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│ ─ ⅛╠ ╟╡╙ ™ ≢ 30 W/mהK ╩ ≤∆╢⁹╕√⁸

⌐ ╣ Ɽꜝⱷכ♃כ Rõ ─ 2 ⁸Ⱬꜞ►ⱶ ╩ ∆╢

╩ ≈ B4C ☿ꜝⱵ♇◒ ─ ╩ ∆⁹╕√⁸ ⱷכ◌כ≤

⇔⁸B4C ☿ꜝⱵ♇◒ ⌐≈™≡ ─ ─ ─ ┘ ╩ ℮

≤≤╙⌐⁸ ─ ─ ╩ ∆╢↓≤≢ ╩ ⇔⁸ ─

⌐ ∆╢ ╩ ה ↕∑╢↓≤╩ ≤∆╢⁹ 

 ≢ ∆╢ ╩ ∆╢ B4C ☿ꜝⱵ♇◒ ≢│⁸ ╩ 5-10 %≢

≢№╡⁸ ─ ╩ ⇔⁸ ╩ ↕∑╢↓≤⌂ↄⱫꜞ►ⱶ ⌐

╟╢ ╣─ ⅜ ≢⅝╢⁹╕√⁸CNT ─ ה ⌐╟╢ ה ─ ⌐

╟╡⁸ ─ ┘ ─ ⌐╟╢ ╣─ ╙ ≢⅝╢⁹ ─

B4C ☿ꜝⱵ♇◒ ⅜ ≢⅝╣┌⁸↓╣╕≢⌐ ≤↕╣≡™√ ─

┘ ⅜ ⌐ ⇔⁸ ─ ─ ┘ ─ ─

⌐ ⅝ↄ ∆╢⁹↕╠⌐⁸B4C│ⱨꜝfi☻╛ ─ ─ ≢№╢√╘⁸

┼─ ⅜ ⌐ ≢№╡⁸ ⌐ ⇔≡™╢⁹ 

 │⁸ B4C ☿ꜝⱵ♇◒ ─ ≢│⁸☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓

┘ ⱪ꜡☿☻╩ ™√ B4C ☿ꜝⱵ♇◒ ─ ⱪ꜡☿☻─

↑⁸ B4C ─ ┘ B4C ☿ꜝⱵ♇◒ ─ ─

╩ ™⁸B4CⱭ꜠♇♩ ─ ה ─ ┘ ≢│⁸↓╣╕≢⌐ ↕╣

≡™╢ B4C Ɑ꜠♇♩ ─ ⌐≈™≡ ⇔⁸ ─ ─ ╩┤╕ⅎ√

╩ ∫√⁹ 

 ₈ᵑ ⌐╟╢ B4C ☿ꜝⱵ♇◒ ─ a ☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓ ⌐╟

╢ B4C ☿ꜝⱵ♇◒ ─ ₉≢│⁸ 28 ₩ 30 ⌐ ╠╣√ ⌐ ≠™

≡ ⱪ꜡☿☻─ ╩ ╢≤≤╙⌐⁸☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓ ⌐╟╡ B4C

☿ꜝⱵ♇◒ ╩ ⇔√  

 ₈ᵑ ⌐╟╢ B4C ☿ꜝⱵ♇◒ ─ b ⱪ꜡☿☻⌐╟╢ B4C

☿ꜝⱵ♇◒ ─ ₉≢│⁸ 28 ₩ 30 ⌐ ╠╣

√ ⌐ ≠™≡ ⱪ꜡☿☻─ ╩ ╢≤≤╙⌐⁸ ⱪ꜡☿☻⌐╟╡

B4C ☿ꜝⱵ♇◒ ╩ ⇔√⁹ 

 ₈ᵒ B4C ☿ꜝⱵ♇◒ ─ a ⁸

₉≢│⁸ 30 ⌐ ⅝ ⅝⁸ᵑ-a ┘ᵑ-b≢ ⇔√ B4C ☿ꜝⱵ♇◒

fiꜛ◦כ♀ꜞ♃◒ꜝꜗ◐─ ⁸ ⁸⅛↕ ╩ ⇔√∕╣∙╣

─ ⌐≡ ™⁸ ≤ ╦∑≡⁸ ╠╣√ ╩ⱨ▫כ♪Ᵽ♇◒⇔⁸ ╩ √⁹

╕√⁸↓╣╕≢─ ≤ ╦∑≡ B4C ☿ꜝⱵ♇◒ ─ ⌐ ⇔≡

╠╣√ ╩ ⇔⁸ ╩ ⇔√⁹ 

 ₈ᵒ B4C ☿ꜝⱵ♇◒ ─ b ₉≢│⁸ 30

⌐ ⅝ ⅝⁸ ╩ ™√ ⌐╟╢ B4C ☿ꜝⱵ♇◒ ─
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─ ≤ ╠╣√ ─ ╩ ⇔⁸↓╣╕≢─ ≤ ╦∑≡

B4C ☿ꜝⱵ♇◒ ─ ⌐ ⇔≡ ╠╣√ ╩ ⇔⁸ ╩ ⇔

√⁹ 

 ₈ᵒ B4C ☿ꜝⱵ♇◒ ─ c ⁸

₉≢│⁸ᵑ-a ┘ᵑ-b ≢ ⇔√ B4C ☿ꜝⱵ♇◒ ─

⁸ ⁸ ╩ ⇔√∕╣∙╣─ ⌐≡ ⇔⁸↓╣╕≢─ ≤

╦∑≡ B4C ☿ꜝⱵ♇◒ ─ ⌐ ⇔≡ ╠╣√ ╩ ⇔⁸

╩ ⇔√⁹ 

 ₈ᵒ B4C ☿ꜝⱵ♇◒ ─ d B4C ┼─Ⱬꜞ►ⱶ

₉≢│⁸ 30 ⌐ ⅝ ⅝⁸ ╠╣√ B4C ☿ꜝⱵ♇◒ ⌐≈™≡⁸ ▬○fi

ⱦכⱶ ╩ ™√Ⱬꜞ►ⱶ▬○fi ╩ ™⁸Ⱬꜞ►ⱶ ─ B4C ☿ꜝⱵ♇◒

─ ╩ ⌐╟╡ ⇔√⁹╕√⁸ ╩ ⇔⁸ ⌐ ⇔√Ⱬ

ꜞ►ⱶ●☻ ┘ ⌐╟╢ ─ ╩ ⇔√⁹∕⇔≡⁸↓╣╕≢─ ≤

╦∑≡ B4C ☿ꜝⱵ♇◒ ─Ⱬꜞ►ⱶ ⌐ ∆╢ ╩ ⇔√⁹ 

 ₈ᵒ B4C ☿ꜝⱵ♇◒ ─ e B4C ─

⁸ ₉≢│⁸ 30 ⌐ ⅝ ⅝⁸ ⇔√

CNT B4C ⌐≈™≡⁸ ─ ╩ ⌐╟╡ ⇔√⁹╕√⁸☻

◄ꜞfi◓╛ ╩ ⇔⁸ ╩ ⇔√⁹↕╠⌐⁸ ─ ╩

⇔⁸ ⌐ ⇔√Ⱬꜞ►ⱶ●☻ ╩ ∆╢≤≤╙⌐ ⌐╟╢ ─

╩ ⌐╟╡ ⇔√⁹∕⇔≡⁸↓╣╕≢─ ≤ ╦∑≡ B4C

☿ꜝⱵ♇◒ ─ ⌐ ∆╢ ╩ ⇔√⁹ 

 ₈ᵓ B4C ─ a B4C ─ ⁸

₉≢│⁸ B4C ☿ꜝⱵ♇◒ ┘ ₈

₉≢ ↕╣√ B4C ─ ╩ ℮≤≤╙⌐ ⁸╘≥╕╩♃כ♦√╣╠

┼─ ╩ ⇔√ B4C ☿ꜝⱵ♇◒ ─ ─

┘ ─ ╩ ∫√⁹↕╠⌐ ≤⇔≡⁸↓╣╕≢─ ⌐ ≠⅝⁸

☿ꜝⱵ♇◒ ─ ⱪ꜡☿☻─ ╩ ╘≡ ╩ ∫√⁹ 

 ₈ᵔB4CⱭ꜠♇♩ ─ ה ─ ┘ ⁸

₉≢│⁸ 30 ⌐ ⅝ ⅝⁸ ⌐ ⇔√ B4CⱭ꜠♇♩

╩ ™≡ ─ ─ ┘ ╩ ℮≤≤╙⌐⁸ ─ ─

╩ ⇔ ╩ ⇔√⁹╕√⁸ ≤⇔≡⁸ ─ ⌐ ∆╢

─ ה ╩ ⇔√⁹ 

 ₈ᵖ ₉≢│⁸ ─ ≢ ─ ╩ ⌐⇔≡ ╩ ╘√⁹ 

 

⁸4◌ ─ ≤⇔≡ ─ ╩ ⇔⁸ ─ ╩ ⇔√⁹ 

 



 

 

1- 1 

 

1 │∂╘⌐ 

 │⁸◄Ⱡꜟ◑כ─ ≤ ─ ─ ╩ ⇔√ ◘▬◒ꜟ─ ⌐

≠↑╠╣⁸ ─ ≤⇔≡ ⅜ ╘╠╣≡™╢⁹ ─ ╩ ∆╢ ≢

─ ≈≢№╢ │ ™ ≤ ⅜ ↕╣⁸ ╛ ⌐│

⅜ ⌂ ╩ ∫≡™╢⁹∕─√╘⁸ ⌐ ╩ ≤⇔≡ ∆╢ ⌐│⁸

─ ⁸ ─ ⅜ ≤⌂╢⁹ ⁸ ≤⇔≡⁸ ╕≢ ≢№╡⁸

⅜ ↕╣≡™╢ ⱱ► B4C Ɑ꜠♇♩⅜ ™╠╣≡™╢⅜⁸ⱱ► ─

n, a ⌐╟╡ ⇔√Ⱬꜞ►ⱶ⅜ B4CⱭ꜠♇♩─ ⌐ ↕╣╢↓≤

⌐╟╡ ⇔™ ☻◄ꜞfi◓ ╩ ↓∆⁹╕√⁸ ⌐╟╡ ⅝⌂ ╩ ℮√╘⁸

⌂ ⌐╟╡ B4C Ɑ꜠♇♩ ⌐ ⅜ ⇔⁸Ɑ꜠♇♩─ ╣╛ ↑⅜ ∂╢⁹

∕─ ⁸ ⌐ ⇔≡ ⌂ ╩⇔⁸ ⅜ ∆╢ ≤⌂∫≡™╢⁹↕╠⌐⁸

╣╛ ↑⌐╟╡ ∂√ B4C Ɑ꜠♇♩ ╛ ⅜ ⇔√ ⅛╠ ⇔⁸ ⌐ ∆

╢ ╙ ↕╣≡™╢↓≤⅛╠⁸ ⌐⅔↑╢ ─ ⌐│↓─ ⅜ ⌂ ≤⌂

╢⁹B4C⌐ ╦╢ √⌂ ≤⇔≡ ⌐Ⱬꜞ►ⱶ╩ ⇔⌂™ Ɫⱨ

♬►ⱶ HfH2-x ⅜ ↕╣≡™╢⅜⁸HfH2-x │ ⱪ꜡☿☻⁸ ⌐⅔™≡ ╙ ↄ⁸

╛ ⁸ ⁸ ⁸ ╛∆↕ ╩ ∆╢≤ B4C ─ ╣√ │⌂

™≤™ⅎ╢⅜⁸ ╩ ∆╢ B4C Ɑ꜠♇♩ ─ ⌐ ∆╢ │⌂™⁹╕√⁸

≢─ B4CⱭ꜠♇♩ ─ ⅜ 10 ⌂ↄ⁸ ⱷכ◌כ≢─

ꜝ▬fi ╛ ⅜ ╦╣≡™⌂™ ─ ⅜ ↕╣≡™╢⁹ ─

─ ─ ה ─√╘⌐│⁸ ⌐ ⅎ≡ ─ ╙ ⌂ ≤⌂∫

≡™╢⁹ 

 B4C ─ ╣─ ⌐│⁸ ┘ ≤─ ⅜ ⅎ╠╣╢⁹

⌐ ⌐ ╩ ⇔╟℮≤∆╢≤ 50 % ─ ⅜ ≤⌂╢⅜⁸ ה

┘ 10B ⌐╟╢ ─ ⅜ ≤⌂╢⁹╕√⁸ ≤─ ≢│⁸

10B ⌐╟╢ ─ ┘ ─ ╛●☻ ⅜ ≤⌂╢⁹ ─↓≤

⅛╠ ─ⱳ▬fi♩│⁸ᵑ ─ 5-10 % ╩ ∆╢⁸ᵒ ה

─ ⌐╟╡ ╩ ⇔⁸ ╩ ╘╢⁸ᵓⱫꜞ►ⱶ ╩ ∆╢⁸ᵔ

─ ╩ ⌂ↄ∆╢⁸≢№╡⁸ ⌂╢ ╛ ≢│ ─ │ ≢№

╢⁹ ─ B4C │⁸5-10 %─ ╩ ╗⅜⁸╒≤╪≥─ │ ≢ꜝfi♄

ⱶ ⇔≡ ⇔≡ ⇔≡™╢√╘⁸ ⌐╟╡ ∆╢Ⱬꜞ►ⱶ╩ ⌐ ∆╢

↓≤│ ⇔ↄ⁸ ╣╛ ה ─ ⇔™ ╩╙√╠∆⁹ 

 ≢│⁸B4C─ ╛ ─ ─ ≤ ⌐ ⁸ ⁸

╩ ⌐ ∆╢ ↓≤≢⁸ ה ⌐ ╣⁸ ⌐

∆╢Ⱬꜞ►ⱶ╩ ⌐ ∑∏⌐ ⇔ ╩ ∆╢⁸ ─ ─ ╩

⇔√ B4C ☿ꜝⱵ♇◒ ─ ╩ ≤∆╢⁹ ⱪ꜡☿☻≤⇔≡⁸

╖ ⌐ ⌂ ⌐ ╩ ↕∑╢☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓ ┘

10 T ─ ≢ ┘ ╩ ↕∑╢ ⱪ꜡☿☻╩ ™⁸ ╩

∆╢ B4C ☿ꜝⱵ♇◒ ─ ╩ ∆⁹╕√⁸CNT ─ ה ⌐



 

 

1- 2 

 

╟╢ B4C ☿ꜝⱵ♇◒ ─ ה ─ ╩ ╢⁹ ∆╢ ─ │⁸

─ ⅛╠ ≤ 10 % ≤⇔⁸ │ ─ ⅛╠

╟╡╙ ™ ≢ 30 W/mהK ╩ ≤∆╢⁹╕√⁸ ⌐ ╣

Ɽꜝⱷכ♃כ Rõ ─ 2 ⁸Ⱬꜞ►ⱶ ╩ ∆╢ ╩ ≈ B4C ☿ꜝ

Ⱶ♇◒ ─ ╩ ∆⁹╕√⁸ ⱷכ◌כ≤ ⇔⁸B4C ☿ꜝⱵ♇

◒ ⌐≈™≡ ─ ─ ─ ┘ ╩ ℮≤≤╙⌐⁸ ─

─ ╩ ∆╢↓≤≢ ╩ ⇔⁸ ─ ⌐ ∆╢

╩ ה ↕∑╢↓≤╩ ≤∆╢⁹ 

 ≢ ∆╢ ╩ ∆╢ B4C ☿ꜝⱵ♇◒ ≢│⁸ ╩ 5-10 %≢

≢№╡⁸ ─ ╩ ⇔⁸ ╩ ↕∑╢↓≤⌂ↄⱫꜞ►ⱶ ⌐

╟╢ ╣─ ⅜ ≢⅝╢⁹╕√⁸CNT ─ ה ⌐╟╢ ה ─ ⌐

╟╡⁸ ─ ┘ ─ ⌐╟╢ ╣─ ╙ ≢⅝╢⁹ ≢ ∆╢

B4C ☿ꜝⱵ♇◒ │↓╣╕≢─ ⌂╢ ╛ ⁸ ─ ─ ≤™∫

√ ≤│ ↄ ⌂╡⁸ ≤™℮ ⌐ ⅜№╡⁸↓╣╕≢⌐ ≢│ ⅜⌂ↄ⁸

∞↑⌐ ╕╠∏ ⌐⅔™≡╙ ≢№╡ ⌐ ╗ ≢№╢≤™ⅎ╢⁹

≢│⁸ B4C ─ ╩ ╠⅛⌐∆╢≤≤≤╙⌐⁸ ⌐╟╢

┘ ▬○fiⱦכⱶ ╩ ™√Ⱬꜞ►ⱶ ╩ ™⁸ ─ B4C ☿

ꜝⱵ♇◒ ⌐≈™≡ ╛ ◓fi♬כꜞ◒☻─ ╩ ™⁸

₈ ₉≢─ ⌐ ⅎ╢⁹╕√⁸ ⱷכ◌כ≤ ⇔⁸B4C ☿ꜝ

Ⱶ♇◒ ⌐≈™≡ ─ ─ ─ ┘ ╩ ℮≤≤╙⌐⁸ ─

─ ╩ ∆╢↓≤≢ ╩ ⇔⁸ ─ ⌐ ∆╢

╩ ה ╩ ∆↓≤╙ ≢№╢⁹ 

 ─ B4C ☿ꜝⱵ♇◒ ⅜ ≢⅝╣┌⁸↓╣╕≢⌐ ≤↕╣≡™

√ ─ ┘ ⅜ ⌐ ⇔⁸ ─ ─ ┘ ─

─ ⌐ ⅝ↄ ∆╢⁹↕╠⌐⁸B4C│ⱨꜝfi☻╛ ─ ─

≢№╢√╘⁸ ┼─ ⅜ ⌐ ≢№╡⁸ ⌐ ⇔≡™╢⁹ 

 

 



 

 

2. 1- 1 

 

2  

2.1  

─ ╩ 2.1-1 ⌐ ∆⁹╕√⁸ ─ ─ ╩ 2.1-2 ⌐

∆⁹ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.1-1 ─  

 

 

   
 



 

 

2. 1- 2 

 

 

 

 

 

 

             

 

4  

 

5  

 

6  

 

7  

 

8  

 

9  

 

10  

 

11  

 

12  

 

1  

 

2  

 

3  

(1) ⌐╟╢

B4C ☿ꜝⱵ♇◒ ─

 

ᵑ ☻ꜞ♇ⱪ◐ꜗ☻♥▫

fi◓ ⌐╟╢B4C ☿

ꜝⱵ♇◒ ─

 

ᵒ ⱪ꜡☿☻

⌐╟╢B4C ☿ꜝⱵ♇

◒ ─

 

(2) B4C ☿

ꜝⱵ♇◒ ─

 

ᵑ 

⁸

 

ᵒ  

ᵓ 

⁸

 

ᵔ B4C ┼─Ⱬꜞ►

ⱶ  

ᵕ B4C

─

⁸

 

(3) B4C ─

 

ᵑ B4C ─

⁸

 

            



 

 

2. 1- 3 

 

(4)B4CⱭ꜠♇♩

─ ה ─

┘

⁸

 

(5)  

 

2.1-2 ─ ─



 

 

2. 2- 1 

 

2. 2 ─ ─ ┘ ─  

│⁸ B4C ☿ꜝⱵ♇◒ ─ ≢│⁸☻ꜞ♇ⱪ◐ꜗ☻♥▫

fi◓ ┘ ⱪ꜡☿☻╩ ™√ B4C ☿ꜝⱵ♇◒ ─ ⱪ꜡

☿☻─ ↑⁸ B4C ─ ┘ B4C ☿ꜝⱵ♇◒ ─

─ ╩ ™⁸B4CⱭ꜠♇♩ ─ ה ─ ┘ ≢│⁸↓

╣╕≢⌐ ↕╣≡™╢ B4C Ɑ꜠♇♩ ─ ⌐≈™≡ ⇔⁸ ─

─ ╩┤╕ⅎ√ ╩ ∫√⁹ ⌐⅔↑╢ ─ ┘ ─ │

─ ╡≢№╢⁹ 

ᵑ ⌐╟╢B4C ☿ꜝⱵ♇◒ ─  

☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓ ⌐╟╢B4C ☿ꜝⱵ♇◒ ─  

 28 ₩ 30 ⌐ ╠╣√ ⌐ ≠™≡ ⱪ꜡☿☻─ ╩ ╢≤

≤╙⌐⁸☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓ ⌐╟╡ B4C ☿ꜝⱵ♇◒ ╩

∆╢  

ⱪ꜡☿☻⌐╟╢ B4C ☿ꜝⱵ♇◒ ─  

 28 ₩ 30 ⌐ ╠╣√ ⌐ ≠™≡ ⱪ꜡ ☿☻─ ╩ ╢≤

≤╙⌐⁸ ⱪ꜡☿☻⌐╟╡ B4C ☿ꜝⱵ♇◒ ╩ ∆╢  

ᵒ B4C ☿ꜝⱵ♇◒ ─  

⁸  

30 ⌐ ⅝ ⅝⁸ᵑ-a ┘ᵑ-b≢ ⇔√B4C ☿ꜝⱵ♇◒ ─◐ꜗꜝ◒♃

fiꜛ◦כ♀ꜞ ⁸ ⁸⅛↕ ╩ ⇔√∕╣∙╣─ ⌐≡

™⁸ ≤ ╦∑≡⁸ ╠╣√ ╩ⱨ▫כ♪Ᵽ♇◒⇔⁸ ╩ ╢⁹╕√⁸

↓╣╕≢─ ≤ ╦∑≡ B4C ☿ꜝⱵ♇◒ ─ ⌐ ⇔≡

╠╣√ ╩ ⇔⁸ ╩ ∆╢⁹ 

 

 30 ⌐ ⅝ ⅝⁸ ╩ ™√ ⌐╟╢

B4C ☿ꜝⱵ♇◒ ─ ─ ≤ ╠╣√ ─ ╩

⇔⁸↓╣╕≢─ ≤ ╦∑≡ B4C ☿ꜝⱵ♇◒ ─

⌐ ⇔≡ ╠╣√ ╩ ⇔⁸ ╩ ∆╢⁹  

⁸  

 ᵑ-a ┘ᵑ-b≢ ⇔√B4C ☿ꜝⱵ♇◒ ─ ⁸ ⁸

╩ ⇔√∕╣∙╣─ ⌐≡ ⇔⁸↓╣╕≢─ ≤

╦∑≡ B4C ☿ꜝⱵ♇◒ ─ ⌐ ⇔≡ ╠╣√

╩ ⇔⁸ ╩ ∆╢⁹  

B4C ┼─Ⱬꜞ►ⱶ  

30 ⌐ ⅝ ⅝⁸ ╠╣√B4C ☿ꜝⱵ♇◒ ⌐≈™≡⁸ ▬○fiⱦכⱶ

╩ ™√Ⱬꜞ►ⱶ▬○fi ╩ ™⁸Ⱬꜞ►ⱶ ─B4C ☿ꜝⱵ♇◒

─ ╩ ⌐╟╡ ∆╢⁹╕√⁸ ╩ ⇔⁸ ⌐ ⇔

√Ⱬꜞ►ⱶ●☻ ┘ ⌐╟╢ ─ ╩ ∆╢⁹∕⇔≡⁸↓╣╕≢



 

 

2. 2- 2 

 

─ ≤ ╦∑≡ B4C ☿ꜝⱵ♇◒ ─Ⱬꜞ►ⱶ ⌐ ∆╢

╩ ∆╢⁹ 

e B4C ─ ⁸  

30 ⌐ ⅝ ⅝⁸ ⇔√CNT B4C ⌐≈™≡⁸ ─

╩ ⌐╟╡ ∆╢⁹╕√⁸☻◄ꜞfi◓╛ ╩ ⇔⁸

╩ ∆╢⁹↕╠⌐⁸ ─ ╩ ⇔⁸ ⌐ ⇔√Ⱬꜞ►ⱶ

●☻ ╩ ∆╢≤≤╙⌐ ⌐╟╢ ─ ╩ ⌐╟╡

∆╢⁹∕⇔≡⁸↓╣╕≢─ ≤ ╦∑≡ B4C ☿ꜝⱵ♇◒ ─

⌐ ∆╢ ╩ ∆╢⁹ 

Ώ B4C ─  

a B4C ─ ⁸  

 B4C ☿ꜝⱵ♇◒ ┘ ₈ ₉≢ ↕╣√

B4C ─ ╩ ℮≤≤╙⌐ ⁸╘≥╕╩♃כ♦√╣╠

┼─ ╩ ⇔√ B4C ☿ꜝⱵ♇◒ ─

─ ┘ ─ ╩ ℮⁹↕╠⌐ ≤⇔≡⁸↓╣╕≢─

⌐ ≠⅝⁸ ☿ꜝⱵ♇◒ ─ ⱪ꜡☿☻─ ╩

╘≡ ╩ ℮⁹  

ᵔ B4CⱭ꜠♇♩ ─ ה ─ ┘ ⁸

 

 30 ⌐ ⅝ ⅝⁸ ⌐ ⇔√ B4CⱭ꜠♇♩ ╩

™≡ ─ ─ ┘ ╩ ℮≤≤╙⌐⁸ ─

─ ╩ ⇔ ╩ ∆╢⁹╕√⁸ ≤⇔≡⁸ ─

⌐ ∆╢ ─ ה ╩ ∆╢⁹  

ᵕ  

─ ≢ ─ ╩ ⌐⇔≡ ╩ ╘╢⁹ 

 



 

 

3. 1- 1 

 

3 ─ ┘  

 3.1 ⌐╟╢ B4C ☿ꜝⱵ♇◒ ─ ⌐ ↑√  

3.1.1 ☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓ ─ ₒH28, H30x  

3.1.1 .1 28 ⅛╠ 30 ─ ┘ ₒH28,  H30x  

28  

☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓ ╩ ™√ ⱪ꜡☿☻─ ↑≤⇔≡⁸B4C ─

─ ╩ ⇔√⁹◘ⱩⱵ◒꜡fi◘▬☼─ B4C ⌐≈™≡⁸☻ꜞ♇ⱪ◐ꜗ

☻♥▫fi◓⌐ ™╢ ─ ╩ ⇔√⁹ ≤⇔≡ PEI╩ ™⁸pH ╩

5~7⌐ ⇔⁸B4C ─ ⌐≈™≡ ⇔√≤↓╤⁸PEI 1 wt%╕√│ 2 wt%⁸pH6

─ ≢ ⌂ ╩ ∆↓≤╩ ╠⅛⌐⇔√⁹PEI wt%⁸pH6 ─ ≢⁸95 

vol%─ B4C ┘ 5 vol%▪ꜟⱵ♫ Al2O3 ╩ ╗ ╩ ⇔⁸☻

ꜞ♇ⱪ◐ꜗ☻♥▫fi◓ ⌐╟╡ ╩ ⇔√⁹↓─ ─ ╩ ™⁸ ⱪꜝ

☼ⱴ ⁸SPS≤ ┬ ╩ ™≡ ╩ ∫√≤↓╤⁸1800 oC─ ™

≢ ⅜ 97 % ─ ⅜ ╠╣√⁹╕√⁸X ─ ⅛╠⁸ ╠╣√

B4C ⌐≈™≡ │ ⌐ ╠╣∏⁸ꜝfi♄ⱶ ≢№╢↓≤⅜ ⅛∫√ 3.1.1-

1 ⁹ 

10B B4C ⌐⅔™≡│ ⌂ ⅜ ↕╣≡⅔╡⁸ ⅜ ⅝™√╘

⌐ ─ ⅜ ≢№╢↓≤⅜ ╠⅛≤⌂∫√⁹10B B4C ─ ╩☺ꜟ

◖♬▪─Ⱳכꜟ≤ⱳ♇♩╩ ™≡ ⱲכꜟⱵꜟ 300 rpm ≢ ∫√⁹ ⌐ ⱷ

♦▫▪≢№╢☺ꜟ◖♬▪Ⱳכꜟ╩ ⇔√≤↓╤⁸ 2 %─ ⅜ ⇔√⁹↓─

│ ─ B4C ⌐ ≤⇔≡ ⇔≡™╢≤ ⅎ╠╣╢√╘⁸ ╩

⇔√⁹ ⱷ♦▫▪╩▪ꜟⱵ♫Ⱳכꜟ⌐ ⇔⁸ⱳ♇♩─ ╩ 200 rpm ≤⇔

≡⁸ⱴ▬ꜟ♪⌂ ⌐∆╢↓≤⌐╟╡ ─ ╩ ╖√⁹⇔⅛⇔⌂⅜╠⁸

2h ⌐│⁸▪ꜟⱵ♫Ⱳכꜟ─ ⅜ 1.5 ⇔≡⅔╡⁸╛│╡ ⱷ♦▫▪

⅛╠─ ⅜ ↕╣√⁹╟∫≡⁸ ─ ⌂╢ ⅜ ≤⌂∫√⁹⇔⅛⇔⌂⅜

╠⁸▪ꜟⱵ♫Ⱳכꜟ╩ ™≡⁸▪ꜟⱵ♫⅜ ∆╢ ⌐⅔™≡│⁸ ─ ⌐

╟╡ ╩ ∆╢↓≤⅜ ≤⌂╣┌⁸B4C ─ ≤ Al2O3 ─

╩ ⌐ ℮ ─ ╩ ∆╢ ≤⌂∫√⁹ 

 

30  

( 1) B4C ─ ─  

╕≢⌐ ╠╣√ B4C ☿ꜝⱵ♇◒ ─ ⌐╟╡⁸ ≤⇔≡

Al5BO9 ⅜ ∆╢↓≤⅜ ╠⅛≤⌂∫√⁹↓╣│ ≤⇔≡ ⇔√ Al2O3 ≤

B4C ⌐ ╕╣╢ H3BO3⅜ ∆╢↓≤≢ ∆╢↓≤⅜ ╠╣≡™╢⁹↓─

│☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓ ╩ ∂≡ ↕╣∏ ⌐ ∆╢√╘⁸

≤⇔≡ ⌐╟╢ ─ ⌐≈™≡ ⇔√⁹ 500 ml⌐ ⇔≡ B4C

╩ 40 g ⅎ⁸ⱴ◓Ⱡ♇♩☻♃כꜝכ≢ 2.5 h ⇔√ ⁸ ╤ ╩ ™⁸ ≤ B4C



 

 

3. 1- 2 

 

╩ ⇔√⁹∕─ ⁸ ╡ ⇔√ B4C╩ 500 ml ≢ 2.5 h ⇔⁸ ╤

╩ ™⁸ ≢ B4C ╩ 2 ⇔√⁹ ⇔√ B4C ╩ 60-110 ęC─

≢ ⇔√⁹ 

─ B4C ─ XRD Ɽ♃כfi⅛╠⁸ │ B4C ⅜ ≢№╡⁸

H3BO3 ┘ Carbon (C) ⅜╦∏⅛⌐ ╕╣≡™╢↓≤⅜ ⅛∫√⁹ ⌐╟╡⁸

⌐ ╕╣≡™√ H3BO3 ⅜ ╡ ⅛╣⁸╟╡ ─ ™ B4C ⅜ ╠╣√⁹╕

√⁸ ─ B4C ─ ╩ ⇔√ ⁸ ─ ⅜ 1.26 wt%

∞∫√─⌐ ⇔⁸ ≢│ 1.09 wt%╕≢ ⇔≡™√⁹ ⌐ ⌐ ╕╣╢

⅜ ≡ H3BO3 ∞≤∆╢≤⁸B4C ⌐ ╕╣╢ H3BO3 │ 1.62 wt%⅛╠

1.40 wt%╕≢ ⇔√≤™ⅎ╢⁹ ⌐ ∫√ ⌐≈™≡│⁸ ─ B4C

─ XRDⱤ♃כfi≢│ H3BO3 ⌐ ∆╢ Ⱨכ◒⅜ ↕╣⌂™↓≤⅛╠⁸

≤⇔≡ H3BO3⅜ B4C ⌐™╕∞ ⇔≡™╢⅛⁸№╢™│ ⌐

⇔√ ⌂≥⅜ ≤⇔≡ ⅎ╠╣╢⁹⇔⅛⇔⁸ ⌐ ≢ 24 h

╩ ∫√ B4C ⌐⅔™≡ ─ ⅜ ╠╣√↓≤⅛╠⁸ ∆╢ │

H3BO3⌐╟╢ ⅜ ™╙─≤ ╦╣╢⁹ 

 

(2)  4 ─ ┘☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓ ⌐╟╢ B4C ☿ꜝⱵ♇◒

─ ה  

╣√ ה ┘ ╩ ∆╢ B4C ☿ꜝⱵ♇◒

╩ ∆╢√╘⁸ ≤⇔≡ Al2O3 (TM-DAR ) ┘ B4C ☿ꜝ

Ⱶ♇◒☻─ ה ─√╘─ ≤⇔≡ CNT (VGCF-H⁸ )─

╩ ⅎ√ 4 B4C, Al2O3, CNT ┘ N66 ╩ ⇔√⁹ │⁸

B4C ⌐ ╖ ╩ ⇔⁸Al2O3⌐≈™≡│↓╣╕≢ ≤⇔≡ ⇔≡™√ PEI 

( 10,000⁸ )╩ ™╢↓≤≢ ⅜ ≢№╢↓≤╩ ⇔√⅜⁸ ─

CNT│ PEI≢│ CNT ┼─ ⅜ ↄ⁸ ⅜ ≢№╢↓≤⅜ ⇔√⁹∕↓

≢ CNT╩ ↄ ─ 3 (B4C, Al2O3 ┘ N66 )⌐≈™≡│ PEI ≢ ╩

™⁸CNT⌐≈™≡│ ─ ⌐≡ⱳꜞⱦ♬ꜟⱧ꜡ꜞ♪fi K30( 40,000⁸ )

≢ ה ╩ ∫≡⅛╠ 3 ╩ ╗ ≤ ⇔≡ 4 ≤⌂╢

╟℮ ⇔√⁹╕√⁸ ╩ ™≡ ─ pH╩ 6⌐ ⇔√⁹ ╠╣√ ⅛╠☻

ꜞ♇ⱪ◐ꜗ☻♥▫fi◓ ⌐╟╡ ╩ ⇔⁸ ╠╣√ ─ ╩ ™⁸ⱱ♇♩

ⱪ꜠☻ ⌐╟╡ ╩ ⇔√⁹N66 ⌐│⁸ ↕ 300 µm⁸ ū10 µm№╢™

│ū50.2 µm─╙─╩ ™√⁹ 

☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓ ⌐╟╡ ⇔√ ─ SEM ╩ 3.1.1-2 ⌐

∆⁹ ╩ ™≡╙ ⌂ↄ N66 ⅜ ╖ ⌐ ⇔≡ ⌐

∆╢↓≤⅜ ⇔√⁹╕√⁸ 400 ęC ≢ ∆╢↓≤≢ ⅜ ↕╣≡™

╢ ⅜ ↕╣√⁹↕╠⌐⁸ⱱ♇♩ⱪ꜠☻ ⌐╟╡ 2000 ęC≢ ⇔√ B4C ☿

ꜝⱵ♇◒ ─ XRD ⅛╠⁸CNT─ ⌐≈™≡╙ ⇔√⁹B4C ☿ꜝⱵ♇◒

─ Top ┘ Side ⅛╠ ⇔√ XRD Ɽ♃כfi╩⁸∕╣∙╣ 3.1.1-3⌐ ∆⁹
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≢│ CNT⌐ CNT╩ ™≡⅔╡⁸CNT─ d002│ CNT─ ⌐ ∆

╢⁹∕─√╘⁸CNT(002) ⅛╠─ Ⱨכ◒⅜ ™╒≥⁸CNT ⅜ XRD ⌐ ⇔

≡ ⌐ ⇔≡™╢↓≤⌐⌂╢ 3.1.1-4 ⁹B4C ☿ꜝⱵ♇◒ ─ XRDⱤ♃כ

fi⅛╠⁸Top ⌐⅔™≡ CNT(002) ⅛╠─ Ⱨכ◒⅜ Side ⅛╠─ Ⱨכ◒╟╡╙

™ ≤⌂╡⁸☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓ ┘ⱱ♇♩ⱪ꜠☻ ⌐╟╢ ╩ ⇔

≡ CNT⅜ ∆╢↓≤⅜ ⇔√⁹ 

╕√⁸ⱱ♇♩ⱪ꜠☻ ─ ⌐⅔↑╢ N66 ─ ⅜ B4C ☿ꜝⱵ♇◒

─ CNT ─ ⌐ ⅎ╢ ⌐≈™≡ ⇔√⁹↓↓≢│⁸B4C ☿ꜝⱵ♇◒

─ 87.5 vol%B4C/10 vol%CNT/2.5 vol%Al2O3 ╩ 30 g⌐ ⇔⁸

⌐ ∆╢ N66 ⅜ 0-40 vol%≤⌂╢╟℮⌐ 4 ╩ ⇔≡☻ꜞ♇ⱪ

◐ꜗ☻♥▫fi◓ ⌐╟╡ ╩ ⇔√⁹╕√⁸ 29 ╕≢⌐ ╠╣√ B4C ☿

ꜝⱵ♇◒ ─ ⌐╟╡⁸ ≢№╢ Al2O3⅜ ⌐ ∆╢↓≤≢

⅜ ∆╢↓≤⅜ ⅛∫≡™╢⁹∕↓≢ ─ ╩ ⅛╠

⇔⁸Al2O3─ ╩ 5 vol%⅛╠ 2.5 vol%⌐⁸B4C╩ 85 vol%⅛╠ 87.5 vol%⌐ ⇔

√⁹ ╠╣√ ╩ⱱ♇♩ⱪ꜠☻ ⌐╟╡ ⇔√ ─ XRD ╩ ∫√ ⁸

B4C ─ ╙ ™ Ⱨכ◒ (021)⌐ ∆╢ CNT(002) ⅛╠─ Ⱨכ◒─

[CNT(002)/B4C(021)]│ 3.1.1-1 ─╟℮⌐⌂╡⁸N66 ╩ 40 vol% ⅎ√ ╩ⱱ♇

♩ⱪ꜠☻ ∆╢↓≤≢ CNT ─ │ ↄ⌂∫√⁹↓╣│⁸N66 ─ ⌐

╟╡ ─ ╖⅜ ⅝ↄ⌂╢√╘⁸ ─ ⌐ ℮ CNT ⅜╟╡

↕╣√╙─≤ ⅎ╠╣╢⁹↓─↓≤⅛╠⁸ ─ CNT ─ │ⱱ♇♩ⱪ꜠☻

─ ─ ╖⌐ ⅝ↄ ∆╢↓≤⅜ ╠⅛≤⌂╡⁸ ╠╣√ B4C ☿ꜝⱵ♇◒

─ ⌐╙ ⅝ↄ ∆╢╙─≤ ╦╣╢⁹ 

─↓≤⅛╠⁸☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓ ⌐ ≠ↄ B4C ☿ꜝⱵ♇◒ ─

ⱪ꜡☿☻─ ⇔╩ ™⁸ ⱪ꜡☿☻─ ╩ ∫√⁹ ≢│ 4

╩ ™≡☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓ ╩ ℮↓≤≢⁸N66 ⌐╟╡ ↕

╣√ ╩ ∆╢ B4C ☿ꜝⱵ♇◒ ─ ⅜ ≢№╢↓≤⅜ ⇔√⁹

↓╣│⁸ ≤⇔≡™╢ B4C ☿ꜝⱵ♇◒ ╩ ∆╢ ≢ ⌂

≤⌂╢⁹
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3.1.1-1 ☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓ ⌐╟╢ⱱ♇♩ⱪ꜠☻ ─ CNT  
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3.1.1-1 ☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓ ⌐╟╡ ⇔√ B4C☿ꜝⱵ♇◒☻─ X Ɽ♃כfi 

Ⱨכ◒│ ⱱꜟ♄כ─ ≢№╢▪ꜟⱵ♬►ⱶ⌐ ∆╢≤ ⅎ╠╣╢  

 

 

 

3.1.1-2 ☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓ ⌐╟╢ N66 ─ ū10 mm  
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3.1.1-3 ☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓ ⌐╟╢ⱱ♇♩ⱪ꜠☻ ─ XRDⱤ♃כfi 

 

 

 

3.1.1-4 CNT(002) ⅛╠─ X  

 



 

 

3. 1- 7 

 

3.1.2 ⱪ꜡☿☻─ ₒH28, H30x  

3.1. 2.1 28 ⅛╠ 30 ─ ┘ ₒH28, H30x  

28  

( 1)  ⱪ꜡☿☻─  

3.1.1⌐╟╡ ╩ ∫√ ╩ ™≡⁸ ─ ╩ ⇔

√⁹↓─ ╩⁸ 3.1.2-1 ╩ ™≡ ≢ ╩ ↕∑⌂⅜╠☻

ꜞ♇ⱪ◐ꜗ☻♥▫fi◓ ╩ ™≡ ╩ ∫√⁹↓─ ─ ╩ ™⁸SPS Ar

1850 oC×10 min ╩ ™≡ ╩ ∫√≤↓╤⁸1800 oC─ ™ ≢

⅜ 97% ─ ⅜ ╠╣√⁹ ─ 3.3.1 ⅛╠⁸☻ꜞ♇ⱪ

◐ꜗ☻♥▫fi◓ ≤ ⌐⁸ 97 %≤ ™ ╩ ⇔√⌐╙ ╦╠∏⁸

ⱳ▪ ╩ ↄ ╗ ⅜ ↕╣√⁹↓╣│⁸ ╕√│ ─ ╩ ⇔≡

™╢╙─≤ ⅎ╠╣╢⁹ 

╕√ 3.1.2-2 ─ XRD ⅛╠ ↕╣√╟℮⌐⁸Ᵽꜟ◒ ─ RT

≤ RS ≢│(003) ⁸ ┘ c ≤─ ⅜ ↕™(104)

┘(018) ─ ⅜ ↄ⌂∫≡⅔╡⁸RT ⌐⅔™≡⁸c ≤ 32 ─ ╩⌂

∆(018) ─ ⅜ ⅝™⁹↓╣╠─↓≤⅛╠ ╩ ™╢ ⌐⁸ ≢

⇔√ ╩ ™╢↓≤≢ c ─ ╩ ≢⅝≡™╢↓≤⅜ ≢⅝√⅜⁸

─ ╩ ∆╢√╘⌐ ⱪ꜡☿☻⌐ ™╢ B4C ─

┘ ─ ╩ ╢ ⅜№╢≤ ⅎ╠╣√⁹ 
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( 1)  4 ─ ≤ ⌐╟╢ ─ ה  

↓╣╕≢⌐ ╠╣√ 2 B4C ┘ N66 ≢⁸B4C⌐ ╖ ╩ ⇔⁸

↕╠⌐ ≤⇔≡ Al2O3 (TM-DAR ) ┘ B4C ☿ꜝⱵ♇◒☻─

ה ─√╘─ ≤⇔≡ CNT (VGCF-H⁸ )─ ╩ ⅎ√ 4

≢─ ╩ ⌐∆╢ ╩ ⇔√⁹CNT ╩ ↄ ─ 3

(B4C⁸N66 ⁸Al2O3)⌐≈™≡│ ╡ PEI ≢ ╩ ™⁸CNT ⌐≈™≡

│ ─ ⌐≡ⱳꜞⱦ♬ꜟⱧ꜡ꜞ♪fi K30( 40,000⁸ )≢ ה

╩ ∫≡⅛╠ 3 ╩ ╗ ≤ ⇔≡ 4 ≤⌂╢╟℮ ⇔√(

3.1.2-3)⁹ 

╠╣√ │ 29 ─ ₈ ⱪ꜡☿☻⌐╟╢ B4C ☿ꜝ

Ⱶ♇◒ ─ ₉─ ⌐ ≠™≡⁸12 T─ ≢ (30 min⁸1 rpm) ⁸

™≡ ↕∑⌂⅜╠☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓∆╢↓≤≢ 4 ─ ╩

⇔√⁹ 3.1.2-4 │ ╡(12 T) ┘ ⇔(0 T)≢ ╠╣√ ─ ─

≢№╢⁹ ╩⇔≡™⌂™ ≤ ⇔≡⁸ ™ ─ N66

⅜ ─ ╖ ⌐ ╩ ⅎ≡ ┘⁸ ⌐ ⌐ ⇔≡™╢⁹ ⅎ≡⁸

─ B4C ─ ⌐≈™≡ (RT )─ XRD ⌐╟∫≡ ⇔√≤↓╤(

3.1.2-5)⁸ B4C ─ XRD Ɽ♃כfi(ICDD No.00-035-0798)≤ ⌂╡(003) ─
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Ⱨכ◒⅜ ≤⇔≡ ↕╣⁸ B4C ─ c ⅜⌂↕╣≡™╢↓≤⅜ ↕╣

√⁹↓╣╕≢─ 2 ⅛╠ ↕╣√ ≤ ⌐⁸4

╩ ™√ ⌐⅔™≡╙ ─◖fi☿ⱪ♩≢№╢ ≤ ─ ─

⅜ ≢№╢↓≤⅜ ╠⅛≤⌂∫√⁹⌂⅔⁸RT XRD Ɽ♃כfi⅛╠ ─ c

─ ≤⇔≡ 003 Ⱨכ◒⌐  fL, 0 ֔ fL)כ♃◒□fi◓ⱨꜞכ◕♩♇꜡╢∆

֔ 1)╩ ─ 3.1.2-1 ╩ ™≡ ⇔√≤↓╤ 0.52≤ ↕╣⁸ 29 ─ 2

─ ╟╡╙ ™ ≤⌂∫√⁹ ─ ⌐ ⇔≡│⁸3.3.1.2 4 ⌐≡ ═╢⁹ 

Ὢὒ=  
ὖ ὖ0

1  ὖ0
    (3.1.2-1) 

↓↓≢ P │ ─ X Ⱨכ◒ ⁸P0 │ B4C ─ (ICDD⁸No.00-035-

0798)─Ⱨכ◒ ╩ ™⁸ ≤╙⌐ ─ 3.1.2-2 ≢ ⇔√⁹ 

 ὖ=  
ВὍ(00ὰ)

ВὍ(ὬὯὰ)
    (3.1.2-2) 

↓↓≢ I (hkl)│ (hkl) ⅛╠─ Ⱨכ◒ ≢№╢⁹ 

─ SEM ⌐⅔™≡ N66 ≤│ ⌂╢ ─ CNT ⅜

⌐ ↕╣√( 3.1.2-6⁸ ⅜ CNT )⁹CNT│ ⅜ ⌐ ↄ⁸ ⅜

⇔™ ≢№╢⅜⁸ ⌐╟∫≡ ╠╣√ ⌐⅔™≡ CNT ─ ⌂ │ ╘

╠╣∏⁸B4C ┼─ ╩ ≤⇔√⁹↓╣╠ ⅛╠⁸B4C ┘ N66 ⁸

CNT ∕╣∙╣⅜ ≤⌂╢ ┘∕╣╠ ╩ ╗ 4

─ ─ ⅜ ↕╣√⁹⇔⅛⇔⌂⅜╠⁸↓─ ≢ ⇔√ ⌐

⅔™≡│ ↕╣√ ─ ╛∕─ ⌐⅔↑╢ N66

─ ╖ ─ ≤™℮ ⅜ ∫≡™√√╘⁸ ⌐ ≠™≡ ⌂╢

─ ┘ ─ ─ ╩ ⌐≡ ⇔√⁹ 
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3.1.2-3 4 ─  

 

  

3.1.2-4 4 ─ ─ ⁹ 

( )12 T RS ⁸( ) ⇔ 

3.1.2-1 ☻ꜞ♇ⱪ

◐ꜗ☻♥▫fi◓─  

3.1.2-2 ☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓

SPS ─ RT⁸RS ≢─ XRD  
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3.1.2-5 4 ⅛╠ √

─ RT ≢─ XRD Ɽ♃כ

fi 

3.1.2-6 ─

( CNT) 
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3.1. 3 ⱪ꜡☿☻─ ⁸ ₒH28, H30x  

3.1. 3. 1 28 ⅛╠ 30 ─ ┘ ₒH28, H30x  

28  

( 1) ─ ┘ ─  

3.1.3-1 ⌐ ↕╣√ ─ ≢№╢ N66 ☻כ꜡ꜟ☿⁸ כ◌┘

Ⱳfi ╩ ™≡⁸ ≢─ ─ ⌐╟╡☿ꜝⱵ♇◒ ⌐ ╩

∆╢ ╩ ™╢ ⁸N66 ☻כ꜡ꜟ☿⁸ Ⱳfiכ◌┘ ─ ≢─

╩ ∆╢ ⅜№╢⁹ ⌐≈™≡⁸ 1000 oC⁸ ≢─

TG-DTA ╩ ∫√≤↓╤⁸ 3.1.3-2⌐ ∆╟℮⌐ N66 ☻כ꜡ꜟ☿┘ │ 300 oC

⅛╠ ⌐╟╡ ⅜ ∂≡™╢─⌐ Ⱳfiכ◌⁸⇔ │ 560 oC ⅛

╠ ⌐╟╡ ⅜ ∂≡™╢↓≤⅜ ⅛╢⁹B4C ─ ╩ ∆╢≤⁸

N66 ☻כ꜡ꜟ☿│√╕ ⅜ B4C ☿ꜝⱵ♇◒ ─ ⌐ ⇔≡™╢≤

ⅎ╠╣╢⁹ 

 

( 2) ⌐╟╡ ⇔√☿ꜝⱵ♇◒☻ ─ ─  

─ ≢№╢ N66 ☻כ꜡ꜟ☿⁸ Ⱳfiכ◌┘ ⌐╟╡ ↕

╣╢ ╩ ∆╢√╘⌐⁸↓╣╠─ ╩ Al2O3 ≤ ⇔⁸ ⁸

⁸1500 oC≢ ⇔⁸ ╩ SEM⌐╟╡ ⇔√⁹ 3.1.3-3⌐

⌐╟╡ Al2O3 ⌐ ↕╣√ ─ SEM ╩∕╣∙╣ ∆⁹ │

≤⌂╢ ─ ⌐ ⇔⁸N66 Ⱳfiכ◌┘ ╩ ≤⇔√ ⌐│

─ ⅜ ↕╣⁸ ╩ ╗ⱪ꜡☿☻─ ╩ ╢↓≤≢⁸ ≢

≤∆╢ ┘ ╩ ∆╢ B4C ☿ꜝⱵ♇◒ ─ ⅜ ≢№╢↓≤╩

⇔√⁹ ─ ≢│⁸B4C ☿ꜝⱵ♇◒ ─ ⱪ꜡☿☻─ ╩

∫√⁹ 

 

( 3) ─  

3.1.3-1⌐ ∆ ─ ─ ≢⁸N66 ☻כ꜡ꜟ☿┘ ─

╩ ∆╢√╘⌐⁸N66 כⱳ◐◦⸗ⱡⱴ◄╩☻כ꜡ꜟ☿≥ ⌐ ⇔⁸12 T ─

≢ ∆╢↓≤╩ ∫√⁹ 3.1.3-4⁸ 3.1.3-5⁸ 3.1.3-6⁸ 3.1.3-7⌐│⁸∕╣∙╣

N66 0.9T 0.3m ⁸N66 6.7T 0.3m ⁸N66 22T 0.3m ☻כ꜡ꜟ☿⁸ Cellulose SIGMA 

C6288 ─ ╩ ∆⁹N66 ─☻כ꜡ꜟ☿┘ ⅜ ≤ ≢№╡⁸

─ ⅜ ≤⌂╢ ⅜ ≤ ≤⌂╢⁸∆⌂╦∟ ─ ⅜

≤⌂∫≡™╢↓≤⅜ ╠⅛≤⌂∫√⁹∕↓≢⁸ ╩ ™╢↓≤⌐╟╡⁸

N66 ♩☻ꜗ◐ⱪ♇ꜞ☻╩☻כ꜡ꜟ☿┘ ⌐ ≡╢↓≤⅜ ≢№╢≤ ≢⅝√⁹

29 ─ ≢│⁸ ╩ ™╢↓≤⌐╟╡ B4C ─ c ≤ ⌐ N66╩

═╢↓≤╩ ╖√⁹ 
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( 1) ╖ ─ ה ↕╣√ ─ ≤  

≢ ∆ ╡⁸ 29 ⌐⅔™≡ ↕╣√ 2 (B4C ┘ N66 )

⅛╠ ⇔√ B4C ☿ꜝⱵ♇◒☻ ⌐ ∆╢ ⅜ ─ N66 ╟╡╙ ↕ↄ

⌂∫≡⅔╡⁸ ─ ⌐⅔™≡ ⌐╟∫≡ ⌐ ↕╣√

⅜ 30 % ⇔≡™╢↓≤╩ ⇔√⁹╕√⁸2 ─ N66 ─ ╖

⅜ 5 vol%≢№╢─⌐ ⇔⁸ ⌐ B4C ☿ꜝⱵ♇◒☻≤⇔√ ⌐ ╠╣√ (▪

ꜟ◐ⱷ♦☻ ⌐╟╡ )│ ⌂≥╩ ╘≡ 3 % ≤ ≢№╢ 5-10 %╟╡╙

™ ≢№∫√⁹ ∫≡⁸☿ꜝⱵ♇◒☻ ─ ⌐№√∫≡↓─ ⅜ ↓╢

↓≤╩ ≤⇔≡ ─ ╩ ∫√⁹ ⅎ≡⁸ 3.1.3-1⌐ ∆╟℮⌐⁸Al2O3

┘ CNT─ √⌐ ╦╢ 2 ─ ╙ ∆╢ ⌐⅔™≡⁸ ─ ╩ ∆

╢⌐№√∫≡ ⌂ ⌐⌂╢╟℮⌂ ─ ╩ ∫√⁹ 3.1.3-8

│ 3.1.3-1 ≢ ⇔√ ─ ─ ─ ≢№╢⁹2 ≤

∂ ≢№╢ 20 vol%⌐⅔™≡│⁸4 ≤─ ≢│ ⇔™ ─ ⅜ ∂

√↓≤⁸↕╠⌐ 4 ─ ≢│ ⌐ ™ ─ ⅜ ╣≡⅔╡

⅜ ≢№╢↓≤⅜ ╠⅛≤⌂∫√⁹B4C⁸N66 ⁸CNT⁸Al2O3 ─™∏╣╙

┘◘▬☼⁸ ⅜∕╣∙╣ ⅝ↄ ⌂╢ ╩ ↕∑√√╘⁸ ≤ ─

≢│ ∂ ≢ ⌂ ╩ ╢─⅜ ≢№╢≤ ↕╣√⁹

╩ ה ↕∑╢⌐│ ─ ╩ ∆╢ ⅜№╢⅜⁸

─ ≤⇔≡ ─ ╩ →╢ ╙ ≢№╢⁹∕↓≢⁸☻ꜞ♇ⱪ

◐ꜗ☻♥▫fi◓⌐╟╢ ─ ╩ ⌐ ⌂╦⌂™ ≢ ╩ ↕∑

≡ ╩ ∫√≤↓╤⁸10 vol%╕≢ ↕∑╢↓≤≢ 2 ⌐ ∆╢

™ ⅜ ╠╣√⁹ ∫≡⁸↓─ ≢ ↕╣√ ⌐⅔™≡│

╩ 10 vol%≤⇔≡ ∆╣┌⁸╟╡ ™ ╖ ╩ ∆╢ 4

─ ⅜ ≢№╢↓≤╩ ⇔√⁹ 3.2.2 ≢ ∆╢╟℮⌐ │╟╡ ™

≤ ╖ ─ ⌐⅔™≡╙ ≢⅝╢╟℮⌐ ┘

⌐≈™≡ ⇔√⁹ 
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3.1.3-1 29 ┘ 30 ─  
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3.1.3-1  N66⁸☿ꜟ꜡כ☻ ─Ⱳfiכ◌┘  
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3.1.3-2 ─ TG-DTA

₩1000 ęC⁸  

3.1.3-3 ╩ ⇔√▪ꜟ

Ⱶ♫─ ─ SEM  
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3.1.3-4 ≤ ╩ ∫√ N66 0.9T 0.3m ─  

 

3.1.3-5 ≤ ╩ ∫√ N66 6.7T 0.3m ─  

 

3.1.3-6 ≤ ╩ ∫√ N66 22T 0.3m ─  

 

3.1.3-7 ≤ ╩ ☻כ꜡ꜟ☿√∫ Cellulose SIGMA C6288 ─  
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3.1.3-8 ⌂╢ 4 ≤ 2 ─  
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3.1. 4 B4C ─ ₒH28, H30x  

3.1. 4.1 28 ⅛╠ 30 ─ ┘ ₒH28, H30x  

28  

( 1) ₈ ₉⌐⅔↑╢ ┼─  

B4C ☿ꜝⱵ♇◒ ─ ⌐ ↑≡⁸ ─ ╩Ɽꜝⱷכ♃כ≤⇔√

₈ ₉⌐⅔↑╢ ┼─ ╩ ⌐╟╡ ∫√⁹ 

 

( 2)  

ᵑ  

│⁸ ₈ ₉MK- [1]≤⇔√⁹ ╩ 3.1.4-1 ⌐⁸

╩ 3.1.4-1⌐ ∆⁹ 

 

ᵒ  

1)  

₈ ₉─ │⁸ ╩☻♥fi꜠☻ ⌐ ⇔√

⁸ ≤ ∆╢√╘─Ɫfi♪ꜞfi◓Ⱬ♇♪⁸☻◒ꜝⱶ ─

╩ ╦∑╢♄♇◦ꜙꜝⱶ⌂≥⅛╠⌂╢⁹ │⁸10B ╩ 90 ⌐ ⇔√

B4C ─ ╩☻♥fi꜠☻ ≢ ⇔⁸ ⌐♄▬ⱦfi◓ⱬꜟ ─ⱬfi♩ ╩

⇔≡™╢⁹↓─ⱬfi♩ │⁸ ≢№╢ B4C─ 10B n⁸Ŭ 7Li ≢

∆╢Ⱬꜞ►ⱶ●☻╩ ⌐ ⇔⁸ ─ ╩ ←↓≤╩ ≤⇔≡⅔╡⁸↓

╣⌐╟∫≡ ─ ╩ ↄ∆╢↓≤⅜≢⅝╢⁹ ↕╣√Ⱬꜞ►ⱶ●☻│⁸

⅛╠♫♩ꜞ►ⱶ ╩ ≡ ─▪ꜟ◗fi◌Ᵽכ●☻ ┼

∆╢⁹ 

│⁸ ─☻◄ꜞfi◓⌐╟╡⁸ ≤ ≤─

ACMI Absorber-Cladding Mechanical Interaction ⅜ ⇔⁸ ⅜ ↕╣

≡™╢⁹↓─√╘⁸MK- ⅛╠⁸ ─ ™ Na ╩ ⌐ ⇔⁸

─◑ꜗ♇ⱪ╩ ∆╢↓≤⌐╟╡ ACMI ─ ╩ ╠∑╢ Na

Ⱳfi♪ ╩ ⇔√⁹NaⱲfi♪ │ ─Ⱬꜞ►ⱶⱲfi♪ ≤

⇔≡ ╩ 2 2◘▬◒ꜟŸ4◘▬◒ꜟ ⌐ ┌⇔≡™╢⁹ 

│⁸ ─ ╩ ◓ꜞ♇♪ ≢ ⇔⁸7 ꜡♇♪◒ꜝ☻♃≤⇔

≡ ⌐ ⇔≡™╢⁹ │⁸ ⱪ꜠♫ⱶ╩ ≡⁸ ─

⅛╠ ∆╢⁹ ─ ╩ 3.1.4-2 ⌐⁸ ╩ 3.1.4-2 ⌐

∆⁹ 

 

2)  

B4C ─ ╩ 3.1.4-3⌐⁸ 10B 90 wt%⁸

10 %⁸ ⌂⇔ ─ ⌐ ⇔ ╩ ⇔√ ─

╩ 3.1.4-4⌐⁸ ╩ 0 %≤⇔√ ─ ╩ 3.1.4-5⌐ ∆⁹ 
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╕√⁸10B ─╖─ ╩ ∆╢√╘⁸ ╩ ≤⇔ 0.85 ⅛╠ 1.10

╕≢ 0.05 ╖≢ ↕∑√ 10B ≢Ɽꜝⱷכ◘♃כⱬ▬╩ ∆╢⁹B4C

─ 10B ╩ 3.1.4-6⌐ ∆⁹ 

 

ᵓ  

JUPITER [2]≢ ♪כ◖√⇔ ╩ ™√ ≢ ⇔√⁹ 

 

ᵔ  

◘▬◒ꜟ  ⌐⅔™≡ ↕╣√

╖ ꜞꜝⱩ▬ꜝ♃כ♦ JENDL-3.2[3]⌐ ≠ↄ 70 ☿♇♩ JFS-3-

J3.2R[4]╩ ⇔√⁹ 

 

( 3)  

ᵑ ─  

70 ⱴ◒꜡ │⁸ ♪כ◖ CASUP[5]⁸SLAROM[6] ┘ XMIX [7]

╩ ™≡ ⇔√⁹ ⸗♦ꜟ│⁸ ⁸ ה │⁸ ╩

∆╢√╘ 1 ꜞfi◓⸗♦ꜟ≤⇔√⁹╕√⁸ ⌐≈™≡│⁸

─ ⌐ ∆╢ ─ ╩ ∆╢╟℮⁸ ╩ ∆╢

╩ ⇔√⁹∕╣ ─ │⁸ ⸗♦ꜟ≤⇔√⁹ 

 

ᵒ  

│⁸ 6 ⅜ ⅝ ≤⇔√ ⌐⅔↑╢ ≤⁸

≤∆╢ 1 ⅜ ≤⌂╢ CR1 ╩ ≤⇔ ╡ 5

│ ⅝ ≤⇔√ ⌐⅔↑╢ ⅛╠⁸ ⌐╟╡ ╘√⁹ 

│⁸ ♪כ◖ CITATION[8]╩ ™⁸Benoist ─ ╩

⇔√ 70 ≢ ⇔√⁹ ⸗♦ꜟ│⁸ Tri-Z ≤⇔√⁹ⱷ♇

◦ꜙ │⁸XY ╩ 6ⱷ♇◦ꜙ⁸Z ╩ 2.5cm 1ⱷ♇◦ꜙ≤⇔√⁹ 

 

( 4) ≤  

10 %⁸ ─ ⌐╟╢ ┼─ ╩ 3.1.4-7 ⌐ ∆⁹B4C ─

╩ ╠↕∏ ╩ ⁸│☻כ◔√⇔ ┼─ │ ⅛≢№∫√⁹B4C

─ ╩ ╠⇔ Al ╩ ⁸│☻כ◔√⇔ ⅜ 3 % ⇔√⁹B4C─ ╩ ╠⇔

Al ≤ CNT╩ ⁸│☻כ◔√⇔ ⅜ 13 % ⇔√⁹ 0 %⁸

─ ⌐╟╢ ┼─ ╩ 3.1.4-8 ⌐ ∆⁹ ┼─ │⁸

10 %─ ≤ ─ ╩ ⇔√⁹ ╩ 10 %⅛╠ 0 %┼ ∆╢↓≤≢⁸

│ 5 % ∆╢↓≤╩ ⇔√⁹ 

B4C ─ 10B ╩Ɽꜝⱷ⁸⇔≥כ♃כ ≤─ ╩ ⇔√

╩ 3.1.4-3 ⌐ ∆⁹10B ≤ ─ │ 2 ─
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⌐⌂╢↓≤╩ ⇔√⁹10B ⅜ 20 %─ ⌐⅔™≡│⁸╒╓

≤™ⅎ╢⁹╕√⁸ ☻כ◔ ┘ ⱴכ◌כ │ ⌐№╢↓≤⅛

╠⁸ │ Al ┘ CNT ─ ⌐╟╠∏ 10B ⌐─╖ ╩ ↑╢↓

≤╩ ⇔√⁹ 

 

30  

( 1)  B4C ─ ╩Ɽꜝⱷכ♃כ≤⇔√ ┼─  

B4C ☿ꜝⱵ♇◒ ─ ⌐ ↑≡⁸ ─ ⌐≡

⇔√ ╩ Ɽꜝⱷכ♃כ≤⇔≡ ┼─ ╩ ⌐╟╡ ™⁸

B4C ─ ⱪ꜡☿☻ ┘ ⌐ⱨ▫כ♪Ᵽ♇◒∆╢⁹ 

 

ᵑ ┘  

28 ≤ ─ ┘ ⌐≡ ╩ ∫√⁹⌂⅔⁸ 3.1.4-9 ┘

3.1.4-10 ⌐│⁸ 28 ─ ≤│ ⌂╢ B4C ─ ┘ ╩

10 %≤⇔√ ─ B4C ─ ╩ ∆⁹ 

 

ᵒ ≤  

⌐⅔↑╢ ─ ⌐╟╢ ┼─ ╩ 3.1.4-

11⌐ ∆⁹ ≤∆╢ 1 ⅜ ≤⌂╢ CR1 ─

│⁸10B ⅜ ∆╢↓≤⌐╟╡ 5 % ⇔√⅜⁸ ⌂꜠ⱬꜟ≢№

╢↓≤⅜ ≢⅝⁸ ≤⇔≡ ⌐⅔™≡ ≤⌂╢↓≤│⌂™

↓≤⅜ ≢⅝√⁹ 

 

( 2) ─ ⌐╟╢ ┼─  

B4C ☿ꜝⱵ♇◒ ─ ⌐ ↑≡⁸ ─ ⌐╟╢ ┼

─ ╩ ∆╢⁹ 

 

ᵑ  

▪ꜟⱵ♬►ⱶ 1g╩⁸1 ◘▬◒ꜟ╩ 60 ≤⇔ 6◘▬◒ꜟ ⁹⌂⅔⁸◘▬

◒ꜟ ─ │ ≢│ ⌐ ⇔√⁹ │⁸₈ ₉ 3 ─ ╩

™√⁹ 

 

ᵒ  

│ ♪כ◖ ORIGEN2.2[9]╩ ™√⁹ │⁸ ≢ ™√

₈ ₉ 3 ─ ☻Ɑ◒♩ꜟ╩ ™≡ JFS-3-J3.2R⅛╠ ╘√ 70

╩ 1 ⌐ ⇔≡ ™√⁹ 

 

ᵓ ≤  
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╩ 3.1.4-12 ⌐ ∆⁹ ≢│⁸Al-28,29⁸Mg-28⁸Na-24,25 ⅜

↕╣≡™╢⅜⁸™∏╣╙ ≢№╡⁸1 ◘▬◒ꜟ 60 ⌐⅔™≡ ≢

⅝╢꜠ⱬꜟ⌐ ∆╢⁹↓─√╘⁸ Al ⌐╟╢ │⌂™↓≤╩ ⇔√⁹ 

 

 

[1]   : MK- ─ , PNC ZJ9214 93-002, 

(1993). 

[2] ─☻כⱬ♃כ♦ : ,    -JUPITER ─ -, 

PNC TN9410 97-099, (1997). 

[3]   T. Nakagawa, et al., òJapanese Evaluated Nuclear Data Library Version 3 Revision-2: JENDL-

3.2ò, Journal of Nuclear Science and Technology 32, 1259-1271, (1995). 

[4]    ⁸ JENDL-3.2 ⌐ ≠ↄ JFS-3-J3.2R─ ⁸JNC TN9400 

2001-124, (2002). 

[5]   S. Ono, et al.: Technol. Rep. Osaka Univ. 33, 1708, 207, (1983). 

[6]   : SLAROM : A Code for Cell Homogenization Calculation of Fast Reactor, 

JAERI 1294, (1984). 

[7]   , : ─  .ⱶ, JAERI-M 83-066, 1983♥☻◦♪כ◖

[8]   T. B. Fowler, et al.: Nuclear Reactor Analysis Code: CITATION, ORNL-TM-2496, Rev.2, 

(1971). 

[9]   S.B. Ludwig, A.G. Croff, ñRevision to ORIGEN2 ï Version 2.2,ò Transmittal memo of CCC-

0371/17, Oak Ridge National Laboratory, (2002). 



 

 

3. 1- 22 

 

 

3.1.4-1 ₈ ₉ MK- ─ 1/2  

   

1. ⱪꜝfi♩    

1)    

 [MWt]  140 

2) 1    

 [ęC] 350 

 [ęC] 500 

 [t/h] 2,700 

2.    

1)   2  

2) Pu   2 

3.    

1)    

 [ ] 77 

  ( 19 ) 

  ( 58 ) 

 [ ] 5 

B   ( 2 ) 

C   ( 3 ) 

 [ ] 1 

 [ ] 6 

3   ( 4 ) 

5   ( 2 ) 

 [ ] 32 

 [ ] 96 

┼™  [ ] 96 

2)    

↕ [mm] 500 

 [mm] 800 

 [m3] 0.25 
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3.1.4-1 ₈ ₉MK- ─ 2/2  

   

3)    

Ⱨ♇♅ [mm] 81.5 

↕ [mm] 2970 

4)  [%]  / / /

 

  36.7/37.3/22.8/3.2 

  / / /

 

  25.4/57.6/17.0/0.0 

   0.0/26.5/73.5/0.0 

   0.0/19.5/80.5/0.0 

┼™   55.1/26.5/16.5/1.9 

4.    

 1) Ɑ꜠♇♩  ►ꜝfiהⱪꜟ♩♬►ⱶ 

 

 2) Pu  

Pu + Am / U + Pu + Am  

[wt%]  

     23.0 

     28.8 

 3) ⱪꜟ♩♬►ⱶ  

Pu-238/239/240/241/242/Am-241  

[wt%] 1/63/24/ 8/ 4/ 0 

 4) U  [wt%] 18.0 

 5) Ɑ꜠♇♩  [%T.D.] 94.0 

5.    

 1) ◘▬◒ꜟ  [day] 60 

 2) Ɽ♃כfi  Ᵽ♇♅  
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3.1.4-2 ─  

   

1.    

  Stainless Steel 

  B4C 

2.  [ ] 7 

3.  [mm]  

☻♃♇◒   650 

  Ɑ꜠♇♩   16.3 

  ─ ↕  0.8 

5.  [at%] 10 

6. 6 ─  [%ȹk/kkô] > 7.6 

7.  [%ȹk/kkô/s] < 0.019 

 

 

3.1.4-3 B4C ─  

   

1. 10B  [wt%] 90.0 

2.  [g/cm3]  

 1) B4C   

   10 %   2.140 

0 %  2.378 

 2) Al  2.700 

Ⱪכꜙ♅Ⱳfi♫ⱡכ◌ (3  CNT   
1.800 

100 %≤  

3.  [wt%] B4C/Al/CNT  

 1)   100/ 0.0/ 0.0 

 2) B4C    

   Al   100/ 5.3/ 0.0 

   Al CNT   100/ 5.5/17.2 

 3) B4C    

   Al   94.7/ 5.3/ 0.0 

   Al CNT   77.3/ 5.5/17.2 

─ ╩ ∆╢√╘⌐  
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3.1.4-4 ╩ 10 %≤⇔√ ─ B4C ─  

[ ×1024 /cm3] 

  
B4C  B4C  

Al  Al + CNT Al  Al  + CNT 

10B 2.246×10-2 Ŷ Ŷ 2.127×10-2 1.736×10-2 

11B 2.496×10-3 Ŷ Ŷ 2.364×10-3 1.929×10-3 

C 6.240×10-3 Ŷ Ŷ 5.909×10-3 4.823×10-3 

Al  - 8.567×10-4 1.089×10-3 8.113×10-4 8.419×10-4 

CNT - - 5.101×10-3 - 3.943×10-3 

 

 

3.1.4-5 ╩ 0 %≤⇔√ ─ B4C ─  

[ ×1024 /cm3] 

  
B4C  B4C  

Al  Al + CNT Al  Al + CNT 

10B 2.496×10-2 Ŷ Ŷ 2.364×10-2 1.929×10-2 

11B 2.773×10-3 Ŷ Ŷ 2.626×10-3 2.144×10-3 

C 6.933×10-3 Ŷ Ŷ 6.565×10-3 5.359×10-3 

Al  - 8.567×10-4 1.089×10-3 8.113×10-4 8.419×10-4 

CNT - - 5.101×10-3 - 3.943×10-3 

 

 

3.1.4-6 B4C ─ 10B  

10B

[wt%] 
76.5 81.0 85.5 90.0 94.5 99.0 

10B  

[g] 
1175 1248 1321 1396 1471 1546 

7 ☻♃♇◒ 650mm⁸Ɑ꜠♇♩ 16.3mm  

 

 

3.1.4-7 ─ ⌐╟╢ 10 %  

  
B4C  B4C  

Al  Al + CNT Al  Al + CNT 

 

[%ȹk/kkô] 
2.14 2.15 2.15 2.08 1.87 

 

[%] 
- 0.21 0.20 -2.79 -12.61 
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3.1.4-8 ─ ⌐╟╢ 0 %  

  
B4C   B4C   

Al  Al + CNT Al  Al + CNT 

 

[%ȹk/kkô] 
2.26 2.26 2.26 2.20 1.98 

 

[%] 
- 0.16 0.16 -2.67 -12.16 

 

 

3.1.4-9 B4C ─  

   

1. 10B  [wt%] 90.0 

2.  [g/cm3]  

 1) B4C  2.38 

 2) Al2O3  3.95 

Ⱪכꜙ♅Ⱳfi♫ⱡכ◌ (3  CNT   2.10 

3.  [%] 10.0 

4.  [wt%] B4C/Al2O3/CNT  

 1)    100/ 0.0/ 0.0 

 2) Al2O3 CNT   90.3/ 5.0/ 4.7 

 

 

3.1.4-10 ╩ 10 %≤⇔√ ─ B4C ─ H30  

[ ×1024 /cm3] 

  Al2O3 CNT  

10B 2.246×10-2 2.029×10-2 

11B 2.496×10-3 2.255×10-3 

C 6.240×10-3 5.637×10-3 

Al - 5.346×10-4 

O - 8.020×10-4 

CNT - 1.137×10-3 
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3.1.4-11 ─ ⌐╟╢  

  Al2O3 CNT  

 

[%ȹk/kkô] 
 2.14  2.04 

 

[%] 
- -4.94 

 

 

3.1.4-12 Al ─  

  

 

6cy  

360E.F.P.D.  

 

60  120  1  

24Na 15  7.8×109 0 0 0 

25Na 59  3.6 0 0 0 

28Mg 21  2.2 4.1×10-21 0 0 

28Al 2.2  1.5×1010 4.1×10-21 0 0 

29Al 6.6  3.4 0 0 0 
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3.1.4-1 ₈ ₉MK- ─  

 

 

 

 

 

 

 

 

 

 

 

3.1.4-2 ─ ≤  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1.4-3 10B ≤ ─
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3.2 ⌐╟╢ B4C ☿ꜝⱵ♇◒ ─  

3.2.1 ☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓ ⌐╟╢ B4C ☿ꜝⱵ♇◒ ─ ₒH29- R1x  

3. 2. 1.1 29 ⅛╠ 30 ─ ┘ ₒH29- H30x  

29  

( ─Ⱪכꜙ♅Ⱳfi♫ⱡכ◌ (1 ┘ ─  

CNT │ ─ ╖ ™⌐╟╢ ⅜ ↓╢√╘⁸ ⌐╟╢ ╩ ™√

⌐≈™≡ ⇔√⁹CNT ⌐ ╩ ∆↓≤⌐╟╡⁸CNT ⌐ ⇔√

─ ⌐╟∫≡ CNT ─ ⅜ ∆╢↓≤⅜ ↕╣≡™╢⁹∕↓≢ ≢

│ ─ [1]╩ ⌐⁸ ╣√ CNT ⅜ ╠╣≡™╢ ─ ≢ CNT ─

╩ ⇔√⁹CNT ─ ─ ╩ 3.2.1-1⌐ ∆⁹ 20 mL ┘ 60 mL ⌐

⇔≡ ─ CNT(VGCF-H)╩ 1g ⅎ⁸ⱱ♇♩Ᵽ☻ ≢ 110 ęC╕≢ ⇔⁸20 min ⇔

√⁹ ╕≢ ⇔√ ⁸ ╩ ⅎ≡⅛╠ⱷfiⱩ꜠fiⱨ▫ꜟ♃כ╩ ™≡

╤ ╩ ∫√⁹∕─ ⁸pH ⅜ 6-7 ⌐⌂╢╕≢ ╤ ≤ ╩ ╡ ⇔√⁹ ⇔√

CNT╩ ⇔⁸↕╠⌐ ╩ ™≡ ⇔√⁹ 

─ CNT ─ (SEM) ╩ 3.2.1-2⌐ ∆⁹ ─ CNT ⌐

╟╢ │ ╠╣∏⁸ ↔≤⌐ ⇔≡™╢ ⅜ ⅛╢⁹CNT ─ ≤⇔

≡⁸ ⇔√ CNT ╩ ⌐ ⅎ≡ ⱱ⸗☺♫▬◙כ╩ ™≡ ⇔⁸24 

⇔√ ─ ╩ 3.2.1-3 ⌐ ∆⁹ ⇔≡™⌂™ CNT ╩ ™√ ≢│

CNT ─ ⅜ ↕╣√⁹ ⁸ ╖─ CNT ≢│ ⇔≡╙ CNT ─

⌐╟╢ ─ │ ╠╣∏⁸ ⌐╟╡ CNT─ ╩ ℮↓≤≢⁸CNT

─ ⅜ ⌐ ∆╢↓≤╩ ⇔√⁹ 

 

( 2) 10B B4C ─ ─  

10B B4C ⌐⅔™≡│ ⌂ ⅜ ↕╣≡⅔╡⁸ ⅜ ⅝™√╘

⌐ ⅜ ≢№╢↓≤⅜ ╠⅛≤⌂∫√⁹∕↓≢⁸3.1.1 .1 ⌐ ⅝ ⅝⁸ ⱲכꜟⱵ

ꜟ⌐╟╢ 10B B4C ─ ╩ ⇔√⁹ 

ⱷ♦▫▪⌐│⁸Si3N4 ─ⱳ♇♩≤ Al2O3 ─Ⱳכꜟ╩ ⇔⁸Ⱶꜞfi◓ │

600 rpm⁸30 min≤⇔≡ 3 ∫√⁹ ⱲכꜟⱵꜟ╩ ℮↔≤⌐ B4C ─

┘ ╩ ™⁸Ⱳכꜟ─ ⌐≈™≡╙ ⌐╟╡ ⇔√⁹╕√⁸

ⱲכꜟⱵꜟ╩ 3 ∫√ ─ B4C ⌐ ╕╣╢ ╩ XRD ⌐╟╡ ⇔√⁹

ⱲכꜟⱵꜟ⌐╟╡ ⇔√ 10B B4C ─ ╩ 3.2.1-1 ┘ 3.2.1-4

⌐ ∆⁹ ╩ 60 min ≤∆╢↓≤≢ 1 mm ─ B4C ⅜ ╠╣╢

↓≤⅜ ╠⅛≤⌂∫√⁹╕√⁸SEM⌐╟╡ ⇔√ B4C ─ ╩ 3.2.1-5⌐ ∆⁹

⅜ ↕╣⁸ 1 mm ─ B4C ⅜ ↕╣√⁹ ⌐ ⱷ♦▫▪≢

№╢ Al2O3Ⱳכꜟ╩ ⇔⁸Ⱳכꜟ─ ⌐≈™≡ ⇔√≤↓╤⁸ 3.2.1-2 ┘

3.2.1-6 ⌐ ∆╟℮⌐⁸ ─ ⌐ ™Ⱳכꜟ │ ⅝ↄ⌂╡⁸ ⱲכꜟⱵ

ꜟ╩ 60 min ∫√ ≢│⁸ 3.48 %─ ⅜ ∂╢↓≤⅜ ⇔√⁹╕√⁸XRD⌐

╟╡ ─ B4C ⌐ ╕╣╢ ╩ ⇔√ ╩ 3.2.1-7⌐ ∆⁹B4C ┘
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Al2O3 ─ Ⱨכ◒⅜ ↕╣⁸ ⇔√ 10B B4C ⌐⁸╦∏⅛⌐ Al2O3

⅜ ∆╢↓≤⅜ ⇔√⁹ 

─↓≤⅛╠⁸ ⱲכꜟⱵꜟ⌐╟╢ 10B B4C ─ ⅜ ≢№╡⁸

╩ 60 min ≤∆╢↓≤≢ 1 mm ─ B4C ⅜ ╠╣╢↓≤⅜

⅛∫√⁹╕√⁸Ⱳכꜟ─ ⅛╠⁸ ⌐╟╢ Al2O3─ ⌐≈™≡╙ ╠⅛≤

⌂∫√⁹ ⱷ♦▫▪≢№╢ Al2O3Ⱳכꜟ╩ ™≡ Al2O3⅜ ∆╢ ⌐⅔™≡│⁸

─ ⌐╟╡⁸B4C ─ ≤ Al2O3 ─ ╩ ⌐ ℮ ─

╩ ⇔≡™╢⁹ 

 

( 3) ☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓ ⌐ ™╢ B4C ─ ─  

╩ ∆╢ B4C ☿ꜝⱵ♇◒ ╩ ∆╢√╘⁸☻ꜞ♇ⱪ

◐ꜗ☻♥▫fi◓ ⌐ ™╢ B4C ─ ┘ⱱ♇♩ⱪ꜠☻ ⌐╟╢ ╩

⇔√⁹85 vol% B4C ⁸10 vol%CNT⁸5 vol%Al2O3 ┘ ≤⇔≡ PEI

╩ ╗ ╩ ⇔√⁹↓─ ⁸ ─ │ ⌐ ⇔≡ 20 vol%≤

⇔√⁹CNT ⌐│⁸3.2.1.1(1)≢ ⇔√ CNT ╩ ™√⁹╕√⁸ ╩ ™≡ ─

pH ╩ 6 ⌐ ⇔√⁹☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓ ⌐╟╡ ╩ ⇔⁸ ╠╣√

─ ╩ ™⁸ⱱ♇♩ⱪ꜠☻ ⌐╟╡ ╩ ⇔√⁹╕√⁸90 vol%─ B4C

⁸5 vol%Al2O3⁸ ≤⇔≡ 5 vol%N66 ┘ PEI╩ ╗ ╩ ⇔√⁹

N66 ⌐│⁸ ↕ 300 µm⁸ 10 µm─╙─╩ ™√⁹ 

CNT╩ ╗ B4C ─ ╩ ╩ ™≡ ⇔√≤↓╤⁸☻Ⱨ

fi♪ꜟ ⅜ 10 rpm─ ⌐ │ 28 mPa·s≢№╡⁸ ─ ⅜ ⌐

⇔≡™╢↓≤⅜ ⅛∫√⁹↓─ ╩☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓ ⌐╟╡ ⇔⁸

400 ęC≢ ⇔√ ⁸ⱱ♇♩ⱪ꜠☻ ⌐╟╡ 2000 ęC⁸40 MPa≢ ∆╢↓

≤≢ 0.4 %─ ⌂ B4C/Al2O3/CNT ☿ꜝⱵ♇◒☻ ⅜ ╠╣√⁹↓─

⅛╠⁸ⱱ♇♩ⱪ꜠☻ ⌐╟╡ B4C ☿ꜝⱵ♇◒☻╩ ∆╢↓≤≢ ─ ⌂™

⅜ ≢№╡⁸ ⌐╟∫≡ ⌐ ↕╣√ ─╖╩ ∆╢ B4C

☿ꜝⱵ♇◒ ─ ⌐ ↑√ ⅜ ╠╣√⁹ 

≤⇔≡ 5 vol%─ N66 ╩ ╗ B4C ─ ╩ ⇔√⁹ ≤

⇔≡ 5 vol%N66 ⁸90 vol% B4C ⁸5 vol%Al2O3 ┘ PEI╩ ╗

─ ╩ ⇔√≤↓╤⁸☻Ⱨfi♪ꜟ ⅜ 10 rpm─ ⁸ 113 mPa·s≤⌂╡⁸

CNT ╩ ⇔√ B4C ╟╡ ⅝™ ≤⌂∫√⁹╕√⁸ 29 ⌐ √⌐ ⇔

♃כ♀√ ZEECOM⁸ ⱴ▬◒꜡♥♇◒ה♬♅○fi ╩ ™≡⁸

─ ♃כ♀─ ╩ ⇔√⁹ ─ ⌐⅔™≡⁸

─◖꜡▬♪ ─ ─ ♃כ♀╢№≢ ╩ ═╢↓≤│⁸ ⌂ ╩

∆╢ ╩ ∆╢℮ⅎ≢ ⌐ ≢№╢⁹∕↓≢⁸ 20V⁸pH7 ─

≢⁸ ─ B4C ♃כ♀─ ╩ ⇔√⁹↓─ ⁸B4C/Al2O3/N66

─ B4C ♃כ♀─ ─╖╩ ∆╢√╘⁸ ⌐ ╩ ™╢↓≤

≢ ɛm ─ ╩ ∆╢ B4C ⌐ ⇔√ ≢ ╩ ∫√⁹ √⌐ ⇔
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♃כ♀√ ─ ┘ B4C ♃כ♀─ ⱥ☻♩◓ꜝⱶ╩ 3.2.1-8 ┘

3.2.1-9 ⌐ ∆⁹∕─ ⁸B4C ♃כ♀─ │ 51.4 mV ≢№╡⁸ ≤

⌐ ™ ╩ ⇔⁸ √⌐ ♃כ♀√⇔ ─ ╩ ⇔√⁹ 

 

30  

( 1) ☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓ ⌐╟╢ B4C ☿ꜝⱵ♇◒ ─  

3.1.1.1(2)≢ ═√ 4 ─ ⌐ ≠™≡ ╩ ⇔⁸ ╠╣

√ 87.5 vol%B4C/10 vol%CNT/2.5 vol%Al2O3 ╩ 200 MPa, 10 min

┘ 400 ǾC⁸2 h ─ ╩ ≡ⱱ♇♩ⱪ꜠☻ 2000 ǾC, 40 MPa ⌐╟╡

∆╢↓≤≢⁸CNT ┘ ╩ ∆╢ B4C ☿ꜝⱵ♇◒ ╩

⇔√⁹ ≢ ═╢ B4C ☿ꜝⱵ♇◒ ─ ⌐│⁸ 3.1.1.1≢ ═√ ╩

™≡ ╩ ⇔√ B4C ╩ ™≡™╢⁹ ⱪ꜡☺▼◒♩─ ≤

⇔≡⁸ ─ ⌐╟╡ B4C ☿ꜝⱵ♇◒ ─ ╩ 5-10 %⌐

∆╢ ⅜№╢⁹∕↓≢⁸ ─ ⌂╢ N66 ū27.5 mm ┘ ū50.2 mm ╩ ™

√ 4 ╩∕╣∙╣ ∆╢↓≤≢⁸ ╩ ∆╢ B4C ☿ꜝⱵ♇◒

─ ─ ╩ ⇔√⁹N66 │ B4C ☿ꜝⱵ♇◒ ─

B4C, Al2O3 ┘ CNT ⌐ ⇔≡ 40 vol%≤⇔√⁹ 

─ ╙ ⅝™ N66 ū50.2 mm ╩ ™≡☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓ ⌐╟╡

⇔√ ─ SEM ╩ 3.2.1-10⌐ ∆⁹N66 ū10 mm ╩ ™≡

⇔√ ≤ ⌐⁸ ╖ ⌐ ⇔≡ ⌐ N66 ⅜ ⌐ꜝfi♄

ⱶ⌐ ⇔≡™╢ ⅜ ↕╣⁸N66 ─ │ ⌐╟╠∏⌐ ≢№╢↓≤

⅜ ⇔√⁹╕√⁸ⱱ♇♩ⱪ꜠☻ ⌐╟╡ ⇔√ B4C ☿ꜝⱵ♇◒ ─ ⅛╠

SEM ╩ ∫√ ⁸ ─ ⅜ⱱ♇♩ⱪ꜠☻ ⌐╟╢ ≢

⇔≡™╢╙──⁸ ─ ⅜ ⌐ ↕╣≡™╢ ⅜ ↕╣√ 3.2.1-

11 ⁹ ╩ ╕⌂™ ≢│ ⅜ 2 %∞∫√─⌐ ⇔⁸N66 ╩ ∆╢↓

≤≢ │~5.7 %≤⌂╡⁸N66 ⅜ ≤⇔≡ ≢№╢↓≤⅜ ↕╣√⁹

≢⁸ ─ ⌂╢ N66 ╩ ≤⇔≡ ™≡╙⁸ ⌐ ⅝⌂ │ ╣⌂

™↓≤⅜ ╠⅛≤⌂∫√⁹╕√⁸ ≤⇔≡ N66 ╩ 40 vol% ⇔√⌐╙ ╦╠

∏ │ 5.6-5.7 %≢№∫√↓≤⅛╠⁸ ─ ⅛╠╙ ⌐╟╡

─ ⅜ ⅝ↄ ⇔≡™╢↓≤⅜ ⅎ╢⁹ 

─↓≤⅛╠⁸N66 ╩ 87.5 vol%B4C/10 vol%CNT/2.5 vol%Al2O3 ⌐

⇔≡ 40 vol% ∆╢↓≤≢⁸ ─ ≢№╢ 5-10 %─ ⌐ ╕╢ ╩ ∆

╢ B4C ☿ꜝⱵ♇◒ ⅜ ╠╣╢↓≤⅜ ⇔√⁹↓─ ≢№╣┌ ≤

─ ≤⌂╢⁹ 

 

3. 2. 1. 2 ─ ┘ ₒR1x  

( 1)   

28 ₩ 30 ⌐ ╠╣√ ⌐ ≠™≡ ⱪ꜡☿☻─ ╩ ╢
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≤≤╙⌐⁸☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓ ⌐╟╡ B4C ☿ꜝⱵ♇◒ ╩

⇔√  

 

( 2)  ☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓ ⌐╟╢ B4C ☿ꜝⱵ♇◒ ─ ⱪ꜡

☿☻─  

⌐ ⅝ ⅝⁸☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓ ⌐ ™╢ ─ ─ ╩

⇔√⁹ ≢│ ─ ─ ⌐ ⅎ⁸ ≢№╢ Al2O3╩ ∑

∏⌐ ⌂ B4C ╩ ∆╢ B4C ☿ꜝⱵ♇◒ ─ ╩ ╖√⁹

⌐ ⇔√ 3 ╩ 3.2.1-12 ⌐ ∆⁹ B4C, 

CNT, N66 ⌐ ⇔≡ 3 wt%─ ♪♦◦ꜟ♩ꜞⱷ♅ꜟ▪fi⸗♬►ⱶ DTAB ┘

PEI (Mw: 10,000)╩ ⌐ ⅎ⁸ⱴ◓Ⱡ♇♩☻♃כꜝכ≢ ⇔⌂⅜╠ ╩ ™≡

pH4.3 ⌐ ⇔√⁹ ⌐ B4C ╩ ─ ⅎ≡⅛╠ 2000 rpm, 5 

min ╩ ∫√⁹ ↑≡ ─ N66 ┘ CNT ╩∕╣∙╣ ⅎ≡⁸∕─ ⌐ ─

≢ ╩∕╣∙╣ ∫√⁹↓─ ⁸ ⇔√ N66 ┘ CNT│ ⌐

╩ ∆↓≤≢ ─ ╩ ╖√⁹CNT │⁸3.2.1.1(1)⌐ ⇔√ ╩

⇔√ ╖─ CNT╩ ™≡⁸5 vol%─ ╖ CNT╩ 3 wt% PDDA (vs. CNT)

╩ ⅛⇔√ ⌐ ⅎ≡⅛╠ 2000 rpm, 5 min ╩ ∫√⁹N66 │⁸

5 vol%─ N66 ╩ 3 wt% PEI (Mw: 600, vs. CNT)╩ ⅛⇔√ ⌐ ⅎ≡⅛╠ ─

≢ ╩ ∫√⁹∕╣∙╣─ ╩ ╩ ™≡ ⌐ ↕

∑≡⅛╠⁸ ─ N66 ┘ CNT╩ ⇔√⁹ B4C, CNT, N66

╩ ⌐ ⅎ≡ ╩ ∫√ ⁸ ⌐ⱱ⸗☺♫▬◙כ╩ ™≡

╩ 30 min ℮↓≤≢ 3 ╩ √⁹↓─ ╩ ™≡ ≤ ⌐☻ꜞ♇

ⱪ◐ꜗ☻♥▫fi◓ ⌐╟╡ ╩ ⇔√⁹ 

╠╣√ ⌐ 200 MPa, 10 min ┘ 400 ęC⁸2 h ─

╩ ™⁸∕─ ⌐ 75 ęC─◄♃ⱡכꜟ ⌐ 3 h ↕∑╢↓≤≢ B4C─ ─

─ ≈≤↕╣≡™╢ B4C ─ B2O3╕√│ B(OH)3 ╩ ≢─

⅜ ⌂ ⱱ► ♩ꜞⱷ♅ꜟ(CH3O)3B ⌐ ↕∑⁸ ⌐ ∆╢ ╩ ╖

√ ⌐≈™≡│ 3.2.2.2(2-2)⌐ ⁹◄♃ⱡכꜟ⅛╠ ╡ ⇔≡ ↕∑√

╩ⱱ♇♩ⱪ꜠☻ ⌐╟╡ ∆╢↓≤≢⁸CNT ┘ ╩ ∆╢

B4C ☿ꜝⱵ♇◒ 90 vol%B4C/10 vol%CNT ╩ ⇔√⁹ 

 

( 3)  ⌂ⱱ♇♩ⱪ꜠☻ ─  

≢│ ≢№╢ Al2O3╩ ╕⌂™ B4C ☿ꜝⱵ♇◒ ─ ╩

╖≡™╢√╘⁸╕∏│ⱱ♇♩ⱪ꜠☻ ⌐╟╢ ⌂ 1970-2080 ęC, 40 MPa, 60 

min, Ar ╩ ⇔√⁹ ⌐│⁸ ≢№╢ N66 ╩ ╕∏⌐ ─ⱪ꜡

☿☻╩ ≡ ╠╣√ 90 vol%B4C/ 10 vol% CNT ╩ ™≡⁸1970-2080 ęC─

≢∕╣∙╣ ╩ ∆╢↓≤≢ ⌂ B4C/CNT ⅜ ╠╣╢ ╩

⇔√⁹▪ꜟ◐ⱷ♦☻ ⌐╟╡ ╩ ∫√ ⁸ 3.2.1-13 ⌐ ∆╟℮⌐
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╩ 2080 ęC≤∆╢↓≤≢ 98.4 %⁸ 0.4 %─ ⌂ B4C ☿ꜝⱵ♇◒

⅜ ╠╣╢↓≤⅜ ⇔√⁹ 

↑≡⁸ ─ ⱪ꜡☿☻⌐⅔↑╢ ⌂ N66 ╩ ∆╢√╘⁸ ─ ⌂

╢ N66 0.9T, 6.7T, 22T ╩ ╗ B4C ╩∕╣∙╣ ⇔⁸2080 ęC≢ⱱ♇♩ⱪ

꜠☻ ╩ ∫√⁹ ╠╣√ ─ ╩ ∫√ ⁸ 3.2.1-14 ⌐ ∆╟℮

⌐™∏╣─ N66 ⌐⅔™≡╙ ─ ⅜ ↕╣√⁹⇔⅛⇔⁸0.9T ╩ ™√

≢│ ─ ⅜ ↄ⁸╕√ ⅜ ⌐ ↄ≡ ╡ ™⅜ ≤

⌂∫√⁹6.7T ┘ 22T ╩ ™√ ≢│≥∟╠╙ ─ ™ ⅜ ╠╣√√

╘⁸ ≢│ ≤ ⌐ 22T ─ N66 ╩ ™≡ B4C ☿ꜝ

Ⱶ♇◒ ─ ╩ ⇔√⁹ 

 

( 4)  B4C ☿ꜝⱵ♇◒ ─  

╕≢⌐ ╠⅛≤⌂∫√ ⌂ ⱪ꜡☿☻⌐ ≠™≡⁸ B4C ☿ꜝ

Ⱶ♇◒ ─ ╩ ∫√⁹ ╩ ∆╢ B4C ☿ꜝⱵ♇◒

90 vol%B4C/ 10 vol% CNT ┘ ╩ ╕⌂™ B4C ☿ꜝⱵ♇◒

90 vol%B4C/ 10 vol% CNT ╩∕╣∙╣ ⇔√⁹ ╩ ∆╢ ⌐│⁸

B4C, CNT ⌐ ⇔≡ 40 vol%─ N66 22T ╩ ∆╢↓≤≢ ≤∆╢

5-10 % ≤⌂╢╟℮⌐ ⇔√⁹☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓╩ ℮ ─ 2

┘ 3 ─ ─ ╩ 3.2.1-3 ⌐ ∆⁹B4C/N66 22T ─ 2

⌐ CNT ╩ ⅎ√ 3 ⌐⅔™≡╙ │ ™ ╩ ⇔≡⅔╡⁸

─ ™ ⌂ ⅜ ╠╣≡™╢╙─≤ ⅎ╠╣╢⁹ ≢ ⇔√ⱪ꜡☿☻⌐

≠™≡ ⇔√ ─ ╩ ∫√ ⁸ 6.0 % ∕─℮∟⁸

4.4 % ─ B4C ☿ꜝⱵ♇◒ ⅜ ╠╣⁸ ─ ╩ ⇔√⁹

≢│ ⱪ꜡☿☻─ ⌐╟╡⁸ ⌐ ↄ ↕╣╢☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓

┘ⱱ♇♩ⱪ꜠☻ ⌐╟∫≡Ⱬꜞ►ⱶ ╩ ⇔≈≈ B4C ⅜

⇔√ B4C ☿ꜝⱵ♇◒ ─ ⅜ ≢⅝√⁹↓╣⌐╟╡ ◦☻♥ⱶ─

⅜ ↕╣⁸ ⅎ≡ ≢№╢ Al2O3⅜ ≢№╢↓≤⅛╠ ─ ⅜

≤⌂∫≡⅔╡⁸ ≤⇔≡─ ─ ⌐⅔™≡╙ ⌂ ⅜ ↕

╣╢⁹ ╠╣√ ─ │ 3.3.1.2⌐ ∆╢⁹ 

 

 

[1] M. Estili, A. Kawasaki, H. Sakamoto, Y. Mekuchi, M. Kuno, T. Tsukada, Acta Mater., 56 4070-

4079 (2008).  

 



 

 

3. 2- 6 

 

3.2.1-1 10B B4C ─  

 

B4C Al2O3 Ⱳכꜟ  

3M(10B)  

Initial 30 min 60 min 90 min 

 

ɛm  

ⱷ♦▫▪fi  9.1 2.9 1.2 0.9 

10 %D 4.1 0.1 0.1 0.1 

50 %D 9.1 2.9 1.2 0.9 

90 %D 13.8 8.4 4.1 3.1 

 

♪כ⸗  

ɛm  
10.6 4.6 2.5 1.6 

ɛm  8.2 1.9 0.9 0.8 

 0.2 0.7 0.6 0.5 

 

 

3.2.1-2 Al2O3Ⱳכꜟ─  

 B4C (10B) 

 Al2O3 

ה ű(mm) 5 

(p) 180 

(min) 30 60 90 

(g) 

 45.3025   

 44.3896 43.7271 43.2397 

 0.9129 1.5754 2.0628 

 2.02 % 3.48 % 4.55 % 

 

 

3.2.1-3 2 ┘ 3 ─  
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3.2.1-1 CNT─  

 

 

3.2.1-2 ⇔√ CNT ─ SEM  

 

 

3.2.1-3 ⇔√ CNT─  
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3.2.1-4 10B B4C ─  

 

 

3.2.1-5 10B B4C ─  
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3.2.1-6 Al2O3Ⱳכꜟ─  

 

 

3.2.1-7 ⇔√ 10B B4C ─ X Ɽ♃כfi 
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3.2.1-10  N66 ( ū50.2 mm ─☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓ ⌐╟╢ N66

─  

 

 

 

 

 

 

 

 

 

 

 

3.2.1-11  N66 ū50.2 mm ─ⱱ♇♩ⱪ꜠☻ ─ SEM  

♃כ♀ 3.2.1-8  
3.2.1-9 B4C ♃כ♀─

ⱥ☻♩◓ꜝⱶ 
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3.2.1-12 3 ─ ⱪ꜡☿☻ 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.1-13 B4C/10 %CNT─ ─ HP  

 

 

3.2.1-14 B4C ☿ꜝⱵ♇◒ ─  
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3.2. 2 ⱪ꜡☿☻⌐╟╢ B4C ☿ꜝⱵ♇◒ ─

ₒH29- R1x  

3. 2. 2.1 29 ⅛╠ 30 ─ ┘ ₒH29- H30x  

29  

(1) ♫▬꜡fi ─  

─ ≢№╢ N66 ─ ╩ ∆╢√╘⌐⁸300 µm ⌐

⇔√ ─ ⌂╢ N66 ╩◄ⱳ◐◦⸗ⱡⱴכ ⌐ ⇔⁸12 T ─ ≢

(30 rpm)↕∑⌂⅜╠ ∆╢↓≤╩ ∫√⁹ 3.2.2-1⌐⁸10 µm N66 ⁸27.5 µm

N66 ⁸50 µm N66 ─ ╩ ∆⁹ N66 ≤╙⌐

╩ ⇔√ ⌐ ⅜ ≤ ⌐ ╩ ⅎ≡™╢↓≤⅜ ≢⅝⁸

≢ ⇔√≤⅔╡⁸N66 ≤ B4C ─ c ╩ ⌐ ⌐ ═╢↓≤⅜

≢№╢↓≤⅜ ╠⅛≤⌂∫√⁹ 

 

( 2) B4C- 2 ─☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓⌐╟╢ ─  

B4C ┘ 10 µm N66 ╩ ↕∑√ 2 (  30 vol%, 

B4C 95 %, N66  5 %)╩ ⇔⁸12 T─ ≢ ⇔≡ ⅜≢⅝╢╕

≢ ╩ (30 rpm)↕∑╢↓≤╩ ∫√⅜⁸ ╠╣√ ─ ( 3.2.2-2) 

⅛╠│ N66 ─ ⌂ ⅜ ╘╠╣∏⁸ (RT )≤ (RS )─

XRD  ( 3.2.2-3) ─ ⅛╠ B4C─ ⌐≈™≡│⁸RT ─ XRD Ɽ♃כfi⌐

003 ⌐ 104 ⁸021 ─ Ⱨכ◒⅜ ↄ ↕╣≡™╢╟℮⌐⁸B4C─ c

⅜ ™↓≤⅜ ↕╣√⁹RT XRDⱤ♃כfi⅛╠ ─ c ─ ≤⇔≡ 003

Ⱨכ◒⌐ ╩(fL)כ♃◒□fi◓ⱨꜞכ◕♩♇꜡╢∆ ─ 3.1.2-1 ╩ ™≡ ⇔

√≤↓╤ 0.30≤ ↕╣√⁹ 28 ⌐ ⇔√ ⌐ ∫≡ ⇔√ B4C ─╖⅛

╠⌂╢ c ⌐≈™≡ ─ ╩ ∫√≤↓╤ fL│ 0.56─ ╩ ⇔√⁹↓╣

╠─ ⅛╠⁸ ⇔√ ≢│ B4C ⁸N66 ≤╙⌐

⅜ ⇔≡™╢↓≤⅜ ╠⅛≤⌂∫√⁹↓─ ─ ⌐≈™≡│ 3.2.2-4

⌐ ∆╟℮⌐ 1000 mPa s-1 ○כ♄כ─ ⌐ ⅝⌂ ╩ ⇔≡™√√╘ ♩ꜟ◒⌐

╟╢ ⅜ ↕╣√√╘≤ ≢⅝╢⁹ ≢⁸ ╩ 20 vol%╕≢ →≡

↕╣√ 10 mPas-1 ╩ ™╢ ⁸ ─ ⅜ ∆⅞╢≤

3.2.2-5 ─ ⌐ ∆╟℮⌐ ₁─ N66 │ ┼─ ⅜ ╘╠╣

│ ⇔√ ≢⁸N66 ⅜ ─ ≤ ⌐≤ ∆╢↓≤⅜ ⅛∫√⁹

↓─ │⁸B4C( 200 nm)≤ N66 (ű10Ĭ300 ɛm)─ ─◘▬☼ ⅜ ⅝™≤

™℮↓≤⌐ ⅎ⁸ ≤™℮ ╩ ⅎ√√╘ ∂√≤ ⅎ╠╣╢⁹∕↓≢⁸↓╣╕≢

30 rpm≤⇔≡™√ ≢─ ╩ 1 rpm⌐ ⇔≡ ─ N66 ─

╩ ╖√≤↓╤⁸ ╠╣√ ─ 3.2.2-6 ⅛╠ ⌐№╢ N66

─ ─ ⅜ ≢⅝√⁹↕╠⌐⁸B4C ─ ⌐≈™≡ XRD

⌐≡ ⇔√≤↓╤( 3.2.2-7)⁸RT ≢│ 003 ─ ™ Ⱨכ◒⅜ ↕╣

fL│ 0.73 ≤ ↕╣√↓≤⅛╠⁸N66 ≤ ⌐ ─ c ─ ⌐ ⇔
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√↓≤⅜ ╠⅛≤⌂∫√⁹ ∫≡⁸ ≤ ╩ ⌐ ∆╢↓≤╩ ≢

⅝√⁹ 

 

30  

(1) 4 ╩ ™√ B4C ☿ꜝⱵ♇◒☻─  

3.1.2⁸3.1.3≢ ═√ 4 ( 10 vol%⁸ B4C 68 %⁸N66  

20 %⁸CNT 8 %⁸Al2O3 4 %)⅛╠╙ 2 ≤ ⌐ ╩ ╠╣⁸∕

─ ╩ ⌐╟╢ (392 MPa, 10 min)⁸ ™≡ ⌐╟╢ ה

(400 ęC⁸2 h)─ ╩ ≡ ⱪꜝ☼ⱴ (1700 ęC, 75 MPa, 3 min⁸Ar )⌐

╟╡ Al2O3 ┘ CNT╩ ╗ B4C ☿ꜝⱵ♇◒☻(B4C 85 %⁸CNT 10 %⁸Al2O3 

5 %)╩ ⇔√≤↓╤⁸ 3.2.2-8─ ─ SEM ⅜ ∆╟℮⌐⁸ ╖

≤ ⌐ ⇔√ ⅜ ⌐ ⌐ ⇔≡™╢↓≤⅜ ╠⅛≤⌂╡⁸

─ ≤⇔≡™√ ≤ ⅜ ↕╣√

B4C ☿ꜝⱵ♇◒☻─ ⌐ ⇔√⁹⌂⅔⁸ ⁸ ⁸ ⌐ ⅎ╢ ⅜∕╣∙

╣ B4C ⁸ ⌐╟╡ ↕╣√ ⁸ ⇔√ Al2O3≢№╢⁹↓─ B4C

☿ꜝⱵ♇◒☻ ─ │▪ꜟ◐ⱷ♦☻ ⌐╟╡ 24.5 %≤ ↕╣⁸ ┼─

─ ╖ ⅜ 20 vol%≢№∫√─⌐ ⇔ ™ ≤⌂∫≡™√↓≤⌐ ⅎ≡⁸ ⅜

8.59 µm≤ 10 µm≤ ⇔≡ ↄ⌂╡ ─ ⅜ ↓∫≡™╢↓≤⁸▪ꜟ◐ⱷ

♦☻ │ ⌐╟╡ ⇔√ ≤ ─ ╩ ⇔⌂™↓≤⁸↓╣

╠─ ╩ ╕ⅎ╢≤↓─ │ ─ ╩ ⌐ ╪≢™╢√╘⁸

⌐ ⅜ ∫√⁹ 3.2.2-9│ 4 ─ ─ ╖ ╩ 15 %┼ ⇔

√ ─ ≢№╢⅜⁸↓─ ⌐╟∫≡ ≤ ─ ⅜ ≢⅝

≡™╢√╘⁸ ⌐⅔™≡ ┘ ─ ⌐╟╡↓─

╩ ╖√⁹ 

 

3. 2. 2.2 ─ ┘ ₒR1ₓ 

( 1)   

28 ₩ 30 ⌐ ╠╣√ ⌐ ≠™≡ ⱪ꜡ ☿☻─ ╩ ╢

≤≤╙⌐⁸ ⱪ꜡☿☻⌐╟╡ B4C ☿ꜝⱵ♇◒ ╩ ∆╢  

 

( 2)  CNT ─ B4C ─ ⱪ꜡☿☻─  

⌐⅔™≡│⁸CNT ─ B4C ─ ─ ⌐≈™≡

≤⇔≡ ∆╢⁹ ≢№╢ CNT B4C ─ ⌐≈™≡│⁸

↓╣╠ ╩ ╕ⅎ≡ 3.2.2.2 3 ⌐≡ ∆╢⁹ ( 2- 1)≢│ ─ ╩

∆╢☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓ ─ ─ ⁸( 2- 2)≢│ ─

─●☻ ─ ≤ ─ ⌐ ↑√ ─

╩∕╣∙╣ ∆╢⁹ 
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( 2- 1)  2 ─ ה ⌐ ↑√ ─ ─  

30 ╕≢─ ≢ ⇔≡⅝√ ≢ ╠╣╢ │⁸B4C N66 ─ 2

┘ ─ B4C N66 Al2O3 CNT ─ 4 ─ ─

│∕╣∙╣ 20⁸10 vol%≤ ⌐ ⅜№╡⁸∕╣╟╡ ™ ≢ ⇔√

⌐│ ─ ⅜ ↄ⌂╡⁸ ⅜ ⇔≡⁸ ─ ─

⌐ ⅜ ∂≡⇔╕∫√⁹⇔⅛⇔⁸ ⌐ ↕╣╢ ≤ ─ ה↕⅝ ─

╩ ∆╢ ─ ╛ ╛ CNT ─ ─ ╖

⌐╟╢ ─ ⁸ ─ ≤ ─ ╩ ↕∑╢

─│ ⌂ ≤⌂╢⁹ ─ 2-1-1 ⁸(2-1-2)⌐⅔™≡∕╣∙╣ B4C ┘ N66 ─

⌂ ⌐ ∆╢ ─ ╩ ∆╢↓≤⌐╟╡⁸∕╣╠╩ ⇔

√ ─ ─ ┘ ╩ ╖√⁹ 

 

( 2- 1- 1)  B4C ─ ─ ≤  

╟╡ ™ B4C ╩ ╢√╘─ ≤⇔≡⁸↓╣╕≢ ™≡⅝√

⌐ ⅎ≡ ⇔ↄ ╩ ⇔√ ─ ╩ ⇔√⁹

⌐ DTAB⁸PEI Mw 10,000 PEI10000≤ ∆ ╩ ⇔√ ⁸ ╩ ™≡ pH ╩

4.3 ⌐ ⇔⁸ ≤⇔√⁹B4C ╩ ⌐ ⁸ ה Ⱶ◐◘כ⌐

╟╢ 5 min ─ 2,000 rpm ⁸ ה ♫ⱡ ◦fi◐כ

⁸ PR-1 ⌐╟╢ 30 min─ ╩ ↑≡ ∫√⁹ ╠╣√ ─ │

─ ⅛╠ ⇔√⁹↓↓≢ ≤ │ B4C ⅜ ⌐

⇔≡ 30 vol ⁸PEI10000⁸DTAB⅜≤╙⌐ B4C⌐ ⇔≡ 3 wt%≤⌂╢╟℮⌐ ⇔√⁹ 

3.2.2-10 ⌐ DTAB ╕√│ ─ ─ ─ ╩ ∆⁹

DTAB ⌐╟∫≡ DTAB ─ 400 mPaӎs ╩ ⅝ↄ ╢ 100 

mPaӎs ─ ╩ 5,000 ⌐ ∆ 30 vol% B4C ─ ⅜ ≢№

╢↓≤╩ ⇔√⁹↓╣│ DTAB ⌐╟╡ ─ ⁸B4C ─ ╣

─ ⅜ ∂⁸B4C ┼─ PEI10000╩ ╗ ┘ B4C ┼─

PEI10000 ⅜ ↕╣√╘≢№╢≤ ⅎ╠╣╢⁹ ⁸B4C ╩ ╗ ⌐≈™≡│

DTAB ╩ ∆╢↓≤╩ ⌐ ∆╢⁹ 

 

( 2- 1- 2)  N66 ─ ─ ≤ ─  

⌐ DTAB⁸ ₁─ ╩ ∆╢ PEI Mw 600⁸1,800⁸10,000⁸70,000⁸

PEI600⁸PEI1800⁸PEI10000⁸PEI70000⁸≤ ∆ ╩ ⇔√ ⁸ ╩ ™≡ pH ╩ 4.3

⌐ ⇔⁸ ≤⇔√⁹N66 ű10×300 ɛ ╩ ⌐ ⁸ ה

Ⱶ◐◘כ⌐╟╢ 5 min─ 2000 rpm ⁸ ה ♫ⱡ ⌐

╟╢ 30 min─ ╩ ↑≡ ∫√⁹↓↓≢ │ B4C⅜ ⌐ ⇔≡

5 vol ⁸ PEI⁸DTAB⅜≤╙⌐ N66 ⌐ ⇔≡ 3 wt%≤⌂╢╟℮⌐ ⇔√⁹ 

70,000─ PEI≢ ╩ ∫√ ⌐≈™≡│ ⇔™ ⅜ ⅛
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╠ ∂≡⅔╡⁸ ꜠ⱬꜟ≢ ≢⅝╢ ⌐ ⅜ ™ ≢№∫√⁹╕√⁸

10,000 1800─ PEI ╩ ⇔√ ≢│⁸ ⌐ⱧⱭ♇♩ ≢ ╡ ╖⅜

↕╣╢ ─ ⅜ ∂√⁹ ⁸PEI600╩ ⇔√ ⌐≈™≡│ ⅜№

╡⁸ ╙ ↕™ ─ PEI600⅜ N66 ⌐ ≢№╡⁸ ⌐ ™

⅜ ∂╛∆ↄ⌂╢↓≤⅜ ╠⅛≤⌂∫√⁹↓─ ─ ™⌐╟╢ │ ─ ⅜≢

⅝╢≤ ⅎ╠╣╢⁹ ⌐│ ─ │ ⅝ↄ⌂╢╒≥ ─

⌐╟╢ ─ ╛ ⌂ ─ ⌐╟╢ ⌐ ⌂ ⅜

╠╣╢⅜⁸ ≢ ─ ◘▬☼╛ ⌐ ⇔≡ ─ ╛

─ ⅜ ≢⌂™ ≢│╗⇔╤ ╛ ─

⅜ ⌐⌂╢↓≤⅜ ╠╣≡⅔╡⁸ ─ ≢│ 1,800 ─ PEI╩ ™√

↓≤≢∕╣╠ ⅜ ⌐ ∂≡™╢≤ ⅎ╠╣╢⁹ 

⌐⁸PEI600⌐╟╡ ↕╣√ N66 ≤ B4C ╩ ⇔√

B4C N66 PEI600 ≤ ∆ ─ ─ ╩ ∫√⁹√∞⇔⁸B4C≤ N66≢│

⌂ PEI─ ⅜∕╣∙╣ 10,000⁸600≤ ⌂╢√╘⁸N66 ⌐≈™≡│ ╘

─ ╩ ∫√╙─╩ ™√⁹ ∟⁸ ╠╣√ N66 ╩ ╤

⇔⁸ ╩ ≢ ╡ ⇔ ∆╢↓≤≢ ⇔√ PEI600 ┘ DTAB ─ ╩

™⁸50 ǾC─ ≢ ↕∑╢↓≤≢ ╖─ N66 ≤⇔≡ ⇔√

╙─╩⁸ 2-1-1 ─ ≢ √ B4C ⌐ ⁸ ה Ⱶ◐◘כ⌐╟╢ 5 min

─ 2,000 rpm ⁸ ה ♫ⱡ ⌐╟╢ 30 min─

╩ ↑≡ ∫√⁹ ╠╣√ ─ │ ─ ⅛╠

⇔√⁹↓↓≢ │ B4C ≤ N66 ╩ ╘√ ⅜ ⌐ ⇔≡ 30 

vol ⁸( │ N66 B4C 0.15 0.85≤⇔√ ⁸PEI10000⁸DTAB ⅜≤╙⌐ B4C

⌐ ⇔≡ 3.25 wt%≤⌂╢╟℮⌐ ⇔√⁹ 

3.2.2-11 │ B4C+N66PEI600 ─ ─ ─ ╩ ∆⁹

≤⇔≡ PEI10000⌐╟∫≡ ↕╣√ N66 ╩ ╗ B4C ⁸ (2-1-1)≢ ⇔

√ 30 vol%B4C N66 ╩ ╕⌂™ ─ ╙ ∆╢⁹B4C+N66PEI600

≢│⁸ ⅜ 30 vol%≤™℮ ≢№╡⌂⅜╠⁸☻ꜞ♇ⱪ◐ꜗ☻♥▫fi

◓⌐╟╢ ה ⅜ ∆╢╕≢─ 6 h─ ⁸ ™ 10 mPaĀs

─ ⌂ ⅜ ≤⌂∫√⁹ ≢ ⌐ ™╢ PEI ⅜ 10,000─

│⁸ 300 ⅛╠ ─ ⌂ ⅜ ↕╣√⁹↓℮⇔√ │ B4C

─ ⌐⅔™≡│ ↕╣≡™⌂™↓≤⌐ ⅎ≡⁸ ─ N66 ─

⌐⅔↑╢ ≢─ N66 ─ ╩ ╕ⅎ╣┌⁸↓─ ⌂

│ ─ N66 ─ ⅜ ≤ ⅎ╠╣╢⁹ ⌂ ─ PEI ≢

↕╣⌂⅛∫√ N66 │⁸∕╣⌐ ⇔√ ─ fi꜡כ◒─ ≤

─ ⌐╟╢ ⌐╟╡№╢ ─ ╕≢│ ⌂⅜╠

╩ ≈╙──⁸∕─ ⅜ ╣√ ⌐ N66 ─ ╛ ─

⌂™⇔ ⌂≥─ ⌐╟╡ ⌐ ⌂ ⅜ ⅝√≤

ⅎ╠╣╢⁹ 
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↓─ B4C N66PEI600 ╩ ™≡ ☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓╩ ⅎ┌ B4C

┘ ─ N66 ≤╙⌐ ⇔√ ⅜ ╠╣╢↓≤╩∕╣∙╣ XRD

( 3.2.2-12)≤ ⌐╟╢ ( 3.2.2-13)⅛╠ ╠⅛⌐⇔√⁹↓─

─ ⌐╟╡⁸↓╣╕≢─ 20 vol%╟╡ ⌂ 30 vol% ╩ ™

√ ─ ╩ ≤⇔√⁹╕√⁸PEI10000╩ ⇔√ ─ XRD Ɽ♃כfi⅛╠ B4C

⅜ PEI600 ≤ ⇔≡ ⇔≡⅔╡⁸└≤≈─ ─ ─ ⇔ ⇔⅜

─ ─ ⌐ ⅜ ↄ⌂╢ ⌐ ╩ ⅎ╢↓≤⅜ ↕╣√⁹CNT ╩

ⅎ√ 3 ─ ⌐│↓─ 2 ╩ⱬ⁸⌐☻כ ⌐ ⇔√

CNT ╩ ↕∑╢↓≤≢ ⌐ ⌂ ⅜ ╠╣╢≤ ↕╣╢⁹

CNT╩ ╗ 3 ─ ≤ ⌐≈™≡│ ⌐≡ ═╢⁹ 

 

( 2- 2)  ─◄♃ⱡכꜟ ⌐╟╢ B4C ─  

30 ╕≢─ ≢ ⇔≡⅝√ B4C ⌐│™∏╣╙ ⌐╟╡

↕╣√●☻ ─ ─╖⌂╠∏⁸B4C ⌐⅔™≡ ─ ⅜ ⇔

≡™√⁹↓─ ─ │ ≤⇔≡ ⌂ ╛ ⁸

─ ─ ≢№╢⅜⁸ ≢↓─ ╩ ↕∑╢√╘⌐

╟╡ ≢─ ╩ ℮⌂≥∆╣┌ │ ─ ⌂ ⅜ ↓╡⁸ ≤⇔

≡ ─ ⇔™ ╛ ∕─╙── ╩ ⅝Ⱬꜞ►ⱶ●☻ ┼─ ⅜

↕╣╢⁹ ⅎ≡ 30 ─ ⌐⅔™≡▪ꜟⱵ♫╩ ≤⇔≡ ⇔≡

╩ ⇔√⅜⁸ ⅜ ⇔≡™╢ ⌐ ⌐▪ꜟⱵ♫⅜

⌐ ⇔≡⇔╕™⁸ ─ ⌐╟╢ ⅜ ≢№╢↓≤╙ ⇔√⁹

∟⁸B4C ─ ≤●☻ ─ ╩ ∆╢↓≤⅜ ≢№∫√⁹ 

≢│∕─ ⌐ ↑≡⁸ ─ ⌐ ∆╢ B4C ─

◄♃ⱡכꜟ ⌐╟╢ B4C ╩ ╖√⁹↓─ B2O3 ╕√│

B(OH)3 │ B4C─ ─ ─ ≈≤↕╣≡™╢⅜⁸ ⌐ ™╢ B4C ╩

ⱷ♃ⱡכꜟ ≢ ∆╢↓≤≢ 1690 ǾC ─ ╩ ∆╢ ⅜ 69 ǾC ≢─

⅜ ⌂ ⱱ► ♩ꜞⱷ♅ꜟ(CH3O)3B ┼≤ ≢№╡⁸↓╣⌐╟╡

B4C ─ ⅜ ⌐ ⇔√≤™℮ ⅜↕╣≡™╢⁹ ≢│⁸↓─

⌐⅔↑╢ ⅜ ─╟℮⌐ ↕╣≡™╢⁹ 

B(OH)3 +  3C2H5OH  Ÿ    (C2H5O)3B  +  3H2O          (3.2.2-1) 

B2O3 +  6C2H5OH  Ÿ  2(C2H5O)3B  +  3H2O   (3.2.2-2) 

↓─ ╩ ∆╢↓≤≢ ╩ ≢⅝╢ ⌐⅔™≡ ⅜

≢⅝╢≤ ⇔√⁹ ⌂ ╩ ⌐ ∆⁹ ⌐╟╢ ─ ╩

◄♃ⱡכꜟ( ⌐╟╡ pH6 ⌐ ╖)⌐ ↕∑≡◄♃ⱡכꜟ⅜ ⇔⌂™ ⌐

⅝╩ 30 min ℮↓≤≢ ┼─◄♃ⱡכꜟ ╩ ↕∑√⁹∕─ ⁸◄♃

ⱡכꜟ╩ 60 ǾC⌐⌂╢╕≢ h 3ה ↕∑╢↓≤≢ ─ ⌐ ≠ↄ

╩ ∫√⁹ 

◄♃ⱡכꜟ ─ │ ─√╘ ⅝╩ ∫√ ⌐ SPS⌐╟╢
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1800 ǾC, 3 min, 75 MPa, Ar ╩ ∫√⁹ 

3.2.2-14⌐◄♃ⱡכꜟ ╩ ≡ ↕╣√ ─ SEM ╩

∆⁹ ⌐╟╡ ↕╣√●☻ │⁸ ⌐ ∆╣┌ ─

≤ ⇔≡ 40% ─ │ ╘╠╣╢╙── ≤ │ ⌡ ↕╣

≡⅔╡⁸ ⅎ≡ ⅛╠ B4C ⌐ ⅜╒≤╪≥ ↑╠╣∏⁸◄

♃ⱡכꜟ ╩ ≡™⌂™ ∂ ─ ─ ( 3.2.2-15)≤ ⇔

≡⁸ ╠⅛⌐ ─ ⅜ ╪≢™╢↓≤⅜ ╠⅛≤⌂∫√⁹◄♃ⱡכꜟ ╩ √

─ │▪ꜟ◐ⱷ♦☻ ⌐╟╡ 6.9 ≤ ↕╣⁸ ⌐╟╡ ┼

─●☻ ⅜ ↕╣≡™⌂⅜╠ ─ B4C ≤ ─ 5

10 ⅜ ↕╣≡™╢⁹ ─ ≢ ⅜ ╠╣≡™╢↓≤⅛╠↓─

6.9 %─ │ ⅜ ⌐╟╡ ↕╣√ ≢№╢≤ ⅎ╠╣╢⁹ 

╩ ≡⁸ ≢ ═√ B4C ─ ≤●☻ ─ ╩ ∆╢≤™

℮ │ CNT ─ B4C ⌐⅔™≡│ ≢⅝√⁹ ⅎ≡

≢│ ⅜ ≢№╢√╘⁸ ╩ ∆╢↓≤⌐╟╢ ─ ╛

⌐╟╢ ─ ╩ ∆╢↓≤⅜ ≤⌂╡⁸ ⅛╠ ╕≢─

─ ⱪ꜡☿☻─ ⁸╕√ ─ ─ ⌐⅔™≡╙ ⌐

⅜№╢≤ ↕╣╢⁹ 

 

( 3)  CNT⅜ ↕╣√ B4C ─ ⱪ꜡☿☻─  

( 3- 1)  3 ─ ה ⌐ ↑√ CNT ⇔≤ ─

⁸  

CNT │∕─ ה ⌐ ≤ ™Ᵽfi♪ꜟ ╩ ⇔≡⅔╡

⅜ ⌂ ≢№╢⅜⁸CNT ─ ⌐⅔™≡│ ⱬכ☻─

ה ╩ ™╢≤™℮ ⇔™ ≢ CNT ⅜ ⌂ ╩

↕⌂↑╣┌⌂╠⌂™⁹ 30 ╕≢ ⌐ ∆╢ CNT │ ≤⇔≡⁸

⌐╟╢ ⌐ ™≡ ▬○fi ─ ⱳꜞ☺▪ꜞ

ꜟ☺ⱷ♅ꜟ▪fi⸗♬►ⱶ◒꜡ꜞ♪(PDDA)⌐╟╢ ─ ┼ ╩

∫≡™√ ↓╣⌐╟╡ ╠╣╢ CNT ╩ CNTacid-PDDA≤ ∆ ⁹⇔⅛⇔⌂⅜╠↓─

│ ↕∑╢ ─ ╩ ─ ⌐╟╢ ≢ ↕∑╢

─ ≢№╡⁸ ─ ≤⇔≡ CNT ─ ה ⅜ ⇔≡⇔╕

℮⁹CNT ─ ╩ ⌐ ∆╢ ≢│ │ ↕╣╢═⅝≢№╢

⅜⁸ ⌐∕╣│ CNT ≤ CNT ╩ ╗ ─ ─ ╙ ∆

╢⁹ ∫≡⁸↓╣╠ ⌐№√∫≡│ ─ ─ CNT ⌐ ╦∫

≡⁸CNT ┼─ ≤ ⅜ ⌂ ⌐╟╢ ⅜ ≢№╢≤ ⅎ

╠╣╢⁹CNT─ ⌐ ⇔≡⁸ ≢№╢ DNA ≤ ∆ ⅜ CNT ─

┘ ⌐ ╣√ ╩ ≈↓≤⅜ ↕╣≡⅔╡⁸ ─

≢№╢↓≤╛ ─ ≢№╢ ─ ─ ─ ↕╙ ─ ⌐ ⇔≡

™╢≤ ⅎ⁸↓─ ─ ┼─ ╩ ⇔√⁹ 
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⌐ ꜟכ◖◦◐○♦─≡⇔≥ ♫♩ꜞ►ⱶ⁸ ꜠Ᵽכ╟╡◄

♃ⱡכꜟ ⌐╟╡ ה ⇔√ DNA ╩ ⇔⁸ ≤⇔√⁹CNT ╩

⌐ ⁸ ה Ⱶ◐◘כ⌐╟╢ 5 min ─ 2,000 rpm ⁸

ה ♫ⱡ ⌐╟╢ 30 min ─ ╩ ↑≡ ∫√⁹ ⌐⁸↕╠⌐

─√╘⌐ PEI600╩ ⇔≡ ┘ ה Ⱶ◐◘כ⌐╟╢ 5 min─

2,000 rpm ⁸ ה ♫ⱡ ⌐╟╢ 30 min─ ╩ ∫√⁹

╠╣√ ╩ ╤ ⇔⁸ ╩ ≢ ╡ ⇔ ∆╢↓≤≢ ⇔√ ♦

ꜟכ◖◦◐○ ♫♩ꜞ►ⱶ ┘ DNA⁸PEI600─ ╩ ™⁸50 ǾC ─ ≢

↕∑√╙─╩ CNT CNTDNA-PEI600≤ ∆ ≤⇔√⁹↓─ CNT ╩ ╗ 3

B4C N66PEI600 CNTDNA-PEI600 │ ⇔√ 2 B4C

N66PEI600 ≤ ─ ≢ ⇔√⁹↓↓≢ │ B4C⁸N66⁸CNT ╩ ╘√

⅜ ⌐ ⇔≡ 30 vol ⁸ │ N66 B4C CNT 0.15 0.85⁸CNT

B4C = 0.1 : 0.9≤⇔√ ⁸PEI10000 ┘ DTAB⅜≤╙⌐ B4C ⌐ ⇔≡ 3.5 wt%≤⌂╢╟

℮⌐ ⇔√⁹ ╠╣√ ─ │ ─ ⅛╠ ⇔√⁹ 

3.2.2-16 ⌐ ⌐╟╡ ╠╣√ B4C N66PEI600 CNTDNA-PEI600⁸  with 

CNTDNA-PEI600 ─ ─ ╩ ∆⁹ ∑≡ ─ CNT ╩ ╗

B4C N66PEI600 CNTacid-PDDA with CNTacid-PDDA⁸  with CNTacid-PDDA ⁸2

B4C N66PEI600⁸ without CNT ⁸B4C without N66 and 

CNT ╩ ≤⇔≡ ⌐ ∆⁹↓╣╕≢─ CNTacid-PDDA╩ ™√ ─ │

125 mPaӎs ─ ⅜ 3,000 ≢№∫√⌐ ⇔≡⁸ ─ ≢ ╠╣

√ CNTDNA-PEI600╩ ™≡ ╩∆╢≤ 75 mPaӎs⅜ 17,000 ↕╣≡

⅔╡⁸6h ⌐⅔™≡╙ 111 mPaӎs─ ╩ ⇔≡™√⁹↓╣│ ⅜

⌂ 2 (without CNT)⌐ ∆╢╒≥─ ≢№╡⁸CNT ─

─ ⇔⌐╟╡ ⌐ 3 ─ ╩ ↕∑╢↓≤⌐ ⇔√↓

≤⅜ ↕╣√⁹ 30 vol%≢│ ⅜╛╛ ™√╘⁸

─ ─√╘⌐ ─ ☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓ ─ ≤⇔≡│

╩ 20 vol%≤⇔√ ╩ ⇔√⁹⌂⅔↓─ 20 vol%─ │ 29,000 (8 h)

⌐⅔™≡╙ 38 mPaӎs╩ ⌐ ∆↓≤╩ ⇔√⁹╕√⁸ ─

⅛╠ ╠╣√ ─ ( 3.2.2-17)⅛╠│⁸CNTDNA-PEI600─

⌐╟╡ ─ CNTacid-PDDA ╟╡╙ ─ N66 ⅜ ⌐№╢↓≤

⅜ ↕╣⁸CNT ⌐╟╡ ─ ─ ╙ ⇔≡™╢↓≤⅜ ╠⅛

≤⌂∫√⁹ ─ B4C ⌐≈™≡╙ XRD ⌐╟╡ ╩ ∫√≤↓╤(

3.2.2-18)⁸ ─ CNTacid-PDDA╩ ╗ T ─ f003L 0.02 ≤ ⇔≡⁸CNTDNA-PEI600

╩ ╗ T ─ f003L│ 0.50≤ ⇔≡⅔╡⁸ B4C─ ╙ ⇔≡™╢↓≤⅜

╠⅛≤⌂∫√⁹⌂⅔ 27 ° ≢ ↕╣√Ⱨכ◒│ CNT ─◓ꜝⱨ□▬♩

─ 001 ⌐ ∆╢≤ ⅎ╠╣╢⁹ 

 

( 3- 2)  CNT⅜ ↕╣√ B4C ─  
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 (3-1)≢ ═√ ≢ ╠╣√ CNT 3 ╩⁸ (2-2)╕≢ ═≡⅝√

≤ ⌐ ╩ ⇔√⁹ ∟⁸ ⅛╠ (12 T, 1 rpm)╩ ⇔⌂

⅜╠─☻ꜞ♇ⱪ◐ꜗ☻♥▫fi◓⌐╟╡ ╩ ≡⁸ ™≡⁸ ─ ≤⇔

≡ (392 MPa⁸10 min)⌐╟╢ ⁸ ╩ ™√ 400 ǾC, 2 h─

⌐╟╢ ה ⁸60 ǾC ⌐ ⇔√◄♃ⱡכꜟ ⌐╟╡ pH6 ≤⌂╢╟

℮ ┼─ 3 h ─ ⌐╟╢ B4C ─ ─ ╩ ↑≡ ∫√⁹

↕╣√ ╩ ◓ꜝⱨ□▬♩♄▬☻⌐ ╘≡⁸SPS⌐╟╡ (1800 ǾC⁸75 

MPa⁸3 min⁸Ar )╩ ∫√⁹ 

3.2.2-19⌐ ╠╣√ ─ SEM ╩ ∆⁹ 2-2 ≢ ⇔√ CNT

─ B4C ≤ ⌐⁸ ⌐╟╡ ↕╣√●☻

─ ≤ ⅜ ↕╣≡™╢↓≤⅜ ↕╣√⁹ ⁸ ⅛╠

│ CNT ─ ≤ ⇔≡ B4C ⌐ ⅜ ⇔≡⅔╡⁸CNT ⅜

B4C ─ ⌐⅔™≡│ ≤⌂∫≡™╢↓≤⅜ ↕╣√⁹↓─ B4C ─ ⌐

™ ⅜ ⇔≡™╢↓≤⅜ ↕╣⁸∕─ ╛ ⅛╠ ⇔√ CNT ≢

№╢≤ ⅎ╠╣╢⁹↓─ ─ │ ⇔√ ╡≢│╒╓ ≡⅜ ≢

( ─ ה ⅝ )⌐ ™≡⅔╡⁸ ─ ⌐ ™√╙─⅜ ↑

╠╣⌂⅛∫√↓≤⅛╠⁸CNT ⅜ ⇔≡™╢↓≤⅜ ↕╣√⁹⇔⅛⇔⁸CNT

╩ ⇔√↓≤⌐╟╡⁸◄♃ⱡכꜟ ╩ ∫≡™≡╙ B4C ⌐⅔↑╢ ⅜ →

╠╣√√╘⁸ │ ─ ⌐╟╡ CNT ⌐⅔™≡╙ B4C ─ ─

⅜ ≢№╢≤ ⅎ╠╣╢⁹ 
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3.2.2-1 ─N66 ┘  

 

  

   

3.2.2-2 30 vol% ⅛╠ √

(12 T, 30 rpm) ─

 

3.2.2-3 30 vol% ⅛╠ √

(12 T, 30 rpm) ─ RT⁸RS ≢─

XRDⱤ♃כfi 

10 ɛm 

50.2 ɛm 27.5 ɛm 
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3.2.2-4 ─  

 

   

 

 

3.2.2-5 20 vol% ⅛╠ √ (12 T, 30 rpm) ─

(a) (b) ⌐ ⇔√ N66 ─  

(b) 
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3.2.2-6 20 vol% ⅛╠ √

(12 T, 1 rpm) ─  

3.2.2-7 20 vol% ⅛╠ √

(12 T, 1 rpm) ─ RT⁸RS ≢─

XRDⱤ♃כfi 

3.2.2-8 4 ─ (N66

╖ 20 vol%)⅛╠ √ B4C ☿ꜝⱵ♇

◒☻─ SEM  

3.2.2-9 4 ─ (N66

╖ 15 vol%)⅛╠ √ B4C ☿ꜝⱵ♇

◒☻─ SEM │⁸

⌐ ⇔√  
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3.2.2-10 DTAB B4C ─ ⌐╟╢  

 

 

 

3.2.2-11 PEI≢ ⇔√ N66 ╩ ╗ B4C ─ ⌐╟╢  
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3.2.2-12 PEI600╕√│ PEI10000≢ ⇔√ N66 ╩ ⇔√ B4C ╩ ☻ꜞ♇ⱪ

◐ꜗ☻♥▫fi◓≢ ⇔√ ─ ≢─ XRDⱪ꜡ⱨ□▬ꜟ 

 

 

3.2.2-13 B4C-N66PEI600 ⅛╠ ╠╣√ ─  
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.3.2.2-14 ◄♃ⱡכꜟ ⇔√ ⌐ SPS⇔√ B4C ─  

 

 

3.2.2-15 ◄♃ⱡכꜟ ∑∏⌐ ⇔√ ─  

 

 

3.2.2-16 ≢ ⇔√ CNT B4C N66 ─  
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.3.2.2-17 ≢ ⇔√ CNT B4C N66 ╩ ™≡ ☻ꜞ♇ⱪ

◐ꜗ☻♥▫fi◓╩ ∫√  

 

 

 

.3.2.2-18 ≢ ⇔√ CNT B4C N66 ╩ ™≡ ☻ꜞ♇ⱪ

◐ꜗ☻♥▫fi◓ ⌐ ⇔√ ≢─ XRDⱪ꜡ⱨ□▬ꜟ 

DNA PEI CNT⁸ CNT PDDA  

 












































































































































































































