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√ ⌂ ╩ ⌐ ∆╢↓≤⅜ ╘╠╣≡™╢⁹ ─ ⌐≈™≡│

⅜∕─ ≢№╢[4]⁹ ₁─ ─ - ┘Ᵽꜝfi☻╩ Fig.1.1

⌐ ∆⁹ ─ ╩ ∆╢ⱷ◌♬☼ⱶ≤⇔≡│⁸ ⁸

≤╙ ℮ ⁸ ⅜ ╠╣⁸∕─∕╣∙╣⌐ ─ ╙ ╦╡

⌐ ⅜ ╦╣≡⅝√⁹∕⇔≡ ≤≤╙⌐ ╘╠╣╢ ⅜ ∆╢⌐

∫≡⁸ ⌂ ╩ √∆ ⅜ ⇔≡⅝√⁹Fig.1.1 ⌐⅔™≡ ∆╢≤⁸

≤ ┌╣╢ 300MPa ─ IF [2,3]⅛╠⁸ ─└∏╖ ╩ ⇔√ BH Bake 

Hardening [3,5]⁸∕⇔≡⁸Mn ╛ Si ─ ⌐╟╢ ╩ ⇔√ C-Mn ⁸

⌂ Nb,Ti ⌐╟╢ ╩ ⇔√ HSLA High Strength Low Alloy

[6,7]┼≤ ⇔⁸≤ↄ⌐ │ ╩ ⇔√ DP(Dual Phase) ╛ⱴꜟ♥

fi◘▬♩ [8-10]⅜ ↕╣≡™╢⁹ 1000MPa ╩ ⅎ╢ ─

⌐│⁸ⱬ▬♫▬♩╛ⱴꜟ♥fi◘▬♩⌂≥─ ⌐╟╢ ╩ ∆╢↓≤⅜

≢№╢⁹ 
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≤↓╤≢ Fig.1.1 ╩ ╣┌ ≢№╢⅜⁸ ─ ≤≤╙⌐ ┘│ ∆╢⁹

⌐ │ ─ ⌐ ™⁸ ∞↑≢⌂ↄ ⁸ ⁸ ⌂≥ ₁⌂

─ ⅜ ⇔≡™ↄ ⌐№╢⁹ ≤⇔≡─ │⁸ ∞↑≢

⌂ↄ↓╣╠─ ₁─ ╩ ™ ≢ ∆╢↓≤⅜ ╘╠╣╢⁹ ─

╛ ⌂≥─ │⁸∕─╟℮⌂ ™ ╩ √↕⌂↑╣┌⌂╠⌂™ ─

√╢ ≢№╢⁹↓╣╠─ ⌐⅔™≡ ≤ ┘⌂≥─ ╩ ∆╢√╘⌐ ↕

╣╢ ≤⇔≡ ─ DP ⅜ →╠╣╢⁹DP │ⱨ▼ꜝ▬♩╩ ≤∆╢ ⌐ⱴ

ꜟ♥fi◘▬♩⅜ ⇔√ ≢ ↕╣╢↓≤⅜ ™⁹ⱴꜟ♥fi◘▬♩│⁸ ─

╩ ↕∑╢√╘⌐ ≢№╢⅜⁸ⱪ꜠☻ ⌐╟∫≡ ⇔√ ⌐ ╣─ ╩

↕∑ ™↓≤⅜ ╠╣≡™╢[12,13]⁹⇔√⅜∫≡⁸DP │ ⌐ⱴꜟ♥fi◘▬

♩╩ ╘╢∞↑≢⌂ↄ⁸∕─ ╛ ⁸ ≤™∫√ ─ ╩ ⌐

∆╢↓≤⅜ ╘╠╣╢⁹ 

─ │⁸∕─ ╛ ⌐⅔™≡⁸ ┼ ─ ╛ ⁸

⁸∕⇔≡ ⌂≥─ ₁─ ╩ ∆╢↓≤≢ ↕╣╢⁹∆⌂╦∟

⌂≥─ ─ ╩ ∆╢↓≤⅜ ≢№╢⁹∕─ ⌂ ≤⇔

≡⁸ ⌂≥⌐ ™╠╣╢ ─ ≢│⁸ ↕ ─☻ꜝⱩ│

≢ 1000ϴ ─ ⌐ ↕╣√ ⁸ ↕╣≡ ↕ ─ ≤⌂╡⁸∕─

⁸ ╕≢ ↕╣╢⁹↓─≤⅝ ⌐ ↕╣√ ─☻ꜝⱩ│○כ☻♥♫▬♩

┼ ⇔≡⅔╡⁸∕─ ≢ ↕╣⁸ ≤ ╩ ♥☻כ○≢≥↓╢∆

♫▬♩─ ╛ ⅜ ⇔⁸↕╠⌐∕─ ─ ≢ ↓╢ⱨ▼ꜝ▬♩┼─

╩ ⌐╟∫≡ ↕∑╢↓≤≢⁸ ⌂ ─ ╩ ↕∑

╢⁹↓─ ─ ™⌐╟∫≡⁸ ─ ⅜ ₁⌐ ∆╢⁹ ♫♥☻כ○│⌐

▬♩─ ≢─ ⌐ ⇔√ ─ ≤⇔≡ TMCP ⱪ꜡☿☻

Thermo-Mechanical Controlled Process ⅜ →╠╣╢⁹1980 ⌐ ↕╣≡∕─

─ ⌐ ⌂ ╩ ⅎ√⅜⁸∕─ │ ╙ ₁⌐ ⅜ ⅎ╠╣≡

⇔≡™╢[14,15]⁹↓─ │⁸ ─♩▬♫♥☻כ○─ ─ ╩ ⇔

≡⁸ ╩♩▬♫♥☻כ○─ ⇔√ ⅛╠ ╩ ℮↓≤╩ ≤∆╢

≢№╢⁹↓─ⱪ꜡☿☻⌐╟∫≡ ↕╣╢ │⁸ ♩▬♫♥☻כ○

⅛╠─ ⌐ ↓╢ ─ ≤ⱨ▼ꜝ▬♩─ ◘▬♩⅜ ∆╢↓≤

≢ ─ ⌐ ╘≡ ⌂ⱨ▼ꜝ▬♩ ╩ ⇔⁸ ─ ≤ ╩
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⌐ ∆╢↓≤⌐ ⇔≡™╢⁹↓─╟℮⌐ ─♩▬♫♥☻כ○╢↑⅔⌐

│⁸ ─ ⌐⅔™≡ ⌂ ≠↑⌐№╢⁹ 

⁸ ⁸ ⁸ ⌂≥─ ⌐⅔™≡╙⁸∕─ ⌐⅔™≡

⅜ ─♩▬ꜝ▼ⱨ≥♩▬♫♥☻כ○⁸╣╦ ─ ╩ ≡ ⅜ ↕╣≡™╢⁹

⁸ ⅜ ─ ⅜↕╠⌐ ╘╠╣⁸ ╩ ⇔≡™⅛⌂↑╣┌⌂╠⌂™

780MPa ─ Ɫ▬♥fi ⁸╕√ ╙ ╘≡ ─ ╩ →≡™⅛⌂↑╣┌⌂

╠⌂™ 600MPa ─ ⁸↕╠⌐│ 80000psi(552MPa) ─ ─

⌐⅔™≡⁸↓╣╠─ ─ ╩ ⅎ╢ ⌐ ⇔√ √

⌂ ⅜ ↕╣╢⁹ⱴꜟ♥fi◘▬♩─ │ ─ ─ ╛ ⌐ ∆╢

↓≤│ ℮╕≢╙⌂ↄ⁸ ⌐⅔↑╢ⱨ▼ꜝ▬♩⅛╠○כ☻♥♫▬♩┼─

─ⱷ◌♬☼ⱶ╩ ∆╢↓≤│⁸ ─ ≤ ─√╘─ ≤⌂╢

≢№╢⁹ 

 
1.1.2  ─ ≤  

ⱨ▼ꜝ▬♩≤○כ☻♥♫▬♩─ ─ │⁸ ─ ⅛╠ ╕╢⁹Fig.1.2 │

♁ⱨ♩⁸Thermo-Calc ╩ ™≡ ⇔√ -☿ⱷfi♃▬♩ ≢№╢⁹

Thermo-Calc≤│ (Calphad )⌐ ≠ↄ ♁ⱨ♩►▼▪─ 1≈≢№

╡⁸ ⸗♦ꜟ╩╙≤⌐ ₁─ ─ ≤⇔≡ ─◑Ⱪ☻◄Ⱡꜟ◑כ╩

⇔⁸ ─ ╩♃כ♦ ™≡◖fiⱧꜙכ♃⌐╟╡ ⌐ ∆╢↓≤≢⁸

╩ ∆╢♁ⱨ♩►▼▪≢№╢⁹ ⸗♦ꜟ─ ≢№╣┌⁸ ╛ ה

╩ ↄ ≢№╡⁸ ₁─ ─ ╩ ∆╢℮ⅎ≢ ⅜ ↄ⁸

╛ ⌐⅔™≡ ↄ ™╠╣≡™╢⁹ 

─ │ Fig.1.2(a)⌐ ∆╟℮⌐ ⌐⅔™≡ BCC ╩ ≈ⱨ▼ꜝ▬♩

ɖ ≢№╡⁸ ─ 911ϴ ≢│⁸FCC ♩▬♫♥☻כ○─ ɘ ≢№╢⁹

↕╠⌐ 1396 1538ϴ─ ⌐│ BCC ╩ ≈ə ─ ⅜ ∆╢⁹ ⌐

⅜ ↕╣╢≤ ≤ ⅜ ∆╢⁹ⱨ▼ꜝ▬♩ ⌐ ⌂ ─

│ 727ϴ≢─ 0.02mass%C ≢№╡⁸ ╩ ⅎ╢ │☿ⱷfi♃▬♩≤⇔≡ ∆╢⁹

⇔√⅜∫≡⁸ ─ │ⱨ▼ꜝ▬♩≤☿ⱷfi♃▬♩(Fe3C ɝ)≢№╢⁹727ϴ ⌐

♩▬♫♥☻כ○│ ⅜ ⇔ ╘╢ ⅜ ⇔⁸ ⅜ 0.78mass% ─

─ │⁸ⱨ▼ꜝ▬♩≤○כ☻♥♫▬♩─ ⅜ ⇔⁸0.78mass%C ─
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─ │☿ⱷfi♃▬♩≤○כ☻♥♫▬♩─ ⅜ ∆╢ ⅜ ∆╢⁹

─ │⁸ ╛ ╩ ∆╢√╘ ⌐ 0.78mass%C╕≢─ ⅜ ™╠

╣╢↓≤⅜ ↄ⁸ ↕╛ ╩ ≤∆╢ │ ⅜ ™⁹ 

─ ╩ ⇔√ ╩ Fig.1.2(b)⌐ ∆⁹ ─ ─ ™ ⌐

│ⱨ▼ꜝ▬♩ ─ ╙ ≢⅝╢⁹ ╩ 0.02mass% ∆╢ ─

⌐⅔™≡│⁸ ⌐╟∫≡ 727ϴ⌐ ∆╢≤⁸ⱨ▼ꜝ▬♩≤☿ⱷfi♃▬♩─ ⅛╠○

♩▬♫♥☻כ ┼─ ⅜ ─┼♩▬♫♥☻כ○⁸╡↓ ⅜ ∆╢ ╕≢│ⱨ

─♩▬♫♥☻כ○≥♩▬ꜝ▼ ⅜ ∆╢⁹ 

≢⁸ ╩ ⇔ ╩♩▬♫♥☻כ○≢ ↕∑√ ⁸ ⌐⅔™≡ ┘

┼♩▬ꜝ▼ⱨ╠⅛♩▬♫♥☻כ○ ∆╢≤⅝─ ⌐╟∫≡⁸ⱨ▼ꜝ▬♩⁸Ɽ

√∫™≥♩▬◘⁸ⱬ▬♫▬♩⁸ⱴꜟ♥fi♩▬ꜝכ ⅜ ╣╢⁹↓╣╠─ ─

─ ≤ ⌐│ ⅜ ⅝ↄ ╩ ⅛♩▬♫♥☻כ○⁸⇔╓

╠─ ⅜ ↄ ≤ ⅜ ≢ ⌐ ∆╢ ⅜№╢ │⁸ ⅜ 
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Fig.1.2  Thermo-Calc╩ ™√ ( ☻כⱬ♃כ♦ TCFE7 ╩  

(a) -☿ⱷfi♃▬♩─  

(b) (0 0.8mass%)≤ (500 1000ϴ)─  

    

(a) (b) 
 



6 

 

↓∫≡ⱨ▼ꜝ▬♩≤Ɽכꜝ▬♩⅛╠⌂╢ ⅜ ∆╢⁹ ⅜ ↄ⌂╡⁸ⱨ▼

ꜝ▬♩╛Ɽכꜝ▬♩⅜ ∆╢─⌐ ⌂ ⅜ ≈ ⌐ ⌐ ♥☻כ○⁸≥╢∆

♫▬♩ ─╕╕ ⅜ ⅝⌂™ ≢ ⅜ ⇔≡™ↄ⅜⁸↓╣╩ ≤™

⅜♩▬♫♥☻כ○℮⁹ ↕╣≡ ╛ ─ ⅜ ↓╡⌐ↄↄ⌂╢ ╕≢ ↕╣

╢≤⁸ ≤ ─ ╩ ╦⌂™ ⅜ ↓╡⁸ⱴꜟ♥fi◘▬♩⅜

∆╢⁹↓─ⱴꜟ♥fi◘▬♩⅜ ⇔ ╘╢ │ Ms ≤ ┌╣≡™╢⁹↓─╟℮⌐

⌐⅔↑╢ ≢│⁸ ♩▬♫♥☻כ○≡∫╟⌐ ─╕╕ ┼ ∆╢↓

≤⅜≢⅝⁸∕╣⌐ ∫≡ ⅔╟┘ ─ ⁸ ─ ™⌐ ⇔≡ ⌂

⅜ ∆╢⁹ 

⁸ ─ ≢│ⱨ▼ꜝ▬♩⅛╠○כ☻♥♫▬♩┼─ ⅜ ↓╢⁹

⌐⅔™≡╙ ╩ ↄ∆╢↓≤⌐╟∫≡ ─ ⅜ ∆╢

⅜ ↕╣≡™╢⅜⁸∕─ │ ─ ─ ╟╡╙ ↕™⁹↓─

─ɖќɘ │⁸ ⌂ ─ ╩ ™≡ │ ↓╡⌐ↄↄ⁸ ⌐

≢№╢⁹ 

│♩▬♫♥☻כ○─↓ ⌐⅔↑╢ɘќɖ ─ ≢№╡⁸∕─ ─

™⌐╟∫≡ ─ ⅜ ↕╣⁸ ─ ⌐ ⅝ↄ ∆╢⁹⇔√⅜∫≡⁸

╩ⱨ▼ꜝ▬♩≤○כ☻♥♫▬♩─ ┼ ⇔√≤⅝⌐ ♥☻כ○╢∆

♫▬♩ ─ ╛ ⌐╟∫≡⁸∕─ ─ ╣ ⌐ ∆╢ⱴꜟ♥fi◘▬♩─

⅜ ⅝ↄ ╩ ↑╢⁹ │⁸ ─ ─╖⌂╠∏⁸ ┘╛ ≤™∫

√ ─ ╩↕╠⌐ ↕∑╢↓≤⅜ ╘╠╣⁸ⱴꜟ♥fi◘▬♩╛ⱬ▬♫▬♩─

⌐ ╘╢ ∞↑≢⌂ↄ⁸∕─ ╛◘▬☼⁸ ─ ╙ ↕╣≡⅝≡™

╢⁹↓─↓≤⅛╠⁸ ⌐ɖќɘ ≢ ─♩▬♫♥☻כ○╢∆ ╩ ∆╢∞↑≢

⌂ↄ⁸∕─ ╛ ─ ⌐ ∆╢ ⅜№╢⁹↓╣╠─ ─ ╩ ∆╢√

╘─ ⌂ │⁸ⱨ▼ꜝ▬♩≤○כ☻♥♫▬♩─ ─ ⌂ ≢№╢⁹⌂−⌂

╠┌⁸ ⱨ▼ꜝ▬♩≤ ─≥♩▬♫♥☻כ○─ │⁸ ─◄Ⱡꜟ◑כ╛

╩ ≠↑⁸ ─ ⌐ ⅝⌂ ╩ ╓∆√╘≢№╢⁹↓─╟℮⌂

⅛╠⁸ ─ ⱷ◌♬☼ⱶ╩ ╠⅛⌐∆╢√╘⌐│ ⌂ ╩ ╠⅛⌐

∆╢ ⅜№╢⁹ 
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─┼♩▬ꜝ▼ⱨ╠⅛♩▬♫♥☻כ○ 1.1.3 ɘќɖ ─  

ⱨ▼ꜝ▬♩≤ ─♩▬♫♥☻כ○ │⁸ ─ ≤ ⌐ ⇔≡

⅔╡ ⌐ ↕╣≡™╢⁹ ≢│⁸ ⅝ↄ ≤ ⌐ ⇔≡⁸○

─≥♩▬ꜝ▼ⱨ≥♩▬♫♥☻כ ⌂ ⌐≈™≡─ ╩ ∆╢⁹

─ ≤⇔≡™╢ɖќɘ ─≤⅝╙ ≢№╢⅜⁸ ⌐⅔↑╢ │

─ⱴꜟ♥fi◘▬♩ ─ ─ ╩ ™≡ ↕╣╢↓≤⅜ ™⁹↓

╣│⁸ ─ │ ≢ ∂╢ⱴꜟ♥fi◘▬♩≤∕─ ─≥♩▬♫♥☻כ○

⌐⅔™≡ ⌐ ↕╣⁸∕─ ≢ ↕╣√ ⅜ ⌐⅔

™≡╙ ⌐ ↕╣≡™╢↓≤⌐╟╢⁹∕↓≢ⱴꜟ♥fi◘▬♩ ⌐ ∆╢ ⌐

≈™≡ ═⁸∕─ ⁸ ≤ ∆╢⁹ 

ⱴꜟ♥◘▬♩ ╩♩▬♫♥☻כ○⁸│ ╣╢↓≤≢ ⅝╢ ≤ ─

╩ ╦⌂™ ≢№╢⁹ⱴꜟ♥fi◘▬♩≤ ─♩▬♫♥☻כ○ ─

⌐≈™≡│⁸ ↄ⅛╠ ⅜⌂↕╣≡⅝√[16]⁹∕─ ─ ⅔™≡│⁸ⱴꜟ♥fi

◘▬♩ (Ms)⅜ ⌐№╢ ╩ ™╢↓≤≢⁸ⱴꜟ♥fi◘▬♩ ─

╩ ≢ ≤⇔⁸∕─ ⌐╟╢ ─ [17-21]╛⁸X

⌐╟╢ [22,23]⌐ ≠™≡⁸ ▬◘ⱴꜟ♥fi≥♩▬♫♥☻כ○

♩≤─ ⅜ ↕╣√⁹ 

─♩▬♫♥☻כ○─ FCC ⅛╠ⱴꜟ♥fi◘▬♩─ BCT ┼─ ⌐ ⇔≡⁸

1924 ⌐ Bain[24]⌐╟∫≡ 1 ≈─ ⅜ ↕╣√⁹∕─ ╩ ∆ ╩

Fig.1.3 ⌐ ∆⁹ⱴꜟ♥fi◘▬♩─ (BCT)│ ─ (FCC)⌐

⇔≡ Fig.1.3(a) ⌐ ∆╟℮⌐⁸1 ≈─ ⌐ ℮ ─ ─Øᴂ ≤ ─ 2 ≈

─ ─Øᴂ ≤Øᴂ ⌐ ℮ ⌐╟∫≡ ╠╣╢⁹↓─ ⌐ ≠ↄ○כ☻

♥♫▬♩⅛╠ⱴꜟ♥fi◘▬♩┼─ │⁸ⱴꜟ♥fi◘▬♩ ─ ⌐⅔™≡

∂╠╣≡™╢╟℮⌐⁸ ─ ╩כ▪◦╢╟⌐ ℮↓≤⅜ ↕╣≡™╢⁹ 

Bain─ │⁸ ─ 2≈─ ─ ⌐⅔↑╢ ╛ ─

╩ ⇔≡™╢⁹ ⅎ┌⁸ ⌐ ⇔≡[001]g│[001]a⌐⁸[11
_
0]g│[100]a⌐

∆╢↓≤⅜ ⅛╡⁸ ⌐ ⇔≡│(111)g│(011)a⌐ ∆╢↓≤⅜╦⅛╢⁹↓─

│⁸ (FCC)≤ (BCT)─ ─ ─ ╛ ─ ╩ ⇔√

╙─≢│⌂™⁹ ─ ─ ╛ ─ │⁸ ⌐

═╢ X ╩ ™√ ─ ≢ ╠⅛⌐⌂∫√⁹ 
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Kurdjumov≤ Sachs│⁸Fe-1.4mass%C ╩ ™≡⁸ ╠⅛♩▬♫♥☻כ○ ∆

╢ⱴꜟ♥fi◘▬♩ ╩ X ⌐╟╡ ⇔⁸∕─ꜝ►◄ ─ ⅛╠ ─ ⌐

─ ⌂ ⅜ √↕╣╢↓≤╩ ⇔√[22]⁹ 

K-S relationship: (111)  // (011)  , [011]   // [111]        

↓─ⱴꜟ♥fi◘▬♩ ⌐⅔↑╢ │⁸Kurdjumov-Sachs─ K-S

≤ ┌╣≡™╢⁹ⱴꜟ♥fi◘▬♩≤ ─♩▬♫♥☻כ○ │ ⌐ ⇔≡

{225}g {259}g≤ ↕╣≡™≡⁸↓─ ╩ √∆ⱴꜟ♥fi◘▬♩ │ (

1.4mass%C)⁸Fe-Ni (28mass%Ni )⁸Fe-Cr-Ni (17 18mass%Cr⁸8

9mass%Ni)⌂≥≢ ↕╣╢[25-28]⁹╕√ ─ⱴꜟ♥fi◘▬♩⌐ ⇔≡│⁸

Nishiyama ⌐╟∫≡ Fe-30 mass% ⅔╟┘ Fe-32.5 mass%Ni ⅜ ↕╣⁸X

╩ ™√ ⌐╟∫≡⁸ ─ Nishiyama (N)─ ⅜ ↕╣√[16,23]⁹ 

N relationship: (111) //(011)  , [112]  //[011]           

Fig.1.3 ⌐⅔↑╢ FCC≤ BCT─ ≤ [24] 

 (a)FCC ≤ BCT─ ⁸(b)FCC ⅛╠ BCT┼─  

(a) 

(b) 
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↓─≤⅝⁸Fe-32.5 mass %Ni ─ │{259}g≤ ↕╣[19]⁸N ╩ √∆ⱴ

ꜟ♥fi◘▬♩ │⁸ ⌐ Fe-Ni (28%Ni )≢ ↕╣≡™╢[29,30]⁹ 

K-S ≤ N ─♩▬ꜝ▼ⱨ≥♩▬♫♥☻כ○╢↑⅔⌐ ─ ╩ ⇔

√ ╩ Fig.1.4 ≤ Fig.1.5 ⌐∕╣∙╣ ∆⁹Fig.1.4 ─ K-S ♥☻כ○⁸│≡™⅔⌐

♫▬♩≤ⱨ▼ꜝ▬♩─(111)g≤(011)a⅜ ⌐№╡⁸↕╠⌐ ⌐ ⇔≡│[101
_
]g

≤[11
_
1]a─ ⅜ ↕╣≡™╢⁹Fig.1.5⌐ ⇔√ N ⌐⅔™≡│⁸ ⌐(111)g

≤(011)a ⅜ ⌐№╢⅜⁸[112
_
]g≤[011

_
]a⅜ ≤⌂╢ ⅜ ⌂╢⁹ 

≥♩▬♫♥☻כ○ ╩ √⇔≡ ∆╢ⱴꜟ♥fi◘▬♩─ ⌐│⁸

⌐ ⌂ ─╙─⅜ ∆╢⁹∕╣╠│ Ᵽꜞ▪fi♩ ≤ ┌╣

≡⅔╡⁸K-S ⌐│ 24 ─Ᵽꜞ▪fi♩⁸N ⌐│ 12 ─Ᵽꜞ▪fi♩⅜ ∆╢⁹

K-S ⁸⅔╟┘ N ⌐⅔↑╢Ᵽꜞ▪fi♩─ ╩ 001 ⌐ ⇔√╙─╩ Fig. 

1.6(a)⁸(b)⌐ ∆⁹ ≢⁸ ─♩▬♫♥☻כ○ 001 │ ─ X ⁸Y ⁸Z

⌐ ↕∑≡ ⇔√⁹╕√⁸Ᵽꜞ▪fi♩ │ Morito╠[31]─ ⌐ ∫√⁹ⱴꜟ♥

fi◘▬♩─ ─ │⁸ ≥♩▬♫♥☻כ○ ─ (K-S ╕√

│ N )╩ √∆↓≤≢⁸ ⌐ ↕╣╢Ᵽꜞ▪fi♩─ ╩ ≈↓≤≢№╢⁹↓─

╟℮⌐ ♩▬♫♥☻כ○─≈1 ⅛╠ ∆╢ⱴꜟ♥fi◘▬♩─ ⅜⁸24╕√│ 12

─ ⌐ ↕╣╢↓≤│⁸ⱴꜟ♥fi◘▬♩─ ⌐ ╩ ╓∆ ⌂

≢№╢≤≤╙⌐⁸ 3 ≢ ═╢ ♩▬♫♥☻כ○ ┼─ ╩ ≤∆╢

≤⌂∫≡™╢⁹╕√⁸K-S ≤ N ─ ≢Ᵽꜞ▪fi♩─ ╩ ∆╢

≤⁸ ⌐ ™ ─Ᵽꜞ▪fi♩⅜№╢↓≤⅜ ╢⁹ ⅎ┌ Fig. 1.6─ K-S ─

V1 ╛ V4 ─ 2 ≈─Ᵽꜞ▪fi♩≤ N ─ V1 ─Ᵽꜞ▪fi♩│ ⅜ ↄ⁸↓╣╠│ ⅛

5.3°─ ─ ™≢ ↕╣╢⁹↓─╟℮⌐⁸K-S ≤ N │ ⌐ ™

╩ ⇔≡™╢⁹ 
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K-S ≤ N │⁸ ₁ⱴꜟ♥fi◘▬♩ ⌐⅔™≡ ↕╣√

≢№╢⅜⁸∕─ ─ ₁─ ≢ ≢ ∂╢ⱨ▼ꜝ▬♩ ⱬ▬♫▬♩

⅔╟┘Ɽכꜝ▬♩ ─ⱨ▼ꜝ▬♩╙ ╗ ≤ ♩▬♫♥☻כ○ ⌐╙⁸⇔┌⇔┌ K-S

╩ ∆╢ ⅜ ∆╢↓≤⅜ ↕╣≡™╢[32-36]⁹ 

King ╠[32]│⁸Fe-0.47mass%C ─╠⅛♩▬♫♥☻כ○⁸≡™≈⌐ ⌐⅔↑

╢ⱨ▼ꜝ▬♩─ ≤ ╩ X ≢ ╠╣╢ Kossel ─ ⌐╟╡ ⇔√⁹○

♩▬♫♥☻כ ⅛╠ ∆╢ Widmanstätten ferrite│ ─≥♩▬♫♥☻כ○ ⌐⁸

≈─ ≢ K-S ╩ ∟⁸ ─ ≢│ N ╩ ≈≤ ⇔√⁹↕╠⌐ Widmanstätten 

ferrite─ ⅜ ∆╢≤⅝⁸N ─ ⅜ ∆╢↓≤╩ ⇔√⁹ 

Miyamoto╠[33]│⁸ɘќɖ ─ ≢ ╣√ ╩  (Electron 

back-scatter diffraction EBSD) ⌐╟╡ ⇔⁸ ≢ ⌐ ⇔√ⱨ▼ꜝ▬

♩─ ╩ ∆╢≤≤╙⌐⁸ ⅜ⱨ▼ꜝ▬♩─ ⌐ ╓∆

╩ ⇔√⁹ ♩▬♫♥☻כ○≢ ⅛╠ ∆╢ ⱨ▼ꜝ▬♩─ │⁸

─ ─ ≥♩▬♫♥☻כ○ K-S ╩ √∆⅜⁸ ─ │ ╕∫√

╩ √⌂™≤ ⇔≡™╢⁹ ↕╣√ ╣ ⌐⅔™≡⁸ⱨ▼ꜝ▬♩ ─ │ K-S

╩ √⌂™ ⅜⁸ɘ ⅛╠ ⅝ↄ ╡ ⇔√ ≢№╢↓≤⅜ ↕╣√⁹ 
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Fig.1.6  Ᵽꜞ▪fi♩─ ─ 001 ─  (a)K-S ⁸(b)N  

│ɘ<001>─♩▬♫♥☻כ○ ─ X ⁸Y ⁸Z ≤  

 ─ K-SⱣꜞ▪fi♩─ │ Morito╠[31]─ ⌐ ∫≡™╢⁹  

(a) (b) 
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↓╣╠─ ≢ ↕╣√╟℮⌐⁸ ⌐⅔↑╢ ≥♩▬♫♥☻כ○ ⱨ

▼ꜝ▬♩─ ⌐⅔™≡╙⁸K-S ⌂╠┘⌐ N ╩ √∆↓≤⅜ ↕╣≡™╢⁹↓

╣╠─ │⁸ ≤│ ⌂╢ ⌐╟╢ ⌐╙⅛⅛╦╠∏⁸ ─

⅜ ↕╣╢↓≤│ ™ ≢№╢⅜⁸ ⌐⅔™≡│ ⌐◄Ⱡ

─כ◑ꜟ ™ ≢─ ─ ╛∕─ ╩ ∆╢↓≤⅜ ↕╣≡™╢[37-40]⁹

∕↓≢ ≢│⁸ɖќɘ ⌐ ╣╢ⱨ▼ꜝ▬♩ ♩▬♫♥☻כ○≥ ≤─ ─

╩ ∆╢≤ ⌐⁸ √⌐ 3 ─ ╩ ⇔≡⁸∕─

─ 3 ⌂ ╩ ∆╢ ╩ ↄ↓≤╩ ─ ≈≤⇔≡™╢⁹ 

 

1.1.4  ⱨ▼ꜝ▬♩⅛╠○כ☻♥♫▬♩┼─ ɖќɘ ─  

 ≢ ↓╢ ─ɖќɘ ─ ╩ ∆╢⌐│⁸ ─ ≢╙ ─ ╛

⌂ ⅜ ⌐⌂╢↓≤⅜ ↄ ─ ⅜ ⅛∑⌂™⁹∕─ ⌐

│⁸ ╩ ⅎ√ ( ╛ X )╩ ⅜♩▬♫♥☻כ○⁸╛≥↓╢™

≢ ∆╢ ╩ ™≡ ╩ ℮ ⅜ →╠╣╢⁹╕√⁸ ♥☻כ○─

♫▬♩─ ╩ ∆╢√╘─ ⌂ ≤⇔≡⁸ ╩♩▬♫♥☻כ○ ∆╢

─≢│⌂ↄ⁸ ⅜♩▬♫♥☻כ○≢ ⇔√ ≢ ╩ ╣⁸ⱴꜟ♥fi◘▬♩┼

⇔√ ╩ ∆╢↓≤≢⁸ⱴꜟ♥fi◘▬♩─ ╛ ⅛╠ ╣ ♥☻כ○─

♫▬♩─ ╩ ∆╢ ╙ ™╠╣≡™╢[41,42]⁹ 

ɖќɘ ≢│⁸ ─ │ⱨ▼ꜝ▬♩-Ɽכꜝ▬♩╛ⱬ▬♫▬♩⁸ⱴꜟ♥fi

◘▬♩≢№╡⁸∕╣∙╣ ⱨ▼ꜝ▬♩ ─ ╛☿ⱷfi♃▬♩─ ⁸ ─

⅜ ⌂╢↓≤≢⁸ɖќɘ ─♩▬♫♥☻כ○─ ≤ ─ ⌐ ╩

ⅎ╢⁹↓─╟℮⌐ ⅜ ⌂ ≢ ╕╢ │ɖќɘ ─ ─ ≈≢№╢⁹

↓─ ⌐ ⇔≡ɖќɘ ─ ⌐ ╓∆ ─ ╩ ⌐ ⇔√

⅜⌂↕╣≡™╢[43-46]⁹ 

Speich ╠[43]│⁸ ⅜ ₁⌐ ⌂╢ 3 ─ (Fe-4ppm C ⁸

Fe-0.013mass%C ⁸Fe-0.96mass%C כ◙כ꜠╩( ⌐╟∫≡ⱨ▼ꜝ▬♩≤○כ☻

♥♫▬♩─ ⌐ ⇔√ ⌐ ╣⁸∕─ ─ⱴꜟ♥fi◘▬♩╩ ∆

╢↓≤⌐╟∫≡⁸ɖќɘ ≢ ─♩▬♫♥☻כ○√⇔ ╩ ∆╢ ╩ ∫√⁹

⌐ ™√↓╣╠ 3 ─ │⁸ ─ ™⅛╠ɖќɘ ─ ─

≤ ⅜ ₁⌐ ⌂╡⁸∕─ ─♩▬♫♥☻כ○╢╟⌐™ ─ ╩ ⇔
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≡™╢⁹Fe-4ppm C ─ ─ │ⱨ▼ꜝ▬♩─ ⅛╠⌂╡⁸ ─

⅜ ⌐ ⌂ↄ ⌐☿ⱷfi♃▬♩│ ╕╣∏⁸ⱨ▼ꜝ▬♩ ─ ╙

⌐ ⌂™ ≢№╢⁹∕─ ⌐⅔™≡│⁸ɖќɘ ≢ ▬♫♥☻כ○╢∆

♩│ⱨ▼ꜝ▬♩─ ⌐ ⇔⁸∕─ │ⱨ▼ꜝ▬♩─ ⅛╠ ┼

∆╢ ™ ─ ≢№∫√⁹Fe-0.013mass%C ─ ─ │ⱨ▼ꜝ▬♩─

≢⁸↓∟╠╙╒≤╪≥☿ⱷfi♃▬♩╩ ╕⌂™⅜⁸ⱨ▼ꜝ▬♩ ─ ─

╩ ⅎ╢ ⅜№╢⁹↓─ ╩ ⇔ɖќɘ ⅜ ↓∫√ ─♩▬♫♥☻כ○─

◘▬♩│ⱨ▼ꜝ▬♩─ 3 ≢№╡⁸∕─ │ ≢№∫√⁹╕√

≤⌂╢ Fe-0.96mass%C ─ │ⱨ▼ꜝ▬♩≤ ⇔√☿ⱷfi♃▬♩─

≢№╢⁹↓─ ─ɖќɘ ♩▬ꜝ▼ⱨ│♩▬♫♥☻כ○⁸│≢ ⌐ ∆╢

☿ⱷfi♃▬♩ ─ ⅛╠ ⇔√⁹↓─ ⌐≈™≡⁸TEM ╩ ™≡ ⌂

╩ ♩▬ꜝ▼ⱨ│♩▬♫♥☻כ○™ ≤☿ⱷfi♃▬♩ ─ ⅛╠ ∆╢↓≤╩

⇔≡™╢⁹↓─╟℮⌐⁸ ─ ⌐⅔↑╢ (ɝ)─ ╛ ─

─ ─♩▬♫♥☻כ○≡∫╟⌐ ◘▬♩╛ ⅜ ⅝ↄ ╩ ↑╢↓≤│⁸

≤─ ⌐⅔™≡╙ ™⁹ 

 Yang ╠[45,46]│⁸ⱨ▼ꜝ▬♩-Ɽכꜝ▬♩ ⅛╠⌂╢ ↕╣√

(Fe-0.08%C-1.45%Mn-0.21%Si (mass%))╩ ₁─ ┼ ⇔√ ⁸ ∟⌐ ╣√

─ ╩ ⇔⁸ ⌐⅔↑╢ ╩ ⇔√⁹ ╩ 675ϴ ⌐

⇔ ╣√ ⌐│ ⱨ▼ꜝ▬♩⅜ ╣⁸∕╣≤ ⌐ ⇔√☿ⱷfi♃▬♩⅜

↕╣√⁹↕╠⌐ 760ϴ⌐ ⇔≡ ╣√ ⌐│⁸ ⌐ ∆╢ ⌐ ⌂

☿ⱷfi♃▬♩─ ⌐ⱴꜟ♥fi◘▬♩⅜ ↕╣√≤ ⇔√⁹↓─ ⅛╠⁸

─ ⌐⅔™≡│ 675ϴ╕≢⌐ⱨ▼ꜝ▬♩─ ⅜ ↓╡⁸∕─ 760ϴ⌐ ∆

╢≤ɖќɘ ⅜ ⅝≡⁸ⱨ▼ꜝ▬♩─ ─☿ⱷfi♃▬♩ ⅜♩▬♫♥☻כ○≢

⇔√≤ ⇔√⁹Yang╠─ │ ─ ╩ ⇔≡⁸ⱨ▼ꜝ▬♩─

⅛╠ ⌐ ╢╕≢─ ╩ ⇔√ ≢ ⌐╙ ≢№╢⁹ 

 ↓╣╠─ ⅜ ∆╟℮⌐⁸ɖќɘ ─♩▬♫♥☻כ○╢↑⅔⌐ ≤ │ ─

╛ ─ ⌐⅔↑╢ⱨ▼ꜝ▬♩ ≤☿ⱷfi♃▬♩─ ⌐╟∫≡ ⌂╢

╩ ∆⁹ ⅜ ╕╣╢ ─ ─♩▬♫♥☻כ○⁸│ ◘▬♩│ⱨ▼ꜝ▬♩

─ 3 ╛ ⁸№╢™│ⱨ▼ꜝ▬♩ ⌐ ⇔√☿ⱷfi♃▬♩╩ ⌐ ↓

╢↓≤⅜ ₁ ↕╣≡™╢⁹╕√ ─ ─ ─ ≢│⁸ⱨ▼ꜝ
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▬♩─ ⅜ ↓╡⁸∕─ ⅜♩▬♫♥☻כ○⌐ ∆╢≤ ↕╣≡™╢⁹

⌐⅔™≡│⁸↓╣╠─ ╩ ╕ⅎ ⌐ ™ 3 ≢─ ─ ╩ ℮⁹ 

 ⁸EBSD ⌐╟╢ ─ ⱴ♇Ⱨfi◓ ─ ⌐╟∫≡⁸ ─

⅜ ⅝ↄ ⇔⁸ ─ɖќɘ ≥♩▬♫♥☻כ○╢↑⅔⌐ ⱨ▼ꜝ▬♩─

─ ⌐≈™≡╙ ⅜ ╕∫≡™╢[47-50]⁹⌂⅛≢╙ │ⱴꜟ♥fi◘▬

─┼♩▬♫♥☻כ○╠⅛♩ ⌐ ∆╢ ⅜ ╩ ╘≡™╢⁹↓─ ⅜

↕╣╢ ─ ≈│⁸ⱴꜟ♥fi◘▬♩⅛╠ ─♩▬♫♥☻כ○╢∆ ⌐ ⌂

Ᵽꜞ▪fi♩ ⅜ ╣╢↓≤≢№╢⁹ ⌐ ≈─ ╩ ∆⁹ 

Hara╠│⁸ ⅔╟┘ ─ ⅜ ₁⌐ ⌂╢ ╩ ™≡⁸ⱴꜟ♥fi

◘▬♩─ ⌐⅔↑╢ɖќɘ ╩ ⇔√[49]⁹ ₁─ │∕─

≤ ─ ≢◘Ⱪ♀꜡ ╛ ⇔ ╩ ∆↓≤≢⁸ ─ⱴꜟ♥fi◘▬

♩ ⌐ ╕╣╢ ♩▬♫♥☻כ○ ⅜∕╣∙╣ ⌂╢╟℮⌐⇔√⁹↓─╟℮⌐⇔

≡ ⌐ ╕╣╢ ─♩▬♫♥☻כ○ ╩ ⌐ ⅎ≡⁸ɖќɘ ─ ╩

⇔√⁹ ─ⱴꜟ♥fi◘▬♩ ─ ⁸Fig.1.7│♩▬♫♥☻כ○ ⌐∕─ ╩

∆╟℮⌐ EBSD ⌐╟╢ ⌐╟∫≡ ⇔≡™╢⁹Fig.1.7(a)─ ─ⱴꜟ

♥fi◘▬♩ ─ SEM ⌐│ ⌂ꜝ☻ ⅜ ≢⅝⁸Fig.1.7(b)⌐│ⱴꜟ♥fi

◘▬♩─ꜝ☻ ⌐ ∆╢ ─♩▬♫♥☻כ○ ⌂ ╩ ⇔≡™╢⁹ 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1.7 ─ⱴꜟ♥fi◘▬♩≤ꜝ☻ ─ ─♩▬♫♥☻כ○ EBSD

[49] (Fe-0.05%C-0.1%Si-1.9%Mn-0.49%Ni-0.29%Cr-0.30%Mo (mass%)) 

(a)ⱴꜟ♥fi◘▬♩ ─ SEM  (b) ─ EBSD ⌐╟╢ ⱴ♇ⱪ 

( │ⱴꜟ♥fi◘▬♩─ ⁸ ─♩▬♫♥☻כ○│ ╩ ∆)  
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♩▬♫♥☻כ○ ⅜ ₁⌐ ⌂╢ⱴꜟ♥fi◘▬♩ ╩ ♩▬♫♥☻כ○⁸⇔

⌐ ⇔√ ⌐ ╣√ ╩ ⇔√ ⅛╠⁸ ─ⱴꜟ♥fi◘▬♩ ⌐ ○

⅜♩▬♫♥☻כ ↄ ╕╣≡™√ ♩▬♫♥☻כ○⁸│ ⌐ ⌐ ⌐

♩▬♫♥☻כ○⌂ ≤⌂╡⁸∕─ ⅛╠ⱴꜟ♥fi◘▬♩ ⅜ ⅝√↓≤⅜ ↕╣

√⁹↓─ │⁸ɖќɘ ⌐⅔™≡ⱴꜟ♥fi◘▬♩─ꜝ☻ ⅛╠ ─ ╩

♩▬♫♥☻כ○√∫ ⅜ ⇔√√╘≢№╢≤ ⇔≡™╢⁹∕─ ╩ Fig. 1.8⌐

∆╢⁹Fig.1.8(a)│ 750ϴ┼ ⇔≡⅛╠ ╣√ ─♩▬♫♥☻כ○⁸╡№≢

│ ↕╣≡™⌂™ ≢№╢⁹↓─ ╩ 800ϴ─ ɖ-ɘ ─ ⌐

⇔⁸ ─ ⅜♩▬♫♥☻כ○⌐ ⇔√ ≢ ╣√ ╩ Fig.1.8(b)⌐ ∆⁹ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1.8  ─ ⅛╠─ ⅝ ╣ ─ ⌐╟╢ [49] 

(Fe-0.05%C-0.1%Si-1.9%Mn-0.49%Ni-0.29%Cr-0.30%Mo (mass%)) 

(a) ╩ 750ϴ⌐ ⇔√ ⁸ ╣√  

(b) ╩ 800ϴ─ɖ-ɘ─ ⌐ ⇔√ ⁸ ╣√  

(c) ╩ 850ϴ─ɖ-ɘ─ ⌐ ⇔√ ⁸ ╣√  

(d) ╩ 900ϴ─ɘ ⌐ ⇔√ ⁸ ╣√ ( )  

 

(a) (b) 

(c) (d) 
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↓─ ⌐⅔™≡⁸ ⌐ ─ ≢ ↕╣≡™╢╟℮⌐ⱴꜟ♥fi◘▬♩─ꜝ☻

⌐ ╢⌂╠⅛♩▬♫♥☻כ○⌐ MA(Martensite austenite constituent)⅜ ↕

╣√⁹Fig.1.8(c)⌐ ∆╟℮⌐ 850ϴ┼ ⇔ ╣√ ⌐│⁸ ™⌐ ⇔√ MA⅜

↕╣⁸∕╣╠─ ⌐ │ ≢⅝⌂⅛∫√⁹∆⌂╦∟⁸ ≢ ⇔√ ─○

♩▬♫♥☻כ (MA)⅜∕─╕╕ ⇔ ⇔≡⅔╡⁸∕╣╠│ ™⌐ ™ ∞∫√≤

ⅎ╠╣╢⁹Fig.1.8(d)⌐│ 900ϴ┼ ⇔√≤⅝─ ╩ ∆⅜⁸ ⌐│

500ɡm ─ ⌐ ⌂ ♩▬♫♥☻כ○ ─ⱴꜟ♥fi◘▬♩ ⅜ ↕╣√⁹↓─

900ϴ─○כ☻♥♫▬♩ ─ ┼ ⇔√ ⌐ ╣√ ♩▬♫♥☻כ○⌂ │⁸

ɖќɘ ☻ꜝ⅜♩▬♫♥☻כ○≢ ⅛╠ ⇔√≤⅝⌐ ─ ╩ ≈√╘⁸

∕─ ≤ ⌐╟∫≡ ⌐ ≡⇔≥♩▬♫♥☻כ○⌂ ⇔√≤ ⇔≡™╢⁹

⁸ ∂ ╩ 550ϴ≢ ⇔≡ MA╩ ↕∑≡☿ⱷfi♃▬♩ ≤⇔√℮ⅎ≢

⇔√ ⌐│⁸ ⅜♩▬♫♥☻כ○─ ╣√⁹↓╣│⁸ɖќɘ ≢ כ○╢∆

☻♥♫▬♩│ꜝfi♄ⱶ⌂ ≢ ⇔⁸∕╣╠─ ⅜ ↓╠⌂⅛∫√√╘≤

⇔√⁹Hara╠─ │⁸ ⌐ ⅜♩▬♫♥☻כ○ ∆╢ ⌐ ╣╢⁸

ɖќɘ ─ ⌂ ╩ ╠⅛⌐⇔√╙─≢№╢⁹↓─ │ ₁≤ ⱪכꜟ◓∂

≢─ ≢№╡⁸☿ⱷfi♃▬♩╛ ─♩▬♫♥☻כ○ ⌐╟╢ɖќɘ ─

╩ ═√╙─≢№╡⁸ ╩ ⇔≡↓↓≢ ╡ →√⁹ │⁸↓─╟℮⌂ ─

╙ ╘⁸☿ⱷfi♃▬♩╛ ╩♩▬♫♥☻כ○ ╕⌂™ ╩ ⇔≡⁸∕─ɖ

ќɘ ⌐ ∆╢ ⌂ ╩ ╟℮≤∆╢╙─≢№╢⁹ 

Nakada ╠[47,48]│⁸Fe-13%Cr-6%Ni(mass%) ─ ⌐⅔™≡⁸ ⱴꜟ

♥fi◘▬♩ ⅛╠ ─♩▬♫♥☻כ○╢∆ ≤ ≤─ ╩

⇔√⁹↓─ ⌐⅔™≡│ ─ ╩ ⌐ ⅎ√ ╩ ™⁸↕╠⌐ ⌐

─ ⌂╠⇔ ╩ ⇔≡ ╩ ∆╢↓≤≢⁸ ─ ⌐ כ○

☻♥♫▬♩╛☿ⱷfi♃▬♩⅜ ⇔⌂™╟℮⌐⇔≡™╢⁹↓─╟℮⌂ⱴꜟ♥fi◘▬♩╩

⇔√ ⁸ɖќɘ │♩▬♫♥☻כ○─ ─ⱴꜟ♥fi◘▬♩─ ♩▬♫♥☻כ○

╛Ɽ◔♇♩╛Ⱪ꜡♇◒ ⌐⅔™≡ ⇔⁸∕─ ≢╙ꜝ☻ ⅛╠ ⇔√ ─

♩▬♫♥☻כ○ │⁸╒╓ ─ ≢ ∆╢↓≤╩ ⇔√⁹↓╣│ Hara╠⅜

⇔√ɖќɘ ≤ ⇔√ ≢№╢⁹ ≢ ─♩▬♫♥☻כ○╢∆ │

≤─ ≢ K-S ╩ √∆≤≤╙⌐⁸ ⌐ ℮ └∏╖◄Ⱡꜟ◑כ─ ⌐╟

∫≡ ─Ᵽꜞ▪fi♩⅜ ↕╣⁸ ─ ⅜♩▬♫♥☻כ○─ ╣╢≤
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⇔≡™╢⁹⇔⅛⇔⌂⅜╠⁸↓─ ⌐⅔™≡╙ ─ ⌐⅝╦╘≡ ⌂

⅜♩▬♫♥☻כ○ ⇔≡™√ │ ╢≤ ⇔≡™≡⁸ⱴꜟ♥fi◘▬♩⅛╠─

ɖќɘ ⌐ ♩▬♫♥☻כ○℮ ─ ⱷ◌♬☼ⱶ│╕∞ ⅜ ™≡™╢⁹ 

EBSD ╩ ⇔√ɖќɘ ─ ⌐│⁸╒⅛⌐ Li ╠[50]⌐╟╢Ɽכꜝ

▬♩≢─ɖќɘ ⌐ ∆╢ ⌂≥⅜№╡⁸╕√ TEM ≢─ ╩ ™√☻♥fi

꜠☻ ─ɖќɘ ⌐⅔↑╢ ─ ╙ ╦╣≡™╢[51-53]⁹ │⁸

in situ ╩ ™≡ɖќɘ ⌐⅔↑╢ ≤ ─ ╩ ∆

╢ ╙ ≈⅛ ↕╣≡™╢[54-57]⁹∕─ ⌐≈™≡│ 2 ⌐≡ ═╢⁹╕√

─ ≢│⁸ɖќɘќɖ⌐ ℮ ─ⱷ⸗ꜞכ ⅜ ↕╣≡™≡⁸

↓─ ╩ ∆╢Ᵽꜞ▪fi♩ ╩ ∆╢ ≢⁸ⱨ▼ꜝ▬♩≤○כ☻♥♫▬♩─

⌂ ⅜ ↕╣≡™╢[58-60]⁹ɖќɘ ♩Ᵽꜞ▪fi─♩▬♫♥☻כ○─

⌐ ⇔≡╙╕∞ ⌂ │ ╠╣≡™⌂™[61-63]⁹ 

ɖќɘ ⌐ ∆╢ ₁─ ≢ ↕╣≡™╢╟℮⌐⁸ ─ɖќɘ ⌐⅔™

≡ │♩▬♫♥☻כ○─ ⱨ▼ꜝ▬♩─ 3 ⅔╟┘ ⌐⅔™≡ ∆╢↓

≤⅜ ↕╣≡™╢⁹ ⌐ ≢─ɖќɘ ─ │⁸ ─ɘќ

ɖ ≤ ⌐⁸ ≤ ─ ≤─ ≢ ╠⅛─ ─ ⅜ ╡ ≈

⅜ ™≤ ≥♩▬♫♥☻כ○⁹╢™≡╣↕ ⱨ▼ꜝ▬♩─ ☻כ○⅜

♥♫▬♩─ ⌐ ⅝⌂ ╩ ╓∆ ─ 1≈≢№╢⁹ 

 

 
1.2  ─   

⌐⅔™≡│⁸ ─ ≤ ─ ╦╡⌐≈™≡ ═√⁹

─ │♩▬♫♥☻כ○≡™⅔⌐ ⌂ ≢№╢↓≤⅛╠⁸ɖќɘ ─

ⱷ◌♬☼ⱶ╩ ⌐ ∆╢↓≤⅜ ╘╠╣╢⁹≤ↄ⌐ ⌐⅔™≡│ⱴꜟ♥fi

◘▬♩╛ⱬ▬♫▬♩─ ─√╘⌐⁸ ─ ─♩▬♫♥☻כ○╢⌂≥ ≤

⅜ ↄ ╦∫≡™╢⁹ ⅜♩▬♫♥☻כ○≢ ∆╢≤⅝─ ⱨ▼ꜝ▬♩

≤─ │⁸ ─◄Ⱡꜟ◑כ╛∕─ ≤─ ⌐ ≠ↄ≤ ╦╣╢

⅜⁸↓╣╠╩ ⌐ ∆╢ │╕∞ ⇔⌂™⁹ │ ─ ⌐╟╡⁸

↓╣╠─ ◄Ⱡꜟ◑כ⌐ ∆╢ ⇔™ ╙ ™∞↕╣╢⅛╙⇔╣⌂™⅜⁸ ≢

│⁸∕─ ◄Ⱡꜟ◑כ╛ ⌐ ∆╢ ╩ ∆╢ ─ ⅛╠⁸
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─ ╩ ∆╢↓≤⅜ ≢№╢⁹ 

↓╣╕≢─ ⌐ ⇔≡⁸ ⌂╕╕ ∫≡™╢ ╩ ≈⅛ ∆╢⁹ɖќɘ

⅜♩▬♫♥☻כ○≢ ∆╢ ⁸ ∆╢ ─ ⱨ▼ꜝ▬♩ ≤─

⅜ ╠⅛⌐⌂∫≡™⌂™⁹ ≢ ⇔√╟℮⌐ɖќɘ ♩▬♫♥☻כ○≡™⅔⌐

─ │ ⱨ▼ꜝ▬♩─ ≢ ↓╢≤ ⅎ╠╣╢⅜⁸∕─ │♩▬♫♥☻כ○⌐

─ⱨ▼ꜝ▬♩ ≤ ⇔≡™╢⁹↓╣╕≢ 1≈─ ⱨ▼ꜝ▬♩≤─ ⅜

↕╣≡⅝√⅜⁸ ─ⱨ▼ꜝ▬♩ ─ ─ ╩ ⱨ≥♩▬♫♥☻כ○≡⇔

▼ꜝ▬♩─ ╩ ⇔√ │⌂™⁹╕√ɖќɘ ⌐⅔↑╢ ⌐│⁸ⱴꜟ

♥fi◘▬♩⅛╠○כ☻♥♫▬♩┼─ ─ ⌐ ╠╣╢╟℮⌐⁸ ⌂

╩ ⌐♩▬♫♥☻כ○≈ ∆╢↓≤╛⁸ɖќɘќɖ ⌐⅔↑╢ ─ⱷ⸗ꜞכ

⅜№╡⁸↓╣╠─ │ ⱨ▼ꜝ▬♩≤─ ─ ╩ ↑≡™╢↓≤

⅜ ↕╣╢⁹↓╣╠─ ⌐ ─♩▬♫♥☻כ○╢╦ ┼─ ╩ ╠⅛

⌐∆╢√╘⌐│⁸ ╙ ⌂ⱨ▼ꜝ▬♩⅛╠─○כ☻♥♫▬♩─ ⌐ ⇔

╩ ∆╢↓≤⅜ ╘╠╣╢⁹ 

─♩▬ꜝ▼ⱨ≥♩▬♫♥☻כ○⁸⌐ ─ ╛◄Ⱡꜟ◑כ כ○⁸│

☻♥♫▬♩⅜ ∆╢≤⅝─ ─ ⌐ ─♩▬♫♥☻כ○⁸╘√╢∆

⌐ ⅝ↄ ╦╢ ⌂ ≢№╢⅜⁸ ─ │ ⌐ ∆╢─│

≢№╡⁸ │ ⌐⌂∫≡™⌂™⁹ ⌐ ⌐ ⇔≡ │ 2

≢─ ⅜ ≢№∫√⅜⁸ ─ ⅜ 3 ≢№╢↓≤╩ ⅎ╢≤⁸ ─

ⱨ▼ꜝ▬♩ ─ ≢ ∆╢ ─ ╩ 3 ⌐ ∆╢ ⅜№╢⁹ 

│⁸ ⌐ ⅜ ╕╣≡™╢ ╩ ⌐⁸ ⱨ▼ꜝ▬♩⅛╠─

ɖќɘ ─♩▬ꜝ▼ⱨ≥♩▬♫♥☻כ○╢↑⅔⌐ ╩ ⌐∆╢↓≤

╩ ♩▬♫♥☻כ○⁸≡⇔ ─ ≤ ─ⱷ◌♬☼ⱶ╩ ╠⅛⌐∆╢↓≤╩ ≤∆

╢⁹ ╩ ∆╢℮ⅎ≢│⁸ ─ ─ ⌐ ≠ↄ

⌂ ⅜ ╘╠╣╢⁹∕─√╘ EBSD ╩ ™√ ╩ ⌂ ≤⇔√⁹

⌐ ⇔™ ≤⇔≡⁸ ↕╣√ in situ ⅔╟┘ 3 ─

│⁸ ╩ ∆╢⌐№√∫≡ ⌐ ≢№╢⁹↓╣╠─ │╕∞

─ ─√╘─ ─ⱡ►Ɫ►─ ╛⁸ ─ ⅜ ⌐

↕╣≡™⌂™ ≢№╡⁸∕─ ╙ ╘⁸ ≢│ ─ ⌐⅔™≡

↓╢ɖќɘ ─ ─ ╩ ∆╢√╘─ ─ ⅛╠ ╡ ╪∞⁹╕√⁸
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EBSD ─ │ ─ ─ ⌐ ≢│⌂™↓≤⅛╠⁸

(TEM) ╩ ∑≡ ™╢⁹ ⌐│⁸ ─ ≈─ ⌐╟╡ ⇔√⁹ 

⌐⁸ ─ ⌐⅔™≡ɖќɘ ⌐╟∫≡ ≥♩▬♫♥☻כ○╢∆

ⱨ▼ꜝ▬♩─ ╩ ⌐ ∆╢√╘ in situ EBSD ╩ ℮⁹

↕╠⌐⁸ ⌐ ─♩▬♫♥☻כ○℮ ╩ ⇔⁸ ▬♫♥☻כ○⅜

♩─ ⌐ ╓∆ ╩ ╠⅛⌐∆╢⁹╕√⁸ ─ in situ ⌐╟╢

─ ⌐≈™≡⁸∕─ ╩ ∆╢⁹ 

─♩▬♫♥☻כ○⁸⌐ ─ⱷ◌♬☼ⱶ╩ ╠⅛⌐∆╢√╘⌐⁸∕─ ◘

▬♩╩ 3 ⌐ ⌐∆╢⁹↓─↓≤⅛╠⁸FIB(Focused Ion Beam)◦ꜞ▪ꜟ☿◒◦ꜛ

♬fi◓ ⌐╟╢ 3 ╩ ∆╢⁹ ⌐⅔™≡ ⌐ⱨ▼ꜝ▬♩≤○

─♩▬♫♥☻כ 3 ╩ ∆╢↓≤│ ≢№╢─≢⁸ ⇔™ ≤⇔≡⁸

⌐⅔™≡ ╩ ┼♩▬♫♥☻כ○⁸≡⇔ ⇔√ ─ ⅛╠ ╣⇔⁸

⌐♩▬◘ⱴꜟ♥fi⅜♩▬♫♥☻כ○─⧵ K-S ╩ √⇔≡ ╩ ↓∆↓≤╩

∆╢⁹∕─ ╩⁸FIB◦ꜞ▪ꜟ☿◒◦ꜛ♬fi◓ ≤ EBSD ╩ ∫≡ 3 ─

╩ ⇔√ ⁸ ⌐ ╕╣╢ⱴꜟ♥fi◘▬♩─Ᵽꜞ▪fi♩╩ ∆╢↓≤╟╡

─♩▬♫♥☻כ○ ╩ ∆╢↓≤≢⁸ⱨ▼ꜝ▬♩≤○כ☻♥♫▬♩─ 3

╩ ╠⅛♃כ♦ ∆╢ ╩ ∆╢⁹∕⇔≡ 3 ▬♫♥☻כ○╢↑⅔⌐

♩─ ⅛╠∕─ ◘▬♩⁸⌂╠┘⌐ ∆╢ ⱨ▼ꜝ▬♩ ≤─

╩ ∆╢⁹╕√⁸↓╣╠─ ♩▬♫♥☻כ○╠⅛ ─ ─ ⌐≈™≡

↕╣╢↓≤╩ ⌐ ⅎ╢⁹ 

⌐⁸ ─ ⌐ ╓∆ ⌂ ╩ ⌐∆╢√╘⌐⁸ ⌐

♩▬♫♥☻כ○╢№ ≤ⱨ▼ꜝ▬♩ ─ ─ ╩ 3 ⌐ ╠⅛⌐∆╢⁹∕─

√╘⌐ ─ 3 ╩♃כ♦ ™≡⁸Voxel ⸗♦ꜟ⌐ ≠ↄ ─ ─

╩ ∆╢⁹↕╠⌐⁸ ♩▬♫♥☻כ○─ ─ ─ in situ ─ ≤

↕∑≡⁸ɖ/ɘ ─ ─♩▬♫♥☻כ○⅜ ⌐ ╓∆ ╩

∆╢⁹↓─ ≢│⁸ ⌐╟╢ ─ ╩ ∑≡ ™⁸EBSD

─ ╩ ℮⁹ 

≢│⁸ ─ ⅛╠ ≤ ─ ╩ ╠⅛⌐⇔⁸∕─ ⌐

≠™≡ɖќɘ ♩▬♫♥☻כ○╢↑⅔⌐ ─ ≤ ─ ╩ ⌐∆╢⁹ 
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1.3  ─  

│ ⌐ ∆ 5≈─ ⅛╠ ↕╣╢⁹ 

↓╣╕≢─ 1 ≢│⁸ ─ ─ ─ ≢─ ─ ─ ⌐≈

™≡ ═√⁹∕⇔≡⁸ ╩ ⇔≡™╢ ─ ⌐≤∫≡⁸ ♫♥☻כ○─

▬♩─ ─ ╩ ═√⁹ ⌐⅔↑╢ ─ɘќɖ ⁸⅔╟┘

─ɖќɘ ⌐≈™≡⁸↓╣╕≢─ ⅛╠ ≤ ─ ⌂ ⌐

⇔≡∕─ ╩ ⇔√⁹∕─ ≢⁸ ─ɖќɘ ♩▬♫♥☻כ○╢↑⅔⌐

─ ╩ ⌐ ∆╢↓≤─ ╩ ⇔√⁹ 

─ 2 ≢│⁸ in situ EBSD ⌐╟╡⁸ɖќɘ ─ ⌐⅔↑╢○

♩▬♫♥☻כ ≤ ⱨ▼ꜝ▬♩ ─ ╩ ⌐ ∆╢≤≤╙⌐⁸

⌐ ─♩▬♫♥☻כ○℮ ╩ ♩▬♫♥☻כ○⁹╢∆ ≤ ─ ⱨ▼ꜝ

▬♩ ≤─ ─ ╩ ⌐ ⇔⁸∕─ ╩ ∆╢⁹↕╠

♩▬♫♥☻כ○⌐ ─ ⌐ ℮ ≤ ─ ╩ ╠⅛⌐∆╢⁹ 

3 ≢│⁸3 ⌂ ╩ ℮√╘─ ≤⇔≡⁸ɖќɘ ─

⌐⅔↑╢ⱨ▼ꜝ▬♩≤○כ☻♥♫▬♩─ 3 ─ ╩ ⇔⁸∕─

⌐⅔™≡ ╩ ℮⁹↓─ ≢│ 3 ♩▬♫♥☻כ○╢↑⅔⌐ ─

⅛╠⁸ɖќɘ ─♩▬♫♥☻כ○╢↑⅔⌐ ◘▬♩╩ ╠⅛⌐∆╢≤≤╙⌐⁸

≥♩▬♫♥☻כ○√⇔ ─ ⱨ▼ꜝ▬♩ ─ ≢─⁸ ─

╩ ⌐ ∆╢↓≤≢⁸ ─ ─ ╩ ╠⅛⌐∆╢⁹ 

4 ≢│⁸ ≢ ⇔√ 3 ─ ╩ ™≡⁸ɖќɘ ─

♩▬♫♥☻כ○╢↑⅔⌐ ≤ⱨ▼ꜝ▬♩ ─ ─ ╩ ╠⅛⌐∆╢⁹↕╠⌐

⌐╟╢ ─ ╩ ™⁸∕─ ╩ ⌐∆╢⁹↓─

─≥♩▬ꜝ▼ⱨ≥♩▬♫♥☻כ○ ─ ⅛╠ ╠╣╢ ⌐ ≠™≡⁸ 2

≢ ♩▬♫♥☻כ○√⇔ ─ ⌐ ℮ ─ⱷ◌♬☼ⱶ╩ ∆╢⁹ 

 5 ≢│⁸ ─ ─ ⌐ ≠™≡⁸ ─ɖќɘ ♥☻כ○╢↑⅔⌐

♫▬♩≤ ⱨ▼ꜝ▬♩≤─ ⌐ ╣╢ ⌂ ╩╕≤╘╢≤≤╙⌐⁸∕╣╠

─♩▬♫♥☻כ○⅜ ⌐ ╓∆ ╩ ∆╢⁹ 
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 ɖќɘ ≤ⱨ▼ꜝ▬♩Ί○כ☻♥♫▬♩─

─ in situ  

 

2.1   

⌐ ℮ ─ ╩ ⌐ ∆╢↓≤│⁸∕─ⱷ◌♬☼ⱶ╩

∆╢℮ⅎ≢ ⌂ ╩ ⅎ╢⁹↓╣╕≢⌐ ≢ ♩▬♫♥☻כ○╢↓ ╩ in 

situ ∆╢√╘─ ⅜ ₁ ↕╣≡⅔╡⁸ ╛ SEM ⌐ ☻♥

╩☺כ ╡ ↑≡ ╩ ∆╢ ⁸TEM⌐⅔™≡ ╩☺כ♥☻ ™≡

╟╡ ⌐ ╩ ∆╢ ⅜№╢[1-2]⁹ 

TEM │⁸ ╩ ⌐ ≢⅝╢↓≤⌐ ⅎ≡ ─ ╩ ≤

⇔≡ ≢⅝╢ ╩ ≤⇔≡™╢⅜⁸ ─ 200 300kV ≢│ ─

╖⅜ 0.1ɡm ≤ ↄ⁸ ─ ⌐ ∆╢ ╩ ≢⅝⌂™≤™℮

╩╙≈⁹0.5ɡm ─ ↕─ ─ ⅜ ⌂ │⁸

↓─ ╩ ℮ ⌂ ≢№╢⁹Nemoto[1]│ 1977 ⌐⁸ ─

╩☺כ♥☻ ™≡ ─ ⌐⅔↑╢ɖќɘ ─ ─ ╩ in situ

⇔√⁹ ≤⇔≡⁸ ₁─ (Fe-0.5 0.7mass %C )╩ ™≡⁸

☿ⱷfi♃▬♩ ─ ⅜ ₁⌐ ⌂╢ⱨ▼ꜝ▬♩ ─ ⁸⅔╟┘Ɽכꜝ

▬♩ ─ ╩ ⇔⁸ ≢ 800ϴ⌐ ⇔⁸∕─ ⌐⅔

™≡ⱨ▼ꜝ▬♩⅛╠ ♩▬♫♥☻כ○√⇔ ─ ╩ ⇔√⁹∕─ ⁸

☿ⱷfi♃▬♩ ⅜ ⇔√ⱨ▼ꜝ▬♩ ♩▬♫♥☻כ○╢↑⅔⌐ ─

─ │⁸☿ⱷfi♃▬♩ ♩▬♫♥☻כ○≥ ⅜ ∆╢≤⁸∕─ ⇔√

─ ♩▬♫♥☻כ○≢ ─ ⅜ ∆╢ ⅜ ↕╣√⁹↓─

⅜ ∆╢ │⁸☿ⱷfi♃▬♩≤○כ☻♥♫▬♩⅜ ⇔√≤⅝⌐☿ⱷfi♃▬♩

─ ⅜ ↕╣⁸ ┼♩▬♫♥☻כ○⅜ ♥☻כ○⁸╡╟⌐≥↓╢╣↕

♫▬♩─ ⅜ ╕╢√╘≤ ↕╣≡™╢⁹ ╩ ™≡⁸Ᵽꜟ◒

≤⇔≡─ ↕╩ ⇔√ ─ ⌐╟╡ɖќɘ ⌐⅔↑╢ ─

╩ ╠⅛⌐⇔√ ⌐ ™ ≢№╢⁹ 

│⁸Ᵽꜟ◒ ─ ⅜ ⌂ SEM-EBSD ⌐ ╩☺כ♥☻ ╖ ╦

∑√ ⅜ ↕╣⁸ ─ ╛ ⌐ ℮ ∞↑≢⌂ↄ⁸
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─ ╩ ∑≡ ∆╢↓≤⅜ ⇔∏≈ ⌐⌂╡≈≈№╢[3-6]⁹↓─ ⇔™

╩ ™≡⁸ɖќɘ ⌐ ⇔≡╙ ≈⅛─ ≢ ⌂ ⅜ ╘╠╣≡

™╢⁹ 

Lischewski╠[5]│⁸ ─ Nb≤ Ti╩ ⇔√ Fe-0.05%C-0.8%Mn mass%

⌐⅔↑╢ⱨ▼ꜝ▬♩≤○כ☻♥♫▬♩─ ⌐ ╩ ⇔⁸ⱨ▼ꜝ▬♩⅛

╠ ─♩▬♫♥☻כ○╢∆ ╩ ⇔√⁹↓─ ⌐│⁸

כ◙כ꜠─┼ ⌐╟╢ ╩ ≤∆╢ ╩ ™⁸ɖќɘ ⌐ ™

ⱨ▼ꜝ▬♩─ ⅛╠ ⅜♩▬♫♥☻כ○─ ∆╢ ╩ ⇔⁸90% ─○

─♩▬ꜝ▼ⱨ│♩▬♫♥☻כ 3 ≢ ↕╣√↓≤╩ ⇔≡™╢⁹╕√ⱨ▼ꜝ

─♩▬♫♥☻כ○≥♩▬ ─ ╩ ⇔⁸15°╕≢─∏╣╩ ⇔≡

K-S ─ ╩ ╘√ ⁸ ♩▬♫♥☻כ○─60% ⅜ ≈ ─ ⱨ▼

ꜝ▬♩ ≤ K-S ╩ ∆╢↓≤╩ ⇔≡™╢⁹∕─╟℮⌂ ─

⅜ ∆╢ ╩ⱨ▼ꜝ▬♩≤○כ☻♥♫▬♩ ─ ◄Ⱡꜟ◑כ⅜ ∆╢√

╘≢№╢≤ ⇔⁸3 ⌐ ⇔≡™╢ ≤⌂╢ⱨ▼ꜝ▬♩ ⅜∕─╟℮⌂

⌂ ╩ ⅜♩▬♫♥☻כ○⌐⅝≥╢∆ ∆╢⸗♦ꜟ╩ ⇔≡™╢⁹ 

Fukino ╠[6]│⁸ ╩ ╕⌂™ Fe-9.5mass %Ni ─ɖќɘ ╩ ⌐

in situ EBSD ⌐╟╡ ⇔≡™╢⁹↓─ ─ɖќɘ ♩▬♫♥☻כ○⁸│≢

│ⱨ▼ꜝ▬♩─ ⅛╠ ⇔⁸∕─ ⌐ ∫≡ allotriomorph ─ ≢

∆╢↓≤╩ ⇔√⁹EBSD ─ ⌐╟╡ ⌐ ♩▬♫♥☻כ○╢∆

─ ⌐≈™≡ ⅜ ─♩▬ꜝ▼ⱨ≥{111}─♩▬♫♥☻כ○⁸╡⅔≡╣↕

{110}─ ─ ⅝™ ⌐⅔™≡∕─ ⅜ ≢№╢≤ ⇔≡™╢⁹↓─

╩ ╕⌂™ ≢ ─♩▬♫♥☻כ○√╣ ─♩▬♫♥☻כ○⁸│

≤ ─ⱷ◌♬☼ⱶ⌐ ╓∆ ─ ╩ ∆╢℮ⅎ≢⁸ ≤─ ⌂

≤⌂∫≡™╢⁹ 

⁸ ≈─ ╩ ⇔√⅜⁸ ⌐ ™ ≤⇔≡│⁸Aachen ─

Lischewski╠[5]─ ⅜ ≠↑╠╣╢⁹∕─ ⌐⅔™≡│⁸ ♥☻כ○╢∆

♫▬♩≤ⱨ▼ꜝ▬♩≤─ ⌐ K-S ⌐ ⇔√ ⅜№╢↓≤⅜ ↕╣

√⁹⇔⅛⇔⌂⅜╠↓─ ─ ⌐≈™≡─ ⌂ │⌂ↄ⁸ɖќɘ

≢ ─♩▬♫♥☻כ○╢∆ ╩ ∆╢℮ⅎ≢⁸ ⌂ ⅛╠

≤─ ─ ⌂ ─ ╩ ⌐∆╢↓≤⅜ ╘╠╣╢⁹╕√⁸
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∕─ ♩▬♫♥☻כ○─ ─ ╩ ∆╢℮ⅎ≢│⁸ ⌐ ℮ ─

≤ ─ ╩ ╠⅛⌐∆╢ ⅜№╢⁹ 

≢│⁸ ─ ⌐⅔↑╢ɖќɘ ╩ EBSD ⌐╟∫≡ ⇔⁸

─ ♩▬♫♥☻כ○╢↑⅔⌐ ─ ≤∕─ ─ ─ ⌐≈™≡⁸

ⱨ▼ꜝ▬♩ ≤─ ⌂ ⌐ ⇔≡ ╩ ℮⁹ ⌐ ⇔√○

─♩▬ꜝ▼ⱨ≥♩▬♫♥☻כ ╩ ™≡ ─ ─ ╩

⌐ ⇔⁸ ─ ─ ╩ ♩▬♫♥☻כ○⌐╠↕⁹╢∆⌐⅛╠

─ ⌐⅔™≡⁸ ─ ≤ ─ ╩ ╠⅛⌐∆╢⁹╕√⁸

─ in situ ⌐⅔↑╢ ⌂ ≤⇔≡⁸SEM ─ ⌐⅔

™≡ ╩ ∆╢↓≤≢ ⅛╠ ─ ─ ⅜ ⅝╢↓≤⅛╠⁸ ─

─ ⌐ ⇔⌂↑╣┌⌂╠⌂™⁹╕√∕╣ ⌐╙⁸ ≢ ↓╢

╩ ∆╢ │ ─ ⅜ ↕╣╢⁹↓╣╠─ ⅜ in situ ⌐

╓∆ ⌐≈™≡╙ ∑≡ ≢ ⇔⁸ in situ ─ ╩ ∆

╢⁹ 

 

 

2.2   

2.2.1  ⱬכ☻ ─  

 ≢ ™√ │™∏╣╙ ∂ ⁸ ≢ ⇔≡™╢─≢⁸

⌐≡∕─ ⌂ⱬכ☻≤⌂╢ ─ ⌐≈™≡ ∆╢⁹ 

 ≢Fe-0.1%C-1.0%Mn(mass%) ⅔╟┘Fe-0.2%C(mass%) ≤

⌂╢╟℮⌐ ╩ ⇔⁸50kg─▬fi◗♇♩≤⇔√⁹▬fi◗♇♩╩850ϴ≢

⇔ ↕2mm─ ≤⇔⁸ ⅛╠650ϴ┼ ⇔⁸∕─ ≢10

⇔√ ⁸ ─ ⌐ ⇔≡20ϴ/s≢ ╕≢ ⇔√⁹ ╠╣√

─ │ⱨ▼ꜝ▬♩(95 %)≤Ɽ5)♩▬ꜝכ %)⅛╠ ↕╣╢↓≤╩SEM

⌐╟╡ ⇔√⁹↓─ ─ⱨ▼ꜝ▬♩─ │ 15ɡm≢№╢⁹↓─

⌐50%─ ╩ ⇔⁸ ╩1mm≤⇔√⁹↓─ ╩ ⌐⅔↑

╢ⱬכ☻ ≤⇔√⁹ 
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2.2.2  EBSD ⌐╟╢ in situ  

EBSD ─ │ ≢ ═√ Fe-0.1%C-1.0%Mn(mass%) ⅔╟┘

Fe-0.2mass%C ─ ↕1mm─ⱬכ☻ ⅛╠⁸5mm×7 ◘▬☼─ ╩ⱴ▬◒

≢כ♃♇◌꜡ ⇔≡ √⁹∕─ ─4 ─1─ ↕─ ⅜ ≤⌂╢≤↓

╤╕≢◘fi♪ⱭכⱤכ⌐╟╢ ≢ ™√ ⁸▪ꜟⱵ♫ ╩ ™√Ᵽⱨ

≤◖꜡▬♄ꜟ◦ꜞ◌ ╩ ™√ ≢ ╩ →⁸ in situ EBSD ─

≤⇔√⁹ ╩ ─ ─ ─4 ─1─ ↕⌐∆╢ │⁸

─ │▬fi◗♇♩ ─ ⌂≥⌐╟╢ ─ ╩ ↑╢↓

≤⅜№╢√╘≢№╡⁸↓─ 1/4 ↕─ ⅜ ─ ⌂ ╩ ⇔≡™╢⁹ 

in situ EBSD │⁸Fig.2.1⌐ ∆ SEM ꜛ◦כꜙꜞ♁TSL)☺כ♥☻

fi☼ )╩ ™≡ ╩כ♃כⱥ│☺כ♥☻⁹√⇔ ⇔≡⅔╡⁸ ⌐╟

╢ ⌐╟∫≡ⱥכ♃כ ⌐ ↕╣√ ╩ ∆╢ ≢№╢⁹ ─

│⁸ ⌐☻ⱳ♇♩ ⇔√◒꜡ⱷꜟ-▪ꜟⱷꜟ (ɫ0.1ɡm)⌐╟╡

⇔√⁹ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2.1 in situ EBSD TSL)☺כ♥☻ ☼fiꜛ◦כꜙꜞ♁ Japan ) 

ⱥכ♃כ

5mm×7mm×0.75mm
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EBSD │⁸SEM ╩☺כ♥☻⌐ ⇔√ ⁸ ╩ ╩☺כ♥☻√∑

⅛╠ 70° ↕∑√ ≢ ℮⁹ ─ ⌐ ─☺כ♥☻≥ ⌐╟╢♪

ꜞⱨ♩⅜ ⅝╢√╘⁸ ⌐ SEM ⌐≡ ≤∆╢ ╩ ⇔⌂⅜╠ ⇔√⁹

⅛╠ 5ϴ/s ─ ≢ 700ϴ 840ϴ─ ≤∆╢ ⌐ ⁸

⇔⁸ ⅜ ⇔√─∟ EBSD ╩ ∫√⁹ 

─ ≢ ∆╟℮⌐⁸Mn╩ ╗ ╩ ™≡ in situ ╩ ℮≤⁸

─ ≢ ⌐ ↕╣╢ ⌐ ⅛╠Mn⅜ ≤⌂∫≡ ∆╢ ⅜

↓╢⁹∕─ ⁸ ⌐ ₁⌐ ─ ⅜ Mn─ ⌐ ⇔⁸ ⅜

⇔√ ─ │ ⌐ ™ ⌐⌂╢⁹∕─ ⁸A 3 ⅜900ϴ ╕≢

⇔ɖ/ɘ─ ⅜ ∆╢√╘⁸ⱨ▼ꜝ▬♩≤○כ☻♥♫▬♩⅛╠⌂╢

─ ⅜ ≤⌂╢⁹∕─√╘Fe-0.1%C-1.0%Mn(mass%) ─ ≢│⁸

─ ⌐ ⁸ ╠╣√ ⌐ in situ EBSD ╩ ℮↓≤≢⁸ ⅛╠

Mn⅜ ⇔ ╦╢ ─ɖ/ɘ─ ╩ ∆╢ ⅜№╢⁹ ─ ⅛

╠⁸↓─ │10 ≤ ╘√⁹╕√⁸ɖќɘ ⌐⅔↑╢ɘ ─ ╩

∆╢ ≢│⁸ ≢ ─ ⅜ ↑╠╣⌂™⁹∕─√╘Mn╩ ╕⌂™

Fe-0.2mass%C ╩ ™≡ ╩ ∫√⁹EBSD ─ │SEM─ ─

╩20kV≤⇔⁸ ☻♥♇ⱪ│ɖќɘ ─ ♩▬♫♥☻כ○⌂ ╩ ∆╢

─⌐ ⌂0.2 0.3ɡm⌐ ⇔√⁹EBSDⱤ♃כfi─ │OIM data collection (Ver. 

5.2 TSL solutions Japan)╩ ™⁸ ♁ⱨ♩►▼▪─ⱴ♥ꜞ▪ꜟ♦כ♃⅛╠ɖ-Fe≤

ɘ-Fe─ Ɽ♃כfi╩ ™≡ ─ ╩ ∫√⁹ 

 

2.2.3 ɖќɘ ─ ─ ≤TEM  

 in situ EBSD ≢ɖќɘ ╩ ⌐ ⇔∕─ ╩ ∆╢℮ⅎ≢⁸

─ ─ ⅜ ⅝ↄ ╩ ╓∆↓≤⅛╠⁸∕─ ╩ ⇔≡⅔ↄ

↓≤│ ≢№╢⁹ ⌐╟∫≡ ─ɖќɘ ─ⱨ▼ꜝ▬♩ ⌐

⇔ ⇔√ ╩ ⇔⁸∕─ ╩ TEM ≢ ⇔√⁹ⱬכ☻ ─ 1mm ─

⅛╠⁸30mm×200mm─ ─ ╩ ⇔⁸ ╩ ™≡ 5ϴ/s─

─ ≢ ─ɖќɘ ( 720ϴ)─ ≢№╢ 710ϴ┼ ⇔

√ ⁸ ∟⌐ 1000ϴ/s ─ ⌐╟╡ ⅝ ╣√⁹ ╣ ─ ─√╘⁸

≤꜠ⱪꜞ◌ ╩ ─ ≢ ⇔√⁹ │⁸ ─ ╩ 2000
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╕≢─ ╩ ™√ ≢ 0.1mm ╖≤⇔⁸∕─ ≢ 50ɡm

⌐⇔≡⅛╠ 3mm ─ ╩ ⇔⁸ │ ≤ ─

(5%HClO4+95%CH3COOH)╩ ™≡ ∫√⁹⌂⅔⁸↓─≤⅝─ │ 1/4 ↕─

⅛╠ ∫≡™╢⁹╕√⁸꜠ⱪꜞ◌ │⁸ ⅛╠ 5mm×5mm ─◘fiⱪꜟ╩

⇔ ↕╣√ ⌐◄♇♅fi◓╩ ⇔√ ⁸∕─ ⌐ ∆╢ ╩꜠

ⱪꜞ◌ⱨ▫ꜟⱶ⌐ ∆╢↓≤≢ ⇔√⁹ ≤꜠ⱪꜞ◌ ─ │⁸

☿fi♃כ─ 200kV─ HF-2000( )╩

™≡ ∫√⁹ 

 

2.2.4  EBSD ─ ≤ ⌂  

EBSD │ ─ ─ ╩ ⌐ ≢⅝╢ ≤⇔≡⁸

⌐ ⅜ ╪∞ ≢№╢⁹ ─ ⌐♃כ♦ ≠ↄ ⅜ ≢⅝╢

⅜ 1 ≈─ ≢№╡⁸ ─ ⌐ ∆╢℮ⅎ≢╙ ↕╣≡™╢⁹

≢│⁸∕─ ─ ⌐≈™≡ ∆╢≤≤╙⌐⁸ ─ ⌐ ≠™

≡ ╠╣╢ ╛ ─ ↕⌐≈™≡ ∆⁹ 

Fig. 2.2⌐ ∆╟℮⌐⁸EBSD │ SEM ─ ╩☺כ♥☻ 70°⌐ ⇔≡

╩ ⇔√ ⌐ ∆╢ ╩◌ⱷꜝ≢ ⇔⁸∕─ Ɽ♃כfi╩

⇔≡ ↑∆╢↓≤≢∕─ ⌐⅔↑╢ ╛ ╩ ∆

╢ ≢№╢⁹ │ SEM ─ ─ ⌐╟∫≡ ⌐ ╪∞ ─ ─

╩ ⌐ ╢↓≤⌐╟∫≡⁸ ─ ⌐ ≠ↄ ↕╣√

ⱴ♇Ⱨfi◓♦כ♃╩ ≢⅝╢ ≢№╢⁹↓─ ⌐╟╡⁸ ╩♃כ♦√╣╠

™≡ ─ ≤ ╩ ה ≡⇔≥♃כ♦⌂ ∆╢↓≤⅜

≤⌂╢[7]⁹ 

⌐ ⇔√ │ ≤ ₁─ ╩ ∆⅜⁸∕─ ─

╩ ↓⇔√ ─ ⅜ ≢─ √⌂ ≤⌂╡⁸ ≢ Bragg

╩ ↓⇔ Ɽ♃כfi≤⇔≡ ◌ⱷꜝ ≢fiכꜞ◒☻─ ↕╣╢⁹ 
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╩ ⇔≡™╢ ≢─ ─ ╙╡│ ≢№╡⁸Fig. 2.3

╩ ™≡↓╣╩ ⌐ ∆╢⁹ ─ ⅜ 20kV ─ ⁸70°⌐ ⇔√

⌐ ⇔√ │ ↕ 1 2ɡm ─ ⌐⅔™≡ ╩ ↓⇔⁸

⌐ ↕╣╢⁹↓─ ─℮∟⁸ eV─ ⅛⌂◄Ⱡꜟ◑כ∞↑╩ ≤─

≢ ∫√ │⁸ ┘ ─ ≢Ⱪꜝ♇◓ ╩ ↓⇔

╢↓≤⅜ ╠╣≡™╢⁹↓─ ⅜ Ɽ♃כfi╩ ∆╢⅜⁸↓─ ⅜

─ ┼ ⇔ ╢─│⁸ ─ ─ ↕≢ ⇔√ ⌐ ╠╣╢

[8,9]⁹ ─ ⅜ 20kV─ ↓─ │ ↕ 50nm ≢№╢⁹≈╕╡⁸

⅛╠─ ─╖⅜ ≤⇔≡ ◌ⱷꜝ┼ ↕╣╢√╘⁸

EBSD ≢ ╠╣╢ │⁸ ─ ⅛ 50nm≤™℮ ─ ╩ ⇔≡

™╢⁹ 

↓─╟℮⌂ EBSD ≢ ╠╣╢ ╩ ™≡⁸ ─ ₁⌂ ╩

⌐ ≢№╢⅜⁸ ≢ ℮ ⌂ ⱴ♇Ⱨfi◓ ⌐≈™≡ Table. 

2.1⌐ ∆⁹ 

 

 

Fig.2.2  EBSD ⌐⅔↑╢

≤ ⁸ ◌ⱷꜝ─

─  

Fig.2.3 ⌐ ⇔√ ─

≤ ─ ─

[8] 

70°tilt

eī

SEM
Objective lens

20kV

~50nm

1~2ɛm
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2.3   

2.3.1  ⌐⅔↑╢ɖќɘ ─ ─ TEM  

⌐ ™√ ─ⱨ▼ꜝ▬♩ ⅜ ⅛╠ ╩ ↓⇔√ ─ ⌂™

ⱨ▼ꜝ▬♩ ≢№╢↓≤╩╕∏ ∆╢⁹  in situ EBSD ≤ ∂

Fe-0.1%C-1.0%Mn(mass%) ╩⁸ ⌐╟∫≡ɖќɘ ╟╡╛╛ ™ 710ϴ

┼ ⇔ ∟⌐ ╣⁸∕─ ╩ TEM≢ ⇔√⁹ ⌂ ╩ Fig.2.4

⌐ ∆⁹ 

 

(ⱴ♇ⱪ)─  ∆╢  

IQ(Image Quality) 

ⱴ♇ⱪ 

╩ ≢ ⇔√≤⅝─⁸EBSDⱤ♃כ

fi─◖fi♩ꜝ☻♩─ ↕╩ ⇔≡ⱴ♇Ⱨfi◓⇔√

≢№╢⁹ ≢ꜟכ◔☻כ꜠◓ ⅛╣╢↓≤⌐╟∫

≡⁸ ╩ ⇔√ ⅜ ╠╣╢⁹ 

Orientationⱴ♇ⱪ 

EBSDⱤ♃כfi─ ⅛╠ ╘√ ╩⁸

≢ ⇔≡ⱴ♇Ⱨfi◓⇔√ ≢№╢⁹ ╩ ∆

│⁸ ☻♥꜠○ ─ ⌐ ⇔≡ ↕╣⁸

x, y, z─ 3≈─ ╩ ≢⅝╢⁹ 

ODF(Orientation 

Distribution 

Function)ⱴ♇ⱪ 

Ᵽꜟ◒ ─ ⌐⅔↑╢ ─

╩ ∆ ─ ≈≢№╢⁹ ╩ ∆○

כꜝ▬ (ɫ 1,ɋ,ɫ 2)─ 3≈─ ≢ ↕╣╢ 3

≢ ╩ ⇔⁸∕─ ─ ╩

(ODF)≤⇔≡ ╘⁸ ─ ╩

∆╢╙─≢№╢⁹ │ X ⌐╟∫≡ ─

╩ ∆╢⅜⁸EBSD ≢╙ ⌂

⅜№╣┌ ≢№╢⁹ 

Table 2.1 EBSD ⌐⅔↑╢ ⌐ ≠ↄ ₁─  

( ─ ─ │⁸TSL ☼fiꜛ◦כꜙꜞ♁ OIM analysis ⌐

≠ↄ) 
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Fig.2.4(a)(b)⌐ ∆ │⁸ ╩ ╛∆√╘ ∂ ─ ≢ ⇔

√╙─≢№╢⁹ │ⱨ▼ꜝ▬♩ ≢№╡⁸∕─ ⌐│ ⅜

⌂ↄ⁸ ╩ 5ϴ/s≢ ∆╢ ⌐⅔™≡⁸710ϴ╕≢⌐ ⱨ▼ꜝ▬♩ ─

⅜ ⇔√↓≤╩ ─┼♩▬♫♥☻כ○⁸╠⅛≥↓─↓⁹╢™≡⇔ │

╩ ⇔√ⱨ▼ꜝ▬♩ ⅛╠ ↓╡⁸∕─ │ ─ ─ ╩ ↑

⌂™↓≤⅜ ↕╣√⁹╕√⁸ ⌐ ≢ ⇔√☿ⱷfi♃▬♩│ⱨ▼ꜝ▬♩─

3 ⌐│╒≤╪≥ ∑∏⁸ ⌐ⱨ▼ꜝ▬♩─ ⁸╕√│ ⌐ ↕

╣√⁹ 

ɖќɘ ⌐⅔™≡⁸☿ⱷfi♃▬♩⅜ ⇔ ⅜ ⇔≡ ⇔√ כ○⅜

☻♥♫▬♩─ ◘▬♩≤⌂╢ ⅜№╢⁹↓─ ≢⁸ ⅜ ⅝╢ ─☿ⱷ

fi♃▬♩─ ─♩▬♫♥☻כ○⁸│ ─ ╩ ⅝ↄ ∆╢≤ ⅎ╠╣╢⅜⁸

Fig.2.4≢ ⇔√╟℮⌐TEM ─ ≢│3 ┼─ ⌂☿ⱷfi♃▬♩─

│╖╠╣⌂⅛∫√⁹╟╡ ≢☿ⱷfi♃▬♩─ ╩ ═╢√╘⌐⁸ ꜠ⱪ

ꜞ◌ ⌐╟╡ ╩ ⇔⁸TEM⌐╟╡ ⇔√⁹∕─ ╩Fig. 2.5(a) (c)⌐

∆⁹ 

Fig.2.4  710ϴ⅛╠ ╣√ ─ TEM  

(a)≤(b)│ ∂ ─ ⌐⅔↑╢  

☿ⱷfi♃▬♩ ╩ ≢ ∆ 

q 
 

(a) 

q 

(b) 
q 
 

500nm 
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꜠ⱪꜞ◌ ⌐⅔™≡│⁸☿ⱷfi♃▬♩(ɝ ) │ ≢ ∆╟℮⌐

⅝ↄ ⅜ ⇔⌐ↄ™─≢⁸ ─ ≤⇔≡ ↕╣╢⁹╕√ ⌐⁸ⱨ▼

ꜝ▬♩─ ╙ ─◖fi♩ꜝ☻♩≢ ╣≡™╢⁹☿ⱷfi♃▬♩ │⁸ⱨ▼ꜝ▬

♩─ 3 ⌐│ ↕╣∏⁸∕─╒≤╪≥⅜ ⌐ ↄ ⇔≡™╢⁹∕╣╠─

™ↄ≈⅛│⁸ ─ ─ ≢ ∫√ ─╟℮⌐⁸ ╩⌂⇔≡™╢╙─⅜№

╢⁹☿ⱷfi♃▬♩ ─ │ ─ ⌐ ∫≡™╢⅜⁸↓─ │ ⅜

↕╣√≤⅝─ ≤ ⇔≡™╢⁹↓─╟℮⌂☿ⱷfi♃▬♩⅜ ╩⌂

∆─│⁸ ⌐ ⅜ ↕╣√ ⌐ⱨ▼ꜝ▬♩ ⅜ ⌐ ⇔⁸

∕─ ⌐ ⇔≡™√☿ⱷfi♃▬♩⅜⁸ⱨ▼ꜝ▬♩─ ⌐ ─

⌐ ⱨ▼ꜝ▬♩ ⌐ ╡ ↕╣√ ╩ ⇔≡™╢⁹ 

Fig.2.5  710ϴ⅛╠ ╣√ ─ ꜠ⱪꜞ◌ TEM  

(a) ─  (b)(c) ⌐╟╢  

(b) (c) 

q 

q 

2ɛm 

(a) 

5ɛm 

2ɛm 

q 
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2.3.2 ɖќɘ ─♩▬ꜝ▼ⱨ≥♩▬♫♥☻כ○╢↑⅔⌐  

Fe-0.1%C-1.0%Mn(mass%) ╩⁸ ╩☺כ♥☻ ™≡ ≢ⱨ▼ꜝ▬♩

─ 700ϴ⅛╠⁸ⱨ▼ꜝ▬♩≤○כ☻♥♫▬♩─ ─ 840ϴ╕≢─ ₁─

⌐ ⇔⁸ in situ EBSD ╩ ∫√⁹Fig.2.6 ⌐ ─ ─

╩ ∆⅜⁸ ⅛╠ ⌐ ⇔⁸ ≢ 10 ⇔≡ EBSD ╩ ∫√⁹ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

⅔╟∕ 600ϴ ─ ≢─ ≢│⁸ 2.3.5 ∆╢╟℮⌐ Mn ─

─ ⅜ ↕╣╢↓≤⅛╠⁸ ⌐⅔↑╢ EBSD ─ ╩ 10 ≤

⌂ↄ⇔√⁹↓─╟℮⌂ ─ ╩ ℮√╘⌐⁸1 ─ EBSD │ 20ɡm2

⌐ ╠╣ ⌂ ╩ 1 ≢│ ≢⅝⌂™⁹∕─√╘⁸ 6 ─ in situ 

EBSD ╩ ™⁸ ─ɖ≤ɘ─ ╩ ⇔⁸ ≢ 154 ♥☻כ○─

♫▬♩ ⌐ ∆╢ ╩♃כ♦ √⁹ 

in situ EBSD ⌐⅔™≡⁸ ⅜ 700ϴ≤ 730ϴ─≤⅝─ ╩ Fig.2.7

⌐ ∆⁹ │⁸EBSD─ Ɽ♃כfi─ ╩ ∆ IQ  ▼ⱨ≢ꜟכ◔☻כ꜠◓─

 

Fig.2.6  Fe-0.1%C-1.0%Mn(mass%) ─

EBSD ─  

0
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ꜝ▬♩ ─ ╩ ⇔√╙─≢№╡⁸ɖќɘ ≢ ─♩▬♫♥☻כ○√⇔

│ Fig.2.7(b)⌐ ∆╟℮⌐ ≢ ⇔≡™╢⁹ 

Fig. 2.7(a)⌐ ⇔√ 700ϴ≢│╕∞○כ☻♥♫▬♩│ ∑∏⁸ⱨ▼ꜝ▬♩

≢№╢⁹ⱨ▼ꜝ▬♩ ⅜ ─ ⅛╠ ⇔√ ⅛≥℮⅛╩⁸↓─

≢╙ ┘ ∆╢√╘ KAM Kernel Average Misorientation ≢ⱨ▼ꜝ▬♩

─ ╩ ⇔√⁹KAM ≤│ Fig.2.8⌐ ∆╟℮⌐ ─ ⇔√ (

A)≤ ℮ 6≈─ ─ ╩ ⇔≡ ⇔⁸∕─ ╩ ─Ⱨ◒

☿ꜟ─ ≤∆╢╙─≢№╢⁹↓─ │ ─ GN (Geometrical necessity)╩

⇔√ ─ ⅝↕╩ ∆ 1 ≈─ ≤ ↕╣╢↓≤╙№╢⅜⁸GN

│ ⌂ ≢№╢↓≤⌐ ⇔⌂↑╣┌⌂╠⌂™[10]⁹ 

 

 

 

 

 

 

Fig.2.7 in situ EBSD ⌐╟╢ɖќɘ ─

(a)700ϴ⁸(b)730ϴ 

(a) (b) 

20mm 20mm 
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Fig.2.7(a)─ ─ KAM ≢─ ≢№╢⅜⁸0.2ɡ ─Ⱨ◒☿ꜟ ─

⌂ │ 1.0° ≢№╡⁸ⱨ▼ꜝ▬♩ ─ ( ─ )│ ⅝ↄ

⌂™≤ ⇔√⁹↓╣│ 2.3.1 ─ TEM─ ≢ 710ϴ⌐⅔↑╢ⱨ▼ꜝ▬♩ │

╩ ⇔≡™╢↓≤ ⇔√↓≤≤ ∆╢⁹⌂⅔  in situ EBSD ─

╩ ™≡⁸700ϴ⌐⅔↑╢ ⱨ▼ꜝ▬♩ ─ ╩ ═╢≤ 15°

─ ≤⌂∫≡™≡⁸ │ 20ɡ ≢ ⌂ⱨ▼ꜝ▬♩ ≢№∫√⁹ 

730ϴ≢ ↕╣√ ─ ╩ Fig.2.7(b)⌐ ∆⁹730ϴ≢│⁸ⱨ▼ꜝ▬♩─ 3

╛ ♩▬♫♥☻כ○⌐ ⅜ ↕╣⁸73%─ 112 ♩▬♫♥☻כ○─ │ⱨ

▼ꜝ▬♩─ 3 ⌐ ↕╣√⁹ ╡─ 42 ( ─ ♩▬♫♥☻כ○─(27%

│ 2 ≈─ⱨ▼ꜝ▬♩ ⅜ ∆╢ ⌐ ↕╣⁸ⱨ▼ꜝ▬♩ ♫♥☻כ○⌐

▬♩ │ ↕╣⌂⅛∫√⁹ 

⌐⁸730ϴ⌐⅔™≡ EBSD ≥♩▬♫♥☻כ○√⇔ ∆╢ ⱨ▼ꜝ▬♩≤

─ ╩ ⇔√⁹Fig.2.9(a)⌐⁸ⱨ▼ꜝ▬♩─ IQⱴ♇ⱪ ⌐ ⇔√○

♩▬♫♥☻כ ╩ A K≢ ⇔⁸Fig.2.9(b)⌐ BCC⅔╟┘ FCC─∕╣∙╣─

ⱴ♇ⱪ╩ ⇔√⁹ ⱴ♇ⱪ│⁸ ─ ☻♥꜠○ ⌐ ∆ ≢

─ ─ ╩ ⇔√╙─≢№╢⁹ 

 

 

 

Ўg =
1
6

(Ўg + Ўg + Ўg + Ўg + Ўg + Ўg ) 

Ўg A i (i=1…6)

 

Fig.2.8 KAM ─ ╩ ∆  

A

1

2

34

5

6
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≢│⁸ⱨ▼ꜝ▬♩≤○כ☻♥♫▬♩─ ╩ ∆╢⌐№√∫≡⁸

K-S ╩ ⌐≤╡⁸∕↓⅛╠─ ≢ ╩ ∆╢ ╩ ™╢⁹∆⌂

♩▬♫♥☻כ○⁸∟╦ ≤ⱨ▼ꜝ▬♩ ─ ⅜⁸ ⌂ K-S ⅛╠

∏╣≡™╢⅛╩ ∆ DqKS
╩ ∆╢⁹ ⌂ │ ─ ( )≤

( )╩ ™╢⁹ 

Ἆ = Ἧ (ἠ ἤἳ Ἧ )                                       

Ўʃ = acos ((D[1,1] + D[2,2] + D[3,3] 1)/2)                 

─ ─ἠ ἤἳ Ἧ ♩▬♫♥☻כ○│  ─ ╩ ⌂ K-S ⌐

≠™≡ⱨ▼ꜝ▬♩ ⌐ ⇔√ ╩ ⇔⁸Ἧ │ ─ ⱨ▼ꜝ▬♩ ─

╩ ⇔≡™╢⁹∕╣╝ⅎ 2≈─ Ἧ ≤(ἠ ἤἳ Ἧ ) ─ ≢№╢ D│⁸

─♩▬♫♥☻כ○ ⅛╠ ⌐ K-S ╩ √∆╟℮⌐ ⇔√ⱨ▼ꜝ▬♩

≤⁸ ─ ⱨ▼ꜝ▬♩ ─ ─∏╣╩ ∆ ≢№╢⁹↓─ D

─ ─ ⅝↕╩ K-S ⅛╠─ DqKS
≤ ⇔⁸ ╩ ™≡

╘╢⁹⌂⅔ │⁸ ∆╢ ─ Rodrigues ─ ⌐⅔

↑╢ ─ ╩≤╢≤⁸(1+2cosɗ)≤⌂╢↓≤╩ ⇔≡DqKS
=acos(cosɗ)≤⌂

╡⁸ ─ ╩ ∆↓≤⅜╦⅛╢⁹⌂⅔⁸↓─ ⌐⅔™≡

─ K-S ╩ ∆ ἤ │ k=1…24─ 24 ╡─ ⅜№╢⅜⁸ ⱨ▼ꜝ▬♩≤

Fig.2.9 730ϴ⌐⅔↑╢ in situ EBSD ⌐╟╢ ─ⱴ♇Ⱨfi◓─  

(a)IQ ⱴ♇ⱪ+ɘ ( )⁸(b) ⱴ♇ⱪ  

((b)─ ╩ ∆ │ ─ ☻♥꜠○ ≤ ∆╢) 

(b) (a) 

10mm 10mm 

G H 

K 

J 
I 

D 

C 
B A 

E 

F 
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─ ⅜ ╙ ↕ↄ⌂╢ ╩ ┬⁹ 

─Ἧ ≤Ἧ │ⱨ▼ꜝ▬♩≤○כ☻♥♫▬♩─ ╩ ∆ 3×3─

≢№╡⁸╟╡ ⌂ │ EBSD ◦☻♥ⱶ⅜ ⇔√ ╩∕╣∙

╣ ─ ⌐ ↕∑╢ ≢№╢⁹Ἧ ≤Ἧ │⁸ ↕╣√ ─○

כꜝ▬ (ɫ 1,ɋ,ɫ 2 )╩ ─ ⌐ ∆╢↓≤≢ ╕╢⁹ 

Ἧ =
cosʒ sinʒ 0

sinʒ cosʒ 0
0 0 1

1 0 0
0 cosɮ sinɮ
0 sinɮ cosɮ

cosʒ sinʒ 0
sinʒ cosʒ 0

0 0 1
    

=
cosʒ cosʒ sinʒ sinʒ cosɮ sinʒ cosʒ + cosʒ sinʒ cosɮ sinʒ sinɮ

cosʒ sinʒ sinʒ cosʒ cosɮ sinʒ sinʒ + cosʒ cosʒ cosɮ cosʒ sinɮ
sinʒ sinɮ cosʒ sinɮ cosɮ

 

  

─ ─ │⁸z (ɫ 1 )ќx (ɋ )ќz (ɫ 2 )

─ ⌐ ╩ ∫≡™╢⅜⁸↓╣│ ≢ ™√ EBSD ◦☻♥ⱶ⅜

כꜝ▬○─ ╩ Bunge ─ [11]⌐ ∫≡ ⇔≡™╢√╘≢№╢⁹╕√⁸Ἧ│

╩ ↕∑╢ ≢№╡⁸ ─ ≤ ─ ≢ ⇔≡™╢⁹ἠ  

(l=1…24)│ⱨ▼ꜝ▬♩⅔╟┘○כ☻♥♫▬♩─ ─ ╩ ∆╢√╘

─ ≢№╡⁸ ─ ╩ ⇔≡ (x ⁸y ⁸z )─ ╡

─ 90°─ ─ ╖ ╦∑≢ ↕╣╢⁹ἤ (k=1…24)│ K-S ⌐╟╢ɘ

⅛╠ɖ ┼─ ♩▬♫♥☻כ○⁸╡№≢ ⌐⅔↑╢

<211>g ╡─ 90° ≤⇔≡ ∆↓≤⅜≢⅝╢[12]⁹⇔√⅜∫≡⁸ἤ ─

│ Rodrigues─ [13] ∫≡ ≢ ↕╣╢⁹ 

ἤ =
N (1 cos‍) + cos‍ N N (1 cos‍) N sin‍ N N (1 cos‍) + N sin‍  

N N (1 cos‍) + N sin‍ N (1 cos‍) + cos‍ N N (1 cos‍) N sin‍
N N (1 cos‍) N sin‍ N N (1 cos‍) + N sin‍ N (1 cos‍) + cos‍
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Variant Parallel crystal planes Parallel crystal directions Rotation axis 

1 (111)  // (110)  [110]  // [111]  [112]  
2 (111)  // (110)  [110]  // [111]  [112]  
3 (111)  // (110)  [110]  // [111]  [112]  
4 (111)  // (110)  [110]  // [111]  [112]  
5 (111)  // (101)  [101]  // [111]  [121]  
6 (111)  // (101)  [101]  // [111]  [121]  
7 (111)  // (101)  [101]  // [111]  [121]  
8 (111)  // (101)  [101]  // [111]  [121]  
9 (111)  // (011)  [011]  // [111]  [211]  

10 (111)  // (011)  [011]  // [111]  [211]  
11 (111)  // (011)  [011]  // [111]  [211]  
12 (111)  // (011)  [011]  // [111]  [211]  
13 (111)  // (110)  [110]  // [111]  [112]  
14 (111)  // (110)  [110]  // [111]  [112]  
15 (111)  // (110)  [110]  // [111]  [112]  
16 (111)  // (110)  [110]  // [111]  [112]  
17 (111)  // (101)  [101]  // [111]  [121]  
18 (111)  // (101)  [101]  // [111]  [121]  
19 (111)  // (101)  [101]  // [111]  [121]  
20 (111)  // (101)  [101]  // [111]  [121]  
21 (111)  // (011)  [011]  // [111]  [211]  
22 (111)  // (011)  [011]  // [111]  [211]  
23 (111)  // (011)  [011]  // [111]  [211]  
24 (111)  // (011)  [011]  // [111]  [211]  

Table 2.2  K-S ─Ᵽꜞ▪fi♩─ ≤ ─ ▬♫♥☻כ○⁸≥

♩ ⅛╠Ᵽꜞ▪fi♩ ┼ ∆╢<211>ɘ ⌐⅔↑

╢  
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↓↓≢⁸ɗ│ ╩ ⇔≡⅔╡<211>g ╡─ɗ=90°╩ ∆╢⁹N ⁸N ⁸N │

─ ─ ╩ ╘╢ⱬ◒♩ꜟ─ 3≈─ ≢№╡⁸N + N + N = 1╩ √⇔

⌂⅜╠<211>g─ⱬ◒♩ꜟ ╩N ⁸N ⁸N ⌐ ∆╢⁹N ⁸N ⁸N ⅜≥─╟℮⌂

╩ ╢⅛⌐╟∫≡⁸K-S ─ 24 ╡─Ᵽꜞ▪fi♩╩ ∆↓≤⅜≢⅝⁸ ≢│

─♩▬♫♥☻כ○ ╩Ᵽꜞ▪fi♩─ ⌐ ∆╢ 24 ╡─<211>g

╩ Table 2.2 ⌐╟℮⌐ ⇔√⁹╕√ ⌐│⁸∕╣∙╣─Ᵽꜞ▪fi♩≤○כ☻♥

♫▬♩─ ⅔╟┘ ─ ╩ ⇔√⁹⌂⅔⁸↓─ ⇔√Ᵽꜞ▪

fi♩ │ 1 ─ Fig.1.6⌐ ⇔√Ᵽꜞ▪fi♩ ≤│ ⅜ ⌂╢⁹ 

Table 2.2─ Ᵽꜞ▪fi♩⌐ ∆╢<211>g ─ⱬ◒♩ꜟ ╩⁸

─N ⁸N ⁸N ⌐ ∆╢↓≤≢ ╩ ∆ ⅜ ╠╣╢⁹ ≤⇔≡

V1─ │N ⁸N ⁸N ⌐ ─ ⅜ ↕╣╢⁹ⱬ◒♩ꜟ─ ↕│ 1⌐ ⇔√⁹ 

N
N
N

=

ở

Ở
ờ

1
Ѝ6

1
Ѝ6

2
Ѝ6Ợ

ỡ
Ỡ
                     

Fig.2.9─○כ☻♥♫▬♩≤ ⱨ▼ꜝ▬♩─ ╩⁸K-S ⅛╠─

DqKS≤⇔≡ ⇔√ ╩ Table 2.3⌐╕≤╘√⁹○כ☻♥♫▬♩│ ─ⱨ▼

ꜝ▬♩ ≤ ⇔≡™╢⅜⁸DqKS
⅜ ↕™ (ɖ 1⁸ɖ 2⁸ɖ 3…)⌐ ═ ⅎ

≡ ⇔√⁹ 

♩▬♫♥☻כ○─╣∙╣⧵ ⌐⅔™≡⁸ ⅜ ╙ ↕™ɖ 1 ⌐⅔↑╢ K-S

⅛╠─ DqKS
⌐ ∆╢≤⁸╒≤╪≥⅜ K-S ⅛╠ 5° ─ ╩

√⇔≡™╢⁹≈╕╡ Table 2.3 ─ 11 ♩▬♫♥☻כ○─ ─℮∟⁸9 ⅜↓─╟

℮⌂ K-S ≤╒╓ ∆╢ ╩ ⱨ▼ꜝ▬♩ ≤─ ≢ √⇔≡™

╢⁹ 

↕╠⌐⁸ɖ 2⁸ɖ 3≤─ ⌐ ∆╢⁹Table 2.3⌐⅔™≡⁸ 2─ⱨ▼

ꜝ▬♩ ≤─ DqKS
│ ↕™╙─⅜ ↄ ╠╣╢⁹ ⌐DqKS

 ֔10°

⌐ ∆╢≤⁸B,D,E,F,G,H,J─○כ☻♥♫▬♩ ⅜↓─╟℮⌂ ╩ √⇔≡

™╢⁹↓─↓≤│⁸ɖ 2│ ⌂ K-S ≢│⌂™╙──⁸ DqKS
 ⅜ 10°

─ K-S ⌐ ™ ╩ √⇔≡™╢↓≤╩ ⇔≡™╢⁹╕√ɖ 3 ≤─

⌐⅔™≡╙⁸B,D,G,J─○כ☻♥♫▬♩ ⌐⅔™≡ K-S ⅛╠ 10° ─

╩ √⇔≡™╢⁹ 
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─ ⅛╠⁸ɖќɘ ≢ ⁸│♩▬♫♥☻כ○╢∆ ⱨ▼ꜝ▬♩ ─ 1

≈≤╒╓ ⌐ K-S ╩ √∆∞↑≢⌂ↄ⁸∕─ ─ 1 ≈╕√│ 2 ≈ⱨ▼ꜝ▬♩

≤╙ K-S ⌐ ™ ╩ ⇔≡™╢↓≤⅜╦⅛∫√⁹ 

≢ ⇔√ 154 ♩▬♫♥☻כ○─ ⌐≈™≡⁸ ⌐⇔≡ ⱨ▼ꜝ▬

♩ ≤─ ╩ K-S ⅛╠─ ≢ ⇔√⁹K-S ⅛╠ 10° ─

╩ ∫√ ⌐ ⇔⁸∕╣╠─ ╩ ═√ ╩ Table 2.4 ⌐

∆⁹K-S ⅛╠ 10° ─ ╩√∞ 1≈─ ⱨ▼ꜝ▬♩ ≤ √⇔⁸

─ⱨ▼ꜝ▬♩ ≤│ K-S ⅛╠ 10° ─ ╩ ♩▬♫♥☻כ○⌂℮╟≈

│⁸ (154 )─℮∟ 32%(49 )≢№╢⁹2≈ ─ ⱨ▼ꜝ▬♩ ≤ ⌐↓

─╟℮⌂ ╩ │♩▬♫♥☻כ○∆√ 53%(82 )≢№╢⁹K-S ⅛╠ 10°

─ ⌐№╢ ⌐ ∆╢≤⁸↓─╟℮⌂ ╩ 2 ≈ ─

ⱨ▼ꜝ▬♩ ≤ ♩▬♫♥☻כ○∆√ ⅜ ™ ≢ ∆╢⁹ 

 

 

Table 2.3 ○כ☻♥♫▬♩ Fig.2.9 A K ≤ ⱨ▼ꜝ▬

♩≤─ K-S ⅛╠─ DqKS 

1 2 3 4

A 0° 12° 25° -

B 1° 8° 9° -

C 11° 14° 20° 21°

D 1° 5° 6° -

E 5° 5° 13° -

F 2° 6° - -

G 1° 2° 10° 25°

H 3° 6° 19° 24°

I 10° 14° 15° -

J 1° 4° 5° -

K 5° 11° 30° -
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─ ≢│⁸ ╩ K-S ╩ ⌐⇔≡ ⇔√⅜⁸ ─

⅜ K-S ╩ ╙ ™ ≢ √⇔≡™╢⅛≥℮⅛╩ ∆╢ ⅜№╢⁹

in situ EBSD ≢ ⇔√ 154 ♩▬♫♥☻כ○─ │∕╣∙╣ ─ⱨ▼

ꜝ▬♩ ≤ ⇔≡™╢─≢⁸ ≢ 476 ─ ⅜№╢⁹↓╣╠─

⌐≈™≡ K-S ⅛╠─ DqKS
─ ╩ⱥ☻♩◓ꜝⱶ ⌐ ⇔√⁹∕─√

╩ Fig. 2.10⌐ ∆⁹↓─◓ꜝⱨ─ ⌐⅔™≡⁸DqKS
=0°─ │ ⌂

K-S ╩ ⇔≡⅔╡⁸DqKS
⅜ 0╟╡ ⅝ↄ⌂╢⌐ ∫≡∕─ ⅜ K-S ⅛

╠ ╣≡™ↄ↓≤╩ ⇔≡™╢⁹ 

↕╣√ DqKS
─ │⁸DqKS

=0°(K-S )≢ ╙ ↄ⁸DqKS
⅜ ∆╢

≤DqKS
7°╕≢ ₁⌐∕─╟℮⌂ ─ ⅜ ∆╢⁹DqKS

⅜ 7°⅛╠ 29°╕≢

│⁸ ─ │DqKS
=17°╩ ™≡╒╓ ≢№╢⁹╕√DqKS

=30° ─

│╒≤╪≥ ⇔⌂™⁹↓╣│⁸ ─ K-S Ᵽꜞ▪fi♩─ ─╒℮⅜ ↕™

╩ ≈√╘⁸DqKS
=30° ─ ⅜ ∂╢ ⅜ ↕™√╘≢№╢⁹ 

─ ⅛╠⁸ɖќɘ ≢ ─♩▬ꜝ▼ⱨ≥♩▬♫♥☻כ○╢∆

│⁸K-S (DqKS
֔2°)⅜ ╙ ™ ≢ ┌╣≡™╢↓≤⅜ ∫√⁹↕╠⌐⁸

K-S ⅛╠─ ⅜ ⅝ↄ⌂╢⌐≈╣≡⁸DqKS
8°╕≢│ ─

⅜ ↕ↄ⌂╢ ⅜№∫√⅜⁸∕─ │DqKS
8°─ ─ ╟╡

╙ ™⁹↓─↓≤│⁸ ⌂ K-S ∞↑⅜ ⌐ ↕╣≡™╢╦↑≢│⌂ↄ⁸

K-S ⌐ ™ ╙ ⌐ ┌╣≡™╢↓≤╩ ⇔≡™╢⁹ 

Type of the orientation relationships 
 between austenite grain and adjacent ferrite grains 

Number of 
austenite grains 

Frequency  

One orientation relationship close to  
the K-S relationship 

49 / 154 32% 

Two orientation relationships close or near to  
the K-S relationship ( DqKS

֔10°) 
82 / 154 53% 

No orientation relationship (DqKS
֔10°) found  23 / 154 15% 

Table 2.4 in situ EBSD ≥♩▬♫♥☻כ○╢↑⅔⌐ ⱨ▼ꜝ▬♩

≤─ ─ DqKS
֔10°╩ √∆ ⌐  
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Fig.2.7⌐ ⇔≡ ═√╟℮⌐⁸ɖќɘ ─♩▬ꜝ▼ⱨ│♩▬♫♥☻כ○─

3 ≢ ∆╢↓≤⅜ ↄ⁸╕√ │ 2 ≈─ⱨ▼ꜝ▬♩⅜ ∆╢ ≢

─♩▬♫♥☻כ○⁹╢∆ ◘▬♩⌐╟∫≡⁸ ∆╢ⱨ▼ꜝ▬♩ ─ │ ∆

╢↓≤⅛╠⁸ ─ ╙ ╩ ↑╢─│ ⅎ╠╣╢⁹↓─ ⌐≈

™≡│⁸ 3 ⌂ ╩ ≡ ─ ⱨ▼ꜝ▬♩ ╩ ╘√

─ ╩ ∆╢ ⅜№╢⁹↓─ │ 3 ≢ ⇔ↄ ∆╢⅜⁸ ─

in situ EBSD ─ 2 ─ ─♩▬♫♥☻כ○⁸≢♃כ♦ ◘▬♩⌐╟∫

≡ ─ ╩ ∆╢⁹ ─ 154 ♩▬♫♥☻כ○─ ╩⁸ 3

≢ ↕╣√╙─≤ 2 ≈─ⱨ▼ꜝ▬♩ ⅜ ∆╢ ≢ ↕╣√╙─⌐

⇔⁸∕╣∙╣⌐⅔™≡ K-S ≤∕╣⌐ ™ ╩ √∆ ╩ ⇔√⁹∕

─ ╩ Table 2.5⌐ ∆⁹ 

3 ≢ ♩▬♫♥☻כ○√╣↕ ─ │ 113 ≢№╢⁹∕─℮∟─ 69

─ 78 ⅜⁸ (2 ≈ )─ ⱨ▼ꜝ▬♩ ≤ K-S ╕√│ K-S ⌐ ™

(DqKS
֔10°)╩ ⌐ √⇔√⁹ ⁸ ≈─ⱨ▼ꜝ▬♩≤ ⇔≡ ≢ ↕

Fig.2.10 ⱨ▼ꜝ▬♩≤○כ☻♥♫▬♩─ ╩ K-S

⅛╠─ DqKS ≤⇔≡ ⇔√  
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♩▬♫♥☻כ○√╣ ─ │ 41 ≢№╢⁹ ─ ⱨ▼ꜝ▬♩ ≤ K-S ╕√

│ K-S ⌐ ™ ╩ ♩▬♫♥☻כ○√⇔√ │ 10 (24%)≢№∫√⁹↓─╟

℮⌐ 3 ⌐⅔™≡ ♩▬♫♥☻כ○√╣↕ │⁸ ─ ⱨ▼ꜝ▬♩ ≤ K-S

╕√│ K-S⌐ ™ ╩ ⌐ √∆ ⅜ ™⁹ 

 

 

 

 

 

2.3.3 ɖќɘ ♩▬♫♥☻כ○╢↑⅔⌐ ─ ─  

♩▬♫♥☻כ○ ─ ╩ ≢ ∆╢√╘⁸Fe-0.2mass%C ─ ╩

™≡ 730≢☺כ♥☻ 840ϴ┼ ⌐ ⇔⁸ ╩EBSD ⇔√⁹

≢Fe-0.2mass%C ╩ ™╢─│⁸Mn╩ ⇔⌂™ ⌐∆╢↓≤≢ in situ 

EBSD ─ ╩ ∆╢√╘≢№╢⁹ in situ EBSD ⌐⅔↑╢Mn

─ ⌐≈™≡│ ─2.3.5 ≢ ═╢⁹ ≢ ⇔√ ╩Fig.2.11⌐

∆⁹ │⁸ⱨ▼ꜝ▬♩─IQⱴ♇ⱪ ♩▬♫♥☻כ○⌐ ╩ ≢ ⇔√╙─≢

№╢⁹730ϴ⌐⅔™≡⁸ ⇔√ⱨ▼ꜝ▬♩ ─ 3 ♩▬♫♥☻כ○╠⅛

⅜ ⇔⁸↕╠⌐ ♩▬♫♥☻כ○≢≥↓╢∆ ⅜ ⇔≡™ↄ ╩ ≢⅝⁸

⇔≡™⌂™⅜840ϴ≢○כ☻♥♫▬♩ │100%⌐ ⇔ɖќɘ ⅜ ⇔√⁹ 

⌐ ∆╢EBSD ─♩▬♫♥☻כ○─ ─ ╩Fig.2.12⌐ ∆⁹

⌐│⁸Thermo-Calc≢ ╙∫√ ─♩▬♫♥☻כ○╢↑⅔⌐ ╩ ∑

≡ ∆⁹↓─ ≤ │ ─ ≤ ⇔≡™╢⁹

│ ─ ⌐╟∫≡ ╕╢↓≤╩ ∆╢≤⁸ ≤ ╙╡─ ≢ ⅜

╠╣√↓≤│⁸ ⌐ ≢│ ⌂ ⅜ ↓╠⌂⅛∫√↓≤╩ ⇔

 
Austenite formation site 

On boundary face On triple junction 

The number of austenite grains formed 41 113 

Percentage of the austenite grains with plural 
orientation relationship DqKS ֔  10°) 

(number of austenite grains / number in total) 
24% (10 / 41) 69% (78 / 113) 

Table 2.5 ○כ☻♥♫▬♩ ─ ◘▬♩⌐╟∫≡ ⇔√ K-S ─  



45 

 

≡™╢⁹ ⁸ɖќɘ ─ ⌐⅔™≡│⁸ ♩▬♫♥☻כ○√⇔

⅜⁸ ⅛╠ ╙╠╣√ ╟╡╙ ↕™⁹↓─ │⁸800ϴ ─

─ ≢ ≢№╢⁹ ♩▬♫♥☻כ○─ ≤⁸ ─ ⌐ ⅜ ∂

√ ≤⇔≡⁸↓─ │ ≢№╡ ⅜ ⌐ ™↓≤⅛╠⁸

♩▬♫♥☻כ○─ │╕∞ ⌐ ⇔≡™⌂⅛∫√↓≤⅜ ⅎ╠╣╢⁹ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fig.2.11 in situ EBSD ⌐╟╢ Fe-0.2mass%C ─ɖќɘ ─  

≢ ╩♩▬♫♥☻כ○√⇔ ≢ ∆  

(a) 730°C (c) 790°C (d) 810°C (b) 755°C 
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By equilibrium calc. (Thermo-Calc)

Fig.2.12  Fe-0.2mass%C ─ in situ EBSD ⌐⅔↑╢

⌐ ♩▬♫♥☻כ○℮ ─   

( │ Thermo-Calc ╩ ™√ ⌐╟╢) 
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Fig.2.11─730ϴ⅛╠790ϴ┼─ ⌐ ℮ɖ/ɘ ─ ⌐ ∆╢≤⁸

─ ─ ⅜ ⅝ↄ⁸╕√ ─ ─ │ ⇔ↄ ↕™╙─⅜№

╢⁹Fig.2.13(a)≤(b)⌐730ϴ≤790ϴ⌐⅔↑╢EBSD ─ ⱴ♇ⱪ╩ ⇔≡

∆⅜⁸Fig.2.13(b)⌐ ≢ ⇔√ │730ϴ─ ⅛╠ ⇔√≤⅜╦⅛╢

⅜⁸×≢ ⇔√ │730ϴ≤790ϴ─ ≢╒≤╪≥ ⇔≡™⌂™⁹↓─↓≤│⁸

⌐ ♩▬♫♥☻כ○℮ ─ │ ⌐ ↓╢─≢│⌂ↄ⁸ ─ ⅜

⌐ ∆╢↓≤╩ ⇔≡™╢⁹Fig.2.13(a)⌐ ≢ ⇔√ │⁸

≤ ╩ ™≡ ⇔√⁸∕╣∙╣─ ⌐⅔↑╢K-S ⅛╠─ DqKS

╩≢№╢⁹K-S ⅛╠─ ⅜9°╟╡ ↕™ ⌐ ⇔⁸∕─ ─ ╩

≢ ╖ ⇔≡ ⇔√⁹730ϴ⅛╠790ϴ⌐ ⇔√ ⁸↓╣╠─K-S ⌐ ™

╩ √∆ │╒≤╪≥ ⇔≡™⌂™⁹ 

 

 

 

 

 

 

 

 

 

 

 

 

 

╟╡ ⌐ ∆╢√╘⁸ ─ ╩ ─╟℮⌐ ⇔√⁹730ϴ⅛╠

790ϴ┼ ⇔√≤⅝─ ɖ/ɘ ─ ╩⁸Fig.2.14⌐ ∆╟℮⌐

─ ≤⇔≡ ╘√⁹ ⌐│⁸Fig.2.14(b)⌐ ∆╟℮⌐730ϴ≤790ϴ─∕╣∙╣

─ ─ ╩ ┬ ─ ↕╩ɖ/ɘ ─  d≤⇔≡ ⇔√⁹

in situ EBSD ≢ ⇔√74 ─ɖ/ɘ ⌐≈™≡⁸ ≤K-S ⅛╠

─ DqKS
─ ╩Fig.2.15⌐ ∆⁹ 

Fig.2.13 Fe-0.2mass%C ─ in situ EBSD ⌐╟╢  

 (a) 730ϴ (b) 790ϴ ⌐⅔™≡ ⇔√ⱨ▼ꜝ▬♩─

IQ ⱴ♇ⱪ≤○כ☻♥♫▬♩ ( ) 

(a) (b) 
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Fig.2.14 ɖ/ɘ ─ ─  (a) ⌐ ℮  

─ ⁸(b) ─  

d 
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Misorientation from the K-S relationship at 
the corresponding a/g interface, DqKS (deg.)

Fig.2.15 K-S ⅛╠─ DqKS ≤ 730ϴ⅛╠ 790ϴ─ 

ɖ/ɘ ─ ─   
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ɖ/ɘ ─  d│⁸ ⌐╟∫≡1ɡm ⅛╠8ɡm╕≢ ⇔ ⅝ↄ ⌂

∫≡™╢↓≤⅜╦⅛╢⁹↓─↓≤│ ⇔≡ ∆╢ ⅜№╡⁸╕√╒≤╪≥

⇔⌂™ ╙№╢↓≤╩ ⇔≡™╢⁹Fig.2.15≢ ⌂ │⁸ⱨ▼ꜝ▬♩≤○

─♩▬♫♥☻כ ⅜K-S ⌐ ™ (K-S ⅛╠⅔╟∕9° ─

)│⁸∆═≡ ⅜1ɡm ≤™℮ ≢№╢⁹↓─╟℮⌐K-S ⅛╠

─ ╕≢─ │⁸ ⅜ ⌐ ↕╣≡™╢⁹ ⁸ⱨ▼ꜝ▬♩≤○כ☻

♥♫▬♩─ ⅜K-S ⅛╠ DqKS
⅜9° ─ ⌐│⁸ ⅜ ⅝

™╙─≤ ↕™╙─⅜№╢⁹√∞⇔⁸↓─ ─ ⌐≈™≡ ⇔≡⅔⅝√™

↓≤│⁸ │2 ≢ ∫≡™╢≤™℮↓≤≢№╡⁸ ─ ─

│╙∟╤╪ ≢⅝⌂™ ≢№╢⁹∕─√╘⁸ ™≡™⌂™ ≢╙ ≢

│ ™≡™╢ ⅜№╢⁹√∞⇔∕─ ╩ ⇔≡╙⁸ ⇔√N ─ ⅝↕

⅛╠K-S ⌐ ™ ─ │ ⅜ ↕╣≡™╢≤ ≢⅝╢⁹↓─ │

⅜ ─ ╩ ↑╢↓≤╩ ⇔≡™╢⁹ 

 

2.3.4 ≤Ᵽꜟ◒ ≢─ ─ ─  

2.2.3 ≢ ═√╟℮⌐⁸EBSD ⌐⅔™≡│ SEM ⅛╠ ↕╣╢ ⅜

⌐ ⇔√ ⁸∕─ ⅛╠ 50nm ─ ≢ ⇔√ ╩ ∆╢⁹∆⌂╦

∟⁸ in situ EBSD ≢ ╠╣√ │ ─ ─ ⌐ ╠╣╢⁹∕─

√╘ɖќɘ ⌐╟∫≡ ─ ⌐ ─♩▬♫♥☻כ○√╣ ⅜Ᵽꜟ◒

≢ ∂╢ ≤ ∂⅛≥℮⅛╩ ∆╢↓≤⅜ ≢№╢⁹↓─ ⌐ ⇔≡⁸

─ ⌐⅔™≡ɖќɘ ⌐╟∫≡Ᵽꜟ◒ ≢ ─♩▬♫♥☻כ○╢∆

⅜ ↕╣≡™╢─≢⁸∕─ ≤ ─ EBSD ♩▬♫♥☻כ○─

─ ╩ ∆╢↓≤≢ ∆╢⁹ 

─ ⌐ ∆╢ ⌐⅔™≡⁸ ─ ─ɖќɘ ≢ ∆╢

─♩▬♫♥☻כ○ ⅜⁸X ╛ ⌐╟∫≡∕─ ↕╣⁸ ⌂

⅜ ↕╣≡™╢[14-17]⁹ ─♩▬♫♥☻כ○─ ⌂ ╩Ⱶ

כꜝ ≢ ∆≤⁸Copper ≤ ┌╣╢{112}<111>⁸⅔╟┘ Brass ≤

┌╣╢{011}<211>⌐ ™ ⅜ ╣╢↓≤⅜ ↕╣≡™╢⁹↓↓≢Ⱶꜝכ

{hkl}<uvw>≢ ⇔√ │⁸ ─ ≤ {hkl}⅜ ⁸⅛≈

≤ <uvw>⅜ ⌂ ╩ ∆⁹ 
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─ in situ EBSD ≢ ⇔√ 154 ♩▬♫♥☻כ○─ ╩⁸EBSD♦כ

♃─ ♁ⱨ♩ OIM analysis(TSL♁ꜞꜙכ◦ꜛfi☼ Japan)╩ ™≡ 1≈─ כ♦

♃⌐ ⇔√ ⁸Discrete binning [18]⌐╟╡ Table2.1≢ ⇔√

(ODF)╩ ⇔√⁹Fig.2.16⌐○כ☻♥♫▬♩ ─ ODF─ɫ 2= 0° ⁸⅔╟┘

ɫ 2 = 45° ╩ ∆⁹ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

─♩▬♫♥☻כ○ │⁸ɫ 2= 0° ─(011)[21
_
1]⁸⅔╟┘ɫ 2 = 45°

─(110)[11
_
2]≤(112)[1

_
1
_
1]⌐ ↄ ⇔≡™╢⁹↓╣╠─ │⁸

⌐╟∫≡ ↕╣√Ᵽꜟ◒ ─ ─♩▬♫♥☻כ○⌂ ─

( ─ Copper ≤ Brass )≤ ⇔≡™╢[14-17]⁹↓─↓≤⅛╠⁸

─ in situ EBSD ⌐⅔™≡ ─♩▬♫♥☻כ○√╣╠ │⁸Ᵽꜟ◒

≢ ∆╢╙─≤ ∂≢№╢≤™ⅎ╢⁹ 

 

 

 

(001) [100] (001) [010] 

(011) [211] 

(001) [100] (001) [010] 

(001) [110] (001) [110] 

(112) [132] 

(112) [111] 

(110) [112] 

(110) [110] 

(110) [001] 

0° 30° 60° 90°

f1

0° 30° 60° 90°

f1

0°

30°

60°

90°

0°

30°

60°

90°

FF

Fig.2.16 In situ EBSD ⌐╟╢ ─♩▬♫♥☻כ○  ╠⅛♃כ♦

         ⇔√ (ODF ⌐⅔↑╢(a)ɫ2=0° , (b)ɫ2=45° ⁹

│⁸ ─ ─ ─ꜝfi♄ⱶ⌂ ─ ⌐

∆╢ ╩ ∆⁹) 

(a) (b) 

Brass 

Copper 

Brass 



50 

 

2.3.5 in situ ─ Mn ─  

in situ ─ Mn ⌐╟╢ ─ ─ ⌐≈™≡⁸

Fe-0.1%C-1.0%Mn(mass%) ─ ⌐⅔™≡ ╩ ∫√⁹ in situ EBSD

⌐⅔™≡⁸ ─ 730ϴ⌐ ⁸5 ⌐ ⇔√ ╩ Fig.2.17(a)⌐⁸

↕╠⌐ 20 ⌐ ╩ ⇔√ ╩ Fig.2.17(b)⌐ ∆⁹ │

ⱨ▼ꜝ▬♩ ╩ IQⱴ♇ⱪ≢ ♩▬♫♥☻כ○⇔ ╩ ≢ ⇔√⁹

⅛╠ 5 ─ Fig.2.17(a)≢│ⱨ▼ꜝ▬♩≤○כ☻♥♫▬♩─ ⅜ ↕╣

√⅜⁸20 ⌐ ┘ ⇔√ Fig.2.17(b)─ ╪≥╒─♩▬♫♥☻כ○│≢

≥⅜ ⇔≡™√⁹↓─╟℮⌐⁸Fe-0.1%C-1.0%Mn(mass%) ─ in situ ≢

│ ⅜♩▬♫♥☻כ○⌐ ∆╢ ⅜ ↓╢⁹ ♩▬♫♥☻כ○

⅜ ⇔√ ─ │⁸ 910ϴ(ԇ ─ A 3 )╕≢ ⇔⌂↑╣┌ ☻כ○┘

♥♫▬♩⅜ ╣⌂⅛∫√⁹ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

≢ ⅜♩▬♫♥☻כ○⌐ ≤≤╙⌐ ∆╢ ╩ ∆

╢≤⁸Mn─ ⅜ ™√╘⌐⁸Mn⅜ ⅛╠ ⌐ ∆╢↓≤⁸⌂╠┘

⌐∕╣⌐ ⇔≡ ↓╢ ─ ┼─ ⌐ ∆╢≤ ⅎ╠╣╢⁹∆⌂╦

Fig.2.17 730ϴ⌐⅔↑╢ ⅜ ⌐ ╓∆  

     (a)730ϴ ≢ 5 ⌐ ⁸(b)730ϴ 20  

⌐ ∂ ╩  

(a) (b) 

5ɛm 5ɛm 
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∟⁸Mn─ ┼─ ⌐╟∫≡ ↄ│Mn ⅜ ∆╢⁹ Mn ⌐⌂

∫√ ⌐ ═⁸ │ ⌐Mn ⅜ ™ ⌐⌂╢↓≤⅛╠⁸↓─

─ ─ ─ ╩ ⅎ╢≤⁸ Mn ─ ⌐⅔™≡ ↄ⁸ Mn

─ ⌐⅔™≡ ™≤ ↕╣╢⁹⇔√⅜∫≡⁸ │ ─ ↄ⌂╢

┼ ⇔√≤ ⅎ╠╣╢⁹ 

↓╣╠─ ⌐╟∫≡⁸ in situ EBSD ─ ⌐⅔™≡│⁸ ≢

⅜ ⇔√ │Mn⅜ ∆╢∞↑≢⌂ↄ⁸ ─ ╙ ∆╢≤ ⅎ╠

╣╢⁹∕─ ⁸ ⅜ ⌐ ™ ⌐ ⇔⁸Ac1 ⅔╟┘Ac3 ⅜ ⇔≡

⅜ ⇔√≤ ↕╣╢⁹ ⌐⅔↑╢ ─ ╩ ↑≡

╩ ∆╢⌐│⁸ ≢ ∫√╟℮⌂ ⅛╠Mn─ ⅜ ╗ ⌐

≢ ╩ ℮⅛⁸Mn╩ ╕⌂™ ─ ╩ ™╢ ⅜ ≢№╢⁹ 

 

 

2.4  

2.4.1 ⱨ▼ꜝ▬♩⅛╠ ─♩▬♫♥☻כ○╢∆ ─  

in situ EBSD ⌐╟∫≡ɖќɘ ╩ ⇔√ ⁸ ☻כ○╢∆

♥♫▬♩│ⱨ▼ꜝ▬♩─ 3 ⌐⅔™≡ ∆╢↓≤╩ ⇔√⁹꜠ⱪꜞ◌ TEM

╩ ™≡ɖќɘ ⅜ ↓╢ ─ ╩ ⇔√ ⁸☿ⱷfi♃▬♩─

│ ⌐ꜝfi♄ⱶ⌐ ⇔≡⅔╡⁸ ⌐ 3 ⌐ ⇔≡™⌂™↓≤╩

⇔√⁹↓─↓≤│⁸ɖќɘ ─☿ⱷfi♃▬♩─ ≤⁸ɖќɘ ☻כ○─

♥♫▬♩─ ⅜ ⇔≡™⌂™↓≤╩ ⇔≡™╢⁹∆⌂╦∟⁸ ⌐⅔↑╢ɖ

ќɘ ╩♩▬♃ⱷfi☿│♩▬♫♥☻כ○⁸│≡™⅔⌐ ≤⇔≡ ⇔≡™⌂™

↓≤⅜ ╡⁸ɖќɘ ─↑╢ ⌐☿ⱷfi♃▬♩─ │ ⇔≡™⌂

™≤ ⅎ╠╣╢⁹ 

ɖќɘ ≢ ♩▬♫♥☻כ○╢∆ ≤ ⱨ▼ꜝ▬♩ ─ ─

│⁸1≈─ⱨ▼ꜝ▬♩ ≤ K-S ╩╒╓ ⌐ √∆∞↑≢⌂ↄ⁸↓─ K-S ⌐

ⅎ≡⁸K-S ⅛╠ 10° ─ ╙ ™ ≤ ⅎ╢≤⁸∕─ ─ 1≈

─ⱨ▼ꜝ▬♩ ≤╙ K-S ⌐ ™ (DqKS
֔10°)╩ ⇔≡™╢↓≤⅜ ╠⅛

⌐⌂∫√⁹ ♩▬♫♥☻כ○─⁸53%│≢ ⅜ ─ⱨ▼ꜝ▬♩ ≤ K-S ⅛╠

10° ─ ⌐№∫√⁹ 
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⇔⅛⇔⌂⅜╠↓─╟℮⌂ ⅜ ⌐ ↕╣≡™√⅛≥℮⅛⌐≈™≡│

≢│⌂ↄ⁸K-S ⅛╠ 10° ≤™℮ ™ ╩ ⇔√√╘⌐⁸ ⌐

⅜ ╕∫√ ⅜ ∫≡™╢⁹∕↓≢⁸K-S ⌐ ™ ⅜ ⌐

↕╣√⅛ ⅛╩ ∆╢√╘─ ≤⇔≡⁸ ♩▬♫♥☻כ○⌐ ⅜ 1

≈─ ⱨ▼ꜝ▬♩ ≤∞↑ ⌂ K-S ╩ √∆≤ ⇔≡⁸∕─ ─

─ ╩ ╙∫√⁹ ─ ⌐ ≤ ╙╡─ ≢ ⅜№╣

┌⁸ ─ ⅜ ⌐ ↕╣≡™╢↓≤╩ ⇔⁸ ⅜ ∆╣┌ 1

≈─ⱨ▼ꜝ▬♩ ≤ K-S ⅜ ↕╣╢∞↑≢⁸ ─ │ꜝfi♄ⱶ≤™℮

↓≤≢№╢⁹ 

⌂ │⁸1≈─ ⱨ▼ꜝ▬♩ ≤─╖ ⌂ K-S ╩ ♥☻כ○∆√

♫▬♩ ╩⁸ ─ ─╙≤≢ ╙∫√⁹ 1─ ≤⇔≡⁸3 ⌐ ∆╢

⅛╣∏™│♩▬♫♥☻כ○ 1 ≈─ ⱨ▼ꜝ▬♩ ≤─╖ ⌐ K-S ╩ ↕

∑╢≤ ∆╢⁹↓─≤⅝─ ⱨ▼ꜝ▬♩ ─ │ ╩♃כ♦ ™╢⁹ 2

─ ≤⇔≡⁸∕─ ─ 2 ≈─ ⱨ▼ꜝ▬♩ ♩▬♫♥☻כ○≥ ≤─

│ꜝfi♄ⱶ⌐ ↕╣╢≤ ∆╢⁹↓╣╠─ ─╙≤≢⁸3 ⌐⅔↑╢○

♩▬♫♥☻כ ≤ 3 ≈─ⱨ▼ꜝ▬♩ ≤─ ╩ K-S ⅛╠─ DqKS
─

⅝↕⌐╟∫≡ ⇔≡ ⇔√⁹ 

⁸ ⁸Fig.2.18│╠⅛♃כ♦ ⌐ ⌐ ♩▬♫♥☻כ○⌐℮╟∆ ─

╡≢ ╙ K-S ⌐ ™ ─ ╩ ≤⇔⁸ ⌐⁸2 ⌐ K-S ⌐

™ ╩ 2≤⇔⁸3 ⌐ ™ ╩ 3≤ ∆↓≤⌐∆╢⁹↓─ ≤

─ ─ ≢─◦Ⱶꜙ꜠כ◦ꜛfi ╩ ∆╢⁹ 

 

 

 

 

 

 

 

 

 
Fig.2.18  K-S ⅛╠─ ⌐ ≠ↄ 1⁸ 2⁸ 3 ─   

ȹɗ1
KS

ȹɗ2
KS

ȹɗ3
KS

Ŭ grain

ɔ grain
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K-S ⅛╠─ DqKS⌐ ╩♃כ♦╢∆ ™≡⁸ 1⁸ 2⁸ 3 ─∕

╣∙╣⌐⅔↑╢ ─ ╩ Fig.2.19(a) (c)⌐ ∆⁹ 

1─ ⌐≈™≡│⁸Fig.2.9(a)⌐ ∆╟℮⌐ K-S (DqKS
=0°)─ ⅜

⌐ ™⁹↓─ │⁸∆≢⌐ Table 2.4 ≢ ⇔√ ⌐ ☻כ○⁸╡⅔≡⇔

♥♫▬♩ │ 1≈─ ⱨ▼ꜝ▬♩ ≤│╒╓ ⌂ K-S ╩ ⇔≡™╢⁹ 

⌐ Fig.2.19(b)─ 2─ ⌐⅔™≡⁸ ─ ╩ ╢≤ K-S ⅛╠DqKS
=3

7° ─ ╩ ∫√ ─ ⅜ ™↓≤⅜╦⅛╢⁹ ⌐│⁸ ⅜

ꜝfi♄ⱶ⌐ ┌╣√≤ ⇔≡ ╙∫√ ╩ ≢ ⇔≡™╢⅜⁸DqKS
=3

7°⌐⅔™≡ ─ │ꜝfi♄ⱶ─ ╟╡╙ ⅜ ™⁹↓─↓≤⅛╠⁸2

≈ ─ ⱨ▼ꜝ▬♩ ≤─ ⌐⅔™≡╙ K-S ⌐ ™ ⅜ ⌐ ┌

╣≡™╢≤ ⅎ╠╣╢⁹√∞⇔⁸ 2 ⌐⅔™≡│ ⌂DqKS
֔2°─ K-S ─

│ ⌐ ™⁹ 

3 ─ │ ⅜ ⅝™ ⌐⌂∫≡™╢⁹ꜝfi♄ⱶ⌐ ⅜

┌╣√≤⅝─ ⌐ ™⅜⁸DqKS
=3 13°⌐⅔↑╢ ⌐ ╠╣╢╟℮⌐⁸K-S

⌐ ™ ─ ⅜ ⅛⌐ ™ ╙№╢⁹ 3 ─ ─ ⌐≈™≡

│⁸ꜝfi♄ⱶ⅛ K-S ⌐ ≠↓℮≤⇔≡™╢⅛≥℮⅛│⁸↓─ ⅛╠│ ≢

│⌂™⁹ 

↓─╟℮⌐⁸ɖќɘ ≢ ♩▬♫♥☻כ○╢∆ │ ─ ⱨ▼ꜝ▬♩

≤ K-S ⁸╕√│ K-S ⌐ ™ ╩ ™ ≢ √∆ ⅜№╢⁹⇔⅛

⇔⌂⅜╠⁸2 ⌂ ≢│ ─ ⌐ ∆╢ ─ⱨ▼ꜝ▬♩ ≤─

╩ ∆╢↓≤⅜≢⅝⌂™√╘⁸ ⌐ ≈─ ⱨ▼ꜝ▬♩ ≤─ ≢↓─╟℮

⌂ ╩ √∆⅛⌐≈™≡│ ♩▬♫♥☻כ○⁹™⌂│≢ ≤ 3 ⌐

∆╢∆═≡─ⱨ▼ꜝ▬♩ ≤─ ≢⁸K-S ⌐ ™ ⅜ ↕╣≡™╢⅛

⌐≈™≡│⁸ 3 ⌐⅔™≡ 3 ─ ╩ ∫≡ ∆╢⁹ 
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Fig.2.19 ○כ☻♥♫▬♩ ≤ ─ⱨ▼ꜝ▬♩ ─ ╩DqKS ─ ⅝↕ 

     ─ ⌐ 3 ⌐ⱪכꜟ◓─≈ ⇔√ ─  

(a) 1(DqKS ⅜ ╙ ↕™ )⁸ 

(b) 2(DqKS ⅜ 2 ⌐ ↕™ )⁸ 

(c) 3(DqKS ⅜ 3 ⌐ ↕™ ) 

(a) 1(DqKS
⅜ ╙ ↕™ ) (b) 2(DqKS

⅜ 2 ⌐ ↕™ ) 

(c) 3(DqKS
⅜ 3 ⌐ ↕™ ) 
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2.4.2 ⱨ▼ꜝ▬♩≤○כ☻♥♫▬♩─ ≤ ─  

 ⌐⅔™≡⁸ɖќɘ ≢ │♩▬♫♥☻כ○╢∆ ∆╢ ≈─ ⱨ▼

ꜝ▬♩ ≤ K-S ╩ √∆∞↑≢│⌂ↄ⁸∕─ ─ ≈ ─ⱨ▼ꜝ▬♩ ≤╙

K-S ⅛╠ 10° ╕≢∏╣√ ╩ √∆↓≤╩ ⇔√⁹K-S ⅛╠∏╣

√ ╩╟╡ ⇔ↄ ∆╢√╘⌐⁸ ⌐ ∆╟℮⌐∏╣─ ⅝╩ 2 ≈─

⌐ ↑≡ ⇔√⁹ 

K-S ≢│ⱨ▼ꜝ▬♩≤○כ☻♥♫▬♩─ ⌐ ⌐ ∆

(close-packed plane)─ ≤ (close-packed direction)─ ⅜№

╢⁹ 

{111}  // {011} , ộ011Ớ  // ộ111Ớ              

♩▬♫♥☻כ○ ≤∕─ ─ⱨ▼ꜝ▬♩≤─ ⅜ K-S ⅛╠∏╣

╢≤⅝⁸↓╣╠─ ⌐ ╩ ∂╢⁹↓─≤⅝ ─ Dqcpp({111}g

≤{011}a─ ─ ∆ )⁸≤ ─ Dqcpd(<011>g≤<111>a─ ∆ )─∏

╣─ ╩ ╠⅛⌐∆╢√╘⌐ ≤ ⌐╟∫≡ ⇔√⁹ 

Ўʃ = acos ( Ἧ Ἔ Ͻ Ἧ Ἔ )                        

Ўʃ = acos ( Ἧ Ἔ Ͻ Ἧ Ἔ )                        

Ἧ ⅔╟┘Ἧ │ⱨ▼ꜝ▬♩⁸○כ☻♥♫▬♩─ ≢№╡ ≢ ⅎ

╠╣╢⁹Ἔ ≤Ἔ │ⱨ▼ꜝ▬♩⅔╟┘○כ☻♥♫▬♩─ ─ ≤

╩ ∆ⱬ◒♩ꜟ≢№╡⁸™∏╣╙ ≢ ∆╢⁹Ἧ ≤Ἧ ─ ╩

─ⱬ◒♩ꜟἜ ≤Ἔ ⌐ ↑╢↓≤≢ ⅛╠ ⌐ ⇔⁸

─ ≢ ╩ ∆╢↓≤⌐╟∫≡Ἔ ≤Ἔ ─ ╩ ⇔≡™╢⁹Ἔ

≤Ἔ │ Table 2.2⌐ ─ K-S ─Ᵽꜞ▪fi♩⌐ ⇔√ ─ ≤

─ Miller ╩ ∆╢⁹ ⌂ ╩ →╢≤⁸ⱨ▼ꜝ▬♩ ♥☻כ○≥

♫▬♩ ⅜ V1─ ⌐№╢≤⅝⁸ⱨ▼ꜝ▬♩≤○כ☻♥♫▬♩─∕╣∙╣─

─ ≤ │ Table 2.2─ Miller ╩ ⇔≡ ─ ⅜ ⅎ╠╣╢⁹ 

Ἔ =
1

1
0

, Ἔ =
1
1
1

                            

Ἔ =
1
1
1

, Ἔ =
1
1
0

                         



56 

 

≤ │⁸ Ἔ ≤ Ἔ ⌐Ἧ ≤Ἧ ╩ ↑≡

─ ≢ ⇔√ ⁸∕─ ⅛╠ ╩ ╘≡™╢⁹ 

⌂⅔⁸ ≢ ⇔√ 154 ♩▬♫♥☻כ○─ │⁸∕╣∙╣ (2 4 )─

ⱨ▼ꜝ▬♩ ≤ ⇔≡⅔╡ ≢ 476 ─ ▬♫♥☻כ○─╠╣↓⁹╢№⅜

♩ ≤↓╣╠─ⱨ▼ꜝ▬♩ ≤─ ─ ─ Dqcpp ≤ Dqcpd ─

╩ ⇔√⁹ⱨ▼ꜝ▬♩≤○כ☻♥♫▬♩─ ─ Dqcpp≤ ─

Dqcpd╩ Fig.2.20⌐ ∆⁹ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

─ⱪ꜡♇♩│⁸Fig.2.18 ─ ≢ ⇔√─≤ ☻כ○─╣∙╣⧵⁸⌐

♥♫▬♩⅜ ─ⱨ▼ꜝ▬♩ ≤─ K-S ⅛╠─ DqKS
─ ⅝↕⌐╟∫≡

⇔≡ ♩▬♫♥☻כ○⁸∟╦⌂∆⁹√⇔ ─ ╡≢ ╙ K-S ⌐ ™ ╩

≤⇔≡ ─ⱪ꜡♇♩≢ ⇔⁸2 ⌐ K-S⌐ ™ 2╩ ─ⱪ꜡♇♩⁸3
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Fig.2.20 ∆╢ⱨ▼ꜝ▬♩≤○כ☻♥♫▬♩─

─ Dqcpp ≤ Dqcpd  

ƶ K-S relationship 
Ẽ N relationship 
Ợ G-T relationship 
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⌐ ™ ╩ ─ⱪ꜡♇♩≢ ⇔√⁹╕√⁸ ⌐│ K-S ⁸N ⁸⅔╟┘

─ Greninger-Troiano(G-T)─ [19]⌐ ∆╢ ╩⁸∕╣∙╣⁸Ỏ⁸Ẽ⁸Ợ

≢ ⇔√⁹ 

  G-T relationship: (111) ~1°//(011) ,  [101]  ~2.5°//[111]   

1─ ( ─ⱪ꜡♇♩)│⁸ ─ Dqcpp⅜ 0 2°⁸ ─

Dqcpd⅜ 0 6°─ ⌐ⱪ꜡♇♩⅜ ⇔≡™╢⁹↓─ │ ─ ╩╒

╓ ⌐ √⇔≈≈⁸ ─∏╣ ⅜ 0 6°╕≢╩ ≈ ⅜№╢⁹↓─

─ │⁸K-S (Dqcpp=0°⁸Dqcpd=0°)⅛╠⁸N (Dqcpp=0°⁸Dqcpd=5.3°)

⌐ ∆╢⁹╕√ 2 ─ ( )╙⁸ ─ K-S ⅛╠ N ─ ─ ╩

√∆╙─⅜ ™⁹ 3─ │Dqcpp≤Dqcpd─ ⌐ ⅝⌂ ╩╙∫√

⅜ ≢№╢⁹ 

─ ⅛╠⁸ⱨ▼ꜝ▬♩≤○כ☻♥♫▬♩⅜ K-S ⌐ ™ ⌐

№╢≤⅝⁸∕─ K-S ⅛╠─∏╣│⁸ ─ ╩ ⇔≈≈⁸∕─

≢ ⅜ ∂╛∆™↓≤⅜ ∫√⁹↓─╟℮⌐ⱨ▼ꜝ▬♩≤○כ☻♥♫

▬♩─ ⅜ ─ ─ ⌐№╢↓≤│⁸↓╣╠─ ─ ⌐

⌂ ⅜ ╣≡™╢ ╩ ∆╢⁹↓─ ⌐≈™≡│⁸ 4 ⌐⅔™

≡ 3 ⌐ ≠ↄ ╩ ∫≡⁸ ┘ ∆╢⁹ 

 

 

2.5 ╕≤╘ 

─ ≢ ↓╢ɖќɘ ─♩▬♫♥☻כ○─ ≤ ╩⁸ in situ 

EBSD ⌐╟∫≡ ⌐ ⇔⁸ ─ ╩ √⁹ 

 ɖќɘ ≢ ⁸│♩▬♫♥☻כ○√⇔ ─ 2 ⌂ ⅛╠│⁸

∕─╒≤╪≥⅜ⱨ▼ꜝ▬♩ ─ 3 ≢ ♩▬♫♥☻כ○⁹√⇔

─ │⁸1≈─ⱨ▼ꜝ▬♩ ≤╒╓ ⌂ K-S ╩ √∆∞↑≢

⌂ↄ⁸∕─ ─ ⱨ▼ꜝ▬♩ ≤ K-S ⅛╠ 10° ─

╩ √∆⁹ ♩▬♫♥☻כ○√⇔ ─℮∟⁸↓─╟℮⌂ ─ ╩

⌐ √∆╙── │⁸ ─ 53%≢№╢⁹↓─ ─ ╩

ꜝfi♄ⱶ⌂ ╩ ⇔√≤⅝─ ≤ ⇔√ ⁸K-S ≤∕

╣⌐ ™ │ ⌐ ↕╣╢ ╩ ⇔√⁹ 
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ⱨ▼ꜝ▬♩≤○כ☻♥♫▬♩⅜ K-S ⅛╠ 10° ─ ╩

√∆≤⅝⁸∕─ ─ ─ ╩╒╓ ⌐ √⇔≈≈⁸

─∏╣ │ 0 6°╕≢╩ ≈ ⌐№╢⁹ 

─♩▬♫♥☻כ○ ⌐⅔™≡⁸ ─ │K-S ⁸╕√│K-S

⌐ ™ ( 9° )╩ √∆ ⌐ ⅜ ⇔ↄ ∆╢⁹

⌐ ℮ │⁸K-S ⅛╠─ ⅜ ⅝™ ≢ ↓╢⁹ 

in situ EBSD ⌐╟╢ɖќɘ ─ │⁸ ≢─ ⌐ ╣

─♩▬♫♥☻כ○╢™≡ ╩ ∆╢ ≢№╢⅜⁸∕─

⌐ ≠ↄ ─♩▬♫♥☻כ○⁸≡∫╟⌐  │ ─

≢ ↕╣√ ≢ ∆╢ ≤╒╓ ≢№╢↓≤╩ ╠⅛

⌐⇔√⁹↓─↓≤⅛╠⁸ in situ EBSD │Ᵽꜟ◒ ╩ ≢⅝

≡™╢⁹ 

Mn╩ ╗ ╩ in situ EBSD ∆╢ ⁸ ⅛╠─ Mn⌐╟╡

⌐⅔↑╢ ⅜ ∆╢⁹╕√Mn─ ⌐ ∫≡ ─ ⅜ Mn

─ ⌐⌂╢≤≤╙⌐⁸ ⌐ ↕╣╢Mn─ ⌐╟∫≡⁸ ─

┼─ ⅜ ↕╣╢≤ ⇔√⁹ ⅜ Mn⅔╟┘ C

∆╢↓≤⌐╟∫≡⁸ in situ EBSD ⌐ ─ ─ ⅜ Mn

⅔╟┘ C ─ ⌐⌂╢≤ ⇔√⁹↓─ ⁸ɖќɘ ─

⅜ ⇔ⱨ▼ꜝ▬♩≤○כ☻♥♫▬♩─ ─ ⅜ ⌐⌂╢⁹ 
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  ɖќɘ ♩▬♫♥☻כ○╢↑⅔⌐ ─ 3

─ ≤  

 

3.1  

2 ⌐⅔™≡⁸ ─ ≢ ↓╢ɖќɘ ♩▬♫♥☻כ○─ ─ ≤

╩⁸ in situ EBSD ⌐╟∫≡ ∆╢≤≤╙⌐⁸ ⱨ▼ꜝ▬♩

≤─ ╩ ⇔√⁹ ─ 2 ▬♫♥☻כ○⁸│≡™⅔⌐

♩ │ ⱨ▼ꜝ▬♩─ 3 ≢ ∆╢⁹∕─ │⁸ ─ ⱨ▼

ꜝ▬♩ ≤─ ≢ K-S ⁸╕√│ K-S ⅛╠ ─ ╩ ∫√ ⅜

↕╣╢↓≤╩ ♩▬♫♥☻כ○√╕⁹√⇔ ─ ⌐⅔™≡│⁸ ─

╩ √⌂™ɖ/ɘ ⅜ ⌐ ⇔⁸K-S ╛∕╣⌐ ™ ─

│╒≤╪≥ ⇔⌂™⁹ 

↓╣╠─ɖќɘ ─ ⅜ in situ ⌐╟╢ ⌐╟∫≡ ⌐⌂

∫√↓≤│ ≢№╢⁹⇔⅛⇔⌂⅜╠⁸ ─ in situ EBSD ⌐╟∫≡ ╠

╣√ │ ─ 2 ≢№╡⁸ ™ ⅎ╣┌Ᵽꜟ◒ ─№╢ ⌐

╠╣⁸ ─ ⅜ ≢⅝⌂™ ≢ ≤│ ⅎ⌂™⁹ ⅎ┌⁸ 2 ⌐⅔™≡

ɖќɘ ─♩▬♫♥☻כ○─ │ⱨ▼ꜝ▬♩─ 3 ≢ ↕╣√⅜⁸

─ │ 3 ⌂ ≢ ⇔⁸ ⌐╟∫≡ ⌐ ╣√╙─╩

⇔√⌐ ⅞⌂™⅛╙⇔╣⌂™⁹ ─♩▬♫♥☻כ○─ ◘▬♩│ ◄♇☺⁸

│™╢№⁸כ♫כ◖ ≤™℮ 3 ⌂ ⅜ ≢№╢⁹ ─ ◘▬

♩│ ─ⱷ◌♬☼ⱶ⌐ ⌐ ╦╢ ≢№╢⅜⁸ ⅛╠─ ≢│↓╣

╠─◘▬♩╩ ∆╢↓≤⅜≢⅝⌂™⁹╕√ɖќɘ ⌐ ╓∆ ╩

∆╢⌐│⁸ ─ ♩▬♫♥☻כ○≢ ⌐ ⇔≡™╢ ⱨ▼ꜝ▬♩ ≤─

─≥♩▬ꜝ▼ⱨ≥♩▬♫♥☻כ○⌐┘╠⌂⁸ ─ ╩ ∆╢

↓≤⅜ ≢№╢⁹ 

↓╣╠─ ╩ ─♩▬ꜝ▼ⱨ≥♩▬♫♥☻כ○⁸│⌐╢∆⌐⅛╠ 3 ≤∕

─ ⌐ ∆╢ ⅜ ≢№╢⁹⇔⅛⇔⌂⅜╠⁸ ≢ ╣╢ɖќɘ ─

╩ ⅛≈ 3 ⌐ ∆╢↓≤│ ─ ⅜№╢⁹ ≢

│⁸ⱴꜟ♥fi◘▬♩─Ᵽꜞ▪fi♩ ⌐╟╢ ♩▬♫♥☻כ○ ─ ╩
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∆╢↓≤≢⁸ ≢ ─♩▬♫♥☻כ○√⇔ ╩ ∆╢ ⌐

⇔√⁹∕─ ─ ╩ Fig.3.1 ⌐ ∆⁹ ≢ ╩ ⇔⁸ ⱨ▼

ꜝ▬♩ ⌐ ╩♩▬♫♥☻כ○⌐ ↕∑√ ⁸ ╩♩▬♫♥☻כ○≡⇔

ⱴꜟ♥fi◘▬♩⌐ ↕∑╢⁹↓─ⱨ▼ꜝ▬♩-ⱴꜟ♥fi◘▬♩ ⌐≈™≡ ▬

○fiⱦכⱶ(FIB)╩ ™√◦ꜞ▪ꜟ☿◒◦ꜛ♬fi◓ [1]⌐╟╡ 3 ─

╩ ∫√ ⁸ⱴꜟ♥fi◘▬♩─Ᵽꜞ▪fi♩╩ ∆╢↓≤⌐╟∫≡ ╣╢

♩▬♫♥☻כ○─ ─ ╩ ╘╢⁹↓─ ♩▬♫♥☻כ○ ─

│⁸Humbert ╠[2,3]⌐╟∫≡ ↕╣⁸∕─ ≈⅛─ ⱪ꜡◓ꜝⱶ⅜

↕╣√[4-6]⁹ ≢│ ─ ╠⅜ ⇔≡™╢[5]⁹ ₁─ כꜟ◓

ⱪ≢╙⁸ ⌐ ╦∑≡ ─ⱪ꜡◓ꜝⱶ╩ ⇔√[6]⁹ ≢│⁸↓─ ⌐

≠ↄ 3 ♩▬♫♥☻כ○⌂ ─ ─ ╩ ∆≤≤╙⌐⁸∕─

≢ √ ⌐ ≥♩▬♫♥☻כ○≡™≠ ⱨ▼ꜝ▬♩≤─

╩ ∆╢⁹ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3.1 ⱨ▼ꜝ▬♩-○כ☻♥♫▬♩─ 3 ─ ─  

a 

Ac1 

ŬŸɔ ɔŸŬô 

a a 

a 

a a 

a 

g ⱴꜟ♥fi◘▬♩─Ᵽ

ꜞ▪fi♩ ⌐╟

╡ ɘ ╩  

a a 

a 

g 
g 

a 
a a 

a 

g 

≢ ⌂ 3

≤

─  

ⱨ▼ꜝ▬♩-ⱴꜟ♥fi◘▬♩
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3.2  

─ ⌐ ™╢ │⁸ 2 ─2.2.1 ≢ ═√Fe-0.1%C-1.0%Mn(mass%)

─ⱬכ☻ ╩ ™√⁹ⱬכ☻ ─ 1mm─ ⅛╠⁸30mm×200mm─ ─

╩ ⇔⁸ ╩ ™≡710ϴ⅔╟┘730ϴ┼ ⇔√ ⁸ ∟⌐

1000ϴ/s ─ ⌐╟╡ ⅝ ╣√⁹ ╣ ─ ─√╘ ⅛╠5mm×

7mm─ ╩ ⇔⁸ ╩ ≤Ᵽⱨ ╩ ⇔√ ≢ꜟכ♃▬♫⁸

⇔≡FEI Quanta 200 FEG╩ ™≡SEM ╩ ∫√⁹╕√ ∂ ⅛╠10mm

─ ╩ ⇔⁸2000 ╕≢─ ╩ ™√ ≢0.1mm ↕─ ≤⇔⁸

∕─ ⌐╟╡50ɡm ⌐⇔≡⅛╠3mm ─ ╩ ∟ ⅝⁸ ≤

─ (5%HClO4+95%CH3COOH)╩ ™√ ⌐╟∫≡ ╩

⇔√⁹ │ ☿fi♃כ⌐№╢ 200kV─  

HF-2000( )╩ ™√⁹ 

3 ─ │⁸ ─ ─ ⌂ ≢№╢ 4

─1 ↕ ⅛╠ ⇔⁸◄ⱷꜞכ 2000 ╕≢─ ╩ ⇔√ ⁸◖꜡▬♄

ꜟ◦ꜞ◌ ╩ ™√ → ⌐╟╡ ⇔≡™√ └∏╖ ╩ ⇔

√⁹ │⁸FIB≤EBSD ╩ ⅎ√3 ─Quanta200 3D FEG

╩ ™≡ ∫√⁹ ─ │Fig.3.2⌐ ∆≤⅔╡≢№╢⁹ 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) Geometry in the EBSD position (a) Geometry in the ion-milling position 

Fig.3.2  3 ─ SEM ☺כ♥☻ ≢─  

Ga+

180° rotation

16° pretilt

EBSD
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180° rotation
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16° pretilt
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eī

Stage Stage

FIB column
Observation
section

Observation
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│54°─ⱪ꜠♅ꜟ♩ⱱꜟ♄כ ⌐ ─☺כ♥☻⌐╠↕⁸⅝ ⌐╟∫≡

16°─ ⅝⅜ ⅎ╠╣⁸EBSD ─70°╩ ∆╢⁹ ╩FIB─Ga+▬○fiⱦכⱶ

⌐╟╢☻Ɽ♇♃ꜞfi◓ ⌐╟∫≡ ↕─ ╩☻ꜝ▬☻ ∆╢ │⁸

Fig.3.2(a)─ ╩☺כ♥☻⌐ ↕∑╢⁹↓─ ─ ─ │⁸ ⅛╠

38° ⇔≡™╢⁹∕─ ⅝│FIB─▬○fi ─ ─ ⅝(▬○fi ─ │

⅛╠38°─ ⅝≢SEM⌐ ↕╣≡™╢)≤ ∆╢╟℮⌐ ⌐ ↕╣≡

™╢⁹↓─ ≢⁸FIB⅛╠Ga+▬○fiⱦכⱶ╩ ∆╢↓≤⌐╟∫≡ ⅜☻ꜝ

▬☻ ↕╣╢⁹ 

─ ╩☻ꜝ▬☻ ⇔√ ⁸∕─ ╩EBSD ☺כ♥☻│⌐╘√╢∆

╩180° ↕∑≡⁸Fig.3.2(b)─ ⌐ ↕∑╢⁹↓─ ─ ─ │

⅛╠70°─ ⅝⌐№╢⁹SEM─ ⅛╠ ↕╣√ │ ⌐ ⇔⁸∕─

⅜ ┘ ⌐╟∫≡Ⱪꜝ♇◓ ↕╣√ ⁸ ≤⇔≡ ─

─ ⌐ Ɽ♃כfi╩ ∆╢⁹ 

─ ╩ ⌐ ╣ ⅎ⌂⅜╠⁸ ─ ─☻ꜝ▬☻ ≤EBSD

╩ ╡ ∆↓≤≢3 ⌐ ⌂ ╩ ∆╢↓≤⅜ ⌂EBSD ⅜

≤⌂╢⁹ ─☻ꜝ▬☻ │⁸20×20ɡ 2 ╩0.1ɡ ≢ 6ɡ

↕⌐ ™⁸ ≢60 ─☻ꜝ▬☻ ╩ √⁹∕╣∙╣─☻ꜝ▬☻ ≢─EBSD

│⁸0.08ɡm ≢ ∫√⁹∕─ ⁸ ─☻ꜝ▬☻ ≤EBSD ╩ ╡ ∆√

⅜☺כ♥☻⌐╘ ∆╢↓≤⌐╟∫≡ ⅛⌂ ⅜ ∂⁸ ─ ⌐

∏╣⅜ ∂╢⁹↓╣⌐╟∫≡⁸ ⇔√ ─ ─ ⌐ ─ ─∏

╣⅜ ∂╢⁹ ╩ ⇔≡3 ⌐ ∆╢⌐№√∫≡│⁸↓─∏╣╩

∆╢ ⅜№╢⁹ ⌐│⁸ ≢ ⇔√ ⌐⅔↑╢

─ ╩ ⌐⇔≡⁸ ─ ─ ─ ⅜ ⌐⌂╢╟℮⌐EBSD

─ ─♃כ♦☻▬ꜝ☻ ╦∑╩ ∫√⁹ 

 

 

3.3  

3.3.1 3 ⌐ ™╢ ─  

 ╩ 710ϴ⅔╟┘ 730ϴ⌐ ⇔⁸√∞∟⌐ ╣√ ─ SEM ╩

Fig.3.3⌐ ∆⁹Fig.3.3(a)─710ϴ⅛╠ ╣√ ⌐│⁸◄♇♅fi◓⌐╟∫≡ⱨ
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▼ꜝ▬♩ ⅜ ╣≡⅔╡⁸ ╩ ⇔√ⱨ▼ꜝ▬♩ ≢ ↕╣≡™╢↓≤

⅜╦⅛╢⁹ ⌐ ⇔≡™╢ ─ ─ │☿ⱷfi♃▬♩≢№╡⁸∕─

ↄ│ⱨ▼ꜝ▬♩ ≤ ⌐ ↕╣√⁹ ⌐ⱴꜟ♥fi◘▬♩│ ↕╣⌂⅛

∫√↓≤⅛╠⁸ ─ ⌐⅔™≡710ϴ╕≢│○כ☻♥♫▬♩┼─ │

↓╠⌂⅛∫√↓≤⅜╦⅛╢⁹↓╣╠─710ϴ⌐⅔↑╢ │⁸ 2 ─Fig.2.4≤

Fig.2.5⌐ ⇔√ ⅔╟┘꜠ⱪꜞ◌ ─TEM ─ ≤ ∆╢⁹ 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3.3(b)⌐ ∆730ϴ⅛╠─ ╣ ⌐│⁸ ─ ─ ⌐ⱴꜟ♥fi◘▬

♩⅜ ╣√⁹ⱴꜟ♥fi◘▬♩─╒≤╪≥│ⱨ▼ꜝ▬♩─ 3 ⌐ ⇔≡™╢⁹

↓─ ─ⱴꜟ♥fi◘▬♩ │⅔╟∕6%≢№╢↓≤⅛╠⁸730ϴ≢ ⇔

♩▬♫♥☻כ○√ │6% ≤ ╙╡⁸ɖќɘ ⅛╠ ╣╠╣√

≢№╢↓≤⅜╦⅛╢⁹Fig.3.3(b)─ⱨ▼ꜝ▬♩─ ╩ ╢≤⁸☿ⱷfi♃▬♩

─ ─ ⅜ ⇔≡™╢⁹ 

730ϴ⅛╠ ╣√ ─ ╩TEM⌐╟╡ ⇔√⁹ ⌂ ╩

Fig.3.4(a)-(d)⌐ ∆⁹ ╣√ ⌐⅔™≡⁸ⱴꜟ♥fi◘▬♩─ │ ╙
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