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1.1  ─  

│ ≢ ∆╢√╘ ─ ─ ⅜ ↄ

≢─ ╛ ─ ⌂≥⌐ ╣≡™╢↓≤⅛╠

─ ╛ⱴfiⱱכꜟ ⌂≥⌐ ↕╣≡⅝√ ─ ▬fiⱨꜝ─

≤⇔≡ ↕╣╢ ⌐ ⇔≡ ─ ⌐⅔™≡│ ⅜ ↄ

↕╣╢⅜ ─ ⅜№╡ ⅜ ⌂ │ ⅜ ≤⌂╡

≢№∫√╙─⅜ ⌐ ⅝ ⅎ╠╣≡™╢ 1 )╛ 2 )⅜ ⅎ

≡⅝≡™╢  

⅜ ⌐⅔™≡ ⇔√ ─☻♩♇◒│ ₁ ⇔≡⅔╡

⌐ │∕─ ↄ⅜ ⌐ ↕╣√√╘ │ 50 ─

╙─╙ ™ 3 )⌐№╢ ⌐⅔↑╢ ─ ≤⇔≡│

─ ╛ ⅜№→╠╣╢⅜ ≢№╢ ⌐⅔

™≡ ─ ─ ─ ⌐ ⇔≡ ⅜ ≢№╡

─ כ♫כ◖╛ ─ ⅜ ≢ ╩ ≢⅝╢ ─ⱷ

ꜞ♇♩⅛╠ ─ 4 )⅜ ↕╣≡™╢

│ , ─ 5 )≤⇔≡ ↕╣√

⅜ ≤ ↕╣≡⅔╡ ─ ⅜ ↕╣≡™╢  

╩ ⌂≥─ ─ ≤⇔≡ ∆╢⌐№√∫≡│

─ ⌐ ⅎ ─ ╛ ╩ ⌐ ∆╢

↓≤⅜ ≢№╢ ─ ╛ ⌐≈™≡│ ↄ─

6) - 9 )⌐╟╡ ╠⅛⌐↕╣≡⅝≡™╢⅜ ⌐ ⇔≡│ ⅜ ≥≢№╡

─ ─ ⌐≢⅝╢ │ ⌂ↄ ⌐⅔↑╢ ⌐ ∆╢

─ ╩ ⌐ ∆↓≤⅜ ≢№╢  

⌐⅔↑╢ ─ ⌐ ∆╢ 1 0 )⌐╟╢≤ 2 ─

⌐⅔↑╢ ─ │ ≤ ⇔≡ ↄ ≤

╕√ ─ ↕⌐ ∆╢ ↕─ │

≤ ⇔≡ ↕ↄ ≤ ≢№╢≤ ↕╣≡™╢ ↓─ ⌐

⇔≡ ─ ⌐╟╢≤ │ ╛ ⌐ ⇔≡

⌐ ╩ ∆╢↕┘ ⅜ ↕╣╢↓≤≢ ─ ⅜ ╣≡™╢

⅜ ↕╣≡⅔╡ │ ≤ ⌐ ─ ™↕┘⅜

↕╣╢ ⅜ ↕╣╢  

─ ↕┘╩ ∆╢ ≢ ⌂ ─ 1 ≈⌐ Cu ⅜№╢ ╠
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│ ─ Cu │ ⌂↕┘─ ⌐ ∆╢≤ ⇔≡™╢ 1 1 ) ╕√

│ ─ ⌐╟╡ ⅜ ⌐ ⇔≡ ™↓≤≢ ↕┘

─ ⅜ →╠╣╢√╘ ⌂↕┘⅜ ↕╣╢ ─

│ ─ ⅜ ⌐ ⌐ ⇔≡⅔╡ ─ ≢│ ⅜

⌂ ╡⌂⌐♪כ♁◌⅜ ─ ⅜▪ⱡכ♪⌐⌂╢↓≤≢

⅜ ↕╣╢ ╕√ ⌐│ ⌐ Cu ⅜ ⌂≥─√╘⌐

↕╣≡⅔╡ ≢│ ⌐ ⌐ ∆╢ 1 2 )  

ᾆẕπψʼẔ ר⁷ χ “χ πΚϥ ṍχ χἹ τ

νΜοʼ᷃דἣϤ ΰ♯ᾓτο ṍ ấ χ ⇔τνΜορχ∙‫ σ

ᶓτϢϤ ᴣΰθʽϘθʼם∑τẔ ר⁷ χ► Υ ήϦϥ ṓ ḕẽ

τΣΪϥẔ ר⁷ χ τνΜοʼ ‫ΣϢό Ῑ ‫Ϭ ᶓ τ

ṓ ♯ᾓϬ“μθʽ ṓ ḕẽτΣΜοẔ ר⁷ τ ήϦθήό

χ Ϟ τνΜο ⇔τ ΰ ṓ ♯ᾓὫᴮχ₯Ӱρḩ Ϊο―

╔ΰθʽήϣτʼ ṍḧτΣΪϥẔ ר⁷ χ ấ τνΜο Ӄβϥθϛ

τʼẔ ר⁷ χ Ϭ τ Ϭ ₰ΰθʽ  
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1.2  ─  

╦⅜ ⌐⅔↑╢ ─ │ 276 t 2020 ≢№╡ ⌂

≢№╢ ─ 1 3 )│ ⅜ ╙ ↄ 177 t ™≢

⅜ 35 t ∕─ ה ⅜ 29 t ≤⌂∫≡™╢

⌐⅔↑╢ ─ │ ∕─ ─ ⌐ ╕╣≡⅔╡

│ ↕™ ≤ ─ ≢№╢ │≤╙⌐ (Fe)≤ (C)⅛╠

↕╣╢ Fe-C ≢№╢  

≤ ─ ™⌐≈™≡ │ C ─ ≢ ↕╣ Fe-C

14)  1-2 ⌐ ─♩▬♫♥☻כ○╢™≡╣↕ C 2.1mass%╩ ≤⇔

≡ ↓╣ ⅜ ↓╣ ⅜ ⌐ ↕╣╢  

─ ⌐ ∆╢ ⌂ ≤⇔≡ ⅜ ™√╘ ⅜ ⇔

ↄ ↄ ⅜ ™ ╕√ ⌐ ⅜ ∆╢↓≤≢ ⅜ ↓╡

⅜ ⌂ↄ ⇔╛∆™↓≤⅜№→╠╣╢ ↕╠⌐ ─ ≤ Si ⅜

™√╘ ⌂≥─

⌐ ╣√ ╩ ⇔≡™╢ 1 5 )≤™╦╣≡™╢ ↓─╟℮⌂ ⅛╠ │

⌂ ─ ⌐ ↕╣╢↓≤⅜ ™ ─ ⌂ ╩  1-1 ⌐ ∆  

 

  

 

 

 

 

 

 

 

 

 

 

 

 1-1 ─ 1 3 ) 

  

2020 ▀ Ц˔І

ה

∕─ ─ ה

∕─ ─ ∕ ─ ─

2020 ▀ỲᶛЦ˔І

ה

∕─ ─ ה

∕─ ─ ∕ ─ ─
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 1-2 14 ) 

 

─ │™ↄ≈⅛№╢⅜ ─ ⌐╟∫≡ ⅝ↄ│ ≤

⌐ ↕╣╢ │ ⅜ ⌐ ⌐ ⇔≡⅔╡

─ ⌐ⱨ▼ꜝ▬♩ ∕─ ╩Ɽכꜝ▬♩⅜ ╡ ╪∞Ⱪꜟ☻▪▬≤ ┌╣

╢ ╩ ∆╢ │ ⅜ ⌐ ⇔≡⅔╡ ≤

SM ─ ⌂ ╩  1-3 ⌐ ∆ ™∏╣─ ╙

─ ⅜ ╙ ™⅜ │ ◖☻♩⅜ ↄ ⅜

↕╣⌂™ ⌐ ↕╣╢ ╛ⱴfiⱱכꜟ ⌂≥ ⅜ ↕╣╢

⌐│ ⅜ ↕╣╢  
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 1-3 a ≤ b c (SM) 

─ ⌂  

 

─ │ ⌐ ⌐╟∫≡ ↕╣╢ ─ │

─ ╛ ⌂≥⌐╟∫≡ ⅝ↄ ∆╢ │ ⌐

⌂≥─ ╛ ⅜ ↕╣╢√╘ │╒≤╪≥ ⌐↕╣⌂™⅜

│ ↄ─ ⇔ ≢ ↕╣╢√╘ │ ≢№╢

─ │ ⅝ↄ│ ≤ ⅛╠ ↕╣ ─ │ ↄ─

⌐╟∫≡ ╠⅛⌐↕╣≡™╢ ⌐ ⅔╟┘ ─ ╩ ⇔√  

 

─  

⌐⅔↑╢ ─ │ ⌐ ⅝ↄ ∆╢ ─ ⌐

⅔™≡ │╒≤╪≥ ╩ √∏ ─ │ ╩ ™√ ─ ⌐

╟∫≡ ↕╣╢ │ ─ ╩ →╢√╘ ╩ ╕⌂™ ≤

⇔≡ ⅜ ∆╢ │ ⅜ ∆╢⅜ ─ ⌐╟∫≡∕─

⅜ ⅝ↄ ∆╢ │ ─ ╩ ⇔╛∆ↄ ⅜ ™  

⌐ ⅔ ↑ ╢ ↕ ≤ ┘ ⌐ ∆ ╢ ─ ─ ╩  

1-4 ⌐ ∆ ─ ─ ≤≤╙⌐ ↕ ┘⅜≤╙⌐ ⇔

100 µm

100 µm 100 µm

a  b  

c  
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⅜ ↕╣╢│ ─ 80% ≢ ┘⅜ ⌐ ∆╢  

 

 

 

 

 

 

 

 

 

 

 

 

 1-4 ⌐╟╢ ↕≤ ┘─ 1 6 ) 

 

─  

⌐ ↕╣≡™╢ │ ─ Si ⅜ ↕╣≡⅔╡ ↓─ │

ⱨ▼ꜝ▬♩≤Ɽכꜝ▬♩≤─ ≢№╢ ⱨ▼ꜝ▬♩│ ⅜ ↄ ╠⅛™

≢№╡ Ɽכꜝ▬♩│ⱨ▼ꜝ▬♩≤☿ⱷfi♃▬♩─ ≢ ⅜ ™  

⌐ ⇔≡ ─ ─ ┼─ │ ⅝ↄ

ɨ B │Ɽכꜝ▬♩ ⌐╟╡ (1)⌐ ∆ ≢ ⅎ╠╣╢ 1 6 )  

ɨ B = ɨ F ×(1-fP) + ɨ P ×fP      (1) 

↓↓≢ ɨ F │ⱨ▼ꜝ▬♩─ ɨ P │Ɽכꜝ▬♩─ fP │Ɽכ

ꜝ▬♩─ ≢№╢ ∟ ─ │Ɽכꜝ▬♩ ⌐

∆╢ ┘⌐≈™≡│Ɽכꜝ▬♩ ≤ ─ ⌐№╢

─Ɽכꜝ▬♩ ≤ ↕ ⅔╟┘ ┘─ ╩  1-5 ⌐ ∆ 1 6 )  
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 1-5 ─Ɽכꜝ▬♩ ≤ ↕ ┘─ 1 6 ) 

 

1.3  ─  

1.3.1  ─ ⌐ ∆╢  

─ │ ≤ ⌐ ≤ ⌐ ≢⅝╢⅜ ⌐⅔↑╢

│ ≢№╡ ≢│ ╩ ─ ≢ ™╢  

─ ⌐⅔™≡ ≤ ─ ─ ™ ⌐≈™≡ ⅎ┌

╠ 17 )│ ─ ─ ⌐≈™≡ 0.095 /y ⌐ ⇔

│ 0.095mm/y │ 0.090mm/y ≤ ⌡ ─ ≢№╢≤

⇔≡™╢ ╕√ ─ 1 8 )≢│ ≤ ─ ⌐⅔↑╢ │

╒≤╪≥ ⅜⌂™≤™℮ ╙№╢⅜ ↓╣╠─ │ ╛ ⌐ ∆╢

│⌂ↄ ─ ⌐≈™≡│ ↕╣≡™⌂™  

─ ⌐ ∆╢ ⌐≈™≡ ≤⇔≡│

⅔╟┘ ╩ ™√ ─ ⅜ ╦╣≡⅔╡ ─

─ ─ ⅛╠ ⌐ ⇔√  

 

─  

─ ─ │ ─ ≤ ┌╣╢ ≢№╡

≤│ ⌂╢ ↓╣│ ⌐ ╕╣╢ ⅜ ⌂ ⅜ ≡⇔≥♪כ♁◌™

⇔ ─ ⅜ ⌂ ─ ⅜▪ⱡכ♪≤⌂∫≡ ⌐ ∆╢ ─

≢№╢ ╡⌂≥♪כ♁◌│ ∑∏⌐ ⇔ ⅜ ⇔√ ⌐

⅜ ⇔ ╩ ∆╢ ⌐⅔↑╢ │ ─ ⅜
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⅝ↄ ⌐ ≤ ⌂≥ ─ ™⌐╟╢ ┼─

╛ ╩ ╕⌂™ ≤─ ⌐╟╢ ⅜ ╦╣≡⅝√  

╠ 1 9 )─ ≢│ (ASTM)20)≢ ∫√ ─

≤⇔≡ ─ ⅜ ⌂™ 5 ≈─ ⌂∫√ ≢─ ╩

⇔≡ ─ ⅜ ↕╣≡™╢  1-6 │™∏╣─ ≢╙

│ ⅝ↄ ⌐ ↕ↄ⌂╢ ⅜№╢ ⅜ ≤≤╙⌐ ∆╢─│

⌐ ∂√ ⅜⅛⌂╡─ ╩ ≈↓≤╩ ⇔≡⅔╡ ⌐

⅜ ⌐ ═≡ ⅜ ™─│ ⌐ ╢ ≤ ╟╡ ─

™ Si ⅜ ≤⇔≡ ─◔▬ ╩ ╡ ↓╣╠⅜ ╩ ∆╙─≤

⇔≡™╢ ⇔⅛⇔⌂⅜╠ ⌂◔▬ ─ │⌂ↄ ◔▬ ⅜

╩ ™⌂│♃כ♦∆ ╕√ Si ─ ⌐╟╢ ─ ╙ ↕╣≡™⌂™  

╠ 2 1 )│ ⌐╟╢ ─ ⌐≈™≡ ╩ ∫√ ≢

─▪ⱡכ♪  1-7 ≤ ─  1-8 ⅛╠

│ ─ ⅝™╙─╒≥ ⅜ ↄ ⌂╙─╒≥↓╣⅜ ≤⌂╡

│ ─ ⌐ ⅝ↄ⌂╢ ↓↓≢

≤│ Compacted Vermicular ─↓≤≢№╡ JIS G 550522 )

⌐╟╢≤ ≢ ─╟℮⌐ ⅎ╢ ≤ ⱨ▼ꜝ▬♩ ⱨ▼ꜝ▬

♩ Ɽכꜝ▬♩ │Ɽכꜝ▬♩ ≤⅛╠⌂╢ ≤ ↕╣≡™╢ ─

⅜ ⅝™ │ ⌂ ≤ ⇔≡ ≤

≤─ │ ↄ ∆╢ ⅜ ↄ⌂╢╙─≤ ╦╣ ─

⌐ ⅜ ∆╢≤ ─ ⌐╟∫≡ │↕╠⌐ ⌐ ∆╢╙─≤

⇔≡™╢ ╕√ ╩ ∆╢ ≤⇔≡ ─ ∞↑≢⌂ↄ

╛ ⌐╙ ↕╣╢≤ ⅎ╠╣ ⅔╟┘ ─ ≤

≤╙⌐ ⅜ ∆≤ ⇔≡™╢  

╠ 2 3 )│ ─ ⌐ fiⱤ♥☻כ○∆╓ ⅔╟┘

─ ⌐≈™≡ ╩ ∫√ ─ ⌂╢ fiⱤ♥☻כ○⌐

╣ ⱨ▼ꜝ▬♩ ╩ ⇔ 0.01NHCl ≢ ⅔╟┘▪ⱡ

♪כ ╩ ™ ⅔╟┘ ⅜ ⌐ ╓∆ ╩ ═√

≢│ ⅜ ⌂™╒≥ │ ⌐⌂╢ fiⱤ♥☻כ○ ─

⅜ ⌐ ╓∆ │ⱨ▼ꜝ▬♩ ⅔╟┘ ╣ ⌐ ═

≡ ↕™≤ ⇔≡™╢  

M.Paris ╠ 2 4)│ ⅔╟┘ ≢ ⌡∏╖

⅔╟┘ ─ ╩ ⇔≡™╢ ™∏╣─

⌐⅔™≡╙ ─ │ ╟╡╙ ↕ↄ ≤
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─ │ ≢№╢ ╩ ╗ ⅜ ╩ ↕∑≡™╢

↓≤⅜ ↕╣╢⅜ ∕─ ─ ⌐≈™≡│ ↕╣≡™⌂™  

F.L.La Que ╠ 2 5 )│ ─ ⌐ ∆╢ ≤⇔≡ ⌐

⇔ ─ │ ⌐ ∫≡ ∆╢√╘ ─ ⅜ ⅝™

│ ╟╡╙ ⅜ ⇔╛∆™≤ ⇔≡™╢ ⌐

≤≤╙⌐ ↕╣╢ ─ ⅜ ⌐ ╩ ╓∆≤⇔≡⅔╡

⌂ ⌐╟╢ ≤ ♪כ♁◌≢ ─ ≤⇔≡ ╩

∆╢ ⅜№╢≤ ═≡™╢ ╕√  1-9 ⌐ ∆ ╡ ─ ≤ ─

( ⅛╠─ 80feet)╩ ∫≡⅔╡ │ ╟╡╙ ⌐

╣╢ ↓╣│ ╩ ╗ ─ ─ ⌐╟╢╙─≤ ↕╣≡

™╢⅜ ⌐≈™≡│ ↕╣≡™⌂™  

╠ 2 6 )│ ─ ⌐⅔↑╢ ⌐ ╓∆ ≤

─ ─ ⌐≈™≡ ⇔√ ⌐⅔↑╢ ─

⌐ ⅎ╢ ─ ╩ ⇔≡⅔╡ ≢│

♪כ♁◌⅜ ⅜▪ⱡכ♪≤⌂╡ ⅜ ⌐ ⇔ ⅜ ∆╢

≤ ─ │ ⌐╒≤╪≥ ╩ ╓↕⌂™ ≤⌂∫≡⅔╡ Si ⅜

10% ─ │ ⅜ ™╒≥ ⅜ ⅝ↄ⌂╢≤ ⇔≡™╢  

─≤⅔╡ ─ ≤⇔≡ ⅜ ⅝ↄ ⇔≡™╢↓≤

⅜ ⅛╢ ╕√ ─ ⅝↕╛ ⅜ ⌐ ╓∆ ╙ ↕╣≡™

╢⅜ ≢─ ╩ ≤⇔√ ≢№╢ ─ ≢─

─ ┼─ ⌐⅔™≡│ ⅜ ↕╣√─∟

↕╣╢ ⌐⅔↑╢ ╕≢ ╘√ ⅜ ≢№╡ ↓╣╠⌐ ⇔≡│

↕╣≡™⌂™  

↕╠⌐ ─ │ ≤ ═≡≥─╟℮⌂ ⅜№╢

─⅛ ╕√ ⌐ ↕╣√ ─ ⌐ ⇔≡╙ ≤⇔

≡─ ⅜ ↕╣╢ ≢№╡ ↕┘ ─ ╛ ⌂ ⌐≈

™≡╙ ╠⅛⌐│⌂∫≡™⌂™  

  



10 

 

 

 

 

 

 

 

 

 

 

 

 

 1-6 ─ 2 0 ) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 1-7 ⅜▪ⱡכ♪ ⌐ ╓∆ 2 1 ) 
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 1-8 ≤ ─ 2 1 ) 

 

 1-1 ⅔╟┘ ⌐⅔↑╢ 2 4 ) 

 

380 ─ mg/dm2/day  
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─  

╠ 2 7 )│ pH2 7 ⌐ ↕╣√ ⌐⅔↑╢

FCD500 ─ ⌐ ∆╢ ╩ ∫√ ╩ ╗

≢─ ─ ⌐⅔™≡│ ▪ⱡכ♪ │ Feќ Fe2+ + 2e ♪כ♁◌

│ ≢│ 2H+ + 2e ќ  H2 ≢│ 1/2O2 + H2O +2e- ќ  2OH-≤™℮

⅜ ≤⌂╢ │ ≤⇔≡ ≤⌂╢⅜

⌐⅔↑╢ ─ ⌐≈™≡│  1-10(a)⌐ ∆╟℮⌐ ⅜ ⌂

⌐♪כ♁◌⅜ ⅜ ⌂ⱨ▼ꜝ▬♩⅜▪ⱡכ♪⌐⌂╡ ╩ ∆╢

↓≤≢ ─ⱨ▼ꜝ▬♩⅛╠▪ⱡכ♪ ∆╢ Ɽכꜝ▬♩⌐⅔™≡│

 1-10(b)⌐ ∆╟℮⌐Ɽכꜝ▬♩ ─☿ⱷfi♃▬♩⅜◌♁כ♪ ⱨ▼ꜝ▬♩⅜

▪ⱡכ♪≤⌂╡ ╩ ⇔ ⌐ⱨ▼ꜝ▬♩⅜▪ⱡכ♪ ∆╢≤

⇔≡™╢ ╕√ ≢│ P S ⅜ ⇔≡™╢ ⅜ ─ ⌐⅔

™≡ ⇔ↄ▪ⱡכ♪ ⇔ ⌐ ─ⱨ▼ꜝ▬♩⅔╟┘Ɽכꜝ▬♩⅜

⌐╟╡ ⇔ↄ▪ⱡכ♪ ⇔≡™ↄ≤ ⇔≡™╢ ↓╣│

⅜ ☿ⱷfi♃▬♩ ⱨ▼ꜝ▬♩─ ⌐ ≢№╢↓≤⅛╠ ⌐╟╢╙─

≤ ⇔≡™╢ pH ╩ ↕∑√ ─ ≤ⱨ▼ꜝ▬♩─ ╩  1-11

⇔ ∕─ ╩ ╠⅛⌐⇔≡™╢  

╠ 2 1)│ )⌐╟╢ ─ ⌐≈™≡ ╩ ∫√

⌡∏╖ │ⱨ▼ꜝ▬♩ ─ ⅜ ≢№╡Ɽכꜝ▬♩

⅜ ∆╒≥↓╣⅜ ╢≤⇔≡⅔╡ ⱨ▼ꜝ▬♩ ╩ ⌐▪ⱡכ♪

 1-12 ≤  1-13 ╩ ⇔≡™╢ ↓╣│ ⌐ ⌂Ɽ

⅜♩▬ꜝכ ∆╢≤ ≢ ↕╣╢ │ ≤ ∞↑≢⌂

ↄⱨ▼ꜝ▬♩≤Ɽכꜝ▬♩≤─ ⌐╙ ⇔ ↕╠⌐Ɽכꜝ▬♩∕─╙─≢│

≢№╢☿ⱷfi♃▬♩≤ⱨ▼ꜝ▬♩≤─ ⌐╙ ⇔ ⌐│↓╣╠⅜

⇔√ ⅜ ⇔≡ ⅜ ⅝ↄ⌂∫√╙─≤ ⇔≡™╢ ⌐

≢─ ⅜ ↕╣╢ │ⱨ▼ꜝ▬♩≤Ɽכꜝ▬♩─ ⅜

№╡ ≤⇔≡ ─ ⅜ ╠⅛≢№╢↓≤⅛╠

⌐⅔™≡│ ─ ╩ ∆╢ ⅜ ↕╣╢  

╠ 2 8 )│ ─ ≤ ⌐⅔↑╢ ─ ≤⇔

≡Ɽכꜝ▬♩ ─ ⌐≈™≡ ⇔√ ─ ⅜ ⇔⌂™

⌐⅔↑╢ ⌐≈™≡│ Ɽכꜝ▬♩ ⅜ ™╒≥ │ ⅝ↄ⌂╢

│ ≤Ɽכꜝ▬♩ ─☿ⱷfi♃▬♩─ ⌐╟╡ ─ⱨ▼ꜝ▬♩≤─

⌐ ⅜ ↕╣╢↓≤≢ ∆╢ ─ │☿ⱷfi♃▬♩╟

╡╙ ⅝™⅜Ɽכꜝ▬♩ ─☿ⱷfi♃▬♩ ⱨ▼ꜝ▬♩ │ ⱨ▼ꜝ▬♩
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╟╡╙ ⌐ ∆╢√╘ ─ ≤⇔≡│☿ⱷfi♃▬♩⌐╟╢╙─

⅜ ⅝ↄ⌂╡∕─ Ɽכꜝ▬♩ ─ ⅜ ⅝ↄ⌂╢ ⌐

⅜ ↕╣╢ ⌐⅔↑╢ ⌐≈™≡ ⅜ ↕╣╢≤

⅜ ∆╢ ⅜ ╠╣ Ɽכꜝ▬♩ ⅜ ⅝™╒≥ ─ │

⅝ↄ⌂╢⅜ ─ ≤≤╙⌐Ɽכꜝ▬♩ ─☿ⱷfi♃▬♩⅜ ⌐

∆╢↓≤≢ ─ ⅛╠─ ╩ ∆╢ ╩ ⇔ ⌂

⌐⅔™≡│ ⌐ ⅜ ∆╢≤⇔≡™╢ ↓─╟℮⌐ ⌐ ⅜

↕╣╢↓≤≢ ─ ╩ ∆╢↓≤╩ ⇔≡™╢⅜

─ ⌂ ╛ ─ ⌐≈™≡│ ╠⅛⌐↕╣≡™⌂

™  
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 1-11 pH ╩ ↕∑√ ─ ≤ ─ 2 7 ) 
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─  

╠ 2 9 )│ ─ ⌐ ∆╢ ≤⇔≡ ⌐⅔™≡

⅜ ⌐⅔↑╢ ⌐ ╓∆ ╩ ⇔≡™╢

≤ ╡ ⇔ ⌐╟╢ ╩ ™ ≤ ⅛╠

─ ╩ ─ ╘ ⇔≡™╢ ─ ≢│

─ ≤⇔≡ ─ │ⱨ▼ꜝ▬♩ ─ ⅜ ↄ ╩

∆╢≤Ɽכꜝ▬♩ ─ ⅜ ⇔ ∕─ │ Si Ni Cu ─

≢№∫√ ╡ ⇔ ⌐⅔™≡╙ⱨ▼ꜝ▬♩ ─ ⅜ ↄ

─ │ ⌐ Si Ni Cu ≢№∫√  

╠ 3 0 )│ ⌡∏╖ ( )╩ ⌐ ╩ ↕∑╢≤↕╣

╢ Si, Cu, Cr, Ni ╩ ⇔ ┼─ ╩ ⇔√ ⌡∏╖

─ Si P ⅔╟┘ Cr ─ ♪כⱡ▪┘╟⅔♪כ♁◌│ ╩ ↕∑ ↕

╠⌐ Cu ⅔╟┘ Ni ─ ⌐╟╡ ⅜ ↕╣╢≤ ⇔≡™╢ ↓─╟℮

⌐ ⅜ ─ ⌐ ╓∆ │ ╠⅛≢№╢⅜ ⌐ ≢─

⌂ ╕≢│ ≢№╢  

╠ 31 ) , 3 2 )│ ≢ 100 ↕╣√ ─ ╩ ∫≡™

╢ ⌐ ╩ ⇔≡™⌂™⌐╙⅛⅛╦╠∏ ─ ⌐ │╒≤

╪≥ ∂≡™⌂™≤™℮╙─≢№╢ 100 ─ ⌐⅔™≡│ ─

╣ ╩ ⌐ P(╡╪ )⅜ ↕╣≡⅔╡ P ⅜ ⌐ ↄ≡

⌐ ╣╢☻♥♄▬♩─ ⌐ ⇔ ⌐ ╣╢ ─ ™↕┘╩

⇔√≤ ↕╣≡™╢ ⌐⅔™≡│ ─ ⌐ ╩ ╓∆ P

─ │ ╦╣≡™⌂™  

⅜ ⌐ ⅎ╢ ⌐≈™≡│ ≤⇔≡─ ╩ ⌐

↕╣≡⅔╡ ™∏╣╙ ─ ⅜ ≢⅝╢ ⇔⅛⇔⌂⅜╠

⌐⅔™≡ ≤⇔≡ ─ ╩ ∆╢≤ ⌐⅔↑╢

╩ ℮ ─ ⅜ ≢№╡ ↓╣╠─ ≢│↕┘ ─

⌐≈™≡│ ↕╣≡™⌂™  
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∕─  

╛ ─ ─╒⅛⌐╙ ─ ⌐ ∆╢ │ ╦╣≡⅔╡

Yarong Song ╠ 3 3 )│ ⌐⅔↑╢ ▬○fi⅜ ≤ ⌐

ⅎ╢ ⌐≈™≡ ⇔≡™╢ ≤ ⇔≡ ⌐⅔↑╢

│ ─ ╩ ↕∑╢≤⇔≡⅔╡ ⌐⅔™≡╙ ─

─ ⌐≈™≡ ≤ ∆╢↓≤│ ≢№╢  

─ ─ ⌐ ⇔ ╠ 3 4 )⅜ ╩ ∫≡™╢ ╩

≢ ∆╢↓≤│ ↄ ⌐ ∆╢ ⅔╟┘ ⌂

≥⌐ ⇔√ ─ ╩ ⇔≡™╢ ─ │

⌂≥≢│№╢ ≤⌂╢⅜ ⅔╟┘ ▪ꜟ◌ꜞ

⌐ ⇔≡│№╕╡ ─ ╩ ↕∏ ⌐ ⅝™ ─№╢ ─╕╕

╟╡╙ ╩ ⇔≡ ╩ ⌐⇔√ ─ ⅜ ⌂ ╩ ∆≤

⇔≡™╢ ⌐╟∫≡ ⌂╢╙── ≤ ≢│ ⌐ ⅜

№╢≤─ ╙№╡ ⌐⅔™≡│ ⅜ ≢№╢  

 

╕≤╘  

─╟℮⌐ ─ ⌐≈™≡│ ─ ⅜№╢╙──

⌐⅔™≡ ─ ≤⇔≡ ┼ ∆╢√╘─ ≤⇔≡ ⌂

⅜№╢ ≤│ ™ ™ ∂≡ ─ │ ╟╡╙ ™≤™ⅎ╢⅜

≥─╟℮⌂ ⌐ ⇔≡≥╣ↄ╠™─ ⌂─⅛ ⌂− ⅜ ™─⅛

⌐≈™≡ │ ╠⅛⌐↕╣≡™⌂™ ╕√ ( )─ ⌐⅔

™≡│ ≤⇔≡│ ╩ ⇔√ ⅜ ↄ ╕√ ─

─ ╙ ≢№╢ ⌐⅔↑╢ ─ ╩ ≢ ∆

╢↓≤│ ≢№╡ ╕√ ─ ⅜ ╘╠╣╢▬fiⱨꜝ ┼─

⌐№√∫≡│ ⌐⅔↑╢╟╡ ─ ⌐≈™≡╙ ⅜ ≢№╢  

─ ⌐⅔™≡│ ⱨ▼ꜝ▬♩⅔╟┘Ɽכꜝ▬♩─

─ ⌐ ⅎ ≤ ⌐╟╢ ─ ⌐≈™≡╙ ⌂⅜╠

↕╣≡™╢↓≤⅛╠ ─ ≤⇔≡ ⅜ ≢№╢  
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1.3.2  ⌐ ∆╢  

Cr Cu ⅔╟┘ P ⌂≥╩ ∆╢ ≢№╢ │ ⌐ ™

⌐ ⇔≡ ╩ ∆╢ ↕┘ ╩ ∆╢↓≤⅜ ╠╣≡™╢

│ ≤ ⌐ Cu ⌂≥─ ⌂ ╩ ╪≢⅔╡ ↓╣╠─

⌐╟╡ ≤ ─ ─ ™↕┘⌐╟╢ ⅜ ↕╣╢ ∕

↓≢ ↕┘─ ╛ ⌐ ╦╢ ⅜ ≢№╢ ─ ⌐↕┘ ─

⌐ ∆╢ ╩ ∆╢ ╙ ─ ≤ ─▪ⱪ

≢♅כ꜡ ∆╢↓≤≢ ⌂ ⅜ ╠╣╢╙─≤ ∆╢  

─ ™↕┘ │ ⅔╟┘ ─ ╩ ⇔≡™╢≤↕╣≡⅔╡

╩ ∆╢↕┘ │ ≢№╢≤ ⅎ╠╣≡™╢ ╠ 3 5 ) , 3 6 )│

─↕┘│ ⌐ ⌂ ≢ ╦╣≡™╢─⌐ ⇔ ┘ ─

─ ™╙─│ ⌐ FeOOH ⅜ ∆╢ ⅜ ™≤⇔≡™╢ X

ⱴ▬◒꜡▪♫ꜞ◦☻╟╡ ─ Cu Cr P ⌂≥│↕┘─

─ ⌐ ⇔≡™╢↓≤⅛╠ ─ ⌐╟∫≡ ⇔√

☻ⱧⱠꜟ ⅜ ⌐ ∫≡™╢√╘ ─ ╩ ⇔≡™╢≤⇔

≡™╢ ─℮∟ Cr │☻ⱧⱠꜟ ─ ╩ ⌐ Cu │☻ⱧⱠꜟ

─ ( ─ )⌐ ⇔≡™╢≤ ⇔≡™╢ Cr ─

│ ⌐ ⇔≡ ↄ ⅛≈ Fe3O4 ─ ⅜ ↄ Cr ≤ Cu ─ ⌐

╟∫≡│∂╘≡ ─ ─ ⅜ ⌐⌂╡ ⅜ ∆╢≤ ⇔

≡™╢  

╠ 1 1 ) , 3 7) , 3 8 )│ Cu ≤ Cr ─ ─↕┘ ┼─ ⌐≈™≡ ⇔

≡™╢ Cu │ ɖ -FeOOH ─ ─ ↕┘ ─ ┼

⇔ ↕┘ ⌐│ CuO ≤⇔≡ ∆╢ Cr │ Fe ─ ─ ╩ ⇔≡ ɖ -FeOOH

≤⇔≡ ⇔ Cu ≤ ∂ↄ↕┘ ─ ⌐ ∆╢≤↕╣≡™╢

─↕┘│ 10 │ ɘ -FeOOH ⅜ ↄ ↕┘⅜ 10 ↄ╠™ ⅎ≡ ∕

─ ɖ -FeOOH ⌐ ╦∫≡™⅝ ⌐ ⌐ ↕╣

⌐ↄ™ ⌐ ⌂↕┘ ⌐ ⇔≡™ↄ≤⇔≡™╢  

╠ 3 9 )│ ─ ⌐⅔↑╢ Cu ─ ⌐ ∆╢

╩ ∫≡™╢ ≤ ─↕┘─ ⌂ ™│ ⌂↕┘ ⅜

─╒℮⅜ ⅛™ ⅜ ─╒℮⅜ ™↓≤≤⇔≡™╢ ─

▪ⱡכ♪ ⇔√ Cu2+▬○fi│ ∟⌐ Cu ≤⇔≡ ╩♪כ♁◌≡⇔ ∆╢

↓─√╘ ⌂ ⅜ ⌐ ⌐ Cu ⅜ ∆╢ │ ↕┘

⅜ ⅛ↄ ∆╢↓≤⅛╠ ↕┘ ─ ⌡⌐⅔↑╢ ╙ ⅛ↄ ⅜

ↄ⌂╢ ∕─ │ ↄ⌂╢⅜ ─ ─ ┼─ ⅜ ↕╣
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Fe3O4 ─ ⅜ ↕╣╢ ─ ™ Fe3O4 │ ╣ ⅜ ⌂ↄ ─

─ ™ ≤⌂╢ ─ │↕┘ ⅜№╢ ╕≢ ⇔√ ⌐ ╣ ╘╢≤

╦╣ ⌐│ Cu │ ─ ╩ ⇔≡↕┘ ─ ╩ ∆╢ ╩ ∆

╢ Cu │ FeOOH ─ ⌐│ ⇔⌂™⅜ ⌂ FeOOH ⅛╠⌂╢↕┘

╩ ∆╢√╘⌐ ∕─ ⌂ Fe3O4 ─ ╩ ∆╢ ╩ ∆╢≤⇔

≡™╢ ≤ ─ ≢ Cu ╩ ∆╢ ╙ ─ ⌐╟

╡ ⌂↕┘ ⅜ ↕╣╢ ⅜ ↕╣╢  

╠ 4 0 ) , 4 1 )│ │ ─ ⌐╟╡ ⅜ ⌐ ⇔≡

™↓≤≢↕┘ ─ ⅜ →╠╣╢√╘ ⌂↕┘⅜ ↕╣╢≤⇔≡™

╢  1-14 │ ≢ ⇔√ ≈≤ ─↕┘⅜

↕╣ ⅜ ⇔ↄ ∆╢≤™℮ ╩ ⇔≡™╢ ↕┘─ ⅜

╠⅜⌂╡№≢כ◐─ ⌂ ╛ⱷ◌♬☼ⱶ⌂≥─ ⌐ ⇔≡│ ⌐

↕╣≡™⌂™↓≤⅛╠ р ╩ ≤⇔√♫ⱡ☻◔כꜟ─ ╩ ™≡

─ ╩ ═≡™╢ ∕─ ⌐╟╡ ─ ⅜ ⅝

ↄ ⇔ ─ ™↕┘⅜ ↕╣╢↓≤╩ ╠⅛⌐⇔≡™╢  

╠ 4 2 )│ ⌐╟╡↕┘ ─ ⅜ ≤⇔≡™╢ -0.3VvsSCE

─ ⌂ ╩ ∆↕┘ │ ⌐ ╣╢≤⇔ │↕┘ ─ ╩

∆╢ ─╙─│ ≤⇔ │↕┘ ≤╙ ⇔ɖ -

FeOOH ⅜ ∆╢╒≥ ⌐№╡ ɖ/ɘ* ɘ*│ ɘ+ɗ)≤ │ ⌂

╩ ∆╢≤ ⇔≡™╢ ╕√ ╠ 4 3 │ ─ ™ ™╦╝╢₈

↕┘₉─ ⌂ ⌐≈™≡ ▬○fi ≤↕┘ ─ ⅛╠ ⇔

≡™╢ ⌐⅔↑╢ ─ │ ⌐ ∂╢↓≤⅛╠ ↕┘

─ ⅛╠─ │ ≢№╡ ─↕┘ ⌐⅔™≡╙

─ ╩ ∆╢↓≤⅜ ≤ ╦╣╢  

╠ 4 4 )│ Cr-Cu-P-Ni ⅔╟┘ Cr-Cu ─ 44 ─ ↕

┘╩ ⇔ (32 ─ )≤ ⇔√ 44 ─ ↕┘

│ ─ ɖ -FeOOH ɘ -FeOOH ⅛╠⌂╢ ⌂ ɖ -FeOOH ⅛╠⌂╢

≢ ↕╣≡™╢↓≤╩ꜝⱴfi ⌐╟╡ ⇔≡™╢ ⌐│ Cr ─

⅔╟┘ Cu ─ ⅜ ╘╠╣ P │ ⅔╟┘↕┘ Ni │↕┘

⌐ ⇔≡™√ ↕┘ ─ ⅔╟┘ Cr Ni ─ │ ─ 32 ─

≤ ⇔√⅜ Cu ≤ P ⌐│ ⅜ ╘╠╣╢↓≤╩ ⇔≡™╢  

R.E. Melchers ╠ 4 5 )│ ─ ⌐⅔↑╢ ⌐╟╢ ↕┘

─ ⌐≈™≡ ⇔≡™╢ ⌐⅔™≡╙ ⌐⅔↑╢

─ │ ≢№╡ ─ ─ ╩ ∆╢ ⅜№╢  
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─≤⅔╡ ⌐ ─ ™↕┘⅜ ↕╣╢ ─ ≈⌐

─ Cu ⅜ →╠╣╢ ╙ ─ ≢ Cu ⅜ ↕╣╢↓≤⅛╠

≤ ⌐ Cu ⌐╟╢ ↕┘ ─ ⅜№╢ ╕√ ─

⅜ ⌐ ⌂↕┘─ ⌐ ∆╢≤™℮ ⅛╠ ⌐⅔

↑╢ ─≡⇔≥♪כ♁◌─ ─ ╙ ≢№╢ ─ ≢№╢

⌐⅔™≡ │ ⅜ ⌂ ♪כ♁◌⅜ ─

⅜▪ⱡכ♪⌐⌂╢↓≤≢ ⅜ ↕╣ ⌂↕┘⅜ ↕╣╢

⅜№╢  

╕√ ↕┘─ ╩ ∆╢ │ №╡ ↓╣╕≢─ ─ ⌐

⅔™≡ ↕╣≡™╢ ∕─ │ ↕┘ ─ ⌂ ╩ ∆╢═

ↄ ⌐╟╢ EPMA ⌐╟╢↕┘ ─ XRD ╛

ꜝⱴfi ╩ ™√↕┘─ ↕╠⌐│↕┘ ─ ⌂

≤⇔≡ ╛▬○fi ─ ⅜ ╦╣≡™╢ ─↕┘

─ ╩ ∆╢ ⌐⅔™≡╙ ─▪ⱪ꜡כ♅⌐≡↕┘ ╩ ∆╢

↓≤≢ ≤─ ╩ ╕ⅎ√ ⅜ ≤⌂╢  

 

 

 

 

 

 

 

 

 

 

 

 

 1-14 ⇔√ ⌐ ⌐ ↕╣╢↕┘─  

40) 
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1.4  ─  

│ ⌐⅔↑╢ ─ ┼─ ⌐ ↑≡

⌐ ∆╢ ⌐≈™≡ ╠⅛⌐∆╢↓≤╩ ≤∆╢  

╕∏ │ ⌐ ⇔≡ ⅜ ™≤™℮ ⅜ ─ ⅛

╠ ↕╣≡™╢↓≤⅛╠ ⌐⅔↑╢ ⅔╟┘

─ ─ ⌐ ⇔ ≢─ ╩

℮≤≤╙⌐ ╩ ™√ ╡ ⇔ ╩ ⇔ ⌐

╕╣╢ ╛ Cu ⅜ ⌐ ╓∆ ⌐≈™≡ ⇔√  

≈⅞⌐ ⌐ ⅜ ≤⇔≡ ↕╣╢↓≤╩ ⇔

⅜ ⌂╢ ─ ⌐⅔™≡ ⅔╟┘ ╩ ≤⇔≡

⅔╟┘ ⌐≈™≡ ⇔√ ↓╣╠─ ─ ⌐ ⇔≡ ↕

┘─ ╛ ─ ╩ ⇔√  

╕√ ≢ 24 ↕╣√ ─ ⅛╠ ⇔√

╩ ≤⇔≡ ≤ ─ ↕┘ ─ ≤

─ ─ ╩ ℮↓≤≢ ⌐⅔↑╢ ─

⌐≈™≡ ⇔√  
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1.5  ─  

│ 1 ⅛╠ 6 ╕≢─ 6 ≈─ ≢ ↕╣≡™╢ ─ ≤

⇔≡ ⱨ꜡כ╩  1-15 ⌐ ∆≤≤╙⌐ ─ ╩ ⌐ ═╢  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 1-15 ⱨ꜡כ  

 

1 ≢│ ─ ─ ⅔╟┘ ⌐≈™≡ ═╢≤≤╙⌐

⌐ ∆╢ ─ ≤⇔≡ ─ ╛ ⌐ ╦╢ ⌂≥

⌐≈™≡ ═√  

2 ≢│ ⌐⅔↑╢ ⅔╟┘ ─

─ ⌐ ⇔ ─ ╩ ℮≤≤╙⌐

╩ ™√ ╡ ⇔ ╩ ⇔√ ↓╣╠─ ⅛╠ ─

╛ Cu ⅜ ⌐ ╓∆ ╩ ⇔√  

3 ≢│ ⌐⅔↑╢ ─ ⌐≈™≡

⅔╟┘ ╩ ⌐ ↕╛ ─ ⌐≈™≡ ⇔

√ ─ ™⌐╟╢ ─ ╩ Ɽ

ꜝⱷכ♃≤⇔≡ ╩ ∆╢↓≤≢ ⅔╟┘ ⌐ ∆╢

1   

͏  ṓ ♯ᾓτϢϥẔ ר⁷ χ  

 

͐  ṓ ḕẽπ ήϦϥẔ ר⁷ χ  

ήό χ  

͎  Ẕ ר⁷ χ ṍ ấ  

5  ṍ ήϦθẔ ר⁷ χ ấ  

6  Ὣ  
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─ ╩ ╠⅛⌐⇔√   

4 ≢│ ⇔√ ─↕┘─ ╩ ∫√ ⱴ▬◒꜡☻◖כⱪ╛

⌐╟╢ ↕┘ ─ ─ ↕┘─ ─

⌐≈™≡ ⇔ ≤─ ╩ ╠⅛⌐⇔√  

5 ≢│ 24 ↕╣√ ─ ⅛╠ ⇔√ ╩

≤⇔≡ ≤ ─ ↕┘ ─ ≤ ─

─ ╩ ℮↓≤≢ ⌐⅔↑╢ ─

╩ ⇔√  

6 ≢│ ≢ ╠╣√ ⌐≈™≡ ⌐ ⇔ ─

⌐≈™≡ ╩ ⇔√  
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2  ─  

 

2.1  │∂╘⌐  

─ │ ≤ ⇔≡ ↄ ≤ 1 )≢№╢

⅜ ↓─ ─ ≈≤⇔≡ │ ╛ ⌐ ⇔≡ ⌐

╩ ∆╢↕┘ ⅜ ↕╣╢↓≤⅜ ⅎ╠╣╢  

─ ↕┘╩ ∆╢ ≢ ⌂ ─ 1 ≈⌐ Cu ⅜№╢ Cu │

⌐⅔™≡ ▪ⱡכ♪ ≢ ⇔√ Cu2+⅜ Cu ≤⇔≡ ∆╢↓≤≢

⌂ ⅜ ⌐ ⌐ ↕╣╢ ∕─ ↕┘─ ╛ Cu

─ ⌐╟╡ ─ ⅜ ∆╢ 2) - 6 ) ╕√ │

─ ⌐╟╡ ⅜ ⌐ ⇔≡ ™↓≤≢ ↕┘ ─ ⅜ →╠

╣╢√╘ ⌂↕┘⅜ ↕╣╢ 7 )  

─ │ ─ ⅜ ⌐ ⌐ ⇔≡⅔╡

─ ≢│ ⅜ ⌂ ╡⌂⌐♪כ♁◌⅜ ─ ⅜

▪ⱡכ♪⌐⌂╢↓≤≢ ⅜ ↕╣╢ 8 ) ╕√ ⌐│

⌐ Cu ⅜ ⌂≥─√╘⌐ ↕╣≡™╢ ↕╣≡™╢ Cu │ ≢

│ ⌐ ⌐ ∆╢ 9 ) ↓─╟℮⌂ ─ ⅜ ╛↕┘

─ ⌐ ╩ ╓∆≤ ⅎ╠╣╢⅜ ∕─ ⌐≈™≡│ ≢№╢  

≢│ ⌐⅔↑╢ ⅔╟┘ ─

─ ⌐ ⇔≡ ≤ ╡ ⇔ ─

╩ ∆╢↓≤≢ ─ ╛ Cu ⅜ ⌐ ╓∆

⌐≈™≡ ⇔√  

 

2.2   

2.2.1   

│ ≤ ─ ⌐ ⇔  2-1 ⌐ ∆

⅜ ⌂╢ 3 ≢ ⇔√ │ ™∏╣⅛─ ⅜ ≤⌂∫√

≢ ⇔√  
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 2-1 ─ ♃כ♦  

 
 

T (°C) 

 

RH (%) 

 

w (mg/dm²/day)  
 

╖╛⅝  25 79 0.003 2018/09/17˙ 09/20 

 27 68 0.4  2018/09/03˙ 09/07 

 28 80 0.3  2018/09/03˙ 09/05 

 

⌐│ Cu ╩ 0.35% ⇔√ ⌂ FCD ≤⇔≡ ⅛╠ JIS G 

310610) SM490A SM ⅛╠│ JIS G 311411 ) SMA490AW SMA ─ 3

╩ ™√ ⌂⅔ FCD ⌐≈™≡│ ∆╢↓≤≢ ─ⱨ▼ꜝ▬♩ ╩

90% ≤⇔√ ─ ≤ ╩  2-2 ⌐ ∆  

─ ╩  2-1 ⌐ ∆ │ #600 ─ ╩ ™≡

⇔√ │ ╣↕┘─ ╩ ↑⌂™╟℮⌐ ─ ╩ ⅝⌐

⇔ ╩ⱪכ♥ ™≡▪◒ꜞꜟ ⌐ ⇔√  

─ ─ │ 1 ⌐ ╩ ™ ─

─ ╩ ⌐ ⇔√ │ │ 13 ⅛╠ 15 ─ ─

≢ ™ │ ≢ ∫√  

─ │ ⅛╠ ─ ╕≢─ ╩

1 ≤⇔ ╩♃כ♦─ ⇔√  

 

 2-2 ─ ⅔╟┘  

 

 

 

 

 

 

 

  

Ni

FCD 3.73 2.01 0.40 0.024 0.007 0.35 0.02 0.046 0.00

JIS G3106
SM490A

0.16 0.33 1.65 0.025 0.001 ˈ ˈ ˈ ˈ 

JIS G3114
SMA490AW

0.08 0.24 1.04 0.009 0.003 0.30 0.52 ˈ 0.17

mass
 (mm)

20 × 20 × 6 



28 

 

 

 

 

 

 

 

 

 

 2-1 ─  

 

2.2.2  ╡ ⇔  

⌐│ Cu ╩ 0.35% ⇔√ ⌂ FCD-1 ≤⇔≡

⅛╠ JIS G 310610 ) SM490A SM ⅛╠│ JIS G 311411 ) SMA490AW

SMA Cu ⅜ 0.009%≤╒≤╪≥ ╕╣⌂™ FCD-2 ─ 4 ╩

™√ ─ │ ™∏╣╙ 20×20×6 mm ≤⇔√ ⌂⅔ FCD-1 ≤ FCD-2

⌐≈™≡│ⱨ▼ꜝ▬♩ ╩ 90% ≤∆╢√╘ ⇔√ ─ ╩

 2-3 ⌐ ∆ │Ᵽⱨ⌐╟╡ ⇔√ ⌐▪☿♩fi╩ ™≡

⇔√  

│ ╩ ™≡ ╣≤ ⅝╩ ╡ ∆↓≤≢ ∫√

─ ╩  2-2 ⌐ ∆ ╣ │ ─ ╩∕─ ─

⌐ ↕∑╢↓≤≢ ⌐╟╢ ⅛™ ╩ ∆╢ ◘▬◒ꜟ 1 2 )╩ ⌐

⇔≡ ⇔√ ╕√ │ ─ 8 ─ 10 2008 2017

─ ⅔╟┘ ─ ⌐ ≠⅝ ⇔√ │ ⌐

⇔√ │ ≤ ─√╘─ T ☿fi◘⅔

╟┘ Fe/Ag ACM ☿fi◘╩ ™≡⸗♬♃ꜞfi◓⇔√ ╩  2-3 ACM ☿

fi◘─ ╩  2-4 ⌐ ∆ 0.1 nA ╩ ⅎ╢☿fi◘ ⅜ ↕╣√

╩ (Tdew) ∕℮≢⌂™ │ (Tdry)≢№╢ ⌐≈™≡│

™√ ACM ☿fi◘─ ⅜ 0.1 nA ≢№╢≤™℮ ⌐ ∆╢

≢ ⇔≡™╢ ─ ≢№╢ ≢ 0.5 nA

≢│ 1 nA ─ ╩ ⇔√  

│ ◘▬◒ꜟ ⌐ ⇔≡ ⱴ▬◒꜡☻◖כⱪ⌐╟╡ 1.8×2.4 mm

─ ╩ ∫√ ⌐⅔↑╢ │ Adobe ─ Photoshop 

CC2019 ╩ ™≡ ─ ≤∕─ ╩ 2 ≈⌐ ⇔≡ 2

FC D  SM  SMA 
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∆╢↓≤≢ ⇔√ │ ─↕┘─ ╩ ◌►

fi♩⇔√ ╕√ ─ ⌐ ⇔≡ EPMA ╩ ™ ─

╩ ⇔√ ↕╠⌐ FCD-1 ≤ FCD-2 ─ ⌐ ⇔≡ XPS ULVAC-

PHI Quantera SXM ╩ ™ ╩ ⇔√  

 

 2-3 ─  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 2-2  

  

Dew 5 min 

32Ñ2  RH98%over 

Dry 85 min 

32Ñ2  RH40% 

Cooling 30 min 

27Ñ2  RH98%over 

Habituat ion 30 min 

32Ñ2  RH40% 

Appearance observat ion with 

a microscope 

Ni

FCD-1 3.73 2.01 0.40 0.024 0.007 0.35 0.02 0.046 0.00

JIS G3106
SM490A 0.16 0.33 1.65 0.025 0.001 ˈ ˈ ˈ ˈ 

JIS G3114
SMA490AW 0.08 0.24 1.04 0.009 0.003 0.30 0.52 ˈ 0.17

FCD-2 3.87 2.16 0.42 0.024 0.004 0.009 0.02 0.043 0.00
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 2-3  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 2-4 ACM ☿fi◘─  

 

2.3  ≤  

2.3.1   

⌐⅔↑╢ ─ ⅔╟┘ ╩  2-5 ⌐

─ ╩  2-6 ⌐∕╣∙╣ ∆ FCD ─ │ SM ≤ SMA ⌐ ⇔≡ ⅝ↄ⌂

∫≡⅔╡ №√╡ 1mm ─ ⅜№∫√ ⌐ ⇔≡™√ ↓

─ │ ╛ ⅔╟┘ ⌐╟╠∏ ⌐⌂∫√ ↓─ │

⅜ ≢ ╣╢≤ FCD ─ ⌐ ⌐ ∆╢ ⅜

╩ ⇔ ≢ ⅜ ⇔√√╘≤ ⅎ╠╣╢  
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mm/h mm/h mm/h 

 

 

╖╛⅝  

 

 

 

 

 

 

 
 

 

 

 

 

 

0 0 5 

1 
 
 

   
0.5  0 36 

2 
 
 

   
28 0.5  0.5  

3 
 
 

  

 

 

12 

 

4 
 
 

  

 

  

 

 2-5  

─ │ ⅛╠ FCD SM SMA  
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 2-6 ─  

  

 

 

╖╛⅝  

3  

 

 

4  

 

 

2  

FCD SM SMA 
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2.3.2  ╡ ⇔  

ⱴ▬◒꜡☻◖כⱪ⌐╟╢ ─  

◘▬◒ꜟ ─ ─ ╩  2-7 ⌐ ∆ FCD-1 ≤ FCD-2 ─

│ ≢ ⇔≡⅔╡ ⌐│ ⅜ ↕╣╢ SM ≤ SMA

─ │ ⌐ ╩ ≤⇔≡ ⇔≡™╢ FCD-1 ≤ FCD-2 │ 1 ◘▬◒ꜟ

≢ ⌡ ⇔≡⅔╡ SM ≤ SMA ⌐ ⇔≡ ╠⅛⌐ ⇔╛∆™≤ ⅎ╢ ╕

√ SM │ SMA ≤ ⇔≡ ─ ⅜ ↄ ─

≤ ─ ≢№╢  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 2-7 ◘▬◒ꜟ ─ ─  
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≤  

◘▬◒ꜟ ─ ─ Ac/A0 ⌐ ∆╢ ─

≤ ◘▬◒ꜟ nc ─ ╩  2-8 ⌐ ∆ FCD-1 ─ Ac/A0 │ SM ╛ SMA ⌐

⇔≡ ⅝ↄ 1 ◘▬◒ꜟ ≢ 0.7 5 ◘▬◒ꜟ ⌐│ 0.9 ≢№╢↓≤⅛

╠ ≢ ⅜ ∆╢≤ ⅎ╢ ↓╣│ FCD ⌐ ⌐ ∆╢ ─

⌐╟╢╙─≤ ⅎ╠╣╢ ╕√ FCD-1 ─ Ac/A0 │ FCD-2 ≤ ≢№

╢↓≤⅛╠ ─ ⌐⅔™≡│ Cu ─ ╟╡╙ ─ ⅜

≤ ⅎ╠╣╢  

◘▬◒ꜟ ─ ─ ─ ╩  2-9 ⌐ ∆ FCD-1 ─

│ SM ╛ SMA ⌐ ⇔≡ ↄ FCD-2 ≤ ≢№╢ SM ≤ SMA ⌐≈™≡│ ◘

▬◒ꜟ ─ ⌐ ∫≡ ⅜ ⇔≡™╢ FCD-1 ≤ FCD-2 │ ≢

⅜ ⇔≡™╢ ◘▬◒ꜟ ─ ⌐ ∫≡ ≢ √⌂ ⅜ ∆╢

↓≤≢ ⅜ ∆╢√╘ ◘▬◒ꜟ ─ ⌐╟╡ ⅜ ⇔

≡™╢ FCD-1 ≤ FCD-2 ─ │ ≢№╡ ─ ─

⅛╠╙ Cu ⌐ ⇔≡ ─ ⅜ ≢№╢≤ ⅎ╠╣╢

│ ⌐ ⌐ ∆╢ ─ ⌐╟╡ ⅜ ⌐

⇔≡ ↄ ↕┘ ─ ⅜ →╠╣╢↓≤≢ ⌂↕┘⅜ ↕╣╢≤ ⅎ

╠╣╢ ⌂ ≢ ↕╣╢↕┘ ─ ⌐ ╦╢ ⌐≈™≡│ 4

⅔╟┘ 5 ⌐≡ ∆╢  
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0

50

100

150

200

250

300

350

400

450

500

0 1 2 3 4 5

N
um

be
r 

of
 c

or
ro

si
on

Number of corrosion cycles

FCD-1
SMA490AW
SM490A
FCD-2

Ma x  
Me an  
Mi n  



36 

EPMA ⱴ♇Ⱨfi◓  

─ ─ ⱴ♇Ⱨfi◓ ╩  2-10 ⌐ ∆ SMA ─

⌐│ Cu ─ ⅜ ↕╣╢ FCD-1 ─ ⌐╙ Cu ⅜ ⇔≡⅔╡

FCD-1 ─ Cu │ SMA ≤ ⇔≡ ™ SM ╛ FCD-2 ⌐│ Cu ─ │ ↕╣⌂

™  

 

 SEM O Cu 

 

 

  

 

   

 

   

    

 2-10 ─ ─ ⱴ♇Ⱨfi◓  

 

  

1 0 0 ɛm  

1 0 0 ɛm  

1 0 0 ɛm  

1 0 0 ɛm  
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XPS  

FCD-1 ≤ FCD-2 ─ ─ XPS ☻Ɑ◒♩ꜟ╩  2-11 ⌐ ∆ FCD-1 ─

≢│ Cu(metal)⌐ ∆╢Ⱨכ◒⅜ ↕╣√ FCD-2 ─

≢│ Cu ⌐ ∆╢Ⱨכ◒│ ↕╣⌂™  

 2-12 ⌐ EPMA ⌐≡ ⇔√ ⌐⅔↑╢ FCD-1 ─ Cu ─ ╩ ∆

FCD-1 ─ ⌐│ Cu ─ ⅜ ⌐ ↕╣╢⅜ ─ FCD-1 ≢│ Cu

─ │ ↕╣⌂™ .↓─ ⅛╠ ⌐╟╡ Cu ⅜▬○fi ⇔≡

≤⇔≡ ⇔√≤ ↕╣╢  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 2-11 FCD-1 ≤ FCD-2 ─ ─ XPS ☻Ɑ◒♩ꜟ  

(a) (b)XPS ☻Ɑ◒♩ꜟ   

In
te

ns
it

y 
(c

ps
) 

B inding energy (eV) 
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 2-12 ⌐⅔↑╢ FCD-1 ─ Cu ─  

(a) (b)  
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2.4  ─  

─ ─ ╩  2-13 ⌐ ∆ ╕∏ ⌐

⌐ ∆╢ ≤ ≢─▪ⱡכ♪ ≤⇔≡ Fe2+≤ Cu2+⅜

∆╢ Step 1 ⌐ Cu2+╩ ╗ ⅜ FCD ⌐ ⇔ ▪ⱡכ♪ ≤⇔≡

Fe2+⅜ ⇔≡ Cu2+│◌♁כ♪ ≤⇔≡ ↕╣ Cu ⅜ ∆╢

Step 2 ↕╠⌐ ⇔√ Cu ╙ ≤⇔≡ ∆╢√╘ ∕─ ─

╙ ⌐ ∆╢ Step 3 ≤ ↕╣╢ ⌂⅔ ⌐ ∆╢

≤ Cu ≤ ─ 2 ≈─ │ ∕─ ╛ ─ ─

⅛╠ ≤ ─ ⅜ ⌐⌂╢≤ ⅎ╠╣╢ ∕─√╘ ─

↕┘─ ⌐≈™≡│ Cu ─ │ ⌐ ⇔≡ ↕ↄ⌂╢≤ ↕

╣╢  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 2-13 ─ ─  
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2.5  ╕≤╘  

≢│ ⌐⅔↑╢ ≤ ─

─ ⌐ ⇔≡ ╩ ℮≤≤╙⌐ ─ ╛ Cu

⅜ ⌐ ╓∆ ⌂≥⌐≈™≡ ╩ ∫√ ≢ ╠╣√

⌂ ╩ ⌐ ∆  

 

(1) ─ │ ─ ╛ ⌂≥⌐╟╠∏

╛ ⌐ ⇔≡ ⌐ ∆╢ ╕√ ↓─ │

⌐╟╢ ⇔ ⌐⅔™≡╙ ≢№╢  

(2) ─ ⌐⅔↑╢ ─ ╛ │ ╛

⌐ ⇔≡ ⅝™  

(3) ─ ≢│ ≤ ⌐ Cu ⅜ ∆╢ ╕√

─ Cu ─ │ ⌐ ⇔≡ ™ ↓─ ⇔√ Cu ≤

≡⇔≥♪כ♁◌⅜ ∆╢ ╩ ∆╢↓≤≢ ⌐ ⅜

∆╢  

(4) ≢ ╠╣√ ⌐ ≠⅝ ─ ─ ╩

⇔√  
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3  ⌐╟╢ ─  

 

3.1  │∂╘⌐  

╩ ≤⇔≡ ∆╢ ≤⇔≡│ ≤⇔≡ ⅜

↕╣╢ ∕↓≢ ⌐⅔↑╢ ─ ╩ ⌐ ∆

╢↓≤╩ ⌐ ─ ⌐⅔↑╢ ≤ ─ ╩

⇔√  

 

3.2   

3.2.1   

⌐│ ⌂ⱨ▼ꜝ▬♩ ≤Ɽכꜝ▬♩ ⅜ ∆╢

(FCD 147×67×6 mm) ≤⇔≡ JIS G 31061) SM490A(SM 150×70×6 

mm)≤ JIS G 31142) SMA490AW(SMA 150×70×6 mm)╩ ™√ ╕√

│ ─ ╩ ∆╢ ≢ⱨ▼ꜝ▬♩ FCD-Ferrite ≤

Ɽכꜝ▬♩ FCD-Perlite ─ ╙ ⇔√ ─╖ ⌂⅔

│ ─ ⌂ FCD ⌐ ─ ╩ ∫√

╙─≢№╢ ⱨ▼ꜝ▬♩ │ ⅛╠ 1.5 ≢ 710ϴ⌐ ⇔ 710ϴ

≢ 7 ⌐ ⇔√ Ɽכꜝ▬♩ │ ⅛╠ 1.5 ≢ 900ϴ⌐

⇔ 900ϴ≢ 1.5 ⌐ ─╕╕ ⅛╠ ⇔ ╩ ™≡

⇔√ │ ⌐≈™≡ 2 ≤⇔√ ─ ╩  3-1

↕╩  3-2 ⌐ ∆  

⌂⅔ ─ ┼─ ⌐ ⇔≡│ ╩ ≤⇔≡™╢

⅜ ─ ╛ ≢─ ─ ⌐╙ ⇔≡ ≢

∆╢↓≤≤⇔√  

 3-1 ─  

 

 

 

 

 

 

 

 

  

mass
C Si Mn P S Cu Cr Mg Ni

FCD
2016

3.68 1.87 0.40 0.022 0.001 0.34 0.02 0.039 0.00

FCD
2017

3.75 1.99 0.40 0.024 0.009 0.35 0.02 0.047 0.00

  SMA 1 0.08 0.24 1.04 0.009 0.003 0.30 0.52 ˈ 0.17

  SM 2 0.16 0.33 1.43 0.025 0.006 ˈ ˈ ˈ ˈ 
1 JIS G 3114 SMA490AW
2 JIS G 3106 SM490A
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 3-2 ─ ↕  

 

 

 

 

 

 

 

3.2.2   

⌐ ⌐⅔↑╢ ─ ⌂ │ ≤ ≢№╢⅜ ∕─ ⌐

╛ ≢№╢ (SO2)─ ╙ ⅝™ 3 ) SO2 ⌐≈™≡

│ ⌐⅔↑╢ ─ │ ₁ ⌐№╡ 40 50 ≤

═╢≤ ⇔ↄ 1/10 ⇔≡⅔╡ 4 ) ∕─ ┼─ │ ↕ↄ⌂∫≡™

╢≤ ↕╣╢  

⌐⅔↑╢ │ ⅛╠ 2.5 km ⅛╠

5.3km ⌐ ⇔ ─ ⅜№╢ ◐ꜗfiⱤ☻ Lat.33°35'N

Long. 130°12'E ◐ꜗfiⱤ☻

─ 4 ⅛ ⌐≡ ⇔√ ⌂⅔ ─

│ 2016 ≤ 2017 ─ 2 ⅜№╡ ∕╣∙╣─ⱴ☻◐fi◓ │

⌂╢β 2016 ≡⌐◦◐ⱳ◄ꜟכ♃│ ─╖╩ ⇔ ∆═≡─◄

♇☺ ╘ⱴ☻◐fi◓⇔√ 2017 │◦ꜞ◖fi◖כ◐fi◓⌐≡ ◄♇☺

─◄♇☺╩∆═≡ⱴ☻◐fi◓⇔√ ─ⱴ☻◐fi◓─ ╩  3-1 ⌐

∆  

β 2017 ─ ⅛╠ ─ⱴ☻◐fi◓ ⌐  

  

ɛm
RZJIS Ra
59.5 15.4
27.3 6.8

)

⁷
27.3 6.8
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 3-1 ─ⱴ☻◐fi◓ ◦◐ⱳ◄ꜟכ♃ ◦ꜞ◖fi  

 

─ T(K) RH( ) P(mm) ⅔╟┘ ♪

♀כ●▬ꜝ 5 ) w(mdd) ─ ╩  3-3 ⌐ ∆  

─ ╩  3-2 ⌐ ∆ │ 1 2 ⅔╟┘ 4 ≤⇔

√  

 

 3-3 ─ ♃כ♦  

 
 

T (°C) 

 

RH (%) 

 

w (mg/dm²/day)  

 

P (mm) 

 17.1 78 0.28 1756.5 

 17.8 69 0.52 1683.1 

 23.7 75 0.29 2380.3 

 23.2 79 0.78 2418.9 



45 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 3-2 ─  

 

˲ ρ χ ˳  

─ ↕ dme a n │ ⌐Ⱬ◐◘ⱷ♅꜠fi♥♩ꜝⱵfi╩ ⅎ√

JIS Z 2371 ╩ ™≡ ╩ ⇔√ ─ ⌐

≠⅝ ⇔√  

─ ─ │ ☻◌כ◊ⱨכ◙כ꜠ ☻ⱳ

♇♩ 30ɡm 0.05 ɡ m ≢ Ⱨ♇♅╩ 0.2 mm ≤∆╢↓≤≢ ⇔

√ ─ ↕ dma x │ ↕ 5 ─ ⌐╟╡ ⇔√  

  

 _45  

 _45  
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3.3  ≤  

3.3.1  ⅔╟┘  

⌐⅔↑╢ ─ 4 ─ ⅔╟┘ ╩  3-3  3-9

⌐ ∆  

№╡─ ─ ⌐≈™≡ ™∏╣╙ │ ≢№╢⅜

∆╢≤ ≤ ⌐ ⇔≡ │ ⅜⅛∫√↕┘≢№╢

╕√ №╡─ ⌐⅔™≡│ │ ≢№╢⅜ ⌐ ⅎ

╙ ⅜⅛∫√↕┘≤⌂∫≡™╢ ≤ ≢│ ─

⅔╟┘ ≢№╡ №╢ ⌂↕┘≢№╢  

 

  ×100 3D 

FC
D

 

   

FC
D

-Ferrite    

FC
D

-Perlite    

 

   

 

   
 3-3 ─ ⅔╟┘ 4  

  

1 0 mm 
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  ×100 3D 

FC
D

 

   

 

   

 

   
 3-4 ─ ⅔╟┘ 4  

 

⇔─ ≤ ≢─↕┘─ │ №╡─ ╛ ≢─

≤ ⇔≡ ╠⅛⌐↕┘─ ⅜ ⅝ↄ 3D ⅛╠╙ ─ ⅜ ⅝™↓≤

⅜ ⅛╢ ≤ ≢─ ╩ ∆╢≤ ⌐ ≢─ ≤

─↕┘⅜ ™↓≤⅜ ⅎ╢  

─ ╡ ─ ⅜↕┘─ ⌐ ⅎ╢ │ ⅝™╙─≤⌂∫≡

™╢  

  

1 0 mm 
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  ×100 3D 

FC
D

 

   

 

   

 

   
 3-5 ─ ⅔╟┘ 4  

 

 

  ×100 3D 

FC
D

 
   

 

   

 

   
 3-6 ─ ⅔╟┘ 4  

  

1 0 mm 

1 0 mm 
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3.3.2  ↕  

⌐⅔↑╢ ↕ dme a n (mm) ≤ t (year) ≤─ ╩

 3-7  3-11 ⌐ ∆ ─ │ dme a n ─ t ⌐ ∆╢ ≢№╢ ╕

√  3-11 ≢ ⇔√ dme a n = aה tb ─ a ≤ b ⅔╟┘

R ─ ╩  3-4 ⌐ ∆ ⌐ ∆╢ ─ R │ ™∏╣╙

0.9 ≤ ↄ⌂∫≡™╢  

≢─ ⌐≈™≡ 4 ≢─ ─

↕│ ╟╡╙ ⌐ ↕ↄ ─ ↕⌐ ∆╢ ─

↕│ ⅜ ─ №╡─ FCD-Ferrite │ 77% FCD-Perlite │ 72%

⅜ ─ FCD │ 61%≢№╢ ╕√ ⌐ ∆╢ ─

↕│ ⅜ ─ №╡─ FCD-Ferrite │ 93% FCD-Perlite │

86% ⅜ ─ FCD │ 73%≢№╢ ─ b ─ │ ⌐╟∫≡ ⌂

∫≡⅔╡ ⌐⅔↑╢ ╛ ─ ╟╡╙ ⌐╟╢

─ ⅜ ⌐ ⅝™ ≤ ─ ↕─ ─

⌐≈™≡ 1 2 ≤ ⇔≡ 4 ≢ ⇔≡™╢ ╕√ ─┌╠≈

⅝│ ↕™  

≢─ ⌐≈™≡ ⅔╟┘ ⌐ ∆╢

─ │ ≢─ ≤ ─ ≢№╢ 4 ≢─

─ ↕│ ⌐ ⇔≡ 60%≤ ⌐ ↕ↄ ⌐ ⇔≡│

75%≢№╡ ⌡ ⌐⅔↑╢ ≤ ∆╢ ─ ─

b ─ │ ╛ ≤ ⇔≡ ⌐ ↕ↄ ≢─ ≤

─ ≢№╢ ╕√ ⌐ ╦╠∏ ≢─ ↕│ ⌐

⇔≡ ⅝™ ≤⌂∫≡™╢ ↓─ │ ⌐ ∆╢≤ ╦╣≡™╢

⅔╟┘ ─ ⌐╟╢╙─≤ ↕╣╢ ⌐ 1 ─ ↕─

⅜ ⅝ↄ⌂∫≡™╢⅜ ↓╣⌐≈™≡│ⱴ☻◐fi◓ ─ ™╙ ⇔≡™╢

⅜№╢ ⌐│ ◦ꜞ◖fi ⌐╟╢ⱴ☻◐fi◓│ ◄♇☺ ╩

⇔≡™⌂™√╘ ⌐◄♇☺ │ ╟╡╙ ⇔╛∆™↓≤⅛╠

─ ↕⅜ ⌐ ⅝ↄ⌂∫≡™╢≤ ↕╣╢ 2 ─

│ ╟╡╙ ≢─ ─ ⅜ ↄ⌂∫≡⅔╡ ⌐╟╠∏

─ a │ ⌐ ─ ≤⌂∫≡™╢ ↓╣⌐≈™≡╙

≤ ⇔≡ ⇔╛∆™◄♇☺ ⅜ ⌐ ⇔√↓≤⅜ ⇔≡™╢≤

↕╣╢  

≤ ≢─ ─ ╟╡ №╡─ ⌐⅔™≡

─ │ ╛ ≤ ⇔≡ ⌐ ↄ ⌐ ⌐
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⅜ ⇔≡™╢↓≤⅛╠ ↕┘─ ⅜ ™ ⅜ ↕╣╢  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 3-7 ↕ dme a n (mm) ≤ t (year) ≤─  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 3-8 ↕ dme a n (mm) ≤ t (year) ≤─  

ḩἰ
a b R

FCD 0.018 0.434 0.964
FCD-F 0.021 0.452 0.977
FCD-P 0.019 0.487 0.984
SMA 0.018 0.628 0.991
SM 0.023 0.565 0.991

ἰ

ḩἰ
a b R

FCD 0.037 0.221 0.945
SM 0.049 0.390 0.945

SMA 0.040 0.404 0.981

ἰ
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⇔─ ≤ ≢─ ⌐≈™≡ №╡─ ╛

≤ ⇔≡ ╠⅛⌐ ⅜ ⅝™ №╡ ↕⌐ ∆╢

│ ⌐╟╢ ≤╟ↄ ∆╢⅜ ⇔─ ─

│ ≤╟ↄ ∆╢  3-4 №╡│↕┘─ ⌐╟∫≡

⌐ ⅜ ∆╢⅜ ⇔─ │ ⌐ ⅜ ⇔≡⅔╡ ↕

┘─ │⌂™⌐ ⇔™≤ ↕╣╢  

≢─ ⌐ ⇔≡ 45 ≤ 0 ─ ∆═⅝ │ ↕╣

⌂™ 6 )⌐╟╢≤ №╡─ ⌐⅔™≡│ ─ ⅛╠

│ ⌐ ⌐ ∆╢⅜ ⇔─ ⌐⅔™≡│ ─

⌐╟╢ ⅛⌂ ─√╘ ─ ⅜ ↕ↄ №╡ ≤

⌂╢ ⌐⌂∫√≤ ↕╣╢ ╕√ ╩ ∆ ─ a │™∏

╣╙ 0.04 ≢№╡ ⌐╟╢ │ ↕ↄ ─ │

⅔╟┘ ≤ ≢№╢  

≢─ ⌐ ⇔≡ ─ ⌐≈™≡│ ≤ ⌐

∆═⅝ │ ↕╣⌂™⅜ ─ 45 │ ≤ 0 │

≤ ─ ≤⌂∫≡™╢ ≢─ ⅛╠╙ ⌐╟╢

⌐ ⌂ ⅜ ∂╢≤│ ⅎ ™↓≤≤ ─ │

≤ ─ ⌐№╢↓≤⅛╠┌╠≈⅝⌐╟╢╙─≤ ↕╣╢ ⇔√⅜∫≡

─ ™ ⇔─ ⌐⅔™≡│ ≤ ⌐

─ │ ⅔╟┘ ≤ ≤ ≢⅝╢  

╕√ ╟╡╙ ≢─ ⅜ ⌐ ⅝™ ↓╣│ ─

⌐╟╢╙─≢№╡ ⌐ ∆╢≤ ╦╣≡™╢ ⅔

╟┘ ─™∏╣╙ ╟╡ ─ ⅜ ⅝™ ≤⌂∫≡™╢  

7 ⌐╟╢≤ ─ ≤↕╣╢ ─ ⌐⅔↑╢

│ 0.1mm/year ≤↕╣ ⌐⅔↑╢ ╛ ─ ⌂

│↓─ ≢№╢ ↓╣╠⅛╠ ⅜ ™ ⌐⅔↑╢

─ ⌐≈™≡│ 0.1mm/year ╩ ∆╢≤ ⌡ ⌂ ⅜

≤ ↕╣╢  

─∆═≡─ ─ ╩ ∆  3-11 ╟╡ ⌐╟∫

≡ ╠⅛⌐ ⅜ ⌂╢↓≤⅜ ⅛╢ ╕√ ≢ ∆╢≤

─ ≤ ─ ≤ ≢│ №╡⌐ ∆╢ ⇔─

│ 5 ≤⌂∫≡™╢  
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 3-9 ↕ dme a n (mm) ≤ t (year) ≤─  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 3-10 ↕ dme a n (mm) ≤ t (year) ≤─  

  

ḩἰ
a b R

FCD 0.045 1.000 0.961
SM 0.039 1.000 0.917

SMA 0.037 1.000 0.961

ἰ ḩἰ
a b R

FCD 0.043 1.000 0.995
SM 0.041 1.000 0.987

SMA 0.038 1.000 0.991

ἰ

ḩἰ
a b R

FCD 0.058 1.000 0.988
SM 0.081 1.000 0.996

SMA 0.052 1.000 0.986

ἰḩἰ
a b R

FCD 0.079 1.000 0.984
SM 0.087 1.000 0.993

SMA 0.057 1.000 0.957

ἰ
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 3-11 ↕ dme a n (mm) ≤ t (year) ≤─ FCD  

 

 3-4 ↕─ ─ a,b ≤ R ─  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

0

0.1

0.2

0.3

0.4

0 1 2 3 4 5

M
ea

n 
co

rro
si

on
 d

ep
th

, d
m

ea
n

/ m
m

Exposed period, t / year

   K. U.  45°
   Momochi 45°
   Momochi 0°
   U. R. 45°
   Kyoda 45°
   Kyoda 0°

dmean=aʾtb FCD

ל∙ a b R
Ẕ ר⁷ 0.018 0.434 0.964

‫ 0.023 0.565 0.991
Ῑ ‫ 0.018 0.628 0.991

Ẕ ר⁷ 0.045 1.000 0.961
‫ 0.039 1.000 0.917

Ῑ ‫ 0.037 1.000 0.961
Ẕ ר⁷ 0.043 1.000 0.995

‫ 0.041 1.000 0.987
Ῑ ‫ 0.038 1.000 0.991

Ẕ ר⁷ 0.037 0.221 0.945
‫ 0.049 0.390 0.945

Ῑ ‫ 0.040 0.404 0.981
Ẕ ר⁷ 0.079 1.000 0.984

‫ 0.087 1.000 0.993
Ῑ ‫ 0.057 1.000 0.957

Ẕ ר⁷ 0.058 1.000 0.988
‫ 0.081 1.000 0.996

Ῑ ‫ 0.052 1.000 0.986
Ẩ  0̃

 45̃

 0̃

 45̃

Ẩ  45̃

ỵ  45̃
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3.3.3  ↕  

─ ↕ dma x  (mm) ≤ ↕ dme an  (mm) ─ ╩  

3-12  3-15 ⌐ ∆ ╕√ ─♃כ♦ ≤ dma x = aה dme an

─ a ╩  3-16 ⌐ ∆   

≢─ ⌐≈™≡ ⌐ ∆╢ ─ R │

⅜ ─ FCD │™∏╣╙ 0.9 ≤ ↄ⌂∫≡™

╢ ─ FCD │ №╡─ (FCD-Ferrite, FCD-

Perlite)≤ ⇔≡ ─ ↕⅜ 2 ≤ ⅜ ⅝™√╘ a ⅜ ⅝ↄ

⌂∫≡™╢ ⅜ ─ №╡─ ≢ ∆╢≤

─ a │ ≤ ≢№╡ №╡─ⱨ▼ꜝ▬♩ Ɽכꜝ▬♩ ─

≢ ⇔√ 8 )─ ≤ ∆╢  

≢─ ⌐≈™≡ ⌐ ∆╢ ─ R │

≤ ⇔≡ ∂≡ ↄ 0.7 0.8 ≢№╢ ┌╠≈⅝⅜ ⅝™√╘ ⌐╟

╢ ⌂ │╖╠╣⌂™⅜ ─ a │ ⅜ ↕™ ⌐№╢  

№╡─ ⌐⅔↑╢ ─ ⌐≈™≡│ ≢│

╟╡╙ ↕ↄ ≤ ≢│ ╟╡╙ ⅝ↄ ≤

≢№∫√ ™∏╣─ ⌐⅔™≡╙ ⌐ ⇔≡ ∆═⅝ │

↕╣⌂™  

⇔─ ≢─ ⌐≈™≡ ─ ⌐╟∫≡ ─

⌐ ⅜ ∂≡™╢ 45 ≢─ ─ │ ╟

╡╙ ↕ↄ ≤ 0 ≢│ ⅔╟┘ ≤ ─

≢№╢ ╕√ ∂ↄ ⇔─ ⌐⅔™≡╙ ─ ⌐╟∫≡

─ ⌐ ⅜ ∂≡™╢ 45 ≢─ ─ │

╟╡╙ ↕ↄ ≤ 0 ≢│ ╟╡╙ ⅝ↄ

≤ ─ ≢№╢  

⇔─ ⌐⅔↑╢ ─ ─ ⌐≈™≡│ ⱷ

◌♬☼ⱶ─ ⅛╠ ⌂ │ ≢№╡ ⇔─ ⅜ ⅝

™↓≤⅛╠╙ ┌╠≈⅝⌐╟╢╙─≤ ↕╣ ≤ ─ ⌐ ∆

╢≤ ≢⅝╢  

≡─ ╩ ∆  3-16 ╟╡ ─ │ ╟╡╙ ⌐ ⅝

™ ╘√ ─ ≤⇔≡ ─ │ ╟╡╙

↕ↄ ≤ ─ ⌐№╢ ⌂⅔ ⇔─ ⌐⅔™≡│┌╠≈⅝

⌐╟╡ ≤ ─ ╙№╢   
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 3-12 ↕ dma x  (mm)≤ ↕ dme a n  (mm)─  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 3-13 ↕ dma x  (mm)≤ ↕ dme a n  (mm)─  
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 3-14 ↕ dma x  (mm)≤ ↕ dme a n  (mm)─  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 3-15 ↕ dma x  (mm)≤ ↕ dme a n  (mm)─  

  

0

0.25

0.5

0.75

0 0.15 0.3 0.45

M
ax

im
um

 c
or

ro
si

on
 d

ep
th

, d
m

ax
/ m

m

Mean corrosion depth, dmean / mm

FCD
SM
SMA

dmax=aʾdmean

a : Coefficient

SM

SMA

FCD

45°

0

0.25

0.5

0.75

0 0.15 0.3 0.45
M

ax
im

um
 c

or
ro

si
on

 d
ep

th
, d

m
ax

/ m
m

Mean corrosion depth, dmean / mm

FCD
SM
SMA

dmax=aʾdmean

a : Coefficient

SM

SMA

FCD

0°

0

0.25

0.5

0.75

0 0.15 0.3 0.45

M
ax

im
um

 c
or

ro
si

on
 d

ep
th

, d
m

ax
/ m

m

Mean corrosion depth, dmean / mm

FCD
SM
SMA

dmax=aʾdmean

a : Coefficient
SM

SMA

FCD

45°

0

0.25

0.5

0.75

0 0.15 0.3 0.45

M
ax

im
um

 c
or

ro
si

on
 d

ep
th

, d
m

ax
/ m

m

Mean corrosion depth, dmean / mm

FCD
SM
SMA

dmax=aʾdmean

a : Coefficient

SM
SMA

FCD

0°



57 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 3-16 ↕ dma x  (mm)≤ ↕ dme a n  (mm)─ ♃כ♦  

 

 

3.4  ─  

4 ≢─ ─ │ №╡─ ⌐⅔™≡

╟╡╙ ⌐ ↕ↄ ─ ↕⌐ ∆╢ ─

↕│ ⅜ ─ №╡─ FCD-Ferrite │ 77% FCD-Perlite │ 72%

⅜ ─ FCD │ 61%≢№╢ ╕√ ─ ↕⌐ ∆╢

─ ↕│ ⅜ ─ №╡─ FCD-Ferrite │ 93% FCD-

Perlite │ 86% ⅜ ─ FCD │ 73%≢№╢ ⌐⅔↑╢

╛ ─ ╟╡╙ ⌐╟╢ ─ ⅜ ⌐ ⅝™ ∂ №╡

─ ⌐⅔™≡│ ⅜ ⌂╢↓≤≢ ⅜ ™╙──

≤ ─ ≢№╢  

─ │ ─ ⅜ №╡─ ≢ ∆╢≤

≤ ≢№╢ №╡─ⱨ▼ꜝ▬♩ Ɽכꜝ▬♩ ─

─ ≢ ⇔√ 8 )─ ⌐⅔™≡ ─ │

≤ ≤⌂∫≡⅔╡ ─ ≤ ∆╢  3-17 ⌐ ⅜

─ ─ 2 ≤ 4 ─↕┘ ─

╩ ∆ ∆╢≤ ─↕┘ ⌐│ ─╟℮⌂ ⅜ ∂≡™

0

0.25

0.5

0.75

0 0.15 0.3 0.45

M
ax

im
um

 c
or

ro
si

on
 d

ep
th

, d
m

ax
/ m

m

Mean corrosion depth, dmean / mm

FCD
SM
SMA

dmax=aʾdmean

a : Coefficient

SM

SMA

FCD

ל∙ a R
FCD 1.969 0.846
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╢╟℮≢№╢⅜ 2 ≤ 4 ─↕┘ ─ ⌐ ⌂ │⌂ↄ ╗⇔╤

2 ╟╡╙ 4 ─↕┘ ─╒℮⅜ ⌐№╢ │

╩ ⌐ ⅜ 9 ∆╢↓≤⅜ ╠╣≡™╢⅜ ↕ ≢│⌂ↄ ⌐

⅜ ⇔≡™ↄ ↓╣╠─↓≤⅛╠ ─ ⌂ │  

3-12 ─ ↕≤ ↕─ ╩ ╘ ∆═⅝ ─ │

↕╣⌂™ ⌂⅔ ─ ⌐≈™≡│ 4 ─↕┘ ─

⌐≡ ∆╢  

2 ≢ ⇔√ ╡ ─ ─ │ ╛ ╟╡

╙ ╠⅛⌐ ™↓≤╩ ⇔≡™╢ ↓─╟℮⌐ │ ╛

╟╡╙ ⌐ ⅜ ↕╣╢╙── 4 ─ ⌐⅔™

≡│ ₁⌐ ⅜ ⇔≡⅔╡ ⌐ ↕╣╢↕┘─ ⅜

⌐ ╕∫≡™ↄ↓≤⅜ ↕╣╢  

 

a  

 

 

 

 

 

 

b  

 

 

 

 

 

 3-17 ─ ─↕┘ ─  

a 2 b 4  
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3.5  ╕≤╘  

≢│ ⌐⅔↑╢ ─ ⌐≈™≡ ⅔

╟┘ ╩ ⌐ ≢─ ↕╛ ─ ⌐≈™

≡ ⇔√ ─ ™⌐╟╢ ─ ╩

Ɽꜝⱷכ♃≤⇔≡ ╩ ⇔≡⅔╡ ↓╣╠─ ⌐≈™≡

⇔√ ≢ ╠╣√ ⌂ ╩ ⌐ ∆  

 

(1) ⌐⅔↑╢ ─ ⌐≈™≡ №╡─ ≢│

⌐ ⅜ ⇔ ↕┘ ─ ⅜ ↕╣╢ ⇔─

≢│ ⌂ ─ │⌂ↄ ⌐ │ ⇔≡⅔╡ ↕

┘ ─ │⌂™  

(2) №╡─ ≢│ 4 ─ ⌐⅔↑╢ ─ │

╟╡╙ ⌐ ↕ↄ ≤ ≢№╢ ⌐ ⇔≡

│ ⅜ ─ №╡─ⱨ▼ꜝ▬♩ ─ ⌐⅔™≡ ≢

№╢ №╡─Ɽכꜝ▬♩ ≤ ⌂⇔─ ⱨ▼ꜝ▬♩ Ɽכꜝ▬

♩ ─ ─ │ ╟╡╙ ↕™  

(3) ⇔─ ≢│ 4 ─ ⌐⅔↑╢ ─ │

⅔╟┘ ≤─ │⌂ↄ ≢№╢  

(4) ─ ↕⌐ ∆╢ ↕─ ⌐≈™

≡│ ─ ⌐⅛⅛╦╠∏ ╟╡╙ ↕ↄ ≤ ≢№

╢ ⅜ ─ ≢│ ≤ ─ ⅜ ╠╣

√⅜ ↕┘ ─ ⅛╠ ∆═⅝ ─ │ ∂≡™⌂™  
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4  ≢ ↕╣╢ ─↕┘ ─  

 

4.1  │∂╘⌐  

⌐⅔↑╢ ≤ ─ ─ │ ─ ≤

⌐ ↕╣╢↕┘ ─ ⅜ ∆╢ ≤∆╢

⅔╟┘ ─ ⌐⅔↑╢ ≤⇔≡│ ╩ ⇔⌂⅜

╠ ⅜ ∆╢↓≤⅜ ╠⅛≢№╡ ∆⌂╦∟₈↕┘ ₉─

⅜ ⌐ ⅝ↄ ∆╢ ⇔√⅜∫≡ ⌐⅔↑╢ ─

─ ⌐≈™≡ ∆╢↓≤╩ ⌐ ─↕┘─ ╩ ∫√  

 

4.2   

4.2.1  ↕┘ ─  

│ ◄ⱳ◐◦ ⌐ ╘ ╖ ◄ⱷꜞכ ≢ #1500

╕≢ ⇔√ ♄▬ꜘ⸗fi♪ 1ɡm →≤⇔≡▪ꜟⱵ♫

0.05ɡm ⌐╟╡ ⌐ →√ ⇔√ ⌐≈™≡ ─↕┘

╩ ≢ ⇔√ ╕√ ↕┘ ─ ╩ ⱴ▬◒꜡▪♫ꜝ

כ◙▬ EPMA ⌐╟╡ ⇔√ │ 15kV 100nA

◘fiⱪꜞfi◓ 5ms ≤⇔√  

 

4.2.2  ↕┘─  

↕┘─ ─ │ X XRD ⅔╟┘ ⱴfiꜝכ◙כ꜠

╩ ∫√  

X │ ─↕┘╩ ⌐⇔√ ⌐ ⇔√ ╕√

≤⇔≡ X ≢ ╠╣√ ≤ ↕┘─ ICDD International Centre 

for Diffraction Data ─ PDF Powder Diffraction Files ⌐ ↕╣≡™╢

Reference Intensity Ratio RIR ╩ ™≡ ↕┘─

╩ ⇔√  

ⱴfiꜝכ◙כ꜠ 1 ) 2)│ ≤ ─ ╘ ╖ ╩ ™√

│ 532nm כⱤ꞉כ◙כ꜠ 0.27mW 20s 2

100 2000cm-1 ≤⇔√  

 

4.2.3   

↕┘ ╩ ╗ ─ ╩ ∆╢√╘⌐ ≤▬○fi

3 )╩ ⇔√  
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│ ⅔╟┘ ─ ⌐≈™≡ ╩

20×20 mm ≤⇔ 0.1 mol/L ♫♩ꜞ►ⱶ ≢ ⇔√ │ 1 ⌐

⇔ ⅜ ⇔√ 30 ─ ╩ ≤⇔√  

▬○fi │ 2 ≈─ ☿fi◘╩↕┘ ⌐ ↕∑

╩ ⇔≡▬fiⱧכ♄fi☻╩ ∆╢↓≤⌐╟╡ ╘√ ☿fi◘ ─↕┘ ≤

─ ⌐│ ≤⇔≡ 0.1 mol/L ♫♩ꜞ►ⱶ ╩ ↕∑√

ⱳꜞⱴכ╩ ⇔√ ─ │ 10mV │ 100kHz ⅛╠ 1Hz

≤⇔√  

 

 

 

 

 

 

 

 

 

 

 

 4-1 ─ ≤  

(a) mm (b)  

 

 

 

 

 

 

 

 

 

 

 

 

 4-2 ▬○fi ─  

(a) (b) 
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4.3  ≤  

4.3.1  ↕┘ ─  

⌐≡ 4 ⇔√↕┘ ─ ⅔╟┘ ╩

 4-3 ⌐ ∆ ─↕┘ │ ─ ™⌐╟╢ │⌂ↄ

⅜ ⌂ ─ ⅜ ⌂ ─ ≤⌂∫≡™╢ ╛

╙ ─ ≢№╢  

 

   

FCD 

  

FCD-

Perlite 

  

FCD-

ferrite 

  

 

  

 

  

 4-3 ↕┘ ─ ⅔╟┘ 4  

1 0 0 µ m  1 0 0 µ m  

1 0 0 µ m  1 0 0 µ m  

1 0 0 µ m  1 0 0 µ m  

1 0 0 µ m  1 0 0 µ m  

1 0 0 µ m  1 0 0 µ m  
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