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1.1 ─  

─☻Ɽfi 2 m ─ │ 72 №╢[1] ↄ─ │

⌐ ↕╣ 50 ╩ ⇔√ ⅜ ₁ ⇔≡⅔╡ ─

╩ ╘≡™╢ ╩ ⅛≈ ⌐ ∆╢√╘⌐│ ⌂

ה ⌐╟╡ ╩ ⌐ ⇔ ⌂ ╩ ∆╢↓≤⅜ ⌐⌂╢

[2] │ ᵑ5 ⌐ 1 ⌐╟╢ ᵒ ─ ⅔╟

┘ ᵓ ה ─ ⌐ ≠⅝ ᵔ ה ה ─ ╩ ה

∆╢↓≤≢ ╩ ⇔≡™╢[3] ↓─╟℮⌐ ─ ╛ ⌐ ⅜

∆╢ ⌐ ╩ ∂╢↓≤≢ ╩ 30 50 % ∆╢↓≤⅜ ↕

╣≡™╢[4]  

≢ ≤↕╣╢ ⌂ │ ⅎ ≢№╢√╘ ╩

∆╢√╘ ≤ ⌐ ╣√ ─ ⅜ ⌐ ↕

╣≡™╢[5], [6] ─ ─ │ ⅜ ™ ≢ 30

≤ ╦╣≡™╢⅜[7] ╩ ⅎ╢ ⌐ ─ ⅎ ⅜ ↄ⌂╢ ⌐№╢[8], 

[9] ─ │ ╡ ─ ⅔╟┘ ⌂≥⌐

⇔≡⅔╡ ⌐ ╙ ⅝ↄ ∆╢↓≤⅜ ↕╣≡™╢[10]   

⌐│ ⌂≥⅜№╢

│ ⌐ Ⱪꜝ☻♩⌐╟╢ ⌐ ↕╣╢ ⌐│

≢ ─ ╛ ╩ ∆╢ ⌐ ™╠╣╢ ╕√ כ꜠│⌐

כ◙ ⅜№╡ ─ ╛ ⌂≥─ ╩ ה ↕∑╢√╘

⌐ ™╠╣╢ ⌐ ─ ⌐│ ⌐ ⅜ ↕╣≡™╢

─ ╩ 1.1 ⌐ ∆  

⌐│ Ɽכ꜠◒☻ ⅛⅝ ─╖ ◔꜠fiⱢfiⱴכ⅔╟┘꞉▬ꜘכ

Ⱪꜝ◦⌂≥⅜№╢ │ ⌐ №╢™│ ╩ ≤⇔≡ ∆╢

≢№╡ ♦▫☻◒◓ꜝ▬fi♄כ ◌♇ⱪ꞉▬ꜘכⱩꜝ◦ ◄▪Ɫfiⱴכ Ⱪꜝ

◦⌂≥⅜№╢ Ⱪꜝ☻♩ │ ╩ ⇔ ⌐ ↕∑╢↓≤≢



 

 

   

2 

 

 

⌂≥─ ╩ ∆╢≤≤╙⌐ ⌐ ⌂ ↕╩ ∆╢ ≢№╢ ╕√

Ⱪꜝ☻♩ │ ─ ─ ⌐╟╡ Ⱪꜝ☻♩≤ Ⱪꜝ☻♩⌐ ↕╣╢

Ⱪꜝ☻♩ ⌐│ Ⱪꜝ☻♩ №⅜♩☻ꜝⱶⱩכꜙ◐Ⱪꜝ☻♩⅔╟┘Ᵽכ▪◄

╢ Ⱪꜝ☻♩│ ─ ≢ ♩☻ꜝⱶⱩכꜙ◐Ⱪꜝ☻♩≤Ᵽכ▪◄

│ ─ ─Ⱪꜝ☻♩ ⌐ ™╠╣╢↓≤⅜ ™ Ⱪꜝ☻♩ ⌐

│ ⸗▬☻♅ꜙ▪Ⱪꜝ☻♩ ╡№⅜♩☻ꜝⱩכꜞꜝ☻┘╟⅔♩☻ꜝⱩכ▪◄

Ⱪꜝ☻♩│ Ⱪꜝ☻♩⌐ ═≡ ∂╪─ ╩ ≢⅝╢  

─ ─ ≤ ⌐ ™╠╣╢Ⱪꜝ☻♩─ │ 0.7 MPa

≢№╡ ∆╢ ─ ≤⇔≡│ ≤ ⅜№╢ ─ ≤

╩∕╣∙╣ 1.2 1.3⅔╟┘ 1.1 ⌐ ∆ ─ │ ⌐ ─

─Ⱪꜝ☻♩ ⌐ ↕╣≡™╢ ⅜Ⱪꜝ☻♩ ⌐ ↕╣⌐ↄ™√╘

∂╪─ ⅜ ⌂™ ─ ⌐≈™≡ ▪ꜟⱵ♫│ ─ ⌐ ⇔

≡ ™ ≢№╢√╘ ─ ™ ☻♥fi꜠☻ ─Ⱪꜝ☻

♩ ⌐ ™╠╣╢ ⱨ▼꜡♬♇◔ꜟ☻ꜝ◓≤●כⱠ♇♩⌐≈™≡│ ─

─ ⅎ ⌐ ⌐ ™╠╣≡™╢  

╟℮⌐ ─ ☻כ⸗ ⱦ♇◌כ☻

⅔╟┘ ה ⌐╟∫≡ ⅜ ⌂╢√╘ ∂Ⱪꜝ☻♩ ≢№∫≡╙

─ ↕╛▪fi◌כⱤ♃כfi─ ╕√ ╛ ─

 

 

 

Ⱪꜝ☻♩  

Ɽכ꜠◒☻ ⅛⅝ ─╖  

◔꜠fiⱢfiⱴכ ꞉▬ꜘⱩꜝ◦ 

♦▫☻◒◓ꜝ▬fi♄כ ◄▪Ɫfiⱴכ  

◌♇ⱪ꞉▬ꜘכⱩꜝ◦ Ⱪꜝ◦ 

Ⱪꜝ☻♩ 

 ♩☻ꜝⱩכ▪◄

Ᵽ◐ꜙכⱶⱩꜝ☻♩ 
Ⱪꜝ☻♩ 

⸗▬☻♅ꜙ▪Ⱪꜝ☻♩ 

 ♩☻ꜝⱩכ▪◄

 ♩☻ꜝⱩכꜞꜝ☻

Ⱪꜝ☻♩ 

1.1 ⌂ ─  
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┼─ ─ ⌐ ⅎ≡ ╙ ⌂╢ ⇔√⅜∫≡ Ⱪꜝ☻♩ ⌐│

⌐ ⇔≡ ⌂ ╩ ∆╢↓≤⅜ ⌐⌂╢  

 

1.2 ─  

(a) ☻♅כꜟ◓ꜞ♇♩ (b) ◌♇♩꞉▬ꜘכ 

100ɛm 500ɛm 

(b) ▪ꜟⱵ♫ (c) ●כⱠ♇♩ 

1.3 ─  

 

100ɛm 100ɛm 

(a) ⱨ▼꜡♬♇◔ꜟ☻ꜝ◓ 

100ɛm 

1.1 ─ ≤ ∕─ 1  
 

(a)  
 

   

 ꜟכ♅☻

◓ꜞ♇♩ 

8 10 ≢ ⅜ ≢  

┘╢ ╙ ╘ ⅜ ⇔≡™⌂™  

™⌐ ⅜  

7.4 ↑ 1) 3.3 3.9 (g/cm3)  

☻כ⸗ 2) 8 ⱦ♇◌כ☻ ↕ 3) 800HV  

☻♥fi꜠☻ 

◌♇♩ 

꞉▬ꜘכ 

Ⱪꜝ☻♩⌐  

7.6 ↑ 1) 3.3 3.9 (g/cm3) 

☻כ⸗ 2) 6 ⱦ♇◌כ☻ 3) 400 600HV 
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Ⱪꜝ☻♩ ─ │ ─ ╛ ⌐ ⇔ↄ ╩ ╓∆↓

≤⅜ ╠╣≡™╢[10] ─ │ ─ JIS ISO SSPC/NACE ⅔╟

┘ ⌂≥ ╛ ≢ ∑™ ↕⅔╟┘ ⌐ ≠⅝ ╦╣≡

™╢ ∑™ ⌐≈™≡│ ─╟℮⌐ ─ ⅎ ─ ⌐│

1 ⅜ ╘╠╣╢ ⅜ ™ 1 │Ⱪꜝ☻♩ ⌐╟╡

─↕┘╛ ╩ ⌐ ⇔ ╩ ↕∑╢ ╩ ⇔≡™╢[11]

↓╣│ International Organization for Standardization ISO ─ ISO 8501-

1 [12]⌐ ↕╣╢ Sa 2 1/2 ⌐ ∆╢ ╕√ ─ ≢│ JIS H 8300 [13]

⌐ ⇔≡ ∑™ ≤⇔≡ ≢№╢ Sa 3 ⅜ ╘╠╣╢ ⇔⅛⇔ ∑™ │

⌐ JIS Z 0313 [14]─ ≢№╢ ⌐╟╢ ISO 8501-1 ─ ≤ ∆╢↓≤≢

⇔≡™╢ ↓─ ≢│ ─ ⌂≥⅜ ≢№╡ ─ ⌐ ╢

≤↓╤⅜ ™ ╕√ ─ │ ⌐ ∆╢ ╩ ™√Ⱪꜝ☻♩

1.1 ─ ≤ ∕─ 2  
 

(b)  
 

   

ⱨ▼꜡ 

♬♇◔ꜟ 

☻ꜝ◓ 

≢ ⌐ ↕╣╢√╘ ╛ ⅔╟┘ ⅜  

⅜ ™ 

3 ↑ 1) 2.8 3.2 (g/cm3)  

☻כ⸗ 2) 7 8 

 

▪ꜟⱵ♫ 

4 6 ⅜ Ᵽ◐ꜙכⱶⱩꜝ☻♩⌐

⅜ ™ 

─ ─ ⅜ ⇔™ 

4 ↑ 1) 3.3 3.9 (g/cm3)  

☻כ⸗ 2) 12 

 ♩♇Ⱡכ●

2 3 ┘⌂™ 

─ ⅜ ⅝™ 

4 ↑ 1) 3 4 (g/cm3)  

☻כ⸗ 2) 7 8 

 

1  JIS Z 2504 ⌐ ∏╢⅛↕ ⌐╟╢ ╩  

2  ∫ ⅝ ─ ≢ ♃ꜟ◒ ─ ╩ 1 ≤⇔ ♄▬ꜘ⸗fi♪─ ╩ 15

ꜟכ◔☻╢∆≥   

3  JIS Z 2244 ⇔ ╖ ↕─ ≢  HV ≢ ↕╣╢ ♄▬ꜘ⸗fi♪≢≢⅝√

─ ╩ ↕╣╢ ≢ ╖ ↕╣√ ─

ↄ╓╖ ─ ─ ≢ ╩  
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⌐╟╢ ─ ≢№╢√╘ ─ ⌐ ∆╢ ─

╩ ⌐ ℮↓≤│≢⅝⌂™ ∑™ ─ ⅔╟┘∕─ ╩∕╣∙╣

1.2⅔╟┘ 1.4⌐ ∆   

↕─ ≈™≡│ [15]≢│ JIS B 0601 [16]─ ↕

Rzjis ⅜ 80 ɛm ≤↕╣≡™╢ ╕√ The Society for protective 

coatings SSPC ≢│ ⌐⅔↑╢ ─ ↕ Ra │ 25 75 ɛm ⅜

∆╢↓≤╩ ⇔≡™╢[17] ╕√ ─ ⌐≈™≡│ ─ Ra ⅜ 8 ɛm

↕ Rz ⅜ 50 ɛm ≤ ⇔≡™╢[15] ↓─╟℮⌐ ─ ╛

1.2 ∑™ ─ [12], [17] 
 

∑™  
─  

ISO (JIS) SSPC 

Sa1 

SP-7 

Ⱪꜝ♇◦ꜙ

○ⱨ 

⌂⇔≢ ⌐│ ⌐ ⅎ╢ ☻כꜞ◓

⅔╟┘ ↄ ⇔√Ⱶꜟ☻◔כꜟ ↕┘ ⅜⌂

™↓≤  

Sa2 

SP-6 

◖ⱴכ◦ꜗ

ꜟⱩꜝ☻♩ 

⌂⇔≢ ⌐│ ⌐ ⅎ╢ ☻כꜞ◓

⅔╟┘ ↄ ⇔√Ⱶꜟ☻◔כꜟ ↕┘ ⅜⌂

™↓≤ ⇔√∆═≡─ ╣│ ⇔√╙─≢№╢↓

≤  

Sa 2 1/2 

SP-10 

♬▪ⱱ꞉▬

♩ⱷ♃ꜟ 

⌂⇔≢ ⌐│ ⌐ ⅎ╢ ☻כꜞ◓

⅔╟┘ ↄ ⇔√Ⱶꜟ☻◔כꜟ ↕┘ ⅜⌂

™↓≤ ╣─ ≡─ ⇔≡™╢ │ №╢™│

∆∂ ─ ⅛⌂ ╖≤⇔≡─╖ ╘╠╣╢↓≤  

Sa3 

SP-5 

ⱱ꞉▬♩ⱷ

♃ꜟ 

⌂⇔≢ ⌐│ ⌐ ⅎ╢ ☻כꜞ◓

⅔╟┘ ↄ ⇔√Ⱶꜟ☻◔כꜟ ↕┘ ⅜⌂

ↄ ⌂ ╩ ⇔≡™╢  

 

a Sa 1 b Sa 2 c Sa 2 1/2 d Sa 3 

 1.4 ISO 8501-1 ─  [12] 
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⌐╟╡ ↕─ │╕∟╕∟⌐⌂∫≡™╢ ─  

↕─ ⌐≈™≡│ JIS B 0651[18] ⌐ ↕╣╢ ↕ ╩ ™√ ╛

ISO 8503-1 [19]≤ JIS Z 0313[14]⌐ ↕╣≡™╢ 1.5 ⌐ ∆ ↕─

◖fiⱤ꜠כ♃ ≤ ∆╢↓≤≢ ∆╢≤↕╣≡™╢ ⇔⅛⇔ ⌂≥─

─ ─ ↕╩ ↕ ≢ ∆╢ │ Ⱪꜝ☻♩

⌐ ⇔≡ ⅜ ⇔ↄ ≢№╢√╘ Ⱪꜝ☻♩ ⇔√ ─ ╩ ≢⅝

⌂™ ╕√ 1.5⌐ ∆◖fiⱤ꜠כ♃╩ ™≡ ↕╩ ∆╢ ◓ꜞ♇♩Ⱪꜝ

☻♩ ─ 25 60 100 ɛm ⅔╟┘ 150 ɛm ≢№╡ ◦ꜛ♇♩Ⱪꜝ☻♩ ─ 25

40 70 ɛm ⅔╟┘ 100 ɛm ≢№╢√╘ ↓╣╠─ ─ ↕⌐≈™≡ ≢⅝⌂™

↕╠⌐ ∑™ ≤ ⌐ ─ ⌂≥⅜ ≢№╢√╘ │

─ ⌐ ∆╢  

⌐≈™≡│ [15]≢│ 50 mg/m2 ⌐⌂╢╕≢ ∆

╢ ⅜№╢ ⇔≡™╢ ⇔⅛⇔ ⌂≥─ ⌐ ⅜ ⇔

≡ ∆╢ Ⱪꜝ☻♩ ⌂≥─ ≢│ ≢⅝⌂™ ─

⌐│ ♀כ● ⅝ ╡ ≤ ⌂≥№╢⅜ ↓╣╠─ ≢│ ─ ─

╩ ≢⅝╢⅜ ⌐ ∆╢ ╩ ∆╢↓≤│≢

⅝⌂™ ╕√ ⌐╟╡ ─ ⅜ ⇔ↄ⌂∫√ ∕─ ─

─ │↕╠⌐ ∆╢  

↕ 

25 ɛm 60 ɛm 

150 ɛm 100 ɛm 

25 ɛm 40 ɛm 

100 ɛm 70 ɛm 

a ◓ꜞ♇♩Ⱪꜝ☻♩  b ◦ꜛ♇♩Ⱪꜝ☻♩  

1.5 ↕─◖fiⱤ꜠[19] ,[14] ♃כ 
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↕∑√ ╩ ISO 8501-1[12]─ ∑™ Sa3 ╕≢Ⱪꜝ☻♩ ⇔√ ─ ╩

SEM-EDX ⇔√ ╩ 1.6⌐ ∆ ⌐│ ╛ ⅜ ⇔≡⅔

╡ ⌐│ ╙ ⇔≡™╢ ↓─╟℮⌐ Ⱪꜝ☻♩ ≢│ ⌐╟╡ ⅜

∆╢≤ ─ ╛ ╩ ∆╢↓≤⅜ ⌐⌂╢ ╕√

╩ │ ⌐ ∆╢√╘ ⅛╠ ∆╢↓≤╙ ≢№╢ ⇔√

⅜∫≡ ─ ⅎ ─ ╩ ↄ ∆╢√╘⌐│ ─ ╩

∆╢ ⅜№╢ ↕╠⌐ ⌐╟╢ ─ ─ ╛

∑™╩ ∆╢↓≤≢ ↓╣╠⅜ ─ ╛ ⌐ ╓∆ ╩ ╠⅛⌐

∆╢ ⅜№╢  

⌂≥─ ─ ⌐⅔↑╢ ⅎ ─ ╛ ─

⌂≥─ ה ─ ⌂≥│ ─ ─ ⌐ ⇔ↄ

∆╢[11] ⅎ┌ ─▪fi◌כⱤ♃כfi⌐╟╢ ─ │ ─

⌐ ∆╢ ⅎ ⌐⅔↑╢ ⌐ ⅜ ─ ⌂≥⌐

∆╢≤ ∕↓╩ ≤⇔≡ ⅜ ∂╢ ╕√ ⅎ ⌐ ⅜ ⌐

∆╢↓≤≢ ⅜ ⌐ ∆╢ ⅜ ↕╣≡™╢

│ 1.7 ⌐ ∆╟℮⌐ ─ 1 3 ─ ╩ ≡ ה ∆╢ ≢№╢≤

╦╣≡™╢[20], [21] 1 ⌐ ⌂≥─ ╩ ╗ ⅜ ∆╢

≤ ≤ ─ ≢ ⅜ ∂╢ 2 ⌐ ∆╢ ≢

⌐ ⇔√ ⅜ ╩ ⇔≡ ⌐ ⅝ ╕╣ 1 ─ ─ ⌐

⅜ ↕╣╢↓≤≢ ╣⅜ ∂╢ 3 ╣ ⌐Ⱶ◒꜡☿ꜟ ⅜

⇔ ↕╣√ Fe ─ ⅜ ╣ ⌐ ∆╢↓≤≢ ╣─ ⅜ ─

ꜟ☿꜡◒ⱴ╢⌂≥♩▬◘♪כ♁◌ ⅜ ∆╢ ↓─ │ 1.8 ⌐ ∆╟

℮⌐ ⌐ ⇔ ─ ─ ⌐⌂╢↓≤⅜№╢  

Abrasive  

material 

Corrosion 

production 100ɛm 

O Cl 

Chloride 

Al 

Abrasive material 

1.6 ∑™ Sa 3 ≢Ⱪꜝ☻♩ ⇔√ ─ SEM-EDX  
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─ ⅎ ─ ─ ╛ │ ─╟℮⌐ Ⱪꜝ☻♩

─ ─ ╛ ─ ⌐ ∆╢ ∕─√╘ Ⱪꜝ☻♩ ─

⌐╟╢ ╡↕┘ ◓fi♬כ♃ ─ ⌐ ╛⅛⌐ ╩ ℮↓≤≢ ─

╛ ╩ ≢⅝╢≤↕╣≡™╢ [15]⌂≥≢│ Ⱪꜝ☻♩

⅛╠ ╡ ╕≢─ ╩ ⇔≡™╢⅜ ≢╕∟╕∟≢№

╢ ─≢╕◓fi♬כ♃─ │ ─ ╛ ∑™ ⌂≥⌐

╟╡ ⌂╢ ⅎ┌ ⅜ ≢⅝≡™╣┌ ≢ ⇔≡╙

╩ ⌐ ↕∑╢ ─↕┘⅜ ∂⌂™   

ⅎ ─ ⅛╠ ╕≢─ ╩ 1.9 ⌐ ∆ Ⱪꜝ☻♩

⅛╠ ╡ ╕≢─ ╩ ⇔√ ⅜ ≢ ╘╠╣≡™╢ ⅎ

┌ [15]≢│ ╡ ⅎ ╘∫⅝ ≢│

Ⱪꜝ☻♩ ISO Sa 2 1/2 ─ │ 85 %RH ≤⇔ ⱪꜝ▬ⱴכ ╕≢

─ │ 4 20 ̄ C ≤⇔≡ ╩ ℮≤⇔≡™╢ ╕√ Ⱪꜝ☻♩

⅜ ⅝ↄ 4 ≢ ⅜ ⌂ ⌐≈™≡│ 1 Ⱪꜝ☻♩╩ ™

∕─ ─ 2 Ⱪꜝ☻♩⅛╠ 4 ⌐ ╩ ℮↓≤⅜ ↕╣≡™╢ ⌂≥─

╩ ℮ ⅜ ∂⌂™↓≤ ⅜◓fi♬כ♃ ⇔≡™⌂™ ⌐≈™≡

─℮∟⌐ ╩ ↕∑╢↓≤⅜ ↕╣≡™╢ SSPC/NACE [22]─

≢│ Ⱪꜝ☻♩ ─ │ ⌐⅔↑╢ ⌐ ⅝ↄ ⇔≡⅔╡

Entrapped 
solvent 

Coating 

Substrate 

H
2
O Rust 

Cath Cath Anodic 

1.7 ─ⱷ◌♬☼ⱶ 

 

1.8 ─  
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╕√│ ⅜ ⅜◓fi♬כ♃≥╢∆ ∆╢≤ ↕╣≡™╢ ∕─√╘

⅜ ™ ⌐⅔™≡ ⌐ ⅜⌂™ │ Ⱪꜝ☻♩ ⅛╠ 24

⌐ ╩ ™ ⇔╛∆™ ≢│ ⌂≥⌐╟╢ ╩ ↑╢√╘

⌐ ∆╢ ⅜№╢↓≤╩ ↕╣≡™╢ ↓─╟℮⌐ │ 4 ⅛╠

24 ≤ ╘╠╣≡⅔╡ ⇔™ ⅜№╢ ⇔⅛⇔ ≢│ 4 ─

⅜ ≢№╢┌⅛╡≢│⌂ↄ ↓─ ⅜Ⱪꜝ☻♩ ⅛╠ ╕

≢⅛ №╢™│ ╕≢⌂─⅛⌐≈™≡ ⌐ ↕╣≡™⌂™ ⌂⅔ Ⱪꜝ☻♩

⅛╠ ⅎ╕≢─ ⌐≈™≡│ ≢ ⅜ ╦╣≡⅔╠∏

│ ↕╣≡™⌂™  

Sa 3 ≢Ⱪꜝ☻♩ ⇔√ ─ 4 ◓fi♬כ♃─ ╩ 1.10 ⌐

∆ ⌐ ─ ∑™⅜ ↕╣╢ ↓─Ⱪꜝ☻♩ ⌐◓fi♬כ♃─ ╓∆

─ ⌐≈™≡│ ↕╣≡⅔╠∏ ⌂ ⅜ ™ ╕√ ╩Ⱪꜝ☻

♩ ⇔√ ⌐ ⅜◓fi♬כ♃ ∂╢↓≤≢ ⌂≥─ ─ ⅜ ⇔ↄ

1.9 ⅎ ─  

a ISO 8501-1 Sa 3 b Ⱪꜝ☻♩ 4  

1.10 Sa 3 ≢Ⱪꜝ☻♩ ⇔√ ◓fi♬כ♃─  

10mm 10mm 
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∆╢↓≤╙ ↕╣╢⅜ ≢│ ⅜ ╦╣≡™⌂™ ⌂⅔ Ⱪꜝ☻♩

│ ⅜ ⇔√ ╩ ≢ ∆╢ ⌐ ≤ ─

╩ ↕∑╢ ≢ ⌂≥─ ─ ⌐ ⇔≡ ⌂ ≢№╢≤

ⅎ╠╣╢ ⇔⅛⇔ ⅜◓fi♬כ♃ ≤ ─ ⌐ ╓∆ ⌐≈™≡

│ ↕╣≡™⌂™  

CFRP Carbon Fiber Reinforced Plastics ⌐╟╢

─ ─ ⅜ ⇔≡™╢ CFRP │ ╛ ⅝ ≢ ⇔√

⌐ ⇔≡ ™ ╩ ╠╣╢[23], [24] ╕√ CFRP ⌐╟╢ │

─ ─ ⌂≥™ↄ≈─ ⅛╠╙ ⅜№╢

⌐ ≠™√ ⅜ ╦╣≡™╢⅜[25], [26] CFRP ≤ ─ ─

⌂ ╛ ⌐ ⇔≡│ ╠⅛⌐↕╣≡™⌂™ ╕√ CFRP ╩ ⌐

∆╢ ⌐ ™╠╣╢◄ⱳ◐◦ ≤ ─ ─ ⌐≈™≡╙ ⌂ ⅜

™  

 

1.2 ─  

1.2.1 Ⱪꜝ☻♩ ⇔√ ─ ≤  

─ │ ⅔╟┘ ⌂≥─Ⱪꜝ☻♩

─ ⌐ ∆╢↓≤⅜ ╠╣≡™╢[27] ─ ⌐≈™≡│ ─

⅜ ⅝™╒≥ ⅜ ↄ⌂╢╒≥ ─ ↕─Ɽꜝⱷכ♃≢№╢

↕ Ra │ ⅝ↄ⌂╢↓≤⅜ ↕╣≡™╢[29]-[32] Tshimanga ♩♇Ⱡכ●⅜[33]╠

250 710 ɛm ▪ꜟⱵ♫ 90 500 ɛm ♩♇ꜞ◓ꜟכ♅☻┘╟⅔ 250

850 ɛm ╩ ™≡ Ⱪꜝ☻♩ 0.6 MPa 90 Á 310 mm

28 30sec ⇔√ 3 ─ ⅜ ─ ↕⌐ ╓∆ ⌐≈™≡

⇔≡™╢ ∕─ ─ ↕─Ɽꜝⱷכ♃≢№╢ ↕ Ra ⅜ ●

♩♇Ⱡכ ▪ꜟⱵ♫ ─♩♇ꜞ◓ꜟכ♅☻ ⌐ ⅝ↄ⌂╢≤⇔≡™╢ ▪ꜟⱵ♫─

⌐♩♇Ⱡכ●⅜ ⇔≡ ↕™⅜ │ ™ ≢№╢√╘ ↕⅜ ⅝™↓≤╩ ⇔≡

™╢ ⇔⅛⇔ ─ ─ ⅜ ⇔ↄ ⅝™ ─ ⌐⅔↑╢

⅔╟┘ ◄Ⱡꜟ◑כ⌂≥⅜ ⌂╢√╘ ─ ╩ ⌐⇔√ ≢

∆╢ ⅜№╢  
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─ ⌐≈™≡│  Bobzin ╠[30]│ ▪ꜟⱵ♫≢ ╩ 0.4 0.6 MPa

⌐ ↕∑≡Ⱪꜝ☻♩ 75 Á 60 sec ╩ ℮↓≤≢ ⅜

∆╢╒≥ ─ ↕ Ra ⅜ ∆╢↓≤╩ ⇔≡™╢ Amada ╠[34]

│ ▪ꜟⱵ♫≢ ╩ 0.3 0.7 MPa ≤ ↕∑≡Ⱪꜝ☻♩ 90 Á

10 mm ⇔√ ⌐≈™≡ Ra ≤ ─ⱨꜝ◒♃ꜟ ⌐≈™≡ ⇔

≡™╢ ∕─ ⅜ ∆╢≤≤╙⌐ ─ Ra │ ∆╢⅜

⌐ ≠ↄ ↕─ⱨꜝ◒♃ꜟ │ ⅜ 0.3 0.6 MPa ≢│ ⇔ 0.6 0.7 

MPa ≢│ ∆╢↓≤╩ ⇔≡™╢   

─ ⌐≈™≡│ Amada ╠[35], [36]│ ▪ꜟⱵ♫≢ ╩ 46 90 Á⌐

↕∑≡ Ⱪꜝ☻♩ 0.7 MPa 100 mm 60 sec ⇔√

⌐≈™≡ ∕─ ─ ↕ Ra ≤ⱨꜝ◒♃ꜟ ╩ ⇔≡™╢ ⌐⅔

↑╢ Ra ⅔╟┘ⱨꜝ◒♃ꜟ │ ⌂ ≢№╡ 46 70 Á≢ ∆╢⅜ 70 90 Á≢

│ ⇔≡™╢↓≤╩ ⇔≡™╢ ╕√ Chander ╠[29]╙▪ꜟⱵ♫≢ ╩ 20

90 Á⌐ ↕∑≡Ⱪꜝ☻♩ 0.7 MPa 100 mm 60 sec ╩

℮↓≤≢ ─ Ra │ 20 80 Á≢ ∆╢⅜ 80 90 Á≢│ ⇔≡™╢↓≤╩

⇔≡™╢ ⇔⅛⇔ Bobzin ╠[30]─▪ꜟⱵ♫≢ 45 75 Á ↕∑√

0.5 0.6 MPa 100 mm ⅔╟┘ Ghara ╠[37]─▪ꜟⱵ♫≢ ╩

20 90 Á⌐ ↕∑≡Ⱪꜝ☻♩ 0.7 MPa 120 mm 45 sec

⇔√ ⌐≈™≡│ ⅜ ∆╢╒≥ Ra ⅜ ∆╢≤⇔≡™╢ ↓╣╠─

Amada ╠≤ Chander ╠⌐╟╢ │ ─ ⌐⌂∫≡™╢  

─ ⌐≈™≡│ Chander ╠[29]│ ╩ 50 200 mm ⌐ ↕∑

≡Ⱪꜝ☻♩ 0.7 MPa 90 Á 60 sec ⇔√ ─

Ra │ ⅜ 50 100 mm ≢ ⇔ 100 130 mm ≢ ⇔ 130 mm ⌐

│ ↕™↓≤╩ ⇔≡™╢ ╕√ Mellali ╠[28]│ ▪ꜟⱵ♫≢ ╩ 55 255 mm

╕≢ ↕∑≡Ⱪꜝ☻♩ 0.3 MPa ╩ ℮↓≤≢ Ra │ ⅜

55 80 mm ≢ ∆╢⅜ 80 180 mm ≢│╒╓ ∂≢ 180 mm │ ⇔≡™╢

↓≤╩ ⇔≡™╢   

─ ⌐≈™≡│ Chander ╠[29]│ ▪ꜟⱵ♫≢ ╩ 15 180 sec ⌐

↕∑≡Ⱪꜝ☻♩ 0.7 MPa 300 mm 90 Á ╩ ℮↓

≤≢ Ra │ 15 60 sec ≢ ∆╢⅜ 60 sec ≢│ ⌐⌂╢↓≤╩ ⇔≡™╢  
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≤Ⱪꜝ☻♩─ ⌐ ⅎ≡ ⌐ ─ ╙ ⌐ ╩

╓∆≤ ⅎ╠╣╢ ⇔⅛⇔ [28], [33], [34], [38]≢│ Ⱪꜝ☻♩ ─

⌐ ⅜ ∆╢↓≤⅜ ↕╣≡⅔╡ ─ ⅜ ─ ↕╛

▪fi◌כⱤ♃כfi─ ⌐ ╓∆ ⌐≈™≡│ ↕╣≡™⌂™ ╕√ Ⱪꜝ☻♩

⅜ ─ ─ ⌐ ╓∆ ⌐≈™≡╙ ↕╣≡™⌂™   

─╟℮⌐ ⌐╟╢ ─ ↕─ │╕∟╕∟≢№╡ ≤

Ⱪꜝ☻♩ ⅜ ─ ⌐ ╓∆ ╙ ⌂∫≡™╢ ≢│

™√ⱡ☼ꜟ╛Ⱪꜝ☻♩ ⌐≈™≡ ⅜ ↕╣≡⅔╠∏ ↄ─ ≢

⌐ ↕╣≡™╢ⱡ☼ꜟ⅜ ™╠╣≡™⌂™ ⇔√⅜∫≡ ⌐ ↕

╣≡™╢ⱡ☼ꜟ[39], [40]╩ ™╢↓≤≢ Ⱪꜝ☻♩─ ⅜ ─ ⌐ ╓

∆ ╩ ∆╢ ⅜№╢  

≢│ ⌐▪ꜟⱵ♫╩ ™√ ⅜ ≢№╡ ∕╣ ─ ⌐≈™

≡Ⱪꜝ☻♩ ⅜ ─ ⌐ ╓∆ ╩ ⇔√ │╒≤╪≥⌂™

╕√ ─ ⌐≈™≡│ ≤⇔≡ ↕ Ra ≤ ↕ Sa ⌐╟╡ ⇔≡

⅔╡ ▪fi◌כⱤ♃כfi⌐≈™≡│ ↕╣≡™⌂™ ─╟℮⌐ ⅛╠

╩ ⇔ ⱨꜝ◒♃ꜟ ╩ ™√ ╙№╢⅜ ─ ─ ⌐≈™≡│

≢№╢  

Ⱪꜝ☻♩ ⇔√ ─ ⌐≈™≡│ ◦ꜛ♇♩Ⱪꜝ☻♩ ⌐╟╢

─ ↕ ┘╟⅔כ♃כ꜠◒ ⌂≥─ ⌐≈™≡│ ╠⅛⌐↕╣≡™

╢[41]-[46] ╕√ ◓ꜞ♇♩Ⱪꜝ☻♩ ⇔√ ─ ⌐≈™≡│ ™ↄ

≈⅛─ [47]-[50]⅜ ╦╣≡™╢ ☻♥fi꜠☻ ⌐Ⱪꜝ☻♩ ⇔√

⌐♫ⱡ ⅜ ↕╣╢√╘ ⅜ ⇔ↄ ∆╢[47], [48] Ding ╠│Ⱪ

ꜝ☻♩ ─ ⅜ ∆╢⌐ ™ ▪ꜟ◌ꜞ ≢│ ─ │

∆╢⅜ ╛ ≢│ ⅜ ∆╢↓≤ ⇔≡™╢[49] ╕√

Leidheiser ╠│▪ꜟⱵ♫≢Ⱪꜝ☻♩ ⇔√ ─ ⌐≈™≡ ⇔ ▪ꜟⱵ

♫⅜ ⌐ ∆╢↓≤≢ ─ ⅜ ∆╢↓≤╩ ⇔≡™╢[50] ⇔

⅛⇔ ≢│ ─ ╩ ∆╢↓≤≢ Milling ⇔√ ⌐Ⱪꜝ☻♩

⇔√ ─ ─ ⅔╟┘ ⅜ ⌐ ╓∆

⌐≈™≡│ ≢№╢ ╕√ ─Ⱪꜝ☻♩ ⅜◓fi♬כ♃╢↑⅔⌐

─ ⌐ ╓∆ ≈™≡│ ↕╣≡™⌂™  
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1.2.2 Ⱪꜝ☻♩ ⇔√ ≤ ◦◐ⱳ◄ה ─  

Ⱪꜝ☻♩ ∆╢↓≤≢ ─ ↕⅜ ⇔ ▪fi◌כⱤ♃כfi⅜ ↕╣

╢↓≤≢ ─ ⅜ ∆╢ ∕─√╘ ⅜ ─ ⌐ ⇔

≤ ─ ⅜ ∆╢≤ ⅎ╠╣≡™╢[51]-[56]. ─

↕⅜ ⇔ↄ ⅝™ ⌐│ ⌂ ⌐ ⇔≡ ╩ ≢⅝⌂ↄ

⌂╢ ⅜№╡[36], [57] ∕─ ⅛╠ ⅜ ∆╢↓≤⅜ ⅎ╠╣╢ ↓─

╟℮⌐ ─ │ ⌐ ∆╢↓≤⅜ ╠╣≡™╢ ∕╣≢ ≤

─ ╩ ∆╢√╘⌐ ─ ↕⌐≈™≡ ↕╣≡⅝√  

─ ↕⅜ ─ ⌐ ╓∆ ⌐≈™≡│ ─ ↕≢№

╢ ↕ Ra ≤ ™ ⅜№╡ Ra ⅜ ∆╢╒≥ ─ ⅜

∆╢↓≤⅜ ↕╣≡™╢[30], [58], [59] Anna Guzanov§ ╠│ Ra ⅜ ⅝™

│ ─ ⅜ ∆╢⅜ Ra ⅜ ↕ↄ≡╙ ⌐ ⌂ ⅜ ™ ⌐

⅜ ∆╢≤⇔≡™╢[60] ⇔⅛⇔ ─ ⌂ │ ⌐╟╡

↕╣≡™╢ ─ ↄ│ ↕─Ɽꜝⱷכ♃כ≢ ╩ ⇔≡™

╢⅜ ▪fi◌כⱤ♃כfi⌐≈™≡│ ↕╣≡™⌂™ ╕√ Ⱪꜝ☻♩ ⇔√

─▪fi◌כⱤ♃כfi⅜ ─ ⌐ ╓∆ ⌐≈™≡╙ ≢№╢   

⌐ ⅜ ∆╢ ⌐│ ⅜ ─ ╩ ↕∑╢≤ ╦

╣≡™╢[58] ─ ⅜ ─ ⌐ ╩ ╓↕⌂™≤─ ╙

№╢⅜[51] ⌂ ⅜ ↕╣≡™⌂™ ╕√ ─ ⅜ ─

⌐ ╓∆ ⌐≈™≡│ ↕╣≡™⌂™   

≤◄ⱳ◐◦ ─ ⌐ ╓∆ ⌐≈™≡│ CFRP │ ╛ ⌐

ⅎ ⌐ ╣≡™╢√╘ ─ ה ≤⇔≡ ↕╣≡⅝√[61], 

[62] ⌐ CFRP │ ⌐◄ⱳ◐◦ ╩ ™≡ ⌐ ↕╣╢

≤ CFRP ─ ─ ╩ ∆╢√╘⌐│ ╩ ⌐ ∆╢

↓≤⅜ ≢№╢[63] ╕√ ╩Ⱪꜝ☻♩ ∆╢↓≤≢ ≤◄ⱳ◐◦

─ ╩ ≢⅝╢[64]-[67] Yang ╠│♦▫☻◒◘fi♄כ ꞉▬ꜘⱩꜝ◦⅔╟┘Ⱪ

ꜝ☻♩ ≢ ⇔√ ≤ CFRP ☺ꜛ▬fi♩─ ⌐≈™≡╩

⇔√ ∕─ Ⱪꜝ☻♩ ⇔√ ─ ⅜ ≢ ⅝™ ↕╩ ↕╣╢

√╘ ─ ⌐ ═≡ ≤ ⅜ ™↓≤╩ ⇔√[67] ↕

│ ≤◄ⱳ◐◦ ─ ╩ ⇔ ≢ ╩ ↕∑╢√╘ ◄
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ⱳ◐◦ ─ ⌐ ╩ ╓∆ ⌂Ɽꜝⱷ[68]╢№≢♃כ Harris ╠│

▪ꜟⱵ♫ ╩ ™≡Ⱪꜝ☻♩ ⇔√ ╩ ⌐⇔≡ ◄ⱳ

◐◦ ─ ╩ ⇔√ ∕─ ─ ─ ⅝↕ ⅔╟┘ ⌐╟╢

─ ─ │ ◄ⱳ◐◦ ─ ⌐╒≤╪≥ ╩ ╓↕⌂™↓

≤╩ ⇔√[69] ⇔⅛⇔ ╛Ⱪꜝ☻♩ ⅜◄ⱳ◐◦ ─ ⌐ ╓∆

⌐≈™≡│ ╠⅛⌐↕╣≡™⌂™ ╕√ Ⱪꜝ☻♩ ⇔√ ─▪fi◌כ

Ɽ♃כfi≤ ─ ⌐⅔↑╢◄ⱳ◐◦ ─ ⌐≈™≡│ ↕╣≡™

⌂™  

─╟℮⌐ ≢│ ╩ ≤⇔√ │╒≤╪≥ ╦╣≡⅔╠∏

⌐ ⇔√ ╛ ⅜◄ⱳ◐◦ ─ ⌐ ╓∆ ⌐≈™≡

│ ↕╣≡™⌂™  

 

1.3 ─  

≢│ ≤ ─ ⌐⅔↑╢ ─ ╩ ∆╢√╘⌐

⌐⌂╢Ⱪꜝ☻♩ ⇔√ ─ ╩ ∆╢↓≤╩ ≤⇔√ ∕─√╘⌐

⌐ ↕╣≡™╢Ⱪꜝ☻♩ⱡ☼ꜟ╩ ™≡ ╛ ⅔╟┘

─Ⱪꜝ☻♩ ─ ╩Ɽꜝⱷ♩ꜞ♇◒⌐ ↕∑≡ Ⱪꜝ☻♩ ⇔√

╩ ⇔√ ↓─ ╩ ™≡ Ⱪꜝ☻♩ ─ ⅜

⅔╟┘ ╛◄ⱳ◐◦ ─ ⌐ ╓∆ ╩ ╠⅛⌐⇔√ ╕√

⇔√ ╩ ≤⇔≡ Ⱪꜝ☻♩ ⌐ ⌐ ─◓fi♬כ♃╢∆

√⇔◓fi♬כ♃┘╟⅔ ⅜ ╛◄ⱳ◐◦ ─ ⌐ ╓∆ ╩

╠⅛⌐⇔√  
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1.4 ─  

│ 1 ⅛╠ 7 ╕≢─ 7 ≈─ ≢ ↕╣≡™╢ ─ ╩ 1.11

⌐ ∆≤≤╙⌐ ─ │ ─≤⅔╡≢№╢  

1 ≢│ ─ ─ ⅔╟┘ ⌐≈™≡ ═╢≤≤╙⌐ ─

⅔╟┘ ⅎ ─ ⌂≥─ ⌐≈™≡ ═√ ╕√

⌐ ∆╢ ≢№╢Ⱪꜝ☻♩ ⅜ ─ ─

⅔╟┘ ◦◐ⱳ◄ה ─ ⌐ ∆╢ ה ⌂≥⌐≈™≡ ═√  

2 ≢│ ⅔╟┘ ─Ⱪꜝ☻♩ ─ ⅜

─ ⅔╟┘ ─ ⌐ ╓∆ ╩ ⇔√ Ⱪꜝ☻♩ ─

─ ⌐≈™≡│ ה ↕─ ⌐ ⅎ≡ ▪fi◌כⱤ♃כfi╩ⱨꜝ◒♃ꜟ

⌐ ≠⅝ ⇔√ ╕√ ─ ─ ╩ ∆╢√╘

≤ SEM-EDX ╩ ℮↓≤≢ ⇔≡™╢ ⅜ ─ ⌐ ╓∆

⌐≈™≡ ╠⅛⌐⇔√  

3 ≢│ Ⱪꜝ☻♩ ⇔√ ≤ ◦◐ⱳ◄ה ─ ╩ ∆╢

√╘ ╩ ∫√ ╕√ 2 ≢ ╠⅛⌐⇔√Ⱪꜝ☻♩ ⇔√ ─

⅔╟┘ ─ ⅜ ◦◐ⱳ◄ה ─ ⌐ ╓∆ ╩

∆╢√╘ ≤◄ⱳ◐◦ ─ ─ ─ⱨꜝ◒♃ꜟ ╩ ⇔ SEM-

EDX ╩ ℮↓≤≢ ≤◄ⱳ◐◦ ─ ⱷ◌♬☼ⱶ╩ ⇔√  

4 ≢│ Ⱪꜝ☻♩ ─ ⅜ ─ ⌐ ╓∆ ╩ ∆╢√╘

─ ≤▬fiⱧכ♄fi☻─ ╩ ∫√ ╕√ 2 ≢ ╠⅛⌐⇔√Ⱪꜝ

☻♩ ⌐╟╢ ─ ⅔╟┘ ─ ─ ⌐ ≠⅝

─ ≤ ─ ╩ ╠⅛⌐⇔√  

5 ≢│ Ⱪꜝ☻♩ ⇔√ ◓fi♬כ♃─ ╩ ⇔√ ╕∏ 2

≢ ╠⅛⌐⇔√ ─ ↕╛ ─ ─◓fi♬כ♃⅜ ⌐ ╓∆

╩ ∆╢√╘ ≤ ─ ⌐ ⅎ ≢№╢

⌐╟╡ ╩ ⇔√ ↕╠⌐ √⇔◓fi♬כ♃ ─ ╩

⌐ ⇔√  

6 ≢│ Ⱪꜝ☻♩ √⇔◓fi♬כ♃ ≤ ◦◐ⱳ◄ה ─

╩ ∆╢√╘ ╩ ∫√ ╕√ 5 ≢ ╠⅛⌐⇔√ ─



 

 

   

16 

 

 

◓fi♬כ♃ ⅜ ◦◐ⱳ◄ה ─ ⌐ ╓∆ ╩ ⇔√ ≢ ♃

─◓fi♬כ ≤ ─ ╩ ⇔√  

7 ≢│ ≢ ╠╣√ ⌐≈™≡ ⌐ ⇔ Ⱪꜝ☻♩ ⇔√

─ ⌐≈™≡ ╩ ⇔√  

 

 

 

 

 

 

 

 

  

 

Ⱪꜝ☻♩ ⇔√ ─  

 

Ⱪꜝ☻♩ ⇔√ ─  

 

Ⱪꜝ☻♩ ⇔√ ─ 

◓fi♬כ♃  

 

Ⱪꜝ☻♩ ⇔√ ≤  ה

◄ⱳ◐◦ ─  

 

√⇔◓fi♬כ♃ ≤  ה

◄ⱳ◐◦ ─  
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 Ⱪꜝ☻♩ ⇔√ ─  

2.1 │∂╘⌐ 

─ │ ╛Ⱪꜝ☻♩ ⌐ ⇔≡™╢√╘ ╛

─ ⅔╟┘ ⌂≥─Ⱪꜝ☻♩ ⅜ ─ ⌐ ╓∆ ╩ ⇔

√ ≢ Ⱪꜝ☻♩ ─ ≤ ╩ ⌐ ℮↓≤⅜ ⌐⌂╢[1]

⇔√╟℮⌐ ─ ⅔╟┘ ⌐╟∫≡ │ ⇔ↄ ⌂╢

√╘ ⌂Ⱪꜝ☻♩ ≢╙ ⌐ ↕╣╢ │ ⇔ↄ ╦╢≤ ⅎ

╠╣╢ ╕√ ⅔╟┘ ─ ⅜ ─ ⌐ ↕╣╢

⌂▪fi◌כⱤ♃כfi ─ ⅜ ─ ⌐ ╓∆ ⌐≈™≡│

⌐ ╠⅛⌐↕╣≡™⌂™ ↕╠⌐ ╛ ─ ⌂≥─ ה

─ ╩ ↕╣╢▪fi◌כⱤ♃כfi─ ╛ ⌐≈™≡ ↕╣≡™⌂

™ ∕─√╘ Ⱪꜝ☻♩ ⅜ ─ ⌐ ╓∆ ╩ ╠⅛⌐∆╢ ⅜

№╢  

 2 ≢│ ─ ≠↑≤⇔≡ Ⱪꜝ☻♩─ ⅜ ─

⅔╟┘ ─ ⌐ ╓∆ ╩ ⅔╟┘ ╩Ɽꜝⱷ

♩ꜞ♇◒⌐ ↕∑≡ ⇔√ Ⱪꜝ☻♩ ─ ─ ⌐≈™≡│ ↕

≤ ↕╩ ⌐ ⅎ≡ ▪fi◌כⱤ♃כfi╩ⱨꜝ◒♃ꜟ ⌐ ≠⅝ ⇔√

╕√ ⌐ ─ ╩ ∆╢√╘ ◄♇♅fi◓≤ SEM-EDX ╩ ℮↓≤

≢ ⇔≡™╢ ⅜ ─ ⌐ ╓∆ ⌐≈™≡ ╠⅛⌐⇔√   

 

2.2  

─ ⌐│ 6 mm ─ JIS G 3106 SM490A ─ 70×70 mm

╩ ™√ ─ ╩ 2.1 ⌐ ∆ ─ ⅜Ⱪꜝ☻♩ ─

⌐ ╓∆ ╩ ↕ↄ∆╢√╘⌐ ╩ⱨꜝ▬☻ ╩ ™≡ ↕

0.1 mm ╕≢ ∆╢↓≤≢ ⇔√ ⌂⅔ ♩♇ⱷכ◘│ │ 50 mm

2.1 ─ mass%  
 

C Si Mn P S 

0.18 0.19 1.33 0.014 0.003 
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≤⇔√ ╕√ ≤ │ ∕╣∙╣ 215 m/min ≤ 1,369 rev./min ≤⇔√

╩ ─ ↕╩ ↕ SJ-210 0.75 mN

☻♃▬ꜝ☻ 2 ɛm R 60 Á 0.5 mm/s ≢ ⇔ ↕≢№╢

↕ Ra ⅜ 1 ɛm ≤⌂∫√ ─╖╩ ⌐ ™√ ↓─ ⇔

√ ╩ Milling ≤ ┬  

≢│ ⌐⅔↑╢Ⱪꜝ☻♩─ ╩ ∆╢√╘⌐ ≢

⌐ ™╠╣≡™╢Ɫ▬☻Ⱨכ♪ⱬfi♅ꜙꜞⱡ☼ꜟ SN156-550AP 7.9 mm

↕ 148 mm ╩ ™√ ╕√ Ⱪꜝ☻♩─◦☻♥ⱶ⌐│ ╩ ⌐ ∆

╢√╘ ◒Ⱪꜝ☻♩♃fiכ▪◄ BP-110 ⅔╟┘☻◒ꜞꜙ◖fiⱪ꜠♇◘כ

SASG19RD 2 m3/min 1.4 MPa ╩ 2 ⌐ ™√ ⌂⅔ Ⱪ

ꜝ☻♩ ─ⱷ♃ꜞfi◓ⱣꜟⱩ Thompson Valve II ╩ ∆╢↓≤≢ ⱡ☼ꜟ⅛╠

↕╣╢ ╩ ⌐⇔√  

⌐│ ≤ ⅜ ™◓ꜞ♇♩ ≤⇔ ≤ ╩ ⇔

√ ─ ≤⇔≡ ⌐ ⌐ ╩♩♇ꜞ◓ꜟכ♅☻╢╣↕ ⇔

√ ╕√ ─ ≤⇔≡ ≢Ᵽ◐ꜙכⱶⱩꜝ☻♩⌂≥⌐ ↕╣≡⅔

╡ ☻כ⸗ ⅜ ™ ▪ꜟⱵ♫╩ ⇔√ ─ ⅔╟┘

╩∕╣∙╣ 2.1 ⅔╟┘ 2.2 ⌐ ∆ ─ d ─ ─ ╩

∆╢√╘⌐ d │ ─ 90 % ╩ 425 ɛm ─ ≤⇔√ ─ ╩

2.2⌐ ∆  

⌐⅔↑╢Ⱪꜝ☻♩─ │ ≢ ⌐ ™╠╣≡™╢ ⌐ ≠

⅝ ─ ─ ╩ ≤⇔√ ⅔╟┘

≤⇔√ │ ≢ ⌐ ↕╣≡™╢ 0.7 MPa ╩ ≤⇔√ ╕√

─ ╩ 3.83 l/min ⌐ ⌐⇔√ │ ╩ ∆╢ │

⌐ 30 60 Á─ ≢ ↕╣╢√╘ 30 60 Á⌐ 90 Á╩ ⇔√ 3 ≤⇔√

│ ⌐ ╛ ⅜ ∆╢ │ 100 200 mm ╩ ∆╢ │ 

500 mm ≢№╢√╘ ∕─ ─ 300 mm ╩ ⇔≡ 100 200 300 mm

┘ 500 mm ─  4 ≤⇔√ ╕√ ─ │ ⌐╟╢

≤ ↕─ ⌐ ≠⅝ ─ ↕ Ra ⌐ ╩ ╓↕⌂ↄ⌂╢ ╩

⇔√ ⅛╠ 5 sec ≤⇔√ ─ │ ⱡ☼ꜟ ⌐ כ♃♇ꜗ◦√⇔

╩ ∆╢↓≤≢ ⇔√ ◖fiⱪ꜠♇◘כ─ ≤ⱡ☼ꜟ ≢ ⇔√ ─
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│ ⅛∫√√╘ ⱱכ☻╛ⱣꜟⱩ ⌐╟╢ │ ∂≡™⌂™ Ⱪꜝ☻♩

─ כ▪◄╩ ⇔√  
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particle size,  d  (µm)

425 300 212 150 106 75 53 PAN850 600

Steel grit

Aluminum oxide

2.2 ─  

 

2.2 ─ ⅔╟┘  
 

(a) ☻♅כꜟ◓ꜞ♇♩ 
 

Material 
Specific 
gravity 
(g/cm3) 

Bulk 
density 

(kg/dm3) 

Mohs 
hardness 

Composition (mass%) 

Fe C Si Mg P S 

Metallic 7.4 3.59 10 bal 1.20 0.40 0.35 0.05 0.05 
 

(b) ▪ꜟⱵ♫ 
 

Material 
Specific 
gravity 
(g/cm3) 

Bulk 
density 

(kg/dm3) 

Mohs 
hardness 

Composition (mass%) 

Al2O3 SiO2 Fe2O3 MgO CaO 

Non- 
Metallic 4.0 1.89 12 94.0 1.76 0.89 0.37 0.47 

 

100ɛm 100ɛm 

(a) ☻♅כꜟ◓ꜞ♇♩ (b) ▪ꜟⱵ♫ 

2.1 ─  
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ה 2.3  

2.3.1 ─ ─  

Ⱪꜝ☻♩ ─ ─ ╩ ∆╢√╘ ↕

CSR ≤ 3 כ◙כ꜠ OLS4500 0.12 ɛm Z

1 nm ꜠fi☼ 20 LSCM ╩ ™≡ ⇔√ │

⌐╟╠∏ 10 mm ≤⇔√ CSR ─ ─ ─ 11 line ╩ ⇔√ ⌂

⅔ LSCM ─ ─ ─ 10×0.6 mm ─ ╩ ⇔√ ∕─ ⌐

⌐ 11 line ╩ ⇔√ ↕│ ∕╣∙╣─ ⌐╟╡ ╠╣√ 11 line ─

╩ ⇔√  

↕─Ɽꜝⱷכ♃כ│ ─ ↕ ╩ ≤⇔√ ↕ Rzjis

↕ Ra ⅔╟┘ ⌐ ∆╢ ↕ RSm ⌐≈™≡ ⇔√[2] ╕√

↕─ Ra ⌐ ∆╢ ⌐ ⇔√ ↕ Sa ╩ ⇔√[3] Sa │ LSCM ╩

™≡ ⇔√ ⌐⅔™≡ ⅛╠─ ─ ╩ ∆ ↕≤

↕─Ɽꜝⱷכ♃כ╩ 2.3 ⌐ ∆   

2.3 ↕≤ ↕─Ɽꜝⱷכ♃כ 
 

 

10-point 
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roughness 
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2.3.2 ─ ─  

Ⱪꜝ☻♩ ⇔√ ⌐ ─ ╩ ∆╢√╘ SEM-EDX SU3500

╩ ™≡ ⇔√ ─ │ ─ ╩ ─ ─ ≢ SEM ⌐

╟╡ ─ ≤ ╩ ⇔√ EDX ⌐╟╡ ∆╢↓≤≢ ⇔√

ⱴ♇Ⱨfi◓│ ─ ≢№╢ Fe O ⅔╟┘ Al ⌐≈™≡ ∫√  

╩♩♇ꜞ◓ꜟכ♅☻⌐ ™√ 2.1≤ 2.2 a ⌐ ∆╟℮⌐

⌐ ™√ ─♩♇ꜞ◓ꜟכ♅☻≥ │ ≢№╢√╘ ◘fiⱪꜟ╩◄

♇♅fi◓∆╢↓≤≢ ╩♩♇ꜞ◓ꜟכ♅☻≥ ⇔√ ◄♇♅fi◓│ ─

◘fiⱪꜟ╩ SiC #220 ♄▬ꜘⱪ꜡─ 9 3 ɛm ⅔╟┘ 1 ɛm ⌐ ♫

◓fi♅♇◄╩ꜟכ♃▬ ≤⇔≡ ⇔ ∕─ ▬○fi ≢ ⇔√ ⌐

│ ♦☺♃ꜟⱴ▬◒꜡☻◖כⱪ HRX-01 ꜠Ⱳ☼כⱶ꜠fi☼ HR-2500E

╩ ™√  

 

2.3.3 ─▪fi◌כⱤ♃כfi─  

Amada ╠│ ⌐ ▪ꜟⱵ♫╩ ™≡Ⱪꜝ☻♩ ⇔√ ─ ⅜

ⱨꜝ◒♃ꜟ ≢ ≢⅝╢↓≤⅜ ↕╣≡™╢[4] ∕↓≢ ≢│Ⱪꜝ☻

♩ ⌐ ─ ─ ╩ ™√ ─ ⅔╟┘▪fi◌כⱤ♃כ

fi╩ ∆╢√╘ ╩ ∆Ɽꜝⱷכ♃≢№╢ⱨꜝ◒♃ꜟ DB ╩ Box-

counting ╩ ∆╢↓≤≢ ⇔√[5], [6]  

DB ─ │ ─≤⅔╡≢№╢ DB ─ ╩ 2.3⌐ ∆  

1  2.3.1 ⌐ ⇔√ LSCM ≢ ⇔√ ⅔╟┘ 2.3 a ⌐ ∆╟℮⌐

◘fiⱪꜟ─ SEM ⅛╠ ╩ 2 ∆╢↓≤≢ ╩ ↄ

─ ╩ ∆╢  

2  1 ⌐ ⇔√ ⇔√ ─ ⌐ ⇔≡ Box-counting ╩ ∆╢ ╕

∏ 2.3 b ⌐ ∆╟℮⌐ Ⱳ♇◒☻─ C ╩ ↕∑ ─ ╩

Ⱳ♇◒☻≢ ™ ∕─Ⱳ♇◒☻ N ╩◌►fi♩∆╢  

3  2 ─Ⱳ♇◒☻─ Cn ≤ Nn─ ╩ 2.3 c ⌐ ∆ ─ ⅝⅛╠

2.1 ╩ ™≡ DB ╩ ∆╢[7], [8]  

 D B  log N / log (1 / C)  (2.1) 
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2.3 ⱨꜝ◒♃ꜟ ─  

(a) ─ 2  

Extraction of surface undulation Cross-section 

Substrate 

lo
g
 N

 (
C

o
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n
t)

log C (Box size)

(C1, N1)

(Cn, Nn)

ה
ה
ה

The slope of the line: 
Fractal dimension

(c) Ⱳ♇◒☻─ ≤ ─  

C
1

N
1
 é C

n
N

n
 

Box-counting 

 C : Box size, N : Box counting 

(b) ─ Box-counting 
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2.4 Ⱪꜝ☻♩ ⅜ ─ ⌐ ╓∆  

 2.4.1 ─  

Ⱪꜝ☻♩ ─ ─ ╩ 2.4⌐ ∆ ↓↓≢│ ─ ɗ ≤ l ╩

∕╣∙╣ 60 Á≤ 300 mm ⌐⇔≡ ╩ ↕∑≡Ⱪꜝ☻♩ ⇔√ ⌐≈™≡

⇔≡™╢ ⌐╟╢ ─ │ ⌂∫≡⅔╡ ♇ꜞ◓ꜟכ♅☻⌐

♩╩ ™≡Ⱪꜝ☻♩ ⇔√ ⅜ ▪ꜟⱵ♫─ ⌐ ⇔≡ ™ ╩ ⇔≡

™╢ ▪ꜟⱵ♫─ ⌐│ ⌐ ─ ⅜ ↕╣╢  

כ◙כ꜠ 3 LSCM ≢ ⇔√Ⱪꜝ☻♩ ─ ─

⅔╟┘∕─ ─ ↕⌐ ∆╢ ─ ↕ⱪ꜡ⱨ□▬ꜟ 10 mm

╩ 2.4 ≤ 2.5 ⌐ ∆ ─ ↕ⱪ꜡ⱨ□▬ꜟ⌐≈™≡│ │ ↕╩

⇔ │ ↕╟╡ ⅝⌂ ≢ ↓╢ ─ ⌂ ≢№╢℮⌡╡ ╩ ⇔

≡™╢ ↓↓≢│ ─ ɗ ≤ l ╩ ↕∑√ ╩ ⇔≡™╢

ɗ ≤ l ⌐⅔↑╢ ─ ≤ ↕ⱪ꜡ⱨ□▬ꜟ│ ⌐╟╠∏ ≢№╢  

2.4 ≤ 2.5 ⌐ ∆╟℮⌐ l ╩ 300 mm ⌐⇔≡ ɗ ╩ 30 90 Á⌐ ↕∑√

╩ ⇔≡™╢ ⌐╟╠∏ ɗ ⅜ 90 Á─ ─ ɗ ⌐ ⇔≡ ─ ↕⅜ ⅝

ↄ⌂∫≡™╢ ─ ↕ⱪ꜡ⱨ□▬ꜟ⌐≈™≡│ ɗ ⌐╟╠∏ ↕⌐

│⌂™ ⌐ 30 Á─ ↕─℮⌡╡ ⅜ ↕╣╢ ↓╣│ ⅜ ⅝ↄ

⌂╢√╘ ─ ⅜ ⇔ ⅜ ↕╣√≤ ⅎ╠╣╢  

 

(a) ☻♅כꜟ◓ꜞ♇♩ (b) ▪ꜟⱵ♫ 

2.4 Ⱪꜝ☻♩ ─ ─ ɗ = 60 ° l = 300 mm  

Aluminum 
oxide 

100ɛm 100ɛm 
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2.4 Ⱪꜝ☻♩ ⌐⅔↑╢ ─ ♩♇ꜞ◓ꜟכ♅☻  
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2.5 Ⱪꜝ☻♩ ⌐⅔↑╢ ─ ▪ꜟⱵ♫  
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2.4≤ 2.5⌐ ∆╟℮⌐ ɗ ╩ 60 Á⌐⇔≡ l ╩ 100 500 mm ⌐ ↕∑√

╩ ⇔≡™╢ ⌐╟╠∏ l ⅜ 100 mm ─ ─ l ⌐ ⇔≡ ⅜ ⅝ↄ

↕╣≡™╢ ≥♩♇ꜞ◓ꜟכ♅☻ ▪ꜟⱵ♫─ ∕╣∙╣ 130 ɛm ≤ 100 

ɛm ⇔≡™╢ l ⅜ 200 500 mm ─ ≢│ ─ │ ↕╣

∏ l ⅜ ⅝ↄ⌂╢⌐⇔√⅜∫≡ ─ ≤ ↕ⱪ꜡ⱨ□▬ꜟ⅜ ⇔≡™

╢ ⌐ l ⅜ 500 mm ─ ↕⅜ ⇔ↄ ⅝™ ↓╣╠─ ⅛╠ l ⅜ 100 mm

─ ⌐│ ⅜ ∆╢↓≤≢ ─ ⅜ ⇔ↄ ∆╢↓≤⅜

↕╣╢ ⇔√⅜∫≡ ─ ⇔™ ╩ ∆╢√╘⌐│ l ╩ 200 500 mm

≤∆╢ ⅜№╢≤ ⅎ╢  

2.5⌐ ∆╟℮⌐ ▪ꜟⱵ♫│ ─ ─ ⅜ ↕ⱪ꜡ⱨ

□▬ꜟ⌐│ ⅜№╢↓≤≢ 2.4 b ⌐ ⇔√ ─ ≤ ⅎ╠╣╢ ↓╣

╠─ ⅛╠ כ◙כ꜠ ╩ ™≡ ⇔√ ─ │ ╩ ╘√

≢№╢ ↓─↓≤⅛╠ ⌐ ⇔≡™╢ ⅜ ↕─ ⌐ ╩

╓∆≤ ⅎ╠╣╢  

Ⱪꜝ☻♩ ─ ─ ↕ Rzjis Ra ⅔╟┘ RSm ↕ Sa ╩ 2.6 ⌐ ∆

↓↓≢│ ɗ ⅔╟┘ l ╩ ↕∑√ ⌐≈™≡ ⇔≡™╢

CSR ≤ LSCM ⌐╟╢ ⇔√ ⌐≈™≡ ∆  

2.6⌐ ∆╟℮⌐ ─♩♇ꜞ◓ꜟכ♅☻ ─ ↕≤ ↕⅜ ™∏╣─Ⱪꜝ

☻♩ ≢╙ ▪ꜟⱵ♫⌐ ⇔≡ 1.2 ⅝ↄ⌂∫≡™╢ ↓╣│ 2.1 ⌐

∆╟℮⌐ ♩♇ꜞ◓ꜟכ♅☻ ─ │ ▪ꜟⱵ♫⌐ ⇔≡ ™↓≤⅜ ↕╣

╢ ╕√ ─ ⅛╠ ─ SF ╩ 2.2≢ ╘√[9]   

 ὛὊ
τ“ὃ

ὖ
 (2.2) 

P ─ ɛm A ─ ɛm2  

SF │ ─ 5 ≈─ ╩ ⇔≡⅔╡ 0 ⅔╟┘ 1 ⌐ ™╒≥ ∕╣∙

╣ ™ ≤ ≢№╢↓≤╩ ∆ ≥♩♇ꜞ◓ꜟכ♅☻ ▪ꜟⱵ♫─ ─ SF │

∕╣∙╣ 0.691 ≤ 0.747 ≢№∫√ ─ ⅜ ™╒≥ ◄Ⱡꜟ◑כ⅜ ⅝ↄ

⌂∫≡⅔╡[10] ↕⅜ ∆╢[9] ↓─↓≤⅛╠ ─ ⅜ ™╒≥

─ ↕│ ⅝ↄ⌂╢≤ ⅎ╢  
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2.6 ⅜ ↕⌐ ╓∆  
 

 Steel grit Aluminum oxide 
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╕√ ─ ⅜ ⅝™╒≥ ⅜ ∆╢√╘≤ ⅎ╠╣╢ ─ ∆

╢ ◄Ⱡꜟ◑כE │ ─ d ɛm ɟ kg/m3 v m/s ╩

™≡ 2.3≢ ∆↓≤⅜≢⅝╢[9]  

 Ὁ
ρ

ρς
“Ὠ ὴὺ  (2.3) 

E ⅜ ∆╢ ◄Ⱡꜟ◑כ J d ─ m  

ɟ ─ kg/m3 v ─ m/s  

≢│ ⌐⅔™≡ d ╩ ─ 90 % ╩ 425 ɛm ⌐⇔≡⅔╡

╙ 3.83 l/min ≢ ≤∆╢↓≤≢ ─ ≤ ─ ╩

↕∑√ ∕─√╘ d ⅔╟┘ ɟ │ ─ ⌐╟╠∏╒╓ ⌐⌂╢ v │

⌐╟╠∏ ≢№╢≤ ∆╢≤ E ⌐ ╩ ╓∆↓≤⌐⌂╢ ⇔√⅜∫≡

─ ⅜ ▪ꜟⱵ♫ ─♩♇ꜞ◓ꜟכ♅☻ ⌐ ⅝ↄ⌂╢√╘ ↓─ ≢ E ⅜

∆╢↓≤⌐⌂╢ ∆⌂╦∟ ↓─ ≢ ⅜ ∆╢↓≤⌐⌂╢ Rzjis Ra ⅔╟┘

Sa │ ↕ ─ ↕─ ≢№╡ ↕─ ↕╩ ∆√╘ ⅜ ⅝™╒≥

↓╣╠─ ⅜ ⅝ↄ⌂╢  

l ╩ 300 mm ⌐⇔≡ ɗ ╩ 30 90 Á⌐ ↕∑√ RSm ─™∏╣─ ↕

≢╙ ⌐╟╠∏ ⌂ ⌐⌂∫≡™╢ ╕√ ɗ ⅜ ∆╢≤≤╙⌐ Rzjis

Ra ⅔╟┘ Sa │ ⇔≡™╢ RSm ─ │♩♇ꜞ◓ꜟכ♅☻ ɗ ⅜ ∆╢

╒≥ ⇔≡™╢⅜ ▪ꜟⱵ♫│ ─ ≢№╢ ↓╣│ ─♩♇ꜞ◓ꜟכ♅☻

ɗ ⅜ ∆╢⌐⇔√⅜∫≡ ─ ⅜ ∆╢√╘ ↕─ ─ ↕│

↕ↄ⌂╢⅜ ▪ꜟⱵ♫─ ─ ↕─ ⌐ ⅜ ™ ╖

⇔╛∆ↄ⌂╢√╘ ─ ↕│ ⅝ↄ⌂╢≤ ⅎ╠╣╢ ╕√ RSm ─┌╠≈⅝⅜

Rzjis ≤ Ra ⌐ ⇔≡ ⅝ↄ ⌐ ɗ ⅜ 30 Á─ ─ ⌐ ⇔≡ ⅝™ ↓

╣│ 2.4 ≤ 2.5 ⌐ ∆╟℮⌐ ─ ↕─℮⌡╡ ⅜ ⅝™√╘∞

≤ ⅎ╠╣╢  

ɗ ╩ 60 Á⌐⇔≡ l ╩ 100 500 mm ⌐ ↕∑√ ⌐╟╠∏ Rzjis Ra

RSm ⅔╟┘ Sa │ ⌂ ≢№╡ l ⅜ ∆╢╒≥ ⇔≡™╢ ⌐ l ⅜ 500 

mm ─ │ Rzjis Ra ⅔╟┘ Sa ⅜ ⇔ↄ ⅝ↄ⌂∫≡™╢ RSm │

⌐⅔↑╢ ⅜ ⌂∫≡™╢ CSR ─ l ⅜ 100 300 mm ⌐│ ⇔≡™╢⅜
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300 mm │ ⇔≡™╢ ╕√ l ⅜ 100 mm ─ ─ ⌐ ⇔≡┌╠≈⅝⅜

⅝ↄ⌂∫≡™╢ ↓╣│ 2.4≢ ⇔√╟℮⌐ ─ ≢ ⇔ↄ

∆╢√╘ CSR ─ ⌐ ≤ ─☻♃▬ꜝ☻ ─ ⅜ ∂√≤

ⅎ╠╣╢ LSCM l ⅜ ∆╢╒≥ RSm ⅜ ⇔≡™╢  

Rzjis │ ≤Ⱪꜝ☻♩─ ⌐╟╠∏ LSCM ─ ⅜ CSR ─ ⌐ ⇔

≡ 1.1 1.3 ⅝ↄ⌂∫≡™╢ RSm │ ⌐⌂∫≡⅔╡ CSR ⅜ LSCM

⌐ ⇔≡ 1.1 1.4 ⅝ↄ⌂∫≡™╢ ↓╣│ CSR ─☻♃▬ꜝ☻ ⅜ 2 ɛm 

R 60 Á≢№╢↓≤⌐ ⇔≡ LSCM ─ ⅜ 0.12 ɛm ≢№╢√╘ ─╟╡

╕≢ ≢⅝╢≤ ⅎ╢  

≢│ ▪ꜟⱵ♫╩ ™≡Ⱪꜝ☻♩ ⇔√ ─ ↕ Ra │

≤ ⅜ ∆╢╒≥ ⇔ ─ ⌐ ∆╢ ⅜ ↕╣≡™╢

[11]-[15] ⇔⅛⇔ ⌐⅔™≡ ▪ꜟⱵ♫─ ↕│ ⌐ ∆╢ ─

╩ ↑√ ↕≢№╢↓≤ ╕√ ─ ≤ ⅜ ∆╢╒≥ ↕╙

⅝ↄ⌐⌂╢↓≤╩ ⇔√  

 

2.4.2 ─  

╩♩♇ꜞ◓ꜟכ♅☻ ™≡Ⱪꜝ☻♩ ⇔√ ─ ─◘fiⱪꜟ╩◄♇

♅fi◓⇔√ ─ ╩ 2.5⌐ ∆ ⌂⅔ Ⱪꜝ☻♩─ ⌐╟╢ ─

╩ ∆╢√╘ 20 mm ↕ ×3 mm ↕ ─ ⌐ ∆

╢ ─ ─ ─ ŬSt≢ ⇔√ ╩ 2.6 ⌐ ∆ ↓↓≢│

ɗ ≤ l ╩ ↕∑√ ⌐≈™≡ ∆  

2.5 ⌐ ∆╟℮⌐ ɗ ⅜ 30 Á─ ╩ ™≡ ™∏╣─ ⌐⅔™

≡ ⌐ ─ ⅜ ↕╣╢ ↓─ ─ №╢™│ ⅜

⌐ ⇔≡™╢ ɗ ⅜ 30 Á─ │ ⅜ ⇔≡™⌂⅛∫√ ╕√

⅜ ⇔≡™╢ ⌐≈™≡╙ ─ ◄Ⱡꜟ◑כ⌐╟╡ ⅜

⇔√ ─ ─ ↕⅜ ⇔≡™╢ ⌐ ɗ ⅜ 90 Á⅔╟┘ l

⅜ 100 mm ─ ─ ↕⅜ ─ ≢ ⇔ↄ ⇔≡™╢↓≤⅜

↕╣╢ ╕√ ⅜ ⌐ ⌐ ה ≢│⌂ↄ Ⱪꜝ☻♩─ ⌐╟╡

⅜ ─ ⌐ ╡ ╪≢⅔╡ ─ ⅜ ⇔≡™╢  
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2.6⌐ ∆╟℮⌐ ─ │ ɗ ⅜ 30 Á ─ ⅜ 9% ⌐⌂∫≡™

╢ ↓╣│ 20 mm ↕ ×3 mm ↕ ─ ⌐ ∆╢

─ ─ ⅜ 9 % ≢№╢√╘ ⌐╟╠∏ ⅜╒≤╪≥ ⇔

⌂™≤ ⅎ╢ ⇔√⅜∫≡ ⌐ ─ │ ─ ↕≤ ↕⌐ ╓

∆ │ ↕™≤ ⅎ╠╣╢  

 

ɗ=30° ɗ=60° Steel grit ɗ=90° 

l=100mm l=300mm l=500mm 

2.5 ⌐◄♇♅fi◓⇔√  

 

(a) l=300mm  

(b) ɗ=60°  

100ɛm 100ɛm 100ɛm 

100ɛm 100ɛm 100ɛm 

2.6 ─ ─ ♩♇ꜞ◓ꜟכ♅☻  
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▪ꜟⱵ♫╩ ™≡Ⱪꜝ☻♩ ─ ─ ≤ ╩ SEM-EDX ⌐╟╢ Al

─ⱴ♇Ⱨfi◓╩ 2.7 ⌐ ∆ ⌂⅔ ─ ⅜ Al ─ ╩ ⇔≡™

╢ ╕√ ─ ╩ ─ 4×3 mm ⌐ ∆╢ Al ─

─ ŬAl ≢ ⇔√ ╩ 2.7 ⌐ ∆ ↓↓≢│ ɗ ⅔╟┘ l ╩

↕∑√ ╩ ⇔≡™╢ ⌐╟╠∏ ⌐♩♇ꜞ◓ꜟכ♅☻  

⇔≡ ⌐ ─ ⅜ ∆╢ ↓╣│ 2.2⌐ ∆╟℮⌐ ▪ꜟⱵ♫─

┘ⱦ♇◌כ☻ ⅜ ™√╘ ⌂ ≢Ⱪꜝ☻♩ ∆╢ ⌐│

─ ⌐ ⇔≡ │ ↕╣╛∆™≤ ⅎ╠╣╢  

2.7 ≤ ─ SEM-EDX ⌐╟╢ Al ─ⱴ♇Ⱨfi◓ 
 

Angle 

ɗ (°) 

Distance 

l (mm) 
Surface Cross-section 

30 

300 

 
 

60 

 
 

90 

 
 

 100 

 
 

60 300 

 
 

 500 

 
 

    100ɛm   100ɛm  
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l ╩ 300 mm ⌐⇔≡ ɗ ╩ 30 60 Á⅔╟┘ 90 Á≤ ↕∑√ ɗ ⅜ ∆╢╒≥

─ ≤ ⌐ ─ ⅜ ⇔≡™╢ Al ─ ŬAl⌐≈™≡╙ ─ ╩

⇔≡™╢ ɗ ⅜ 90 Á─ ŬAl│ 30 Á─ ─ 2 ⌐⌂∫≡™╢↓≤⅛╠ ɗ ⅜ 90 Á

─ ⌐│ ─ ⅜ ─ ↕⌐ ╩ ⇔ↄ ╓∆≤ ⅎ╢  

ɗ ╩ 60 Á⌐⇔≡  l ╩ 100 200 300 mm ⅔╟┘ 500 mm ≤ ↕∑√ Al

│ l ⌐╟╠∏ ─ ≤ ⌐ ─ ─ ⅜ ↕╣╢ Al ─

ŬAl⌐≈™≡╙ l ⅜ ⇔≡╙ ŬAl⅜ 17 21 %≢№╡ │ ™  

2.7⌐ ∆╟℮⌐ ╩ ↄ ─ ─ ─ ↕│ ɗ ⅜ ∆╢╒

≥ l ⅜ ∆╢╒≥ ≢ ⅝ↄ⌂∫≡™╢ ⇔⅛⇔ ↓─ ↕─ ╛▪fi◌כ

Ɽ♃כfi ⌐ ⅜ ∆╢↓≤≢ ⇔√ ↕≤ ↕─ ≢│ ╩

╘√ ↕╩ ⇔≡™╢≤ ⅎ╢ ↓─ ⅛╠ ─ ⅜ ─ ↕─

╛ ⌐ ⇔ↄ ╩ ╓∆≤ ⅎ╢  

▪ꜟⱵ♫╩ ™≡Ⱪꜝ☻♩ ⇔√ ─ ◘fiⱪꜟ╩◄♇♅fi◓

⇔√ ─ ╩ 2.8⌐ ∆ ↓↓≢│ ɗ ⅔╟┘ l ╩ ↕∑√ ╩

∆ ≢№╢ ▪ꜟⱵ♫│◄♇♅fi◓ ⌐ ⇔⌂™√╘ ◄♇♅fi◓ ─

⌐│ ─ ⌐ ⇔≡™╢ ─ ⅜ ⇔™ ⇔⅛⇔⌂⅜╠ 2.8

─ ⅛╠ ↕─ ⌐│ ⅜ ⇔≡™╢≤ ⅎ╢ ▪ꜟⱵ♫─ ☻♅

≥♩♇ꜞ◓ꜟכ ⌐™∏╣─ ⌐⅔™≡╙ ⇔≡™╢ ─ ≢

─ ↕⅜ ⇔ↄ ⇔≡™╢↓≤⅜ ↕╣╢ ↓─ ⅛╠ ⅜

⌐ ⌐ ה ⇔≡™╢─≢│⌂ↄ Ⱪꜝ☻♩─ ⌐╟╡ ⅜ ⌐

0

10

20

30

40

A
re

a 
ra

ti
o
 o

f 
ab

ra
si

v
e 

m
at

er
ia

ls
, 

a

30

Blasting distance, l (mm)

60 90 100 300 500

Blasting angle, q (°)

200

 l = 300 mm q  = 60 °

2.7 ─ ─ ▪ꜟⱵ♫  
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™ ╪≢™╢ ⅜ ↕╣╢ ⌐ ɗ ⅜ 90Á⅔╟┘ l ⅜ 100 mm ─ ─

⌐ ⇔≡ ─ ↕⅜ ⇔ↄ ⇔≡™╢ ⇔√⅜∫≡ ─

╛ ◄Ⱡꜟ◑כ⅜ ™╒≥ ⌐ ─ │ ↄ⌂╡ ∕─ ─

─ ↕╙ ↕ↄ⌂╢≤ ⅎ╠╣╢  

 

2.4.3 ─▪fi◌כⱤ♃כfi 

Ⱪꜝ☻♩ ─ ─ SEM ⌐≈™≡ ≥♩♇ꜞ◓ꜟכ♅☻ ▪ꜟⱵ

♫╩∕╣∙╣ 2.9 ≤ 2.10⌐ ∆ ⌂⅔ ↓─ SEM │ ⅜ 20 mm ⌐

∆╢╕≢ SEM ─ ה ╩ ╡ ⇔ SEM ╩ ⇔≡ⱴ◒꜡ ╩ ∫√

⌂▪fi◌כⱤ♃כfi─ ╩ ⇔≡™╢ ɗ ⅔╟┘ l ⌐

╟╠∏ ─▪fi◌כⱤ♃כfi⅜ ↕╣╢  

▪fi◌כⱤ♃כfi─ │ ⌐╟╠∏ ≢№╢ l ╩ 300mm ⌐⇔≡ ɗ ╩ 30

90 Á⌐ ↕∑√ ⌐≈™≡│ ɗ ─ ⌐ ™ ⌐ ↄ⌂╢▪fi◌כⱤ

⅜fiכ♃ ↕╣≡™╢ ╕√ ─ │ ⌐ ℮ ≢№╢  

ɗ=30° Aluminum 
oxide 

ɗ=60° ɗ=90° 

l=100mm l=300mm l=500mm 

2.8 ◄♇♅fi◓⇔√ ─ ▪ꜟⱵ♫  

 

(a) l=300mm  

(b) ɗ=60 °  

100ɛm 100ɛm 100ɛm 

100ɛm 100ɛm 100ɛm 
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ɗ ╩ 60 Á⌐⇔≡ l ╩ 100 500 mm ⌐ ↕∑√ ⌐≈™≡│ l ⅜ 300 mm ≤ 500 

mm ─ ▪fi⌐◌כⱤ♃כfi│Ⱪꜝ☻♩ ─ ≤ ⌂ ≢ ↕╣≡

™╢ 100 mm ⌐≈™≡│ ⇔√╟℮⌐ ─ ⅜ ⅝ↄ⌂╢√╘

Aluminum 
oxide 

Blasting 
direction 

60° 
 

100ɛm 100ɛm 100ɛm 

100ɛm 100ɛm 100ɛm 

ɗ=30° ɗ=60° ɗ=90° 

l=100mm l=300mm l=500mm 

(a) l=300mm  

(b) ɗ=60°  

2.10 Ⱪꜝ☻♩ ⇔√ ⌐╟╢ SEM ▪ꜟⱵ♫  

(a) l=300mm  

(b) ɗ=60°  

2.9 Ⱪꜝ☻♩ ⇔√ ⌐╟╢ SEM ♩♇ꜞ◓ꜟכ♅☻  

100 ɛm 100 ɛm 100 ɛm 

100 ɛm 100 ɛm 100 ɛm 

ɗ=30° ɗ=60° ɗ=90° 

l=100mm l=300mm l=500mm 

Blasting 
direction 

60° 
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▪fi◌כⱤ♃כfi⅜ ɗ ─ ≢│⌂ↄ ↕ ⌐ ↕╣≡™╢  

2.10⌐ ∆ ▪ꜟⱵ♫─ Ⱪꜝ☻♩ ⌐╟╡ ↕╣√ ─

▪fi◌כⱤ♃כfi─ ⌐ ⅜ ⇔≡™╢↓≤⅜ ↕╣╢ ɗ ─ ⌐ ™

l ─ ⌐ ™ ⅜ ↄ ⅝ ↕∫≡⅔╡ ⌐ ɗ ⅜ 90 Á⅔╟┘ l ⅜ 100 mm ─

│ ─ ⅛╠ 73 75ɛm ─ ↕╕≢ ╘ ╕╣≡ ⇔≡™╢  

⇔√╟℮⌐ ⌐│ ⅜ ⇔≡⅔╡ ╕√│ 2.9 ≤ 2.10⌐ ∆

╟℮⌐ ⌐ ╡ ╪∞▪fi◌כⱤ♃כfi│ ─ ≢ ∆╢ CSR ╛

LSCM ≢ ∆╢↓≤⅜ ≢№╢ ↓─↓≤⅛╠ ≢│ ⌂▪fi◌כⱤ♃כ

fi╩ ∆╢√╘ ─ ⌐ ∆╢ⱨꜝ◒♃ꜟ DB ╩ ⇔√  

Ⱪꜝ☻♩─ ⌐⅔↑╢ ─ ⅛╠ ⇔√Ⱳ♇◒☻─ C ≤

N ─ ╩ 2.11 ⌐ ∆ ↓↓≢│ ⌐⅔↑╢ ─ ɗ ≤ l ╩∕

╣∙╣ 60 Á≤ 300 mm ≤⇔√ C ⌐ ∆╢ N ─ │ ™∏╣─Ⱪꜝ☻♩─ ⌐

⅔™≡╙ ≢№╢  
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Ⱪꜝ☻♩─ ⌐⅔↑╢ ─ ╩ 2.8 ⌐ ∆ ⌐│ LSCM

≢ ⇔√ ⅛╠ √ ⅔╟┘ ╩ 2 ∆╢↓≤≢ ⇔

√ ─ ─ ╩ ╕⌂™ ─ ─ ╩ ∆   

2.8⌐ ∆╟℮⌐ ⇔√ ⌐│ ⌐╟╠∏▪fi◌כⱤ♃כfi⅜

↕╣⌂™ ─ ⌐│ ⇔√ ⌐ ⇔≡ ↕⅜ ⌐

⌐⌂∫≡™╢ ⌐ ▪ꜟⱵ♫─ ─ │ ⌐♩♇ꜞ◓ꜟכ♅☻

⇔≡ ⌐ ⌂▪fi◌כⱤ♃כfi⅜ ⅛∫√ ↓╣│ ─ ⌐ ⅜ ↕

∫≡ ╘ ╕╣╢ ⅜ ─▪fi◌כⱤ♃כfi─ ⌐ ⇔ↄ ╩ ╓∆≤

ⅎ╢  

─ ⅛╠ DB ╩ ⇔√ ╩ 2.12⌐ ∆ DB │ 1 < DB < 2 ─

≢ ≢№╡ 2 ⌐ ≠ↄ╒≥ ⌂ ↕≢№╢↓≤╩ ∆╢[16] 2.12

⌐│ 10 mm ╩ 3 ⇔≡ DB ╩ ⇔√ ╩ ⇔≡™╢  

2.12 ⌐ ∆╟℮⌐ ─ ≤ ─ ─ DB │ ⌐╟╠

∏ ɗ ≤ l ⅜ ⅝ↄ⌂╢╒≥ ⇔≡⅔╡ ⌐ ⌂▪fi◌כⱤ♃כfi⅜ ↕╣

╢≤ ⅎ╢ ↓─ DB ─ │ 2.6 ≢ ⇔√Ⱪꜝ☻♩─ ⌐⅔↑╢ ↕

Rzjis Ra ⅔╟┘ ↕ Sa ⌐ ╓∆ ≤ ≢№╢↓≤⅛╠ DB ╩ ∆╢↓≤≢

▪fi◌כⱤ♃כfi╩ ≢⅝╢≤ ⅎ╢ ╕√ ⌐╟╠∏ ─

─ DB │ ─ ─ DB ⌐ ⇔≡ ⅝ↄ⌂∫≡™╢ ↓─ ⅛╠

─ │ ⇔√ ↕╟╡ ⌂▪fi◌כⱤ♃כfi⅜ ↕╣╢™╢≤ ⅎ

╢  

⌐ ▪ꜟⱵ♫─ ─ ─ DB ─ ─ DB ─ 1.1

⌐⌂∫≡™╢ │♩♇ꜞ◓ꜟכ♅☻ ≤ ─ ─ DB ─ ⅜

↕⅛∫√ ɗ ≤ l ⌐⅔↑╢ ─ ─ DB │ ▪ꜟⱵ♫⅜☻♅כꜟ◓

ꜞ♇♩⌐ ⇔≡ ⅝ↄ⌂∫≡™╢↓≤⅛╠ ▪ꜟⱵ♫─ ─ ⅜

≢№╢↓≤╩ ∆ ↓╣│ ⌐ ∆╢ ⅜Ⱪꜝ☻♩ ⌐╟╡ ↕

╣╢ ⌐ ⇔ↄ ╩ ╓∆≤ ⅎ╠╣╢  
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2.8 Ⱪꜝ☻♩ ⌐⅔↑╢ ─  
 

(a) ☻♅כꜟ◓ꜞ♇♩ 
 

Angle 

ɗ (°) 
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l (mm) 

Undulation of the blasted surface 

measuring the laser microscope 
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(b) ▪ꜟⱵ♫ 
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─ ─ ─ DB ─ ⅛╠ ⌐╟╠∏ ɗ ≤ l ⅜ ∆╢╒

≥ ╕√ ⌐♩♇ꜞ◓ꜟכ♅☻ ⇔≡ ▪ꜟⱵ♫⅜ ⌐ ⌂ ⅜

↕╣≡™╢√╘ ╛◄ⱳ◐◦ ─ ⅜ ↄ⌂╢≤ ≢⅝╢≤ ⅎ╠

╣╢ ▪ꜟⱵ♫─ ⌐ ⅜ ∆╢√╘ ─ ⇔√

─ ⅜ ╛◄ⱳ◐◦ ─ ⌐ ╓∆ ⌐≈™≡ ∆╢

⅜№╢  

 

  

2.12 Ⱪꜝ☻♩ ⌐⅔↑╢ ─ⱨꜝ◒♃ꜟ D
B
 

(a) ☻♅כꜟ◓ꜞ♇♩ (b) ▪ꜟⱵ♫ 
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2.5 ╕≤╘ 

2 ≢│ Ⱪꜝ☻♩─ ⅜ ─ ⅔╟┘ ─ ⌐ ╓∆

╩ ⅔╟┘ ╩Ɽꜝⱷ♩ꜞ♇◒⌐ ↕∑≡ ⇔√

Ⱪꜝ☻♩ ─ ─ ⌐≈™≡│ ↕≤ ↕╩ ⌐ ⅎ≡ ▪fi◌

ꜟ♃◒ꜝfi╩ⱨכ♃Ɽכ ╩ ∆╢↓≤≢ ⇔√ ╕√ ⌐ ─

╩ ∆╢√╘ ◄♇♅fi◓⌐╟╢ ─ ≤ SEM-EDX ╩ ℮↓≤

≢ ⇔ ⇔√ ⅜ ─ ⌐ ╓∆ ⌐≈™≡ ╠⅛⌐⇔√  

≢ ╠╣√ ⌂ │ ⌐ ∆≤⅔╡≢№╢  

1  │ ─ ⅜ ↄ ⅜ ⅜♩♇ꜞ◓ꜟכ♅☻™⅝ ▪ꜟⱵ♫⌐

⇔≡ ─ ≤ ↕⅜ ⅝ↄ⌂╢  

2  ⌐╟╠∏ ≤ ⅜ ∆╢╒≥ ↕ ╩ ∆ ↕≤

↕⅜ ∆╢ ⅜ ∆╢╒≥ ╩ ∆ ↕│ ꜟכ♅☻

◓ꜞ♇♩─ │ ∆╢⅜ ▪ꜟⱵ♫│ ─ ⌐⌂╢  

3  ⅜ 100 mm ─ ⌐≈™≡│ ─ ⅜ ∆╢√╘

╛ ╩ ∆╢ ≢│ ╩ 200 mm 500 mm ≤∆╢

⅜№╢  

4 ─♩♇ꜞ◓ꜟכ♅☻  ⌐ │ ╒≤╪≥ ⇔⌂™

▪ꜟⱵ♫⌐≈™≡│ ≤ ⌐╟╠∏ ⌐ ─ ⅜ ∆╢  

5  ─▪fi◌כⱤ♃כfi│ ⌐╟╠∏ ─ ≤ ⅜ ∆╢╒

≥ ⌂▪fi◌כⱤ♃כfi⅜ ↕╣╢ ⌐ ▪ꜟⱵ♫─ ⌐│

⌐ ─ ∆╢√╘ ⌐♩♇ꜞ◓ꜟכ♅☻ ⇔≡ ─▪fi◌כ

Ɽ♃כfi│ ⌐⌂╢  

6  ─ ⌐ ∆╢ⱨꜝ◒♃ꜟ ╩ ∆╢↓≤≢ ▪fi◌כⱤ♃כ

fi╩ ≢⅝╢ ╕√ ─ ⅜ ─ ↕╛ ↕─

⌐ ╓∆ │ ⇔ↄ ⅝™   
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 Ⱪꜝ☻♩ ⇔√ ≤ ◦◐ⱳ◄ה ─

 

3.1 │∂╘⌐ 

⌐⅔↑╢ ╛ ─ ⌂≥─ ה ─

⌂≥│ ─ ─ ⌐ ⇔ↄ ∆╢ ∕─√╘ ─ ↕╛

↕─Ɽꜝⱷכ♃כ⅜ ╛ ─ ⌐ ╓∆ ⌐≈™≡│ ₁⌂

⅜ ╦╣≡⅝√[1]-[4] ╕√ ╛ ╩ ≤⇔√ ─ ↕⌐

≈™≡ [5]-[10]≢ ↕╣≡™╢ ⌐≈™≡│ ∕─ ╛ │

─ ╛ ↕⅜ ⇔ↄ ∆╢↓≤⅜ ↕╣≡™╢ ─ ⌐≈

™≡│ [5]≢│ Ra ≤ Rz ─ ↕─ ╩∕╣∙╣ 8 ɛm ≤ 50 ɛm

≤ ⇔≡™╢⅜ ─ ↕Ra╟╡╙ ↕─ ⌐ ⇔≡ ⅜ ↄ

⅜ ⅝™╒≥ ─ ⅜ ∆╢[4]  

─ ─ ⌐ ∆╢ CFRP ─ ⅜ ↕╣≡™╢[11] ∕

─ ╩ ⌐ ↕╣≡™╢⅜ ⌐ ⇔√ │⌂™ ↕╠⌐ ─

╩ ⌐╟╢ ↕ ⅔╟┘ ⌂≥─

│CFRP≤ ─ ─ ⌐ ╩ ╓∆↓≤╩ ↕╣≡™╢[12]-[16]   

─↓≤⅛╠ ╛ ⌐ ⅎ≡ ⌂≥─ ה ─ ≤

─ ╩ ∆╢ ≢ ─ ↕∞↑≢│⌂ↄ ╛▪fi◌כⱤ♃כ

fi⌐╙ ∆╢↓≤⅜ ≢№╢≤ ⅎ╢ ⇔⅛⇔ ≢│▪fi◌כⱤ♃כfi≤

─ ╛ ⱷ◌♬☼ⱶ⌐≈™≡│ ↕╣≡™⌂™  

3 ≢│ Ⱪꜝ☻♩ ⇔√ ⅜ ╛◄ⱳ◐◦ ─ ⌐ ╓∆

⌐≈™≡ ╩ ╢↓≤╩ ≤⇔√ ∕─√╘ 2 ≢ ╠⅛⌐⇔√Ⱪ

ꜝ☻♩ ─ ⌐╟╡ ∆╢ ─ ▪fi◌כⱤ♃כfi⅔╟┘

─ ⅜ ╛◄ⱳ◐◦ ─ ⌐ ╓∆ ⌐≈™≡ ⇔√ ╕√

─ ⅛╠ ≤◄ⱳ◐◦ ─ ─ ─ⱨꜝ◒♃ꜟ ╩

⇔ SEM-EDX ╩ ℮↓≤≢ ≤◄ⱳ◐◦ ─ ⱷ◌♬☼ⱶ╩ ⇔

√   
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3.2  

│ JIS G 3106 SM390A ─ 50×70×6 mm ─ ╩ ™≡ 2 ⌐ ⇔

√╟℮⌐ ⇔√ Milling ⌐ ⌂ ≢Ⱪꜝ☻♩

╡╟⌐כ▪◄╩ ⇔√ ⌂⅔ ⌐ ∂≡ 3 ≈─ ╩ ⇔√  

⌐╟╡ ⌐ Rc-  ╩ ⇔√ ╡≤ ─ ↕

╣√√╘ ≢│ ⌐ ╡─╖╩ ∆╢↓≤≢ ≤ ─

╩ ⇔√ │ ⌐ ↕╣≡™╢ JIS K 5551 : 2008[17]─

◄ⱳ◐◦ ╡≤⇔√ ╕√ │◄▪꜠☻☻ⱪ꜠כ≢ 1 ─

⅜ 60 ɛm ≤⌂╢╟℮⌐ ╩ ⇔≡ 2 ⇔√ ─ │

±1 ɛm 1 ɛm 0 999 ɛm 10 ɛm 1 8 mm ≢

⇔√ 131±9.5 ɛm ≢№∫√ ─ ╩כꜞ♪⌐ 2 ◄ⱳ

◐◦ Three Bond 2087 ╩ ™≡ ↕∑√  

≤◄ⱳ◐◦ ─ ╩ ∆╢√╘ ◄ⱳ◐◦ │ ─ 

CFRP ─ ⌐ ™╠╣≡™╢ 2 ◄ⱳ◐◦ Three Bond 2087

≤⇔√  

Ⱪꜝ☻♩ ⇔√ ≤ ◦◐ⱳ◄ה ─ ⌐ ╓∆ ╩

∆╢√╘ ╩ ∫√ │כꜞ♪─ ▪ꜟⱵ♬►ⱶ A2017

JIS H 4000 ╩ ⇔√ ─כꜞ♪≥◓☺⌐ ⌐╟╢ → ╩

∆╢√╘ ∕─ ⌐ R10 ─ ╩ ∆↓≤≢ ╩כꜞ♪≥◓☺ 2 ↕∑╢

⌐⇔√[18] ─כꜞ♪ │ JIS K 5600[19] ⅛≈ JIS H 8300[7]

▪ꜟⱵ♬►ⱶ ┘∕╣╠─ ╩ ≤╙ √∆╟℮⌐ 20 mm ≤⇔√

╕√ ─כꜞ♪ ─ ↕╩ ⌐∆╢√╘ ◘fi♪ⱭכⱤכ #120 ≢ ⇔ ∕

כꜞ♪─ ╩ 3 כ◙כ꜠ OLS4500  0.12 ɛm Z

1 nm ꜠fi☼ 20 ≢ ⇔√ ─כꜞ♪ ↕Ɽꜝⱷכ♃

≢№╢ Rzjis Ra ⅔╟┘ RSm ⅜ ∕╣∙╣ 110 mm  20 mm ⅔╟┘ 70 mm ≤⌂∫√ ♪

⌐כꜞ ⇔√ ╩ 3.1⌐ ∆  

─כꜞ♪ ─ ╩ 3.2 ⌐ ∆ ─כꜞ♪ ⌐ 2 ◄ⱳ◐

◦ Three Bond 2087 ╩ ⇔√ 3.2 ⌐ ∆╟℮⌐ כꜞ♪ ⌐

─ ╩ ⅎ╢√╘ ⇔√ ╩ ™≡ 0.9 MPa ≢ 30
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╢↓≤≢ ⇔√ ⱴ♇Ⱨfi◓│ ≤◄ⱳ◐◦ ─ ≢№╢ Fe O

Al ⅔╟┘ C ⌐≈™≡ ∫√  

 

3.3 ≤ ◦◐ⱳ◄ה ─ ⌐ ╓∆  

3.3.1 ─  

Ⱪꜝ☻♩ ⇔√ ⌐ ⌐⅔↑╢ ─ ⅔╟┘ P ≤

ŭ ─ ╩ 3.1⅔╟┘ 3.4⌐ ∆ ↓↓≢│ ─ ɗ ≤

l ╩ ↕∑√ ⌐≈™≡ ∆  

 

 

3.1 ─ ─ ɗ=60 ° l=300 mm  
 

Steel grit Aluminum oxide 

Substrate 

side 
Dolly side 

Substrate 

side 
Dolly side 

    

10mm  10mm  
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(b) ▪ꜟⱵ♫ (a) ☻♅כꜟ◓ꜞ♇♩ 

3.4 ─ ─ P ≤ ŭ ─  
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3.1⌐ ∆╟℮⌐ ⌐ ⇔√ ─ │ ⌐╟╠∏

≢ ─ ≢№∫√ ↓─ ⅛╠ ≤ ─ │ ─

≤ ─ ⌐╟╠∏ ─ ⌐ ⇔≡ ⅝™≤ ⅎ╢

3.4⌐ ∆╟℮⌐ ≥♩♇ꜞ◓ꜟכ♅☻ ▪ꜟⱵ♫─ P │ Ⱪꜝ☻♩─ ⌐╟

╠∏∕╣∙╣ 0.9 1.1 kN ≤ 1.0 1.5 kN ≤⌂∫≡⅔╡ ▪ꜟⱵ♫⅜ ⅝⅛∫

√ ╕√ ⌐ ─≤⌂כꜞ♪╛ ⌐╟╢ →─ │ ⅛╠│ ↕

╣⌂⅛∫√↓≤╛ 3.4 ⌐ ∆ P ≤ ŭ ─ ⅛╠ ─ ™ ⅜

≢⅝√≤ ⅎ╢  

 

3.3.2 ◄ⱳ◐◦ ─  

Ⱪꜝ☻♩ ⇔√ ⌐ ⌐⅔↑╢◄ⱳ◐◦ ─ ╩

3.2⌐ ∆ ╕√ P ≤ ŭ ─ ╩ 3.5 ≤ 3.6 ⌐ ∆ ↓↓≢│

─ ɗ ≤ l ╩ ↕∑√ ⌐≈™≡ ∆  

3.2 ⌐ ∆╟℮⌐ ─ ⌐ ⇔≡™╢◄ⱳ◐◦ ─

│ l ⅜ 100 mm ─ Ⱪꜝ☻♩─ ⌐⅔™≡ 31 % ≢№╡ ≤◄

ⱳ◐◦ ─ ≢№∫√ l ⅜ 100 mm ─ ⌐╟╠∏

─ ⌐◄ⱳ◐◦ ⅜ 53 69 % ⇔≡™╢ ↓╣│ 2.4.2 ≢ ⇔√╟℮⌐

─ ⅜Ⱪꜝ☻♩ ⌐╟╡ ∆╢√╘ ─◄ⱳ◐◦ ⅜

ↄ⌂∫√√╘≢№╢ ∕─ ≤◄ⱳ◐◦ ─ ≤◄ⱳ◐◦ ─

⅜ ⇔√ ⌐⌂∫√≤ ⅎ╢  

3.5 ≤ 3.6 ⌐ ∆╟℮⌐ ≥♩♇ꜞ◓ꜟכ♅☻ ▪ꜟⱵ♫─ P │ Ⱪꜝ☻♩

─ ⌐╟╠∏∕╣∙╣ 4 8 kN ≤ 3 6 kN ≤⌂∫≡⅔╡ ⅜♩♇ꜞ◓ꜟכ♅☻

▪ꜟⱵ♫⌐ ⇔≡ ⅝⅛∫√ ╕√ P ≤ ŭ ─ ⌐≈™≡│ Ⱪꜝ☻♩─

⌐╟╠∏ ⌐ ─≤⌂כꜞ♪╛ ⌐╟╢ →─ │ ⅛╠│

↕╣⌂⅛∫√ ↓─ ⅛╠╙ P ≤ ŭ ─ ⅛╠ ─ ™ ⅜

≢⅝√≤ ⅎ╢  
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(b) ɗ = 60 Á  (a) l = 300 mm  

♩☻ꜝⱩ─♩♇ꜞ◓ꜟכ♅☻ 3.5 ⌐⅔↑╢ P ≤ ŭ ─  
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3.2 ─◄ⱳ◐◦ ─  
 

(a) ☻♅כꜟ◓ꜞ♇♩ 
 

Blasting 

conditions 

Angle ɗ (°), (l = 300 mm) Distance l (mm), (ɗ = 60 °) 

30 60 90 100 300 500 

Substrate 

side 

      

Dolly  

side 

      

                                   10mm  
 

(b) ▪ꜟⱵ♫ 
 

Blasting 

conditions 

Angle ɗ (°), (l = 300 mm) Distance l (mm), (ɗ = 60 °) 

30 60 90 100 300 500 

Substrate 

side 

      

Dolly 

side 

      

 10mm  
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Ⱪꜝ☻♩ ⌐⅔↑╢ ≤◄ⱳ◐◦ ─ ůA╩ 3.7⌐ ∆

⌐│ ╩ 3 ∫√ ⅔╟┘∕─ ╩ ⇔≡™╢ ↓↓≢

│ ─ ɗ ≤ l ╩ ↕∑√ ⌐≈™≡ ∆  

l ⅜ 100 mm ─ ╩ ↄ Ⱪꜝ☻♩─ ≥♩♇ꜞ◓ꜟכ♅☻╢↑⅔⌐ ▪

ꜟⱵ♫─◄ⱳ◐◦ ─ ůA│ ∕╣∙╣ 14.1 24.2 MPa ≤ 9.12 19.6 MPa ⌐⌂∫≡⅔

╡ ⅜♩♇ꜞ◓ꜟכ♅☻ ▪ꜟⱵ♫⌐ ⇔≡ 23 55 % ⅝™ ↓╣│ 2.4 ⌐ ⇔
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(b) ɗ = 60 Á  

 

(a) l = 300 mm  

3.6 ▪ꜟⱵ♫─Ⱪꜝ☻♩ ⌐⅔↑╢ P ≤ ŭ ─  
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3.7 Ⱪꜝ☻♩ ⌐⅔↑╢ ≤◄ⱳ◐◦ ─ ůA 
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√╟℮⌐ ▪ꜟⱵ♫≢Ⱪꜝ☻♩ ⇔√ ⌐│ ⌐ ⅜ ⇔≡™╢

√╘ ◄ⱳ◐◦ ─ ⅜ ⇔√≤ ⅎ╠╣╢  

™∏╣─ ≢╙ l ⅜ 100 mm ─ Ⱪꜝ☻♩─ ⌐ ⇔≡┌╠≈⅝⅜

⅝ↄ⌂∫≡™╢ ↓╣│ ⇔√╟℮⌐ ─ ⅜Ⱪꜝ☻♩ ⌐╟

╡ ∆╢√╘ ─◄ⱳ◐◦ ⅜ ↄ⌂∫√≤ ⅎ╠╣╢ ╕√ ◓ꜟכ♅☻

ꜞ♇♩─ ɗ ⅜ 30 Á─ ─┌╠≈⅝╙ ─ ɗ ─ ⌐ ⇔≡ ⅝ↄ⌂∫≡™╢ ↓╣

│ 2.4 ⌐ ∆╟℮⌐ ─ ↕─℮⌡╡⅜ ∂╢↓≤≢ ─כꜞ♪ ⌐

◄ⱳ◐◦ ─ ↕⌐ ⅜ ∂√√╘≤ ⅎ╠╣╢  

l ⅜ 100 mm ─ ╩ ↄ Ⱪꜝ☻♩─ ⌐⅔↑╢ ůA│ ⌐╟╠∏

⌂ ⌐⌂∫≡⅔╡ ɗ ≤ l ⅜ ∆╢≤≤╙⌐ ∆╢ ≢№╢ ↓─ │

2 ⌐ ⇔√Ⱪꜝ☻♩─ ⌐⅔↑╢ ─ ↕ ↕⅔╟┘

─ ─ⱨꜝ◒♃ꜟ DB ─ ≤ ≢№╢ ↓─↓≤⅛╠ ɗ ≤ l ⅜ ∆

╢╒≥ ─ │ ⅝ↄ⌂╡ ⌂▪fi◌כⱤ♃כfi⅜ ↄ ↕╣╢√

╘ ≤◄ⱳ◐◦ ─ ⅜ ⅝ↄ⌂╢↓≤≢ ◄ⱳ◐◦ ─

⅜ ⇔√≤ ⅎ╠╣╢  

▪ꜟⱵ♫─ ɗ ⅔╟┘ l ⅜ ∆╢╒≥ ─ ⅜ ⅝ↄ

⌂╢╒≥ ─ ╙ ∆╢⅜ ◄ⱳ◐◦ ─ ůA ⅜ ∆╢ ⌐

╛ ⌂≥⅜ ∆╢ ≤ ─ │ ∆╢√╘ ⌐

⌂ ╩ ⅎ╢↓≤⅜ ╠╣≡™╢[20]-[22] ⇔⅛⇔ ─ ╩ ⇔

⅜ ⅝ↄ⌂╢≤≤╙⌐ ⅜ ╙ ∆╢ ◄ⱳ◐◦ ─ ⅜

≢⅝╢≤ ⅎ╢  

≤◄ⱳ◐◦ ─ ╩ ∆╢√╘ ⌐ ─כꜞ♪√⇔ ≤

⌂ ≢◄ⱳ◐◦ ╩ ⇔ ↕∑√◘fiⱪꜟ─ ╩ ⇔√ ╕√

≤◄ⱳ◐◦ ─ ⱷ◌♬☼ⱶ╩ ∆╢√╘ ╩ 2 ∆╢↓

≤≢ ⇔√ ─ ─ ⅔╟┘◄ⱳ◐◦ ─

⌐≈™≡ⱨꜝ◒♃ꜟ DB ╩ ⇔√ ╩ ∆ ─ │ ─

DB_Substrate ╩ ⇔ │◄ⱳ◐◦ ─ DB_Resin ╩ ⇔≡™╢ DB_Substrate ≤

DB_Resin─ ⅜ ↕™╒≥ ≤◄ⱳ◐◦ ─ ⅜ ™↓≤╩ ∆╢  
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─ ⌐╟╢◄ⱳ◐◦ ─ ╩ 3.8 ⌐ ∆ ↓↓≢│ ꜞ◓ꜟכ♅☻

♇♩╩ ™≡ ɗ ≤ l ╩∕╣∙╣ 90 Á 300 mm ≤⇔√ ⌐≈™≡ ⇔≡™╢

─ ⌂ ╕≢⌐◄ⱳ◐◦ ⅜ ╡ ╪≢™╢↓≤⅜ ↕╣╢ ╕√

DB_Substrate ≤ DB_Resin ─ ⅜ 0.04 ≢№╢√╘ ≤◄ⱳ◐◦ ─ ⅜ ™≤

ⅎ╢ ↓─↓≤⅛╠ ─ ⌂ ─▪fi◌כⱤ♃כfi─ ⌐│ ≤

◄ⱳ◐◦ ─ ⌐╟╡ ╩ ↕∑╢≤ ⅎ╢ ∕─√╘ ⌐

⌂ ─▪fi◌כⱤ♃כfi⅜ ™ ≢№╢ ɗ ⅜ 90 Á ⅔╟┘ l ⅜ 500 mm ─ ⌐│

◄ⱳ◐◦ ─ ⅜ ⅝ↄ⌂╢≤ ⅎ╢ ⌐ ⌂ ⅜ ⌂™▪fi

─fiכ♃Ɽכ◌ ≢№╢ ɗ ⅜ 30 Á─ ⌐≈™≡│ ◄ⱳ◐◦ ─ │ ↕

ↄ⌂╡┌╠≈⅝╙ ⅝ↄ⌂╢≤ ⅎ╢ ⇔√⅜∫≡ ─▪fi◌כⱤ♃כfi⅜◄ⱳ

◐◦ ─ ⌐ ╓∆ │ ⅝™≤ ⅎ╠╣╢  

─ ─ ⌐╟╢◄ⱳ◐◦ ─ ╩ 3.9⌐ ∆ ↓↓≢│

▪ꜟⱵ♫╩ ™≡ ɗ ≤ l ╩∕╣∙╣ 90 Á 300 mm ≤⇔√ ⌐≈™≡ ⇔≡™╢

3.8 ─ ⌐╟╢◄ⱳ◐◦ ─  

♩♇ꜞ◓ꜟכ♅☻    ɗ = 90 Á l = 300 mm  

 

Resin 

Substrate 100ɛm 

D
B_Resin 

= 1.33 

D
B_Substrate 

= 1.37 

Resin 

Substrate 
Aluminum 

oxide 

D
B_Resin 

= 1.34 

D
B_Substrate 

= 1.38 

3.9 ─ ⌐╟╢◄ⱳ◐◦ ─  

▪ꜟⱵ♫ ɗ = 90 Á l = 300 mm  

100ɛm 

Fe Al C 

Substrate 

Resin Aluminum 
oxide 

50ɛm 

3.10 ◄ⱳ◐◦ ─ ▪ꜟⱵ♫ ɗ = 90 Á l = 300 mm  

 



 

 

 Ⱪꜝ☻♩ ⇔√ ≤ ◦◐ⱳ◄ה ─  

57 

 

 

─ ─ ⌂ ⌐│ ⅜ ⇔≡™╢⅜ ╩ ╘√

─ ╕≢⌐◄ⱳ◐◦ ⅜ ╡ ╪≢™╢↓≤⅜ ↕╣╢ ╕√ DB_Substrate

≤ DB_Resin ─ ⅜ 0.07 ≢№╢√╘ ≤◄ⱳ◐◦ ─ ⅜ ™≤ ⅎ╢

⇔⅛⇔ ↓─ ⅛╠◄ⱳ◐◦ ⅜ ⌐ ⇔≡™╢ ╕≢⌐ ╩

∆╢↓≤│ ≢№╢√╘ SEM-EDX ╩ ∫√ ∕─ ╩ 3.10 ⌐ ∆

⌐ ⅜ ⇔≡™╢ ╩ ─ ─ ≢ SEM ╩ ™≡ ⇔ EDX

⌐╟╡ ∆╢↓≤≢ ⇔√ ⱴ♇Ⱨfi◓│ Fe Al ⅔╟┘ C ⌐≈™≡ ∫

√ 3.10⌐ ∆╟℮⌐ ⌐ │ ↑√ ≢ ─ ⌐ ⅝

↕∫≡⅔╡ ∕─ ─ ─ ⌐◄ⱳ◐◦ ⅜ ⇔≡™╢↓≤⅜ ↕╣╢

↓─↓≤⅛╠ ─ ≤◄ⱳ◐◦ ⅜ ∆╢↓≤≢ ⅝⌂ ╩

↕╣ ⌂▪fi◌כⱤ♃כfi≤ ─ ⅜ ∆╢≤ ⅎ╠╣╢ ↓─

⅛╠ 3.7⌐ ⇔√ ▪ꜟⱵ♫─ ɗ ⅔╟┘ l ⅜ ∆╢╒≥ ─

⅜ ⅝ↄ⌂╢╒≥ ─ ╙ ∆╢⅜ ◄ⱳ◐◦ ─ ůA ⅜ ↕∑√

≢№╢≤ ⅎ╠╣╢  

ɗ ⅔╟┘ l ╩ ↕∑≡Ⱪꜝ☻♩ ⇔√ ─ ≤◄ⱳ◐◦

─ ůA ─ ╩∕╣∙╣ 3.11 ⌐ ∆ ↓↓≢│ ⌐≈™≡

│ ↕ Rzjis ↕ Ra ↕ RSm ⅔╟┘ ─

─ⱨꜝ◒♃ꜟ DB ╩ ⇔≡™╢ ─ │ l ⅜ 100 mm ╩♃כ♦─ ™≡ ♦

╩♃כ ≤⇔√ ⌐ ∆╢ ůA─ ≢№╢ ⌐╟╠∏ Rzjis Ra

RSm ⅔╟┘ DB ⅜ ⅝™╒≥ ⅜ ⅝ↄ⌂╢√╘ ◄ⱳ◐◦ ─

⅜ ⇔≡⅔╡ ╙ ™ ⌐ DB ≤ ůA─ ⅜ ─ ↕─Ɽꜝⱷכ

♃⌐ ⇔≡ ⌐ ™ ↓─↓≤⅛╠ ─▪fi◌כⱤ♃כfi⅜◄ⱳ◐◦ ─

⌐ ╓∆ │ ⅝™≤ ⅎ╢ ─ ⅛╠ ─ ↕ Rzjis Ra 

RSm ⅔╟┘ DB ⌐ ∆╢◄ⱳ◐◦ ─ ůA │ 3.11 ─ ╩ ™≡

⅔⅔╟∕ ≢⅝╢≤ ⅎ╢  
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─ ≤◄ⱳ◐◦ ─ ůA ─ ╩ 3.12 ⌐ ∆ ↓↓≢│

▪ꜟⱵ♫╩ ™≡ ɗ ≤ l ╩ ↕∑√ ─ AAl─ ≢№

╢ ─ │ l ⅜ 100 mm ╩♃כ♦─ ™√ ╩♃כ♦ ≤⇔√ AAl ⌐ ∆╢

ůA─ ≢№╢ AAl│ ůA≤ │№╢ ─ ⅛╠ AAl ⌐ ∆╢◄ⱳ◐

◦ ─ ůA│ ─ ─ ╩ ™╢↓≤≢ ≢⅝╢≤ ⅎ╢  

 

3.4 ╕≤╘ 

3 ≢│ Ⱪꜝ☻♩ ⇔√ ≤ ◦◐ⱳ◄ה ─ ╩ ∆╢

√╘ ╩ ∫√ ╕√ 2 ≢ ╠⅛⌐⇔√√Ⱪꜝ☻♩ ─ ⌐

╟╢ ─ ⅔╟┘ ─ ⅜ ╛◄ⱳ◐◦ ─

⌐ ╓∆ ╩ ∆╢√╘ ≤◄ⱳ◐◦ ─ ─ ─ⱨꜝ◒♃

ꜟ ╩ ⇔ SEM-EDX ╩ ℮↓≤≢ ≤◄ⱳ◐◦ ─ ⱷ◌♬☼ⱶ

╩ ⇔√ ↕╠⌐ ─ ≤◄ⱳ◐◦ ─ ─ ⅔╟┘

─ ≤◄ⱳ◐◦ ─ ─ ⌐≈™≡ ⇔√  

≢ ╠╣√ ⌂ │ ⌐ ∆≤⅔╡≢№╢  

1  ≤ ─ │ ─ ↕╛ ─ ⌐╟╠∏

─ ≢ ↕╣╢  

2  ─ ≥♩♇ꜞ◓ꜟכ♅☻ ▪ꜟⱵ♫ ⌐╟╠∏ ≤◄ⱳ◐◦

─ │ ─ ≤ ⅜ ∆╢╒≥ ∆╢ ◓ꜟכ♅☻
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ꜞ♇♩≢Ⱪꜝ☻♩ ⇔√ ≤◄ⱳ◐◦ ─ │ ⌐

▪ꜟⱵ♫╩ ™√ ⌐ ⇔≡ ⅝™ √∞⇔ ⅜ 100 mm ≤⌂╢

╩ ↄ  

3  ⅜ 100 mm ─ │ ◄ⱳ◐◦ ─ ≢ ⅜

↕╣╢  

4 ⅜♩♇ꜞ◓ꜟכ♅☻─  ⇔≡™⌂™ ─ ─ ↕≤▪

fi◌כⱤ♃כfi─ⱨꜝ◒♃ꜟ ⅜ ⅝™╒≥ ≤◄ⱳ◐◦ ─

│ ∆╢  

5  ▪ꜟⱵ♫╩ ™√ ⅜ ∆╢ ─ ─ ↕≤▪fi◌

ꜟ♃◒ꜝfi─ⱨכ♃Ɽכ ⅜ ⅝ↄ ─ ⅜ ⅝ↄ⌂╢╒≥

≤◄ⱳ◐◦ ─ │ ∆╢  

6  ─ ↕ ▪fi◌כⱤ♃כfi─ⱨꜝ◒♃ꜟ ≤ │ ─

⅜№╢ ⱨꜝ◒♃ꜟ ≤◄ⱳ◐◦ ─ ⌐│ ™ ⅜

№╢  

7  ⌐ ▪ꜟⱵ♫╩ ™√ ─ ≤◄ⱳ◐◦ ─

⌐│ ─ ⅜№╢  
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 Ⱪꜝ☻♩ ⇔√ ─  

4.1 │∂╘⌐ 

Ⱪꜝ☻♩ ⌐╟╢ │ ─ ⌐ ╩ ╓∆↓≤⅜ ╠╣≡

™╢ [1]-[6]≢│ ◦ꜛ♇♩Ⱪꜝ☻♩ ≢ ↕╣╢ ─ ↕ ◒

┘╟⅔כ♃כ꜠ ⌂≥⅜ ⌐ ╓∆ ⌐≈™≡ ↕╣≡™╢ ⇔

⅛⇔ ◓ꜞ♇♩Ⱪꜝ☻♩ ⇔√ ─ ⅜ ⌐ ╓∆ ⌐≈

™≡│ ↕╣≡⅔╠∏ ╠⅛⌐↕╣≡™⌂™  

4 ≢│ Ⱪꜝ☻♩ ─ ⅜ ─ ⌐ ╓∆ ╩ ∆╢↓

≤╩ ≤⇔√ ∕─√╘⌐ ╕∏ ─ ╩ ⌐ ∆╢√╘

≤▬fiⱧכ♄fi☻ Electrochemical Impedance Spectroscopy EIS ╩

⇔√ ∕─ ꜟ▼ⱨכ♃─ ⌐╟╢ ≤ ╩ ∆

╢↓≤≢ ╩ ⇔√ ↕╠⌐ ⅛╠ ╩ ╘╢

↓≤≢ ─ ╛ ─ ⅜ ⌐ ╓∆ ╩ ╠⅛⌐⇔√  

 

4.2 ─  

Ⱪꜝ☻♩ ⌐⅔↑╢ ⅜ ⌐ ╓∆ ⌐≈™≡ ╩

╢√╘⌐ ─ ≤ EIS ╩ ⇔√ ⌂⅔ │ ─ ≤

⌐ ≢ ∫√√╘ ≢│ ╛ ⌂≥⌐╟╢ ─

⅔╟┘ ╛ ⌂≥─ ⌐╟╢ ╩ ≢⅝⌂™  

⌐ ™√ Milling │ Ⱪꜝ☻♩ ⇔√ Ⱪꜝ☻

♩ │ 2 ⌐ ⇔√ ≤ ≢№╢ Ⱪꜝ☻♩ ─ │ כ▪◄ ≤

▬○fi ≢ 43 kHz 60 5 min ╩ ∫√ ∕─

─ ─ 100 mm2 ─ │ ⱪכ♥ 3M ֿפ

╘∫⅝ ⱴ☻◐fi◓♥כⱪ 470 ╩ ™≡ⱴ☻◐fi◓⇔√  

─ ╩ 4.1 ⌐ ∆ │ 25 

60 %RH ≢ ™ ⱳ♥fi◦ꜛ☻♃♇♩ AMETEKֿפ Versa STAT 4 ╩ ™≡

⇔√ │ ─ ─ ≢№╢ Cl ⌐ ∆╢ ─

╩ ∆╢√╘⌐ 3.5 mass% NaCl aq ≤⇔√ ≤ ⌐│ ∕╣∙╣ Pt 



 

 

 Ⱪꜝ☻♩ ⇔√ ─  

64 

 

 

≤ Ag/AgCl KCl ╩ ™√ ≤ EIS ─ │ ╩

⌐ 1 ⇔≡ ─ ⅜ ⌐ ⇔√ ⌐ ⇔√ ─ ⌐≈™

≡ ≤ │ ∕╣∙╣ 10 mV/min ≤ ⌐ ⇔≡±250 mV ≤⇔√

╕√ ─ ⌐╟╢ ─ ⌐⅔↑╢▬○fi ⅔╟┘

⌐╟╢ ╩ ⇔√ EIS ─ │ 10 mHz 100 kHz ─ ≢ ↕∑

≡ ⇔√  

 

4.3 ─ ⅜ ⌐ ╓∆  

4.3.1 ─  

╩ ™≡Ⱪꜝ☻♩ ⇔√ Ⱪꜝ☻♩ ╩ 3.5 mass% NaCl aq

⌐ 1 ⇔√ ╩ ⇔√ ╩ 4.2 ≤ 4.3 ⌐ ∆ ↓↓≢│

Milling ⌐ ⇔≡ 2 ─ ɗ ⅔╟┘ l ╩ ↕∑≡Ⱪꜝ☻♩

⇔√ ╩ ≤⇔√ ╩ ⇔≡™╢  

4.2 ≤ 4.3 ⌐ ∆╟℮⌐ ™∏╣─ ⌐⅔™≡╙ │ ⌂

⌐⌂∫≡™╢ ▪ⱡכ♪ ≢│ E ⅜ ↄ⌂╢⌐⇔√⅜∫≡ i ⅜ ⅝ↄ⌂

∫≡™╢ ♪כ♁◌ ≢│ ≤ ⌐╟╠∏ i ⅜ 10 ɛA/cm2≢

≤⌂∫≡⅔╡ │⌂™↓≤⅜ ╠╣╢ ↓╣│ ♪כ♁◌ ─ i ⅜

E ⌐ ⇔⌂™ O2 ─ ⌐⌂╢↓≤⌐ ∆╢[7], [8] ↓─↓≤⅛╠ Ⱪꜝ

Potentiostat 

R.E. 
(Ag/AgCl) 

Glass cell 

Electrochemical 
masking tape 

Substrate Testing area 

Electrolyte: 
NaCl 

C.E.: 
Platinum 

 4.1 ─  
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☻♩─ ⌐⅔↑╢ ─ │ ⌂╢√╘ ♪כ♁◌ ─

⌐ ╩ ⅎ╢≤ ⅎ╠╣╢  

╕√ Milling ─ │ Ⱪꜝ☻♩ ⌐ ⇔≡ ⌐⌂∫≡™╢ 4.2 ⌐

∆╟℮⌐ ─♩♇ꜞ◓ꜟכ♅☻ │ ɗ ⅜ ∆╢╒≥ l ⅜ ∆╢╒≥

⌐⌂∫≡™╢ 4.3⌐ ∆╟℮⌐ ▪ꜟⱵ♫─ │ ɗ ⅜ ∆╢╒≥

⌐⌂∫≡™╢ l ─ ⌐╟╢ │ ⅎ⌂™  
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4.2 ─ ─ ♩♇ꜞ◓ꜟכ♅☻  
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4.3 ─ ─ ▪ꜟⱵ♫  
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Ⱪꜝ☻♩ ╩ 3.5 mass% NaCl aq ⌐ ⇔√ ─ ≤ ─ ╩∕╣

∙╣ 4.4≤ 4.5 ⌐ ∆ 4.5⌐ ∆ │ ⅜ 20 mm ⌐ ∆╢╕≢ ה

╩ ╡ ⇔ ⌂ ╩ ⇔≡™╢ ─ ɗ ⅔╟┘ l ⌐╟╠

∏ ─▪fi◌כⱤ♃כfi⅜ ↕╣╢ ↓↓≢│ ─ p ɗ ⅔╟┘

l ╩∕╣∙╣ 0.7 MPa 60 °⅔╟┘ 300 mm ≤⇔≡ ╩ ↕∑√ ⌐≈™

≡ ∆  
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(b) ▪ꜟⱵ♫ 

4.4 3.5 mass% NaCl aq ⌐ ─ ─ ɗ=60° l=300mm  
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4.5 3.5 mass% NaCl aq ⌐ ─ ─ ɗ=60° l=300mm  
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4.4 a ≤ 4.5 a ⌐ ∆╟℮⌐ ─♩♇ꜞ◓ꜟכ♅☻ ⇔√ ─

⌐ ⌐ ⅜ ⇔≡⅔╡ ⌐◒ꜝ♇◒⅜ ↕╣╢ ╕√ ∕─◒ꜝ

♇◒⅛╠ ╕≢ ⅜ ⇔≡™╢ ↓╣│ ◒ꜝ♇◒│ ⌂ ⌐ ╩

↕∑[1] ⅜◒ꜝ♇◒⌐ ∫≡ ∆╢√╘ ╕≢ ⇔√≤ ⅎ╠╣

╢ 4.4 b ≤ 4.5 b ⌐ ∆╟℮⌐ ▪ꜟⱵ♫─ ⌐

⇔≡™╢ ─ ⌐ ⅜ ⇔≡™╢ ↓╣│ 2.1 ⌐ ⇔√╟℮⌐

▪ꜟⱵ♫─ ≢№╢ Al2O3 │ ⅜ ™√╘[11]-[13] ⌐ ⇔≡™

╢ ─ │ ⇔⌐ↄↄ⌂∫√ ⌂⅔ ⌐ ⅜ ⇔≡™╢∞↑≢│

⌂ↄ Ⱪꜝ☻♩─ ⌐╟╡ ─ ╕≢ ™ ╪≢™╢√╘ ⅜ ⇔

⌐ↄↄ⌂∫√≤ ⅎ╠╣╢  

ꜟ▼ⱨכ♃╩ ⌐╟╢ Ecorr icorr╩ ╘≡ ∕─

⅛╠ CR ╩ ⇔√ ╩ 4.1⌐ ∆ ≢│ ╩

≢⅝╢ icorr [9]╩ ™≡ ─ ╩ ⇔√ ⌂⅔ icorr │ ↕ↄ

⌂╢╒≥ ─ │ ↄ⌂╢ ╕√ icorr│ ≤ ⅜№╢√╘[10]

↓↓≢│ 2 ≢ ⇔√ ─ ≤─ ⌐≈™≡ ⇔√ ╕√ icorr≤

╩ ™≡ CR ╩ ⇔√  

 ά
ὓ Ͻ Ὥ

Ὂ Ͻ ᾀ
 (4.1) 

m ─ M Fe ─⸗ꜟ icorr ɛA/cm2  

F ⱨ□ꜝ♦כ z ▬○fi─  

 

 

 

 

 #2
ά Ͻ ὸ

” Ͻ ὃ
 (4.2) 

CR mm/yr m ─ t: ∆╢ 1  

” Fe ─ (g/cm3) A cm2  
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4.1⌐ ∆╟℮⌐ Milling ─ Ecorr│- 603 mVAg/AgCl≢№╡ Ⱪꜝ☻♩ ⌐

⇔≡ ⌐⌂∫≡™╢ Ⱪꜝ☻♩ ⌐≈™≡│ Ecorr│-661 -708 mVAg/AgCl⌐⌂∫≡™

╢ ╕√ Milling ─ icorr │ 5.56 ɛA/cm2 ≢№╡ Ⱪꜝ☻♩ ⌐ ⇔≡ ╙ ↕

ↄ⌂∫≡™╢ Ⱪꜝ☻♩ ⌐≈™≡│ icorr │ 6.2 13.9 ɛA/cm2 ≤⌂∫≡⅔╡

╛ ─ ≤ ⌐╟╢ icorr ─ │ ↕™ ⌐╟╠∏ Ecorr ≤ icorr │ ɗ

⌐ ⇔≡ ⌂ ≢№╢⅜ l ⌐ ⇔≡ ⌂╢ ⌐⌂∫≡™╢  

─♩♇ꜞ◓ꜟכ♅☻ ɗ ≤ l ⅜ ⌐⇔√⅜∫≡ icorr ⅜ ⅝ↄ⌂∫≡™╢ icorr

─ │ 2 ⌐ ⇔√Ⱪꜝ☻♩─ ⌐⅔↑╢ ─ ↕ ↕⅔╟┘

╩ ™√ ─ ─ⱨꜝ◒♃ꜟ DB ─ ≤ ≢№∫√ ɗ ≤

l ⅜ ∆╢≤≤╙⌐ ─ ↕ ↕⅔╟┘ DB ⅜ ⇔ │

⅝ↄ⌂╢√╘ icorr⅜ ⇔√≤ ⅎ╠╣╢  

▪ꜟⱵ♫─ ɗ ⅜ ∆╢╒≥ icorr⅜ ⇔≡™╢ ╕√ l ⅜ ∆╢╒

≥ icorr⅜ ∆╢⅜ ∕╣╠─ │ ≢№╢ ɗ ⌐ ∆╢ icorr ─ │ Ⱪꜝ

☻♩─ ⌐⅔↑╢ ─ ↕ ↕ DB ⅔╟┘ ─ ≤ ⌐⌂∫

≡™╢ ↓─ ⅛╠ ─ ⌐ ⇔≡ ─ ⅜ ▪ꜟⱵ♫─ icorr

⌐ ⇔ↄ ╩ ╓∆≤ ⅎ╠╣╢ ╕√ ɗ ⅜ ∆╢≤≤╙⌐ ⌐ ─

⅜ ⇔ ⅜ ↕ↄ⌂╢√╘ icorr⅜ ⇔√≤ ⅎ╠╣╢  

CR ≢│ ╛ ─ ≤ ⌐╟╠∏ icorr ≤ ─ ≤⌂∫≡

4.1 ⅛╠ ╘√ ⅔╟┘  
 

Specimen 
Angle 

ɗ (°) 

Distance  

l (mm) 

Ecorr 

(mVAg/AgCl) 

icorr 

(ɛA/cm2) 

Corrosion rate 

CR (mm/yr) 

Milling   - 603 5.56 0.064 

Steel grit 

30 

300 

- 682 6.20 0.072 

60 - 674 11.7 0.136 

90 - 665 14.3 0.166 

60 

100 - 661 8.76 0.102 

300 - 673 9.78 0.113 

500 - 693 13.9 0.161 

Aluminum  

oxide 

30 

300 

- 671 12.5 0.145 

60 - 674 8.67 0.100 

90 - 708 5.61 0.065 

60 

100 - 678 8.29 0.096 

300 - 676 9.08 0.105 

500 - 681 9.37 0.109 
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™╢ Ⱪꜝ☻♩ ─ CR ≢│ Milling ─ CR ⌐ ⇔≡ 2.6 ⅝ↄ⌂∫≡™

╢ ╕√ Ⱪꜝ☻♩ ⌐≈™≡╙ ≤ ⅜ ∆╢↓≤≢ 1.1 ..3 ─

⅜ ∂≡™╢⅜ ↓╣╠─ CR │ ⇔ↄ ↕™  

 

4.3.2 ▬fiⱧכ♄fi☻─  

Ⱪꜝ☻♩ ⇔√ ╩▬fiⱧכ♄fi☻ ⇔√ ⅛╠ ╠╣√Nyquist ╩

4.6≤ 4.7⌐ ∆ ╕√ 4.8⌐ ∆ [14], [15]╩ ™≡▬fiⱧכ♄fi☻

╩ ⇔√ ⅔╟┘ ╩ 4.2 ⌐ ∆ ↓↓≢ Rs CPE ⅔╟┘ Rct│

∕╣∙╣ ≤ ─ ⅔╟┘ ╩ ⇔≡

™╢ ⌂⅔ CR ⌐≈™≡│ Stern-Geary [16]╩ Rct ≢ ∆↓≤≢

icorr ⇔√ 4.3.1 ⌐ ⇔√ 4.1 ≤ 4.2 ≢ CR ╩ ⇔√ ↓↓≢ K

─ │ ─ ╛ ⌐╟∫≡ ∆╢⅜ ≢│ ≢ ⌐

™╠╣╢  0.0209V ╩ ™√ ↓↓≢│ Milling ⌐ ⇔≡

ɗ ⅔╟┘ l ╩ ↕∑≡Ⱪꜝ☻♩ ⇔√ ╩ ≤⇔√™╢  

 Ὥ
ὑ

Ὑ
 (4.3) 

icorr ɛA/cm2 K Stern-Geary 0.0209 V  

Rct ɋcm2  

4.6≤ 4.7⌐ ∆ Nyquist ─ │ ⌐╟╠∏╒╓ ─ ⌐⌂

∫≡™╢ ╕√ 4.2 ⌐ ∆ n │ ╩ ⇔≡⅔╡ ∕─ │ ⌐╟╠∏

0.773 0.824 ⌐⌂∫≡™╢↓≤⅛╠ 4.6 ≤ 4.7 ≢ ⇔√ Nyquist ─ ⅜╒

╓ ─ ≢№╢≤ ⅎ╢ Milling ─ Nyquist ─ ─ │ Ⱪꜝ☻

♩ ⌐ ⇔≡ ⇔ↄ ⅝ↄ⌂∫≡™╢ ╕√ Ⱪꜝ☻♩ ⌐ ∆╢ ─ │

─♩♇ꜞ◓ꜟכ♅☻ ɗ ⅜ 90 Á < 60 Á < 30 Á l ⅜ 500 mm < 300 mm < 100 mm ─

≤⌂∫≡™╢ ⌂⅔ ▪ꜟⱵ♫─ ɗ ⅜ 30 Á < 60 Á < 90 Á l ⅜ 500 mm < 300 

mm < 100 mm ─ ≤⌂∫≡™╢  
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(b) ɗ=60°  

 

(a) l=300mm  

4.7 ─ Nyquist ▪ꜟⱵ♫  
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4.6 ─ Nyquist ♩♇ꜞ◓ꜟכ♅☻  
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Solution 

R
s
 : Solution resistance 

CPE : Electric double-layer capacity 

R
ct
 : Charge transfer resistance 

4.8  

Substrate 
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4.2⌐ ∆╟℮⌐ Milling ─ Rct│ Ⱪꜝ☻♩ ⌐ ⇔≡ ╙ ⅝ↄ⌂∫≡

™╢ Ⱪꜝ☻♩ ⌐≈™≡ Rct │ ≤Ⱪꜝ☻♩ ⌐⅔↑╢ Nyquist

─ ─ ─ ≤ ─ ╩ ⇔≡™╢ ⌐ ⅜ ⇔⌂™ 

─♩♇ꜞ◓ꜟכ♅☻ ɗ ≤ l ⅜ ∆╢╒≥ Rct⅜ ∆╢√╘ ⇔⌐ↄↄ⌂

╢≤ ⅎ╢ ╕√ ⌐ ⅜ ∆╢ ▪ꜟⱵ♫─ ɗ ⅜ ∆╢╒≥

l ⅜ ∆╢╒≥ Rct⅜ ⇔≡™╢  

CR ≢│ Ⱪꜝ☻♩ ─ CR ≢│ Milling ─ CR ⌐ ⇔≡ 1.5 2.1

⅝ↄ⌂∫≡™╢ Ⱪꜝ☻♩ ⌐≈™≡│ ─♩♇ꜞ◓ꜟכ♅☻ ɗ ≤ l ⅜

∆╢╒≥ CR ⅜ ↕ↄ⌂∫≡™╢ ╕√ ▪ꜟⱵ♫─ ɗ ⅜ ∆╢╒≥ l

⅜ ∆╢╒≥ CR ⅜ ↕ↄ⌂∫≡™╢ ↓─╟℮⌐ ⌐╟╠∏ ɗ ≤ l ⅜

∆╢↓≤≢ CR │ 1.1 1.3 ─ ⅜ ∂≡™╢⅜ ↓╣╠─ ⇔ↄ ↕™  

  

4.2 ⌐╟╢▬fiⱧכ♄fi☻─ ─ ⅔╟┘  
 

Specimen 
Angle 

ɗ (°) 

Distance 

l (mm) 

Rs 

(ɋcm2) 

CPE (×10-3) 

(ɋ-1cm-2 ) 
n 

Rct 

(ɋcm2) 

icorr 

(ɛA/cm2) 

Corrosion rate 

CR (mm/yr) 

Milling   9.60 0.317 0.790 1,771 11.8 0.137 

Steel grit 

30 

300 

3.23 1.67 0.824 1,144 18.3 0.212 

60 3.35 2.62 0.819 1,077 19.4 0.225 

90 4.45 1.92 0.773 977 21.4 0.248 

60 

100 4.57 1.86 0.816 1,057 19.8 0.229 

300 4.57 1.85 0.818 1,003 20.8 0.241 

500 4.46 2.01 0.793 859 24.3 0.282 

Aluminum 

oxide 

30 

300 

4.72 2.27 0.739 1,104 18.9 0.219 

60 3.96 1.76 0.766 1,117 18.7 0.217 

90 4.14 1.53 0.792 1,211 17.3 0.200 

60 

100 4.42 0.908 0.770 1,102 19.0 0.220 

300 3.78 2.25 0.777 881 23.7 0.275 

500 4.53 2.32 0.796 855 24.4 0.283 
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4.4 ╕≤╘ 

4 ≢│ Ⱪꜝ☻♩─ ⅜ ─ ⌐ ╓∆ ╩ ∆╢√╘

─ ≤▬fiⱧכ♄fi☻╩ ⇔√ ╕√ ꜟ▼ⱨכ♃─ ⌐╟╢

≤ ╩ ╘≡ ∕─ ⅛╠ ╩ ∆╢↓≤≢

─ ╛ ─ ⅜ ⌐ ╓∆ ╩ ╠⅛⌐⇔√  

≢ ╠╣√ ⌂ │ ⌐ ∆≤⅔╡≢№╢  

1 ╩♩♇ꜞ◓ꜟכ♅☻⌐  ™√ ⅜ ⇔≡™⌂™ ─

⌐ ∆╢ ─ ≤ ⅜ ∆╢╒≥ ╕√ ─ ↕⅜ ↕ↄ

⌂╢╒≥ ─ ⅜ ∆╢⅜ ∕╣╠─ ─ │ ↕™   

2  ▪ꜟⱵ♫╩ ™√ ⅜ ∆╢ ─ ─ ⅜ ∆╢╒

≥ ─ ⅜ ∆╢╒≥ ─ ⅜ ∆╢⅜ ∕─

│ ↕™  
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 Ⱪꜝ☻♩ ⇔√ ◓fi♬כ♃─  

5.1 │∂╘⌐ 

╛ ─ ⌐ ⇔≡ ⅜ ⇔√ ∕─ ╛

╩Ⱪꜝ☻♩ ≢ ⌐ ∆╢↓≤│ ⌐⌂╢[1] ╕√ 2 ≢ ═

√╟℮⌐ Ⱪꜝ☻♩ ⌐ ╩ ▪ꜟⱵ♫╩ ™√ ⌐ ⅜

∆╢ ⇔√⅜∫≡ Ⱪꜝ☻♩ ─ ⌐│ 5.1⌐ ∆╟℮⌐ ╛

⌐ ⅎ ╙ ∆╢≤ ⅎ╢ ⇔⅛⇔ Ⱪꜝ☻♩ ─ ─ │

⌐ [2]⌂≥╩ ™√ ⌐╟╢ ≢ ╦╣╢√╘ ─

╛ ⌐ ∆╢ ╛ ╩ ⌐ ∆╢↓≤│ ≢№╢ ⌐

⇔√ ╩ ╗ ⅜ ≤⌂╡ ⌐ ╡↕┘ ◓fi♬כ♃ ⅜ ∆

╢↓≤│ ╠╣≡™╢⅜ ╩ ╗ ⌐ ⅎ ⌐ ∆╢ ⅜♃

⌐◓fi♬כ ╓∆ ─ ⌐≈™≡│ ≢№╢ ╕√ ⌐◓fi♬כ♃ ⇔≡ Ⱪ

ꜝ☻♩ ⅛╠ ╕≢─ │ ≢│ 4 ⅛╠ 24 ≤

↕≡™╢⅜[1], [2] ∕─ │ √╠⌂™  

[3]≢│ Ⱪꜝ☻♩ ⇔√ ⌐ ∑™ ╩ ∆╢↓≤≢ Ⱪꜝ☻♩

⅛╠ ─ ╕≢─ ╩ ↕∑╢↓≤⅜ ↕╣≡™╢ ⇔⅛⇔ Ⱪ

ꜝ☻♩ ─ ─ ╛ ⅔╟┘ ─ ─◓fi♬כ♃⅜

╛ ─ ⌐ ╓∆ ⌐≈™≡│ ↕╣≡™⌂™  

5 ≢│ Ⱪꜝ☻♩ ⇔√ ◓fi♬כ♃─ ─ ╩ ≤⇔√ ∕─

√╘⌐ ╕∏ 2 ≢ ╠⅛⌐⇔√ ─ ↕╛ ─ ─◓fi♬כ♃⅜

⌐ ╓∆ ╩ ∆╢√╘ ≤ ─ ⌐ ⅎ

≢№╢ ⌐╟╡ ╩ ⇔√ ↕╠⌐ √⇔◓fi♬כ♃ ─

╩ ╩ ℮↓≤≢ ⇔√  

Substrate 

Corrosion  
production 

Abrasive 
material 

a ─  b ─  

5.1 ≤ ─ ─  

Substrate 

Abrasive 
material 

Corrosion production 
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5.2 Ⱪꜝ☻♩ ⇔√ ─◓fi♬כ♃─  

5.2.1  

─ ⌐│ 6 mm ─ JIS G 3106 SM490A ─ ╩ ™√

─ │ 30×70 mm ≤⇔√ ⌐│ ⌐ ╩ ↕∑╢√╘⌐

⌂ ≢№╢ [4]╩ ™√ ⌐⅔™≡ ─

⌐╟╢ │ 1000 10,000 mg/m2 ╩ ⅎ╢≤─ ⅜№╢[5], [6]

↓─ ≢ ─ ⌐ ⅜ 1000 mg/m2 ⌐ ∆╢ ╩ ↕∑√

∕─ ≢ ╩ ∆╢ ◘▬◒ꜟ[7], [8]⌐⅔™≡ 1

↕∑√ ◘▬◒ꜟ│ ≤⇔≡ 2015/01-2019/09 ─ ─

╩ ⇔√ ◘▬◒ꜟ─ ≤ ╩ ⇔√ ╩ 5.2 ⌐ ∆

↕∑√ ─ ╩ 5.3⌐ ∆  

─ ╛ ╩ ≤ ∆╢√╘ SEM-EDX ╩ ∫√ 5.3

⌐ ⇔≡™╢ ─ ╩ ─ ─ ≢ SEM ╩ ™≡ ⇔

EDX ⌐╟╡ ∆╢↓≤≢ ⇔√ ⱴ♇Ⱨfi◓│ ╛ ─

≢№╢ Fe O ⅔╟┘ Cl ⌐≈™≡ ∫√ ─ ╩ SEM-EDX ⇔√

╩ 5.4 ⌐ ∆ ─ ⌐ ─ Cl ⅜ ⇔≡™╢↓≤⅜ ↕╣

╢  
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─ ╩ ∆╢√╘ XRD X

SmartLab ╩ ∫√ ⌐ ⇔≡ Cu-KŬ ɚ=1.54 ¡ ╩ ⇔ ─

⅔╟┘ ─ ╩∕╣∙╣ 40 kV 30 mA ⅔╟┘ 10 70 Á≤⇔√

─ ╩ XRD ⇔√ ╩ 5.5 ⌐ ∆ │ⱴ◓Ⱡ♃▬♩

Fe3O4 ♩▬◘כ◕ Ŭ-FeOOH ⅔╟┘꜠Ⱨ♪◒꜡◘▬♩ ɔ-FeOOH ⅜ ≤⌂

∫≡™╢  

2 ─ ╩ ™≡Ⱪꜝ☻♩ ⅛╠ ⌐╟╢ ◓fi♬כ♃─

╩ ∆╢√╘ ⌐Ⱪꜝ☻♩ ⇔√ ─◓fi♬כ♃ ╩ ∫√

─ ─ ╩ 5.6⌐ ∆ Ⱪꜝ☻♩ │ 2 ⌐ ⇔√╟℮⌐ כ♅☻

ꜟ◓ꜞ♇♩≤ ▪ꜟⱵ♫╩ ™√ ╕√ ⅔╟┘ ╩∕╣∙╣ 0.7 

MPa 3.87 l/min 300 mm ≤⇔√ │ ─ ⅜ ™ ≢№╢ 90 ̄ ≤

⇔√ ⌐Ⱪꜝ☻♩ ⇔√ ⅜ ISO 8501-1 Sa3 ─  
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