕╣⌂⅛∫√⅜ ꜝⱴfi ≤

⌐ SiO4 ─ Q4 ⅜ ∆╢ ⅜ ↕╣√ DSC ⅛╠│ SiO4 ─ Q4

─ ≤│ ⌐●ꜝ☻ ╛ ─ ⅜ ╘╠╣√ ↓╣│ Li+▬○fi

⅜ HSAB ≢Ɫכ♪⌂ ≢№╢√╘≤ ⅎ╠╣ SiO4 ⌐⅔™≡ Li+▬○fi≤ ⇔≡™╢

NBO ⅜ Li+▬○fi ⌐└⅝≈↑╠╣ Si-O ─ ⅜ ↄ⌂∫√↓≤≢●ꜝ☻─ ⅜ ⇔

√╙─≤ ⅎ╠╣╢ ╕√ ●ꜝ☻─ DSC ⅛╠ ⌐ ℮ ⅜ ⅝ↄ ⌂╢↓

≤⅜ ╠⅛≤⌂∫√ Kissinger ⱪ꜡♇♩⅛╠ Tc ⌐≈™≡ ◄Ⱡꜟ◑כ╩ ⇔√≤↓

╤ Li2O ─ ⌐ ™ ◄Ⱡꜟ◑כ│™∫√╪ ∆╢╙── Li2O ⅜ 1 mol%╩

⌐ ⌐ ∂╢↓≤⅜ ╠⅛≤⌂∫√ ─ ⅛╠ Li2O ─ ╛ ∕─ ⌐ ∂≡

Tc ≢ ∆╢ ─ ╛ ⅜ ⌂╢ ⅜ ⅎ╠╣╢
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6

Li2O ╩ ⇔√ BaO-SiO2 ●ꜝ☻─

6.1

5 ⅛╠ BaO-SiO2●ꜝ☻⌐ Li2O╩ ∆╢↓≤≢●ꜝ☻ ⅔╟┘ ⅜ ∆╢↓≤⅜

╠⅛≤⌂∫√ ╕√ DSC ⅛╠ ⅜ Li2O ⌐ ∂≡ ∆╢ ⅜

↕╣√ ∕↓≢ ≢│ LBSx ●ꜝ☻⌐ ⇔≡ ╩ ™ ─◘fiⱪꜟ─

╩ ℮↓≤≢ Li2O ─ ⅜ ⌐ H-BaSi2O5 ─ ⅔╟┘ H-BaSi2O5 ⅛╠ L-

BaSi2O5 ┼─ ⌐ ⅎ╢ ╩ ⇔√

6.2

5 ≢ ⇔√ LBS0 ~ LBS3 ─●ꜝ☻Ⱪ꜡♇◒╩ ⇔√ ⌐ ╩ ∫√

─◘fiⱪꜟ│ ⌐ ∆ ≢ ⇔√ 30 mm Ĭ 30 mm ─◘▬☼⌐ ⇔√◘fiⱪꜟ

╩ ⌐ ∑ ⱱ♇♩ⱪ꜠כ♩≢ ⇔⌂⅜╠◄꜠◒♩꜡fi꞉♇◒☻ ⱨꜟ►♅

╩ ™≡◘fiⱪꜟ╩ ⌐ ⇔√ ∕─ ◘fiⱪꜟ─ ╖⅜ 2 mm ⌐⌂╢╟

℮⌐ ICB-35 ≢ ╖ ─ ╩ ∫√

SGM-6301 ╩ ™≡#1000 ─ ≢ ╩ ∫√ │

╩ⱱ♇♩ⱪ꜠כ♩≢ ⇔≡◄꜠◒♩꜡fi꞉♇◒☻╩ ⅛⇔ ⅛╠◘fiⱪꜟ

╩│⅜⇔≡◄♃ⱡכꜟ≢ ⇔√ ─◘fiⱪꜟ│◌fi♃ꜟ☻כⱤכ

╩ ™≡ 5 ÁC/min 5 ÁC/min ─ ≢ ⅛╠ Table 6-1 ⌐

∆ ≢∕╣∙╣ ╩ ∫√ ●ꜝ☻─ │ 5 ≢ ⇔√ DSC ╩

⌐ ⇔√ ─◘fiⱪꜟ│ ╖ 0.5 mm ≤⌂╢╟℮⌐

SGM-6301 ╩ ™≡#1000 ─ ≢ ╩ ⇔√ ⇔─√╘⌐

ה ꜝ♇Ⱨfi◓ ◄fi◑☻ EJ-380IN ╩ ™≡ ☿ꜞ►ⱶ☻ꜝ

╩כꜞ ⇔⌂⅜╠ → ╩ ∫√ ╕√ ─ ╩ ─●ꜝ☻⌐≈™≡╙ ∫

√ ─◘fiⱪꜟ╩ ™≡ ₁─ ╩ ∫√ ⌐╟∫≡ ⇔√ ╩

∆╢√╘⌐ XRD ╩ ⇔ ─ ≤ ⅔╟┘ ─ ╩ ∫√ ╕

√ꜝⱴfi SEM: Scanning Electron Microscopy ▬○fi

(SIMS: Nano Secondary Ion Mass Spectrometry) [1] TEM: Transmission Electron 

Microscopy STEM╩ ™≡ ─◘fiⱪꜟ─ ╩ ∫√
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Table 6-1 LBSx ─

─ ≢ ⅛╠ ╩ ∫√ 5 ÁC/min 5 ÁC/min
Sample Temperature Hold Time Remarks

LBS0 890 ÁC 5 min, 20 min, 30 min,
1 h, 6 h, 24 h Temperature around Tc

LBS0.2 850 ÁC 5 min, 20 min, 30 min,
1 h, 6 h, 24 h Temperature around Tc

LBS0.5 825 ÁC 5 min, 10 min, 20 min, 
30 min, 24 h Temperature around Tc

LBS1 795 ÁC 5 min, 20 min, 
30 min, 24 h Temperature around Tc

LBS2
720 ÁC 24 h Lower temperature than T0

770 ÁC 5 min, 20 min, 
30 min, 1 h, 24 h Temperature around Tc

LBS3 748 ÁC 5 min, 20 min, 
30 min, 24 h Temperature around Tc

XRD │ X ꜞ●◒ Smart Lab ╩ ™≡ ∫√ ▪ꜟⱵ♫ ⅔

╟┘▪ꜟⱵ♫ ╩ ™≡ ⇔√ ◘fiⱪꜟ╩ ⱱꜟ♄כ⌐☿♇♥▫fi◓⇔ Cu-KŬ

╩ ™≡ 45 kV 200 mA 2ɗ 10 ~ 40Á ☻♥♇ⱪ 0.020Á

─ ≢ ╩ ⇔√ │Ɫ♫꞉ꜟ♩ [2]╩ ™≡ ICSD ⌐ ↕╣≡™╢

─ ≥♃כ♦ ⇔ ─ ╩ ∫√ ─ ◘fiⱪꜟ│ꜞכ♩ⱬꜟ♩

[3]╩ ™ ⅔╟┘ ─ ╩ ⇔√ ♩ꜟⱬ♩כꜞ ─ ⌐│

⌐ ≤⇔≡ ZnO 99.9% ╩ 10 wt% ⇔

2ɗ 10 ~ 90Á ☻♥♇ⱪ 0.010Á─ ≢ XRD ╩ ∫√ ╠╣√ ⱬ♩כꜞ│♃כ♦

ꜟ♩ ⱪ꜡◓ꜝⱶ RIETAN FP [3,4]╩ ™≡ⱨ▫♇♥▫fi◓╩ ∫√ ⱪ꜡ⱨ□▬ꜟ │

─ Pseude-Voigt [5,6]╩ ⇔ ⌐ ⇔≡ ⌂ ─

≤↕╣╢ Rwp (R weighted pattern) < 10%≤⌂╢╟℮⌐ⱨ▫♇♥▫fi◓╩ ∫√

│ 2ɗ 10 ~ 90Á≤⇔ ⇔√Ɽꜝⱷכ♃│Ᵽ♇◒◓ꜝfi♪Ɽꜝⱷכ♃ ⱪ

꜡ⱨ□▬ꜟⱤꜝⱷכ♃ ≤⇔√ ╕√ Ɽꜝⱷכ♃ Ɽꜝⱷכ♃─╖╩

⇔ ♀꜡ ◦ⱨ♩Ɽꜝⱷכ♃ Ɽꜝⱷכ♃│ ≢ ⇔ │ ╦⌂

⅛∫√ ─√╘─ ⌐│ ICSD ⌐ ↕╣≡™╢ ╩ ™√

ⅎ┌ ─ ZnO ≢│ ICSD No. 65120 ╩ ™ H-BaSi2O5 ≢│ ICSD No.9339 L-BaSi2O5≢│

ICSD No.15486 Cristobalite ≢│ ICSD No.75300 ╩ ™√ ─ │

≤⇔≡ ⇔√ ZnO⅜ 10 wt%⌐⌂╢╟℮⌐ ╩ ⇔ ⇔√ ─ │

─ ≢ ⇔√ ╕∏ ♩ꜟⱬ♩כꜞ ≢ ╠╣√ ─ ◘▬♩─ ⌐

─ ╩ ∂√ ⌐↓─ ╩ ∂ ↔≤⌐ ⇔ ─ ≢ ╢↓≤

≢ ╩ ⇔√
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ꜝⱴfi │ ⱴfiꜝכ◙כ꜠ LabRAM HR 

Evolution ╩ ™≡ : 532 nm fi◓: 1200 gr/mm▫♥כ꜠◓ ꜠fi☼: 100 ─

≢ 200 ~ 1200 cm-1 ─ ≢ ∫√ SIMS ⅔╟┘ SEM ─ │ ─◘fiⱪꜟ╩

≢ ⇔√ Pt ⇔♩כ◖╩Ⱳfiכ◌≥ ▬○fiⱦכⱶ(FIB: Focused Ion Beam)

╩ ⇔√ SEM FEI Helios 1200 ╩ ™≡ ─ FIB ╩ ∫√ FIB

─ ⌐ⱷ♃ꜟ◖כ♩╩ ⇔ SIMS CAMECA NanoSIMS 50L ╩ ™≡

─ Li ⅔╟┘ Si ─ ╩ ⇔√ SIMS │ ▬○fi O- ▬○fi

16 kV ▬○fi Positive≤⇔√ SIMS ╩ ∫√ ⌐≈™≡ SEM

Ɫ▬♥◒ⱡ꜡☺כ☼ SU8230 ╩ ™≡ 1 kV ⱪ꜡כⱩ Normal ◄Ⱶ

♇◦ꜛfi 10 ɛA WD 8 mm ♪כ⸗ ─♪כ⸗ ≢ ╩ ∫√

⌐≈™≡◄Ⱡꜟ◑כ X (EDS: Energy Dispersive X-ray Spectroscopy) ╩ ™

≡ ╩ ⇔√ │ 6 kV ⱪ꜡כⱩ High ◄Ⱶ♇◦ꜛfi

10 ɛA WD 10 mm ≤⇔√ TEM ─ │ SIMS ≤ ⌐ FIB ╩ ™

≡ ⇔√ ⇔√ │ JEM-2010F ╩ ™≡

200 kV ─ ≢ ⇔√ ─ Si Ba O ─ ⱴ♇Ⱨfi◓╩ ⌐ ⅎ

↑╠╣≡™╢ EDS JED-2300 כ◙▬ꜝ♫▪≥ Thermo 

Scientific Noran system 7 ╩ ™≡ ⇔√ STEM ─◘fiⱪꜟ│ ╩ ™≡

⇔√ ⇔√◘fiⱪꜟ╩◄♃ⱡכꜟ ⌐ ↕∑ Ⱳfiכ◌ ⅝─ Cu ◓ꜞ♇♪

EM Japan quantifoil R0.6/1 200mesh ─ ⌐ ⇔√ ∕─ ⇔√◘fiⱪ

ꜟ╩ ↕∑ ╩ ╩♩כ◖Ⱳfiכ◌⌐╘√╢→ ⇔√ STEM EDS

4D-STEM[7]│ (Thermo Fisher Scientific Titan Cubed G2 60-

300) ╩ ™≡ 300 kV ≢ ⇔√ HAADF-STEM │ ─ ╡ ╖ 52 ~ 

200 mrad ◌ⱷꜝ 115 mm ─ ≢ ⇔√ ╕√ Si Ba O ─ ⱴ♇Ⱨfi◓│

⌐ ⅎ ↑╠╣≡™╢ EDS Super-X ╩ ™≡ 18 mrad ⱪ꜡כⱩ 70 

pA ⱪ꜡כⱩ 0.1 nm ☻♥♇ⱪ◘▬☼ 4 nm ─ ≢ ⇔√ ╕√ 4D-STEM

╩ ™≡ ─ ─ ╩ ⇔√ 4D-STEM ─ │ ⱪ꜡כⱩ 10 

pA 1.2 mrad ◄Ⱡꜟ◑כⱨ▫ꜟ♃כ ♀꜡꜡☻Ⱨכ◒╩ ╗± 5 eV ─◄Ⱡꜟ

כ◑ ≢─ⱦכⱶ☻◐ꜗfi─☻♥♇ⱪ◘▬☼ 2 nm Ɽ♃כfi─

0.171 nm-1/Ⱨ◒☿ꜟ ≢─ №√╡─ 0.05 ≤⇔√
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6.3 ⅔╟┘

6.3.1 ─ ≤ ⅔╟┘ ─

╘⌐ Tc ─ ⌐╟∫≡ ⇔√ ─ ╩ ∫√ Fig. 6-1 ⌐ Tc ─ ≢

30 ─ ╩ ∫√◘fiⱪꜟ─ XRD ╩ ∆ LBS0 ~ LBS0.5 ─ │ Kajihara ╠[8]

─ ╩ ⇔≡™╢ ⌐ ⇔√ │ ─Tc ─ ≢№╡ ⌐│ ICSD

╟╡ ⇔√ BS2 ●ꜝ☻≢ ≤⇔≡ ↕╣≡™╢ H-BaSi2O5 (ICSD No. 9339) ≤ L-

BaSi2O5 (ICSD No. 15486) ⌐ ⅎ≡ BS2 ●ꜝ☻─ ≢─ ⅜ ↕╣≡™╢

Ba5Si8O21 (ICSD No. 100311) ≤ Ba6Si10O26 (ICSD No. 100312) ─ Ɽ♃כfi╩ ⇔≡™╢ ╕√

⌐× ≢ ⇔√ Ⱨכ◒│Cristobalite (ICSD No. 75300) ≤ ⅎ╠╣╢ Ⱨכ◒≢№╢

LBS0 ≤ LBS0.2 ─ X ⌐ ∆╢≤ ─ Ⱨכ◒╩ ™≡Ⱪ꜡כ♪⌂ Ⱨכ

◒⅜ ↄ ≢⅝ ↓─╟℮⌂ Ⱨכ◒│ LBS0.5 ≢│ ≢⅝⌂™ ↓─ ─

│ Moulton ╠⌐╟∫≡ ↕╣≡™╢ BS2 ●ꜝ☻─ ⌐⅔™≡ H-BaSi2O5 ╟╡

╙ ⌐ ∆╢ ╩╙≈ H-BaSi2O5 (Metastable H-BaSi2O5 : M-BaSi2O5 ≤ ∆╢)╩

╗ ≤ ⇔≡™╢[9,10] LBS0 ≤ LBS0.2 ─ X ─ ™≤⇔≡│ LBS0 ≢│

Ba5Si8O21╛ Ba6Si10O26─ Ⱨכ◒≤ ™ 2ɗ⌐ Ⱨכ◒⅜ ≢⅝╢─⌐ ⇔≡ LBS0.2≢

│↓─╟℮⌂ Ⱨכ◒│ ≢⅝⌂™⅜ H-BaSi2O5─ ⌐ ⅜ ↄ◦ꜗכⱪ

⌂ Ⱨכ◒⅜ ≢⅝╢ LBS0.5 ~ LBS3⌐ ∆╢≤ LBS0.5 ≢│ L-BaSi2O5 ⅜ ≢

№╡ ╦∏⅛⌐ Cristobalite ≤ ⅎ╠╣╢ Ⱨכ◒⅜ ≢⅝╢ LBS1 ≢│ LBS0.5 ⌐ L-

BaSi2O5 ⅜ ≢№╢⅜ H-BaSi2O5 ─ Ⱨכ◒╙╦∏⅛⌐ ∆╢↓≤⅜ ⅛╢ LBS2

≢│ │ H-BaSi2O5 ≢№╡ ╦∏⅛⌐ L-BaSi2O5 ≤ ⅎ╠╣╢ Ⱨכ◒⅜ ⇔≡™╢⅜

LBS3 ≢│ L-BaSi2O5 ─ Ⱨכ◒│ ≢⅝∏ H-BaSi2O5─ Ⱨכ◒─╖⅜ ≢⅝╢
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Fig. 6-1 Tc ─ ≢ 30 ─ ╩ ∫√◘fiⱪꜟ─ XRD [8] LBS0 ~ LBS0.5

─ │ Kajihara ╠[8]─ ⇔√ ╩ ⌐ ⇔≡™╢ H-BaSi2O5 (ICSD No. 9339)

L-BaSi2O5 (ICSD No. 15486) Ba5Si8O21 (ICSD No. 100311) Ba6Si10O26 (ICSD No. 100312)│ BS2 ●

ꜝ☻≢ ∆╢ ⌂ ─ ≢№╢ ─× ─Ⱨכ◒│ Cristobalite (ICSD 

No. 75300) ≤ ⅎ╠╣╢ Ⱨכ◒≢№╢

™≡ Fig. 6-2⌐ Tc ─ ≢ 24 ─ ╩ ∫√◘fiⱪꜟ─ XRD ╩ ∆

LBS0~LBS0.5 ─ │ Kajihara ╠[8]─ ╩ ⇔≡™╢ X ⅛╠ LBS0 │ 890ÁC

≤ ╙ ⅛≈ 24 ≤ ─ ≢№╡⌂⅜╠ L-BaSi2O5 ─ Ⱨכ◒│ ≢⅝∏

H-BaSi2O5 ─ Ⱨכ◒─╖⅜ ≢⅝╢ ╕√ ↓─ Ⱨכ◒│ꜞⱨ□꜠fi☻≢№╢ ICSD

─ H-BaSi2O5─ Ⱨכ◒≤ ⌐ ⇔≡™╢╦↑≢│⌂™ LBS0.2 ~ LBS2 ≢│ LBS0 ≤│

⌂╡ L-BaSi2O5 ⅜ ≢№╡ Cristobalite ≤ ⅎ╠╣╢ Ⱨכ◒╙ ≢⅝╢ LBS3

≢│ L-BaSi2O5 ∞↑≢⌂ↄ H-BaSi2O5─ Ⱨכ◒╙ ≢⅝╢ ↓╣╠─◘fiⱪꜟ⌐≈™≡ꜞ

♩ꜟⱬ♩כ ╩ ∫√ ╩ Table 6-2 ⌐ ∆ ⌂⅔ LBS0 ~ LBS3 ♩ꜟⱬ♩כꜞ─≢╕

─ⱨ▫♇♥▫fi◓ │ 6-1 ⌐ ⇔≡™╢ Table 6-2 ╟╡ ™∏╣─◘fiⱪꜟ╙ Rwp ⅜

10% ≢№╡ ⌡ⱨ▫♇♥▫fi◓│≢⅝≡™╢≤™ⅎ╢ ⇔√⅜∫≡ ⅔╟┘

─ ⌐│ ⅝⌂ │⌂™≤ ⅎ╠╣╢ Fig. 6-3 ♩ꜟⱬ♩כꜞ⌐ ╟╡ ╘√ ●

ꜝ☻─ H-BaSi2O5 ⅔╟┘ L-BaSi2O5 ─ Ba/Si ≤ ╩ ∆ Fig. 6-3(a)─ Ba/Si ⌐ ∆
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╢≤ LBS0 ≢ ⇔√ H-BaSi2O5≢│ BaSi2O5 ─ Ba/Si 0.5 ╟╡╙ ↕ↄ Ba ⅜ ⌂™

≢№╢ ∕─ ≢ Li2O ╩ ∆╢ LBS0.2 ~ LBS3 ≢│ ⌡ 0.5 ⌐ ™ Ba/Si ≤⌂∫≡™

╢↓≤⅜ ⅛╢ Fig. 6-3(b)─ ⌐ ∆╢≤ LBS0.2 LBS0.5 ⅔╟┘ LBS1 ─

│ ∕─ ─◘fiⱪꜟ≤ ⇔≡ ™↓≤⅜╦⅛╢ LBS2 ≤ LBS3 ─ │ LBS0 ≤

∞⅜ L-BaSi2O5 ─ │ LBS2 ⅔╟┘ LBS3 ─╒℮⅜ ™

─ ⅛╠ Li2O ╩ ∆╢ LBS0.2 ~ LBS3 ≢│ LBS0 ╟╡╙ ⅜ ≢╙

≢ H-BaSi2O5 ⅔╟┘ L-BaSi2O5─ ∆╢↓≤⅜ ⅛∫√ ♩ꜟⱬ♩כꜞ√╕ ─ ╟╡

─ │ Li2O ╩ ⇔√ ─╒℮⅜ BaSi2O5 ─ ⌐ ↄ Li2O ─

⅜ ╩ ↕∑≡™╢↓≤╩ ⇔≡™╢ ⌐ ∆╢≤ LBS0.2, LBS1 ⅔╟┘

LBS0.5 ≢│ ⌐ ⅜ ↄ⌂∫≡™√ ↓╣╟╡╦∏⅛ 0.2 mol% ─ Li2O ─ ≢╙

⅜ ⅝ↄ ∆╢↓≤⅜ ╠⅛≤⌂∫√

─ ≢ ⅜ ↄ⌂∫√ ╩ ∆╢√╘⌐ Fig. 6-4⌐ 5 ─ DSC ≢

╘√ ≤●ꜝ☻ ─ ≢№╢ T0īTg ≤ ♩ꜟⱬ♩כꜞ ⅛╠ ╘√ 24

◘fiⱪꜟ─ ─ ╩ ∆ ↓↓≢─ ≤│ H-BaSi2O5 ≤ L-BaSi2O5 ─

─ ╩ ∆ ↓─ ╟╡ T0īTg ─ ⅜ ⅝⌂●ꜝ☻╒≥ ⅜ ™ ⅜№╢↓

≤⅜ ⅛╢ ≢│ ─√╘─ ⌐ │ ∫≡⅔╠∏ T0īTg ─ ⅜

⅝⌂●ꜝ☻╒≥ ⅜ ™↓≤⅛╠ ≢─ ∞↑≢⌂ↄ T0 ⌐ ∆

╢╕≢─ ⌐╙ ⅜ ∂≡™╢ ⅜№╢ ∕↓≢ LBS2 ⌐≈™≡ 770 ÁC 1

─◘fiⱪꜟ╩ ⇔ XRD ♩ꜟⱬ♩כꜞ≥ 6-2 ⌐ⱨ▫♇♥▫fi◓─ ╩ ∆

╩ ∫√≤↓╤ ⇔√ ─ │ H-BaSi2O5 20 wt% L-BaSi2O5 2 wt%≢№∫

√ LBS2 ─ 770 ÁC 24 ◘fiⱪꜟ─ │ H-BaSi2O5 4 wt% L-BaSi2O5 18 wt%

≢№╢↓≤⅛╠ H-BaSi2O5 ≤ L-BaSi2O5 ─ ─ │ ⇔≡⅔╠∏ 1 ⅛╠ 24

─ ─ ⌐ H-BaSi2O5 ⅛╠ L-BaSi2O5┼─ ─╖⅜ ∂≡™╢↓≤╩ ⇔≡™╢ ⇔√

⅜∫≡ LBS2 ─ 770 ÁC ≢─ ⌐ ⇔≡│ ⌐ ⅜ ∂≡™╢ ⅜ ™

≤ ⅎ╠╣╢
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Fig. 6-2 Tc ─ ≢ 24 ─ ╩ ∫√◘fiⱪꜟ─ XRD [8] LBS0 ~ LBS0.5

─ │ Kajihara ╠[8]─ ⇔√ ╩ ⌐ ⇔≡™╢ H-BaSi2O5 (ICSD No. 9339)

L-BaSi2O5 (ICSD No. 15486) Ba5Si8O21 (ICSD No. 100311) Ba6Si10O26 (ICSD No. 100312) │ BS2

●ꜝ☻≢ ∆╢ ⌂ ─ ≢№╢ ─× ─Ⱨכ◒│ Cristobalite 

(ICSD No. 75300) ≤ ⅎ╠╣╢ Ⱨכ◒≢№╢

Table 6-2 Tc ─ ≢ 24 ─ ╩ ∫√◘fiⱪꜟ─ꜞכ♩ⱬꜟ♩

Sample LBS0 LBS0.2 LBS0.5 LBS1 LBS2 LBS3

Heat treatment temperature [ ] 890 850 825 795 770 748

Hold time [h] 24 24 24 24 24 24

Rwp [%] 6.35 3.75 5.06 3.52 4.69 4.41

Composition of H-BaSi2O5 Ba1.51Si3.96O9.35 - - - Ba1.89Si3.36O8.83 Ba1.87Si3.93O9.53

Ba/Si ratio of H-BaSi2O5 [-] 0.38 - - - 0.56 0.48

Crystallinity of H-BaSi2O5 [wt%] 19 Ñ 3 - - - 4 Ñ 3 11 Ñ 3

Composition of L-BaSi2O5 - Ba0.99Si1.92O4.85 Ba0.99Si1.93O4.91 Ba0.98Si1.97O4.95 Ba0.97Si2.00O5.00 Ba0.91Si2.00O5.00

Ba/Si ratio of L-BaSi2O5 [-] - 0.52 0.51 0.50 0.49 0.46

Crystallinity of L-BaSi2O5 [wt%] - 37 Ñ 3 64 Ñ 3 28 Ñ 3 18 Ñ 3 9 Ñ 3

Composition of cristobalite - Si0.82O2.00 Si0.45O2.00 Si0.96O2.00 - -

Crystallinity of cristobalite [wt%] - 1Ñ3 2Ñ3 1Ñ3 - -
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Fig. 6-3 Tc ─ ≢ 24 ─ ╩ ∫√◘fiⱪꜟ─ꜞכ♩ⱬꜟ♩ (a)

H-BaSi2O5⅔╟┘ L-BaSi2O5─ Ba/Si (b) H-BaSi2O5⅔╟┘ L-BaSi2O5 ─

Fig. 6-4 H-BaSi2O5 ≤ L-BaSi2O5 ─ ─ ≤ T0īTg─
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6.3.2 ⌐ ℮ ─

6.3.1╟╡╦∏⅛ 0.2 mol%─ Li2O─ ≢ ⅜ ⅝ↄ ⌂╢↓≤⅜ ╠⅛≤⌂∫√

∕↓≢ LBS0 ≤ LBS0.2 ─ ≢ ─ ⌂╢◘fiⱪꜟ─ ⅛╠ Li2O

─ ⅜ ⌐ ⅎ╢ ╩ ⇔√ Fig. 6-5⌐ LBS0≤ LBS0.2─ ≢─

╩ 5 ~ 24 ╕≢ ∫√◘fiⱪꜟ─ꜝⱴfi ─ ╩ ∆

│ 6.3.1 ≤ ∂ LBS0 890 LBS0.2 850 ≢№╢ Fig. 6-5(a) ─ LBS0 ─ 5 ◘fiⱪꜟ

⌐ ∆╢≤ ꜝⱴfi☻Ɑ◒♩ꜟ─ ⅜ ─●ꜝ☻ 5 Fig. 5-2 ≤│ ⇔≡™

╢↓≤⅜ ⅛╢ ⌐ 1080 cm-1─Ⱨכ◒ SiO4 ─Q3 ⌐ ↕╣╢ ⌐ ∆╢≤

↓─Ⱨכ◒─ ⅜ ─●ꜝ☻≤ ⇔≡ ↕ↄ⌂∫≡⅔╡ ⅜ ⇔√↓≤

⅜ ↕╣╢ ╕√ ⅜ 6 ≤ ≢╙ ∂☻Ɑ◒♩ꜟ ╩⇔≡™╢ ↓

╣╠─ꜝⱴfi☻Ɑ◒♩ꜟ│ Moulton ╠[9,10]╟╡ ↕╣≡™╢ ╩╙≈ M-BaSi2O5 ─

ꜝⱴfi☻Ɑ◒♩ꜟ≤╟ↄ ⇔≡™╢ ↓╣│ Fig. 6-1 ─ LBS0 ─ 30 ◘fiⱪꜟ─ XRD

≤╙ ∆╢ ≢№╢ ⌐ ≢ ∆ 533 cm-1 ≤ 554 cm-1 ─Ⱨכ◒│ Si-O-Si

─ ⌐♪כ⸗→ ↕╣╢Ⱨכ◒≢№╡ ⌐ ≢ ∆ 554 cm-1 ─Ⱨכ◒│∕─ ─

│ ╠⅛⌐⌂∫≡™⌂™⅜ M-BaSi2O5⅜ ∆╢≤⅝⌐ ↕╣≡™╢[9,10] ⌐ 533 cm-

1 ─Ⱨכ◒⌐ ∆╢ 554 cm-1─Ⱨכ◒ │ ─ ≤≤╙⌐ ⇔≡⅔╡

─ ≤≤╙⌐ M-BaSi2O5 ─ ⅜ ⇔≡™╢ ⅜ ↕╣╢ ≢ 24

≢│ 6 ≤│ ⌂╢Ⱨכ◒ ≢№╡ 554 cm-1 ─Ⱨכ◒⅜ ⇔≡™╢ 24

◘fiⱪꜟ│ Table 6-2 ♩ꜟⱬ♩כꜞ─ ≢ ↕╣√ Ba1.51Si3.96O9.35 ─ ╩ ≈ H-BaSi2O5

⌐ ⇔ ∕─ ╙╕√ Moulton╠⅜ ⇔√ H-BaSi2O5─ꜝⱴfi☻Ɑ◒♩ꜟ⌐ ™ ≢№

╢ [9,10]

™≡ Fig. 6-5(b)─ LBS0.2 ⌐ ∆╢≤ LBS0 ≤ ⌐ 5 ≢ꜝⱴfi☻Ɑ◒♩ꜟ─

⅜ ⇔≡™╢⅜ 1080 cm-1 ─Ⱨכ◒─ │ LBS0 ≤ ⇔≡ ⅝ↄ ꜝⱴfi☻Ɑ◒♩ꜟ─

│ ─●ꜝ☻⌐╛╛ ™ ↓╣╟╡ ⅜ ⇔≡™╢ │№╢⅜ ∕─

│ ⌂™╙─≤ ⅎ╠╣╢ ⅜ 20 ⌐⌂╢≤ꜝⱴfi☻Ɑ◒♩ꜟ─ │ LBS0 ≢

╠╣√ M-BaSi2O5 ⅜ ∆╢≤ ⅎ╠╣╢☻Ɑ◒♩ꜟ⌐ ↄ⌂∫≡™╢↓≤ ⇔⅛⇔⌂⅜╠

533 cm-1 ─Ⱨכ◒⌐ ∆╢ 554 cm-1 ─Ⱨכ◒ │ LBS0 ≤ ═≡ ↕ↄ M-BaSi2O5─

⅜ ⌂™↓≤╩ ⇔≡™╢ ↕╠⌐ LBS0≤─ ⅝⌂ ™│╦∏⅛ 1 ≢ꜝⱴfi☻Ɑ

◒♩ꜟ─ ⅜ ⅝ↄ ⇔≡™╢↓≤≢№╢ 6 ◘fiⱪꜟ≤ 24 ◘fiⱪꜟ╙

─ꜝⱴfi☻Ɑ◒♩ꜟ ≢№╡ ↓╣╠─☻Ɑ◒♩ꜟ│ Moulton ╠⅜ ⇔√ L-BaSi2O5─

ꜝⱴfi☻Ɑ◒♩ꜟ⌐ ™ [9]≢№╡ 24 ◘fiⱪꜟ≢│ Table 6-2 ♩ꜟⱬ♩כꜞ─

≢ ↕╣√ Ba0.99Si1.92O4.95 ─ ╩ ≈ L-BaSi2O5 ⅜ ⇔≡™╢↓≤⅜ ↕╣≡™╢

─ ⅛╠ Li2O ─ LBS0 ≢│ ⌐⅔™≡ M-BaSi2O5 ⅜ ⇔

⌂ↄ≤╙ 6 ─ ≢╙ ∆╢↓≤⅜╦⅛∫√ ∕─ ≢ LBS0.2 ≢╙
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⌐⅔™≡ LBS0≤ ⌐ M-BaSi2O5⅜ ∆╢╙── ∕─ │ ⌂ↄ ╦∏⅛ 1

─ ≢ L-BaSi2O5 ⅜ ∆╢↓≤⅜╦⅛∫√ L-BaSi2O5 │ H-BaSi2O5 ⅛╠ ∆╢↓≤⅜

╠╣≡™╢√╘[11,12] ≢─ 30 ⅛╠ 1 ─ ─ ⌐ M-BaSi2O5 ⅜ H-

BaSi2O5 ┼≤ ⇔ ∕─ H-BaSi2O5 ⅜ L-BaSi2O5 ┼ ⇔√╙─≤ ⅎ╠╣╢ ↓╣╟

╡ LBS0 ≤ LBS0.2 ≢│ ⌐⅔↑╢ ⌐ ™⅜№╢≤ ⅎ╠╣╢ ∕↓

≢ ⌐⅔↑╢ ⌐ ⇔ STEM ╩ ™√ ╩ ⇔√

Fig. 6-5 Tc ─ ≢ 5 ~ 24 ⇔√ LBS0 ≤ LBS0.2 ─ꜝⱴfi☻Ɑ◒♩ꜟ[8] (a) 

LBS0 (b) LBS0.2 ⌐ ∆ │ BS2 ●ꜝ☻─ ⌐ ↕╣≡™╢ ╩

╙∫√ H-BaSi2O5 (M-BaSi2O5) ─ ╩ ⇔≡™╢[9,10]

Fig. 6-6 ⌐ LBS0 ─ 890 5 ◘fiⱪꜟ─ STEM ╩ ∆ Fig. 6-6(a)─ HAADF-

STEM ⅛╠ ⅜ ⌐ ╕╣≡™╢↓≤⅜ ⅛╢ HAADF-STEM │ Z ◖fi

♩ꜝ☻♩ [13]≢№╢√╘ │ ─ ⅝⌂ ≢ ↕╣╢ ≢№╡

│ ─ ↕⌂ ≢ ↕╣╢ ≢№╢↓≤╩ ⇔≡™╢ Fig. 6-6(c)⌐

Fig. 6-6(b)─ HAADF-STEM ⌐ ≢ ╪∞ ╩ ╩ ↄ ≢ ⇔√

╩ ∆ ↓─ ╟╡ ─ ≤ nm ─◘▬☼─ ⅜ ∆╢↓≤⅜ ⅛

╢ Fig. 6-6(c) ─ 1 ≤ 2 ─ Fig. 6-6(d), (e) ╟╡ 1 │Ɫ꜡כⱤ♃

⅜fiכ ≢⅝╢↓≤⅛╠●ꜝ☻ ≢№╡ 2 │ ☻ⱳ♇♩⅜ ≢⅝╢↓≤⅛╠

≢№╢↓≤⅜ ⅛╢

Fig. 6-7⌐ LBS0.2─ 850 5 ◘fiⱪꜟ─ STEM ╩ ∆ Fig. 6-7(a)─ HAADF-

STEM ⅛╠ 10 ~ 20 nm ─◘▬☼≢ ─♪꜡♇ⱪ꜠♇♩ ⅜ ─ ⌐ ⇔≡

⇔≡™╢↓≤⅜ ⅛╢ ↓╣╟╡ ⌐ ™Ᵽ▬ⱡכ♄ꜟ ⅜ ∂√↓≤⅜ ↕╣╢

╕√ ─ⱴ♩ꜞ♇◒☻ ⌐│╟╡ ─ ™ ╙ ≢⅝╢ ↓─╟℮⌂ │

LBS0 ─ 5 ◘fiⱪꜟ (Fig. 6-6) ≢│ ╠╣≡™⌂™ Fig. 6-7(a)≤│ ⌂╢ ─ HAADF-
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STEM  (Fig. 6-7(b)) ─ 1 ⅛╠ 3 ─ ╩ Fig. 6-7(c), (d), (e) ⌐ ∆ HAADF-

STEM ─ 1 ─♪꜡♇ⱪ꜠♇♩ ≢│Ɫ꜡כⱤ♃כfi⅜ ≢⅝╢↓≤⅛╠●

ꜝ☻ ≢№╢↓≤⅜ ⅛╢ ∕─ ─ⱴ♩ꜞ♇◒☻ ≢№╢ 2 ⅔╟┘ 3

≢│Ɫ꜡כⱤ♃כfi⅜ ↕╣╢ ≤ ☻ⱳ♇♩⅜ ↕╣╢ ⅜ ≢⅝╢ ↓

╣╟╡ ─ⱴ♩ꜞ♇◒☻ ⌐│●ꜝ☻ ≤ ⅜ ⇔≡™╢↓≤⅜ ↕╣╢

─ ╟╡ LBS0.2 ≢│ ⌐ ™Ᵽ▬ⱡכ♄ꜟ ⅜ ∂√ ⌐ ─ ≢ ⅜

⇔√╙─≤ ⅎ╠╣╢

Fig. 6-8 ⌐ LBS0 ≤ LBS0.2 ─ ≢─ ⅜ 20 30 1 ─◘fiⱪꜟ

─ HAADF-STEM ╩ ∆ ↓╣╟╡ LBS0 ≢│ 5 ◘fiⱪꜟ (Fig. 6-6) ≤ ⌐ ─

⅜ ─ ⌐ ╦╣≡™╢↓≤⅜ ⅛╢ ↓─ │ Fig. 6-5─ꜝⱴfi☻

Ɑ◒♩ꜟ⅛╠ M-BaSi2O5 ╩ ╗ BaO-SiO2 ─ ≢№╢ ⅜ ™ ⅜ ↄ⌂╢

⌐≈╣≡ ⌐ ╦╣√ ─◘▬☼⅜ ⅝ↄ⌂∫≡™╢↓≤⅛╠ ─◘▬☼⅜

⅝ↄ⌂∫≡™╢╙─≤ ⅎ╠╣╢ LBS0.2 ⌐ ∆╢≤ 20 ◘fiⱪꜟ (Fig. 6-8(d)) ≢ 5

◘fiⱪꜟ⌐ ↕╣√╟℮⌂♪꜡♇ⱪ꜠♇♩ │ ≢⅝∏ LBS0≤ ⇔√

⅜ ⌐ ╦╣√╟℮⌂ ≤⌂∫≡™╢ 30 ◘fiⱪꜟ (Fig. 6-8(e)) ≢│ 20

◘fiⱪꜟ≤ ⇔≡ ⅔╟┘ ─◘▬☼⅜ ⅝ↄ⌂∫≡⅔╡

≢│ ─ ╩╙∫√ ╙ ≢⅝╢ 1 ─ ◘fiⱪꜟ (Fig. 6-8(f)) ≢│↓─ ─

⅜ ↄ ≢⅝ Fig. 6-5 ─ꜝⱴfi☻Ɑ◒♩ꜟ⅛╠ L-BaSi2O5≢№╢ ⅜ ™

Fig. 6-6 LBS0 ─ 890 5 ◘fiⱪꜟ─ STEM [8] (a) HAADF-STEM (b) Fig. 

6-6(a)≤│ ⌂╢ ─ HADF-STEM (c) Fig. 6-6(b)─ ≢ ╪∞ ⌐≈™≡ ╩

ↄ ≢ ⇔√ (d) Fig. 6-6(c) ─ 1 ─ (e) Fig. 6-6(c) ─

2 ─
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Fig. 6-7 LBS0.2 ─ 850 5 ◘fiⱪꜟ─ STEM [8] (a) HAADF-STEM (b) 

Fig. 6-7(a)≤│ ⌂╢ ─ HADF-STEM (c) Fig. 6-7(b) ─ 1 ─ (d) Fig. 

6-7(c) ─ 2 ─ (d) Fig. 6-7(c) ─ 3 ─

Fig. 6-8 LBS0 ≤ LBS0.2 ─ ◘fiⱪꜟ─ HAADF-STEM [8] (a) 890 ≢ 20 ⇔√

LBS0 (b) 890 ≢ 30 ⇔√ LBS0 (c) 890 ≢ 1 ⇔√ LBS0 (d) 850 ≢ 20

⇔√ LBS0.2 (e) 850 ≢ 30 ⇔√ LBS0.2 (c) 850 ≢ 1 ⇔√ LBS0.2




















































































