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͐ ө‡ ♩♩ җ и╘ ל ὡ ҍ⁵⁄Ἄ ▬ҿ Ѥ 

♣▫͙͙╥ ἒ́₮ Ⱡ▬⁄ ҍ  ⁷̯ʺ ḛ  .ѻ▓ ̆תּ

▫♣ ‡ᵣ ╪₮ җṬתּ ʼἘ(EMI) ᶷⱠ ֞  Ζ ҍӎ 

Ӈ̆ ▓Ѥҥ ╪ ᶷⱠᵑ ˺ ͙ ─  Ḣḹ ַא╥ Ϯᴛ 

♣▫͙  ḓ ὡ ᶹֿפ⁄ ҍ  ⁷̯ᵑ ө ὡ ▓ѻ. ╪Ѥ 



ii 

 

Ữ‰ Ṫ‒Ỏᵣ ῷѱג  ̰Ḣ Ṫ‒⁄Ἄ ᾅ ᾅ ͙ѫ╙ 

ḛ Ѥ ҥ⁄ ╪↔  ὡ ▓Ѥҥ ̆ ל ὡ ҍ⁵╥ RADARŋ  

ὡ ╖ᴛᾬ RCS(Radar Cross Section)╙ תּ ⁴ת ̓ᵑ 

Ϯ Ђ ὡ ▓͙ ԅᶷ╪ѻ. 

ὡ ⁄ ̕  ͐╥ ⁷̯ᵑ ủ Ṓᶔ ₉♣╥ ͔ἶ ḓ 

▫Ἓᶹֿל─ פ╥ ὡ ⁄Ἄ ṕ́⁸╥ ᶹֿל─ פᴛ 

⁷̯ҍỮ╪ ṉ Ӈ‡ ₩╙ ╬  ὡ ▓ѻ. ╪Ѥ ͔ἶ ḓ 

▫Ἓᶹֿל─ פ╥ ὡ ʺ ᶴ˞∂ Ỏᵣ ῷѱג Ṩᾏ⁄ 

– ѻѤ Ѿ♩╙ ʺּ̆ת ▓͙ ԅᶷ╬ҥ Ữҍ♠╖ᴛ 

ṕ́⁸╥ ὡ Ѥ ʺṇ∂ Ỏᵣ ῷѱ⁸ ג♠, ̯ⱳ♠╖ᴛ 

Ό♬♠╪̆ Ṩᾏ⁄ҵ ˆ  ╪ѻ. ͎ᵙϮ ṕ́⁸ ᶹֿפ╘  

ᶔ♠╖ᴛ ╬  Ṫụ╪ ‡ᴎ√ ṕᶹֿפ ᵣ╖ᴛѤ  ὡ 

ѫᴏ╙ ḛ ͙ ‡ᴓѻѤ Ѿ♩╪ ▓ѻ. ͎מἌ ͐╥ ⁷̯Ѥ 

ṕ́⁸╥ ᶹֿאַ ╙פᾔ╖ᴛ ⁴ ▫Ἓ  ֞Ѥ ẋ▫Ἓ  

◓ᴮᵑ ʺ ⁴ ͔ἶ ḓ ▫Ἓᶹֿל─ פ╥ ὡ ṒѻѤ 

ʺṋ̆, ṕ́⁸ ─ל╥ ὡ ṒѻѤ Ữӈ ὡ ѫᴏ╙ 



iii  

 

ḛ Ѥ ὡ ⁄ ҍ  .ᴴ̆ ▓ѻ╪ ╙♩אַ ʺ⁷̯ 

ṕ ⁷̯⁄ἌѤ 2~18GHz ל ὡ╥ ᵡ╪ ᴛ  ҍ⁵⁄Ἄ 

ṕ́⁸ ַאᾔ ṓ ╥ ♣▫  ὡѫᴏ Ἓ⁄ ̕ ⁴ 

⁷̯ᵑ ֿב ̆▫ ѻ.  Ḵ ╪ⱠѤ ᵡל  ᴛ  ҍ⁵⁄Ἄ 

ὡѫ╪ ְ‡ϱ ṕ́⁸╥ ᶹֿפ╙ ἐ ⁴ Ṫụ⁄ ӻᵐ 

Ἓ╥ ṉ ᵑ ╬ ₄̆, ӎ Ḵ  ⁄פⱠѤ ṕ́⁸╥ ᶹֿל 

ˆ┬♣Ἓ ᶹֿ̓פ ˆ▫Ἓ ᶹֿפ╙ ʺ ⁴ ὡ ╥ Ἓ 

ṉ ᵑ ╬ ₄ѻ. 

♣  ὡ ѫᴏ Ἓ╘ Transmission line theory⁄ ӻג 

Vector network analyzer ᵑ ╪↔ ⁴ 1-port coaxial 

waveguideᵑ  2~18GHz Ḹ─⁄Ἄ reflection lossᴛ 

♬ ₄╖ᶒ ᶛ◓ᴛѤ ὡ Ἓ, ϻ╘ Ḍҵ₮ ʺ̑↔╪Ἓ 

Ӯ╙ ̆ᴎ ⁴ ᵙ↕ᴆ ╙ Ợ↔ ₄ѻ. 

 Ḵ ‚Ⱡ⁄ἌѤ ѻל   ṕ́⁸ ᶹֿאַ פ⁄ Multi -

walled carbon nanotube, Carbon nanofiber, C arbon black╙ 

ẋ̪ ₄ѻ. ͎ ַא⁄Ἄ MWCNTʺ ѻᵐ ṕ́⁸ ᶹֿפ⁄ ẋ  
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Ữҍ♠╖ᴛ ♠╘ ‚╥ ♣⁄Ἄҵ җ Ϯ╘ ὡѫᴏ Ἓ╙ 

Ṓ⁴ל‡Ἄ CNTŋ  ṕ́⁸ ᶹֿפᴛ ἐ♬ ⁴ ⁷̯ᵑ 

בֿ ₄ѻ. MWCNT╥ Ṫụ╙ Ữᾎ ͙ ─  ụ ᵙᵑפֿ 

 ᶔ⁄ carboxyl ḓ hydroxyl groups ╙ Ἓ ⁴ ᶛ◓╬ 

ᵙ↕ᴆ ̓╥ Ữ ▬↔╙ ˆ ₄̆, Tip-sonicatorᵑ 

╪↔ ⁴ MWCNTᵑ ἸỮ ′╪ ↔ᵰ ḓ ᶛ◓⁄ Ṫụ╙ ᾎ ѻ. 

MWCNT⁄ ֿפụ ᵙᵑ ╙ ˿↕, ↔ᵰᴛ THF ҍᾐ DMFᵑ 

Ợ↔ ₄╙ ԅ  CNT╥ Ṫụ╘ җ ◄ ╪ᴴ‡Ɑ̆ ♣  

ὡѫᴏ Ἓ ֞  Ữӊ╙ ╬  ὡ ▓‴ѻ. 

MWCNT╥ ♣  ὡѫᴏ Ἓ╙ ╬ ͙ ─ ⁴ ѻ‚  

‚╥ MWCNT₮ ѻ‚  ӎΖ╥ ṕ╙ ᾒ  ♬ ₄ѻ. 

5wt.%, 2mm ӎΖ╥ MWCNT ὡ ʺ 9.8GHz⁄Ἄ 30.2dB╥ 

ʺ◑ ꜜ╘ Ἓ╙ Ṓ⁴ל‴ѻ. MWCNT╥ ‚╪ ּשʺ ὡᴜ 

┬♣═ҵ ּשʺ Ѥ ˿ Ἓ╙ Ṓ₄Ѥҥ 5wt.% MWCNT⁄Ἄ 

Ἓ╪ ʺ◑ ꜜ╘ ╪┬Ѥ ▐ Қᾅ ♬ ╪ ʺ◑ ◄ 

╪ᴴ‡Ɑ͙ ԅᶷ╪̆ג Ỹʻӈѻ. ֞  2mm ӎΖ╥ 
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ὡ ⁄Ἄ ʺ◑ ꜜ╘ ὡѫᴏ Ἓ╙ Ṓ⁴ל‴Ѥҥ ╪Ѥ 

ṕ╥ ӎΖʺ ṉ ⁄ ӻג ┬♣═ҵ Ζ ṉ ⁴ 2mm 

ӎΖ⁄Ἄ ▐ Қᾅ ♬ ╪ ʺ◑ ◄ ╪ᴴ‡Ɑѻ̆ ѾӇᶒ 

╪ԅ╥ ┬♣═ ֞  ʺ◑ и ╛╙ ╬  ὡ ▓‴ѻ. 

MWCNT╥ ‚╪ ּשʺ ὡᴜ ṕ ӎΖʺ ּשʺ ὡᴜ 

matching frequency Ѥ җ ϻ╘ ל ὡ ₅⁵╖ᴛ ╪ҿ ₄ѻ. 

ӎ Ḵ  Titanium בֿʺ ╙═♣┬ ╘Ⱡ⁄ἌѤ иל 

dioxide(TiO2)₮ и╘ ▫═╙ ʺֿב Magnetite(Fe3O4)ᵑ ʻʻ 

MWCNT ὡ ⁄ ʺ ⁴ ♣  ὡѫᴏ Ἓ ṉ ᵑ 

╬ ₄ѻ. ᶀ♇ TiO2 ♣Ḣᾏ⁄ ▓‡ sol-gel Ḣᾏ̓ 

grinding Ḣᾏ╙ ẋ̪ ₄ѻ. MWCNT ᶔ⁄ ˉ╘ ‚╥ 

TiO2ᵑ Ḣᾏ╙ Ҁᵙ ⁴ Ṫụ ḓ ʺ ₄╙ ԅ grinding 

Ḣᾏ╪ җ ʼ  ̑♬╖ᴛ җ ꜜ╘ ♣  ὡѫᴏ Ἓ╙ 

Ϯ Ͽ‴ѻ. ╪Ѥ ϮЯ ͙╥ ░▫ᵑ grinding ̑♬╙  

Ṫụᾎ ҵ ̓♠╖ᴛ ♣  ὡѫᴏ╙ Ϯ Ђ ὡ ▓ѻѤ 

˦╙ ╥Ḉ ѻ. 



vi 

 

MWCNT 5wt.% 2mm ӎΖ╥ ὡ ⁄ TiO2₮ Fe3O4ᵑ ʻʻ 

10wt.%₮ 20wt.%ᵑ ʺ ₄╙ ˿↕ reflection loss ˃╘ ʻʻ 

7.8GHz⁄ 39.5dB, 9.2GHz⁄ 26.1dBᴛ Ữӈ ♣  ὡѫᴏ 

Ἓ╙ Ṓ⁴ל‴ѻ. ╪Ѥ Ữӈ ┬♣═̓ ▫═⁄Ἄ ͎ 

∟╬╙ ╬  ὡ ▓ѻ.  Fe3O4 20wt.% ṕ╥ ӎΖᵑ 

2mm⁄Ἄ 1.5mmᴛ ṉ ᾎ ╙ ˿↕ reflection lossѤ 

13.1GHz⁄ 34.6dBᴛ Ữӊ╙ ╬  ὡ ▓‴╖ᶒ ╪ 

ӎΖ⁄Ἄ╥ ▫═╪ ѻᵐ ӎΖ⁄ ẋ  ▫═╪ ʺ◑ и╛╙ 

╬ ₄ѻ. 

 

♣ : ‡ ⅝ ל  ὡ ᶹֿפ, ḙỢἸᾒ, ┬♣═, ▫═, ѻַאṈ 

ἵϮЯ Ẅ, ╪ụ џ, ỢỪụ   

       Ḵ : 2016-20792 
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Chapter 1. Ἁᴚ 

 

1.1. ♆■   Ḑ Ὕ ᶶֹו  

͐ ө‡ ♣▫͙ὥ╪ ͕ἶҵᴛ ḛ♣ ⁄ ӻג җ и╘ 

ל ὡ ҍ⁵⁄Ἄ ▬ҿ Ѥ ♣▫͙͙╥ Ⱡⱳ ḓ ἒ́⁄ 

ҍ  ⁷̯ʺ ḛ בֿ  Ӈ̆ ▓ѻ. ╪₮ җṬ‡ ♣▫͙͙ 

Ữ ʼ╥ ♣▫  ʼἘ ᶷⱠʺ ҍӎ Ӈ̆ ▓Ѥҥ ╪ᵑ 

˺ ͙ ─  ḢΌַא╥ Ϯᴛ ♣▫ ᵑ ˞Ϯ 

ὡ Ѥ ᶹֿפ⁄ ҍ  ⁷̯ʺ ╪ᴴ‡ּ̆ת ▓ѻ. ♣▫  

 ḓ ὡ ᶹֿפ╘ Ἶ♣ , ̑◑ ḛ♣͙ Ӯ ̆  Ợ↔ 

◑ẋ⁄ἌṨ  ӥ , ♣▫ᴆ╬ּת Ӯ̓ ˉ╘ ▀ỮỸ  

↔ ▫♣ תּͥ⁄  ʼἘ ᶷⱠᵑ ˺ ̆ ╬ ⁄ ┬  

♣▫ ᵑ Ѿ ͙ ─  ̛Ḹ─ ˭ Ợ↔Ӈ̆ ▓╖ᶒ 

̱Ợ♠╖ᴛѤ ᴆ╪җ Ѿᶔ♠╙ ˁἵᾎ  ẋ ͙₮ ⁄ 

ᾅ ᾅ ͙ѫ╙ ̯ Ѥ ҥ⁄ҵ Ợ↔Ӈ̆ ▓ѻ. , 
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─ ╙ḓ Ӧ תּ ╥♠ Ἄ Ợ↔ӇѤ ᴆ╪җѤ 

2~18GHz╥ ᵡ╪ ᴛ ל  ὡ ҍ⁵⁄ לᴛ ─ ̆ 

▓‡ ╪ ҍ⁵╥ ♣▫   ḓ ὡ ᶹֿפ⁄ ҍ  ⁷̯Ѥ 

Ữ‰♠╖ᴛϮ ̱Ợ♠╖ᴛҵ ┬↔ ˭ ╪↔Ӊ ˦╪ג 

Ỹʻӈѻ. [1] 

 

1.1.1. ὡ  ∟ᵙ₮ ̯ⱳ 

ᵡ╪ ᴛ Ѥ ♣͙◑̓ ▫͙◑╖ᴛ ̯Ἓӈ ҿ╖ᴛἌ 

̑ʼỮ⁄Ἄ ̛ἶ╖ᴛ ֿב ᶒ ▀ḙ♠╖ᴛ ל ὡʺ и╘ 

♣▫͙ ᵑ ▀ Ѥѻ. ╪ױ  ᵡ╪ ᴛ ʺ ὡ ⁄ ░Ợ 

Ӈᶔ ▀ṨѤ ὡ ╥ ˿́ᶔ⁄Ἄ ḙỢӇ̆ ▀ṨѤ 

ὡ Ͽᴛ ֿב ѻ. ╪ᴅ˭ ὡ Ͽᴛ ֿב ӈ 

ᵡ╪ ᴛ Ѥ ♣◓⁄ ╥  ┬♣ Ἰᾒ ḓ ▫Ἓ Ἰᾒ⁄ 

╥  ⁸⁄Ўּתᴛ Ἰᾒ╪ ḛỸ ̆ Ϯᵾּת ṨṪ╘ 

̓ ˞Ϯ ◓ḙỢʺ ╪ᴴ‡ֿבѻ. ♣▫  ᵑ ─ ἌѤ 
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░Ợӈ ᵡ╪ ᴛ ╥ ḙỢ ḓ ὡʺ ᵤ╪ ḛỸ ‒ ̆, 

♣▫  ὡᵑ ─ ἌѤ ḙỢѤ ♠˭ ḛỸ ̆ ὡʺ 

ᵤ╪ ḛỸ ‒ ѻ. ▀ḙ♠╖ᴛ ♣▫  ᵑ ♬ ͙ 

─ ἌѤ Л √  ṪἍ͙ 2 ᵑ ╪↔ ⁴ ḙỢ₮ 

̓ᵑ ♬ ᶒ, ♣▫  ὡᵑ ♬ ͙ ─ ἌѤ 

Л √  ṪἍ͙ 1 ᵑ ╪↔ ⁴ ḙỢᵣ╙ ♬ ҵ 

Ἅ╪ ʺѫ ѻ. 

ὡ ╥ ̯ⱳѤ ▀ḙ♠╖ᴛ ̆Ṫ▫ ᶹֿל ╙פᴛ 

Ợ↔ Ѥ ᶛ◓⁄ ѻ‚  ♣◓ᵑ ⁴ ᵣөᶒ 

͙Ϯ ᶛ‚╘ ♬ ̆▫ Ѥ ל ὡ ҍ⁵╥ Ḹ─₮ 

ᶜ♠⁄ ᵭ˭ ἐ  Л √  ṪἍ͙ ḓ ҵ ̕╥ ꜙᵆ⁄ 

ӻג ѻ‚ ╪ẋӈѻ. ᵡר ˭ ᴛ ╥ ⁄Ўּת Ἰᾒ╘ 

╥ ⁄ᴛ ҵ♣Ἰᾒ, ┬♣Ἰᾒ, ▫ἛἸᾒל  ḛỸ ͙ 

ԅᶷ⁄ ♣◓ᴛѤ ▫ἛἸᾒ╙ ─  ▫═╪ и╘ 

╪ג Ϯ ἡҗᾅ  Ӯ ▫Ἓᶹֿפ╙ Ợ↔ ˞Ϯ ♣ҵἛ 
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ᶹֿפ╬ ṕ ḓ ͔ἶ, ͎ᵙ̆ ┬♣═╪ и╘ ┬♣ᶹֿפ╙ 

ѾҶ╖ᴛ ֞Ѥ ⁴ Ợ↔ ѻ. 
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1.1.2. ╪ᴝ♠ Ḥ˿ 

ᵡ╪ ᴛ ╥ ♣▫͙♠ Ἓ╘ Л √  ṪἍ͙ᵑ 

╪↔ ⁴ ụה ᴑ(scattering parameter )╙ ♬ ╖ᴛᾬ 

̯  ὡ ▓ѻ. S parameterѤ ᵡ╪ ᴛ╥ ♣▫͙♠ Ἓ╙ 

╬ ͙ ─ Ἄ ʺ◑ Вᵙ Ợ↔ӇѤ ᴛ ˺̓˃╖ᴛ 

░Ợ , ḙỢ , ̓ ╥ ͙₮ ─Ữ╙ ♬ ╖ᴛᾬ 

˺♬ӈѻ. ⸗ җ ʼѾ  ♬╥ ▫ᶔ, ░ᴏ ♣ ⁄ ҍ  

ᴏ ♣ ╥ ẋᴛ Ϯ Ђ ὡ ▓ѻ. (Fig.1.1.1) ₉ᵑ өᶔ 

S11╘ 1Ḵ ⁄Ἄ ░ᴏӈ ♣ ̓ 1Ḵ ᴛ ᴏӈ 

♣ ╥ ẋ═╙ Ϯ Ͽᶒ, S21╘ 1Ḵ ⁄Ἄ ░ᴏӈ 

♣ ̓ 2Ḵ ᴛ ᴏӈ ♣ ╥ ẋ═╙ ╥Ḉ ѻ. 

ụה ᴑ╙ ♬ ⁴ ♣Ἶἐᴛ╥ Ἓѫ╙ Ἅ ᶔ 

ḙỢ́ὡ, ̓́ὡ Ӯ ᵡ╪ ᴛ ╥ ♣▫͙♠ Ἓ╙ 

╬ ʺѫ ̆ ╪ᵑ  ḙỢἸᾒ, ̓ Ӯ╖ᴛ  

ʺѫ ѻ. 
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ᵡ╪ ᴛ ╥ ♣▫͙♠ Ἓ╙ ♬ ѻѤ ˦╘ 

ẋ┬♣═̓ ẋ ▫═╙ ♬ Ѥ ˦╙ ╥Ḉ ͙ҵ ѻ. 

ẋ┬♣═̓ ẋ ▫═╘ ᾒὡ₮ ὡ ṨṪ╖ᴛ ╪ᴴ‡ⱨ 

▓Ѥҥ ᾒὡѤ ΩṨ⁄Ἄ ʺ  ⁄◑͙▫ Ѥ֞ ◑͙♣ בֿ

╥ ⁴ ᶹֿפ Ͽ⁄ ♇◑ӇѤ ⁄Ўּת╥ ‚╙ ╥Ḉ ᶒ 

ὡѤ ⁄Ўּת Ἰᾒ ṨṪ╙ ╥Ḉ ѻ. ὡ⁄ ҍ  ᾒὡ 

ṨṪ╥ ẋ═╙ loss tangent̆ג ᶒ dissipation ֞Ѥ 

loss factor Ӯ╖ᴛҵ ῼᴎⱨ ▓ѻ.  

 ṕ ⁷̯⁄ἌѤ ẋ┬♣═̓ ẋ ▫═╙ ♬ Ѥ ҥ⁄ 

Transmission line theory ᵑ ♠↔ ₄╖ᶒ coaxial 

waveguide line╙ Ợ↔ ⁴ TEM(Transverse 

electromagnetic)  modeᴛ ♣ ᵑ ♣Ἶ Ѥ Ḣḹ╙ 

Ợ↔ ₄ѻ. Transmission line theoryᵑ ╪↔ ⁴ 

ᵡ╪ ᴛ ╥ ♣▫͙♠ Ἓ╙ ♬ Ѥ ˦╘ Л √  

ṪἍ͙ᵑ ╪↔ ⁴ ụה ᴑ╙ ♬ Ѥ ˦̓ ˉѻ. 
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͎ᴅ͙ ԅᶷ⁄ ♬╙ ͙ ♣ ◑ẋ╥ calibration╘ 

ὡ♠╪ѻ. ♬ӈ ụה ᴑ╙ ẋ┬♣═̓ ẋ ▫═̓ 

ˉ╘ ᵡ╪ ᴛ ╥ ♣▫͙♠ Ἓ╖ᴛ ṉ ͙ ─ Ἄ 

1  ♬⁄ἌѤ L-2L Ḣḹ╙ Ợ↔ ₄̆ [2] 2  

♬⁄ἌѤ NRW(Nicholson-Ross-Weir) Ḣḹ╙ Ợ↔ ₄ѻ. 

[3] 

1  ♬⁄Ἄ ᵡ╪ ᴛ  ὡ ѫᴏ╘ Transmission 

line theory ⁄ ӻג ѻ╛╥ ̑ᾏ╙ ╪↔ ⁴ Ϯ Ͽ‴ѻ.  

    2ÅПÌÅÃÔÉÏÎ ÌÏÓÓÄ" ςπÌÏÇ
ȿ ȿ

ȿ ȿ
          (1) 

    : ÔÁÎÈ ÊЍʀʈÆÄ               (2) 

    ː 3ρρ                    (3) 

ḙỢ Ἰᾒ╘ dB Ѿ─ᴛ ͎ ˃╪ ╛ὡᴛ ᶔ ὡᴜ 

░Ợ ╥ ḙỢѤ ♠˭ ▀‡Ϯ̆ ὡѤ ᵤ╪ ▀‡ϮѤ 

˦╙ ╥Ḉ ѻ. ⁴͙Ἄ Zin╘ free space⁄ ҍ  ὡ ╥ 
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▐ Қᾅẋᵑ Ϯ Ͽ̆, ər̓ ǁr╘ ʻʻ ὡ ╥ 

ẋ ▫═̓ ẋ┬♣═╙ Ϯ Ͽᶒ f, c, dѤ ᵡ╪ ᴛ ╥ 

ל ὡ₮ ֿב  ἶҵ, ͎ᵙ̆ ὡ ╥ ӎΖᵑ Ϯ Ёѻ. 

ǘѤ ḙỢ ́ὡ(reflection coefficient) ᵑ Ϯ Ͽᶒ 

1 ⁄ἌѤ ░ᴏ ♣ ⁄ ҍ  ᴏ ♣ ╥ ẋ╬ S11╙ 

╥Ḉ ѻ. 

2  ♬⁄Ἄ ᵡ╪ ᴛ ╥ ♣▫͙♠ Ἓ╘  

̓(Shielding effectiveness)ᴛ ♬ ּבֿ‡תѻ. ̓Ѥ 

ḙỢ ̓₮ ὡ ̓╥ ╪ᶒ ѻ╛̓ ˉ╘ ́̕ᾏ╙ 

 .ѻבֿʺ

    3% 3% 3%  ρπÌÏÇ          (4) 

    3% ρπÌÏÇ                       (5) 

    3% ρπÌÏÇρ 2                     (6) 

    2 ȿ3 ȿ                               (7) 



9 

 

4 ȿ3 ȿ                               (8) 

    ! ρ 2 4                           (9) 

    ⁴͙Ἄ R, T, AѤ ʻʻ ḙỢ ♣ᴏ, ̓ ♣ᴏ, ὡ 

♣ᴏ╙ Ϯ Ͽᶒ ╪Ữ♠╖ᴛ ╪ө╥ ╘ ░Ợӈ ♣▫ ₮ 

 ѻ. [4]בֿʺ ╙˃ ╘ˉ
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Figure 1.1.1  ụה ᴑ(scattering parameter) ╥ ♬╥, 

ᴛ/ᾎᾅ  
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1.2. ᶴ  ⁴̬ 

̛Ḹ─  ╪ᴝ̓ ᾒ ♠╬ Яᴏ╖ᴛ ᵡ╪ ᴛ  

ὡ Ѥ ┬♣ Ἰᾒ̓ ▫Ἓ Ἰᾒ̓ ̕ᴐ╪ ▓ѻѤ ˦╙ 

Ḝ ₵ѻ. ⁷̯ ͙⁄Ѥ ͔ἶ ḓ ▫Ἓ ᶹֿפ╙ ͙ḙ╖ᴛ 

 ὡ ᵑ ἒ́ ⁴ ᵡ╪ ᴛ  ὡѫᴏ Ἓ╙ 

Ữᾎ ̆▫ ₄ѻ. ╪₮ ̕ᴐӈ Ợᴗᵑ ᶙ ʺּת 

ủ Ṓᶔ Wenbing  Chen et al. [5 ]╘ Paraffin/Cobalt 

ᶹᴛ 6.5GHz⁄Ἄ 23.5dB╥ ḙỢ Ἰᾒ╙ Ṓ⁴ל‴ѻ. 

֞  Shibing Ni et al. [6 ]╘ Paraffin/Fe3O4 ᶹᴛ 

8.8GHz⁄Ἄ 21.9dB╥ ὡ Ἓ╙ Ϯ Ͽ‴̆, Genban 

Sun et al. [7 ]╘ Paraffin/Feᴛ 2.5GHz⁄Ἄ 25dB╥ ὡ 

Ἓ╙ Ϯ Ͽ‴ѻ. ͎ᵙ̆ Raj Kumar Jain1 et al. [8]╘ 

┬♣ ᶹֿפ╬ BaTiO3╙ ╪↔ ⁴ PU/BaTiO3 ᶹᴛ 

12GHz⁄Ἄ 27dB╥ и╘ ḙỢ Ἰᾒ╙ Ṓ⁴ל‴ѻ. ͔ἶ ḓ 

▫Ἓ ᶹֿפ╘ ͎ ▫ ᴛ и╘ ♣ҵἛ̓ ▫͙ Ἓ╖ᴛ ╬  
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▫Ἓ Ἰᾒ╪ ͙ ԅᶷ⁄ ְ‡ϱ ᵡ╪ ᴛ  ὡѫᴏ╙ 

Ṓ⁴ל‴ѻ. ͎ױϮ ╪ױ  ᶹֿפө╘ Ṩᾏ⁄ – ̆ 

ᶴ˭ʺ ᶴ˞√Ἄ ͙̑₮ ˉ╘ ̐⁄ ♠↔ᾎ ͙ʺ ‡ᴎ⇔ 

Ѿ♩╪ ▓‴ѻ. ╪₮ ˉ╘ ᶷⱠ♩╙ Ṓ₰ ͙ ─ ⁴ ṕ 

́⁸ ᶹֿפ╙ ͙ṕ╖ᴛ  ᶹ╥ ᵡ╪ ᴛ  ὡѫᴏ 

Ἓ⁄ ҍ ⁴ ͐ ᵤ╘ ⁷̯ʺ ╪ᴴ‡ⱨ ₵ѻ. ╪Ѥ 

ṕ ́⁸ ὡ ʺ ͔ἶ ́⁸ ὡ  Ṓѻ ʺṋ̆ Ṩᾏ⁄ 

ҍ  ♇ Ἓ╪ ↕ὡ ᶒ ʺ̑⁄ ▓‡ ┬⁷Ἓ╪ и͙ 

ԅᶷ╪ѻ. ͙ṕ♠╖ᴛ ṕ ́⁸ ᶹֿפ╘ ↕ὡ  ⁸♠ 

Ό♬Ἓ,  ▬↔Ⱡ⁄ ҍ  ˞Ṩ ḙ╞, и╘ aspect ratio, 

͎ᵙ̆ ᵍ  ♣͙♣ҵ Ἓ╙ ʺּ̆ת ▓‡ ὡ ⁄ 

♠  ᶹֿפᴛ Ѿӈѻ. ṕ ́⁸ ὡ ⁄ ҍ  

⁷̯˺̓ᵑ ủ Ṓᶔ Patrizia Savi et al. [9]╘ 

Epoxy/MWCNT ᶹ⁄ ҍ ⁴ 8GHz⁄Ἄ 18dB╥ ḙỢ 

Ἰᾒ╙ Ṓ⁴ ל‴ѻ. F. Nanni et al. [ 10]╘ Epoxy/CNF 

ᶹ⁄ ҍ ⁴ 15.8GHz⁄Ἄ 21.9dB ♣▫  ὡ═╙ 
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Ϯ Іѻ. ֞ Zou Wang et al. [ 11]╘ Epoxy/GNP ᶹ⁄ 

ҍ ⁴ 18.9GHz⁄Ἄ 14.5dB╥ ḙỢ Ἰᾒ╙ Ṓ⁴ ל‴ѻ. 

ṕ ́⁸ ὡ Ѥ ͔ἶ ḓ ▫Ἓ ᶹֿפ╙ ͙ḙ╖ᴛ  

ὡ ₮ ẋ̪ ⁴ Ữҍ♠╖ᴛ ♠╘ ‚╖ᴛ ᵡ╪ ᴛ  

ὡ Ἓ╙ Ϯ Ђ ὡ ▓‴̆ ͎ᵣ  ᶴ˭ᵑ ⁴ת ʺṇ⇔ 

ὡ ᵑ ᵣө ὡ ▓˭ Ӈ‴ѻ. ͎ױϮ ṕ ́⁸ 

ᶹֿפᵣ╖ᴛѤ ְ‡ϱ Ἓѫ╥ ᵡ╪ ᴛ  ὡ Ἓ╙ 

Ṓ⁴͙ל⁄Ѥ ́ʺ ▓‴ѻ. ͎ ╪┬ַא╥ ϮѤ ṕ 

́⁸ ᶹֿפ╘  ᶔ♠╙ ʺּ̆ת ▓‡Ἄ Ṫụ╙ ◄ ᾎ ͙ 

‡ᴓ̆ ︡♠╪ ◄Ӈ‡ ᵡ╪ ᴛ ╥ ụה╪ Ⱡ ╙ Ḛ͙ 

ԅᶷ╪ѻ. ֞ ѻᵐ ╪┬ַא╥ ϮѤ ְ‡ϱ ḙỢ Ἰᾒ ḓ 

 ̓Ѥ ┬♣ ḓ ▫Ἓ ἛṪ╙ ᶛӎ ʺֿב ὡ ⁄Ἄ 

ᾒ Ӊ ˦╪גѤ ˦╘ ▫ᶘ  ▀╪͙ ԅᶷ╪ѻ. Sook Wai 

Phang et al. [12 ]╘ Pani/SWNT/TiO2 ᶹᴛ 6GHz⁄Ἄ 

21.7dB╥ ᵡ╪ ᴛ  ὡ ѫᴏ Ἓ╙, M. C. Duan et al. 

[13]╘ Paraffin/SWNT-SmCo/NiZnFe2O4 Ἓᶹᴛ 
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5.5GHz⁄Ἄ 31.2dB╥ и╘ Ἓ╙ Ṓ⁴ל‴ѻ. ֞  X. F. 

Zhang et al. [14 ]╘ Paraffin/Ni -Carbon Ἓᶹᴛ 

13GHz⁄Ἄ 32dB╥ Ἓ╙ Ϯ Ͽ‴̆, Dexiang Li et al. 

[15]╘ Paraffin/CNF-Fe3O4 ᶹᴛ 6GHz⁄Ἄ 11dB╥ 

Ἓ╙ Ṓ⁴ל‴╖ᶒ Haivan Lin et al. [16 ]╘ Olefin/CNT-

Fe ᶹᴛ 15.6GHz⁄Ἄ 22.7dB╥ Ἓ╙ Ṓ⁴ל‴ѻ. 

╪ө╘ ᶛӎ ṕ ́⁸ ᶹֿפ⁄ ▫Ἓ  ֞Ѥ ┬♣ ᵑ 

⁴ ᵣӧ ὡ өᴛ Ữҍ♠╖ᴛ ♠╘ ‚╥ ♣◓ᴛ 

↕ὡ  ὡ ѫᴏ Ἓ╙ Ϯ Ͽ‴ѻ. ╪₮ ˉ╘ ⁷̯ 

Ợᴗө╙ ꜙ ♠╖ᴛ Ѿ  Ṗ ԅ  ┬♣ ḓ ▫Ἓ ἛṪ╙ 

ᶛӎ ʺֿב ὡ ʺ ͔ἶ ḓ ▫Ἓ ᶹֿפ╙ ͙ḙ╖ᴛ  

ὡ  ֞Ѥ ṕ ́⁸╥ ᶹֿפ╙ ͙ḙ╖ᴛ  ὡ  

ѾҶṒѻѤ җ Ϯ╘ ᵡ╪ ᴛ  ὡѫᴏ Ἓ╙ Ϯ ϿѤ 

˦╙ ῼ ὡ ▓ѻ.  
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1.3. ⁴̬ ᶙ♅ 

ὡ ⁄ ҍ  ͐╥ ⁷̯ө╙ ủ Ṓᶔ ˭ ӎ 

╬ ᵑתּʺ  ὡ ▓ѻ. ϮѤ ʺṋ̆ Ṩᾏ⁄ ˆ  

ὡ ᵑ ─ ἌѤ ṕ ́⁸ ᶹֿפ╙ ͙ḙ╖ᴛ  

ὡ ᵑ ᵣө‡‒ ѻѤ ˦╪̆, ֞ ѻᵐ ϮѤ ṕ 

́⁸ ᶹֿפ╙ ͙ḙ╖ᴛ  ὡ ⁄ ┬♣ ḓ ▫Ἓ ᶹֿפ╙ 

 ╖ᴛᾬ  ᵡ╪ ᴛ  ὡ ѫᴏ Ἓ╙ җ↨ 

Ữᾎ  ὡ ▓ѻѤ ♩╪ѻ. 

╪₮ ̕ᴐ ⁴ ṕ ⁷̯⁄Ἄ╥ ♩╘ ˭ ӎ ʺּתᴛ 

Ϯы‡ ֿב ₄ѻ. Ѥ ѻ‚  ṕ ́⁸╥ ᶹֿפ 

╪Ἄ ̓⁷ 2~18GHz╥ ᵡ⁄אַ ᴛ  ҍ⁵⁄Ἄ ְ‡ϱ 

ὡ Ἓ╙ Ϯ ϿѤ ᶹֿפ╘ ᶴ″▀ͥ? Ѥ ╥ᶷ╙ 

ἵ Ѥ ˦̓ ҿᾎ⁄ ṕ ᶹֿפ╥ Ѿ♩╬ ︡♠ᶷⱠᵑ 

˺ ͙ ─ ⁴ ṕ╙ ↔ᵰ ḓ ᶛ◓⁄ ◄ 

Ṫụᾎ ╖ᴛᾬ ᵡ╪ ᴛ ╥ ὡѫᴏ╙ Ữᾎ Ѥ 
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˦╪ѻ. ӑ Ѥ ṕ ́⁸ ᶹֿפ╙ ͙ḙ╖ᴛ ▫Ἓ ḓ ┬♣ 

ᶹֿ⁴ ╙פ ♣◓╥ ‚̓ ὡ ╥ ӎΖᵑ 

ⱳ♥ ╖ᴛᾬ ὡ ╥ ᵡ╪ ᴛ  ὡ ѫᴏ Ἓ╙ 

♠  ᾎ Ѥ ˦╪ѻ. 

╪ᵑ  ṕ ⁷̯╥ ꜙ ᶜ♠╘ ʺṋ̆ ӎΖʺ 

‖╖ᶔἌҵ ̛Ḹ─ ל  ὡ ҍ⁵⁄ ˢ  ְ‡ϱ ὡ 

ѫᴏ Ἓ╙ Ϯ ϿѤ ὡ ᵑ ᵣӥѤҥ ▓ѻ.  
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Chapter 2 . ᾏ  Ἒṥở  

 

2.1. ᾏ  ♇   

ᵡ╪ ᴛ ╥ ὡѫᴏ╙ ♬ ͙ ─  ὡ Ѥ 

ѻ╛̓ ˉ╘ ♥ ᵑ ӻגἌ רẋ ₄ѻ. ♣◓ ַא ṕ 

́⁸ ᶹֿפᴛѤ Multi -walled carbon nanotube, Carbon 

nanofiber, Carbon black super -Pᵑ Ợ↔ ₄̆, ┬♣  ḓ 

▫Ἓ ᴛѤ Titanium dioxide(TiO 2)₮ Ferrite(Fe3O4)ᵑ 

Ợ↔ ₄╖ᶒ ᶛ◓Ѥ ᵙ↕ᴆ  ̆Ṫ▫ ᶹֿפ╙ 

Ợ↔ ₄ѻ. Ӱּת  ♇∂╙ ╪↔ ⁴ ⅝  ♣◓╥ 

ᶴ˭ᵑ ♬  ♬ ₄╖ᶒ ╪ө ♣◓Ѥ Agate 

mort arᴛ 30Ṫʼ Ṫ  Ṫὅ ḓ ╪ Ӈ˭ ₄ѻ. 

Ṫὅ ḓ ӈ ◓Ѥ THF(Tetrahydrofuran) ֞Ѥ 

DMF(Dimethylformamide) 200m L ↔ᵰ⁄ К╘  Tip-

sonicatorᵑ  ╛ ᴛ 10Ṫʼ Ṫụ╙ ₄ѻ. (↔ 1) 
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ҿᾎ⁄ ᵙ↕ᴆ ╙ ˉ╘ ↔ᵰ 200mL⁄ К̆ 

ᵙ↕ᴆ ╪ ↔ᵰ⁄ Ṫ  а╙ ԅּͥת magnetic 

stirrerᵑ ╪↔  Ἆ‡ ל‴ѻ. (↔ 2) ᵙ↕ᴆ ╪ Ṫ  

аῷἌ רẋʺ Ӈᶔ רẋ  ↔ 1╙ ↔ 2⁄ К̆ ↔ᵰ╥ 

ϠѤ♩(THF ϠѤ♩ 66ɒ, DMF ϠѤ♩ 153ɒ) ╪Ữ╥ 

₣ҵ╬ 70ɒ(֞Ѥ DMF ↔ᵰ▀ ˿↕ 160ɒ)₮ 300rpm 

╪Ữ╙ ┬ּת ᶔἌ ↔ᵰᵑ ּשḛᾎ ѻ. ↔ ╪ Ᵽ ╥ 

ᶹ╪ Ӈᶔ ͔ἶ ⁄ К‡ 70ɒᴛ ₡Ẇ⁄Ἄ 24ᾎʼ 

╪Ữ ┬ּתᾎ  ₰♣  ˠⱳᾎ ѻ. ₰♣  ˠⱳӈ ᶹֿפ╘ 

♣◓╥ ꜙᵆ⁄ ӻג ˆҵʺ ⱳ͔῭ ѻᵐ ̆ᶴ₮ ˉ╘ 

ᶹֿפ╪ ӇѤҥ ╪ ᶹֿפ╙ ▀♬  ӎΖᵑ ʺֿב ὡ ᴛ 

ᵣө͙ ─     Ἓ ͙ᴛ ⱳ ѻ.   ͙ᴛ ⱳ  ♣⁄ 

    Ợ╪⁄ ὡ ᵑ 1Ṫʼ 170ɒᴛ ₉ẋ ʺ⁸╙ 

ᾒᾎ ̆ 3Ṫʼ 10MPa╥  ᴏ╖ᴛ ὡ ᵑ ⱳ ѻ. 

ⱳ ӈ ᶹֿפ╘ Л √  ṪἍ͙ᴛ ᵡ╪ ᴛ  ♣▫͙♠ 

Ἓ╙ ♬ ͙ ─  sample holder⁄ ῼᵭ╘ ͙ᴛ 
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╙ ѻ. 1  ♬╙ ─ ἌѤ Ω˿ 7mm, Ͽ˿ 

3mm╥ ҵЗ  ᶛ‚╖ᴛ ╙ ₄╖ᶒ, 2  ♬╙ 

─ ἌѤ Ω˿ 25.4mm, Ͽ˿ 3mm╥ ҵЗ  ᶛ‚╖ᴛ 

╙ ₄ѻ. (Fig.2.1.1) ὡ Ѥ ♣◓╥ ꜙᵆ ḓ ‚, 

͎ᵙ̆ ὡ ╥ ӎΖ⁄ ӻג (Table2.1.1)̓ ˉ╪ 

͙ ₄ѻ. ᾎ ╥ ӎΖѤ 2mmᴛ ▀♬ ˭ 

תּ┬ ₄╖ᶒ ӎΖᵑ ṉ ᾎ ╙ ˿↕⁄Ѥ 0.5mm῭ 

ṉ ᵑ ל‴╖ᶒ sample code Ӛ⁄ ӻᴛ ᾎᵑ ₄ѻ. 
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Figure 2.1.1  ᾒ  ♥ ⁄ ӻר גẋӈ ὡ  : (a)    

Ἓ ͙ ⱳ   ᾎ , (b)   ᾎ  

  

(a) 

(b) 
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Sample code Components  

C5 PU/Acid treated MWCNT 5wt.% (2mm)  

C5T10 
PU/Acid treated MWCNT 5wt.%  

/TiO2 10wt.% (2mm) 

C5F20 
PU/Acid treated MWCNT 5wt.%  

/Fe3O4 20wt.% (2mm) 

C5F20 (1.5mm) 
PU/Acid treated MWCNT 5wt.%  

/Fe3O4 20wt.% (1.5mm) 
 

Table 2.1.1  ὡ  ̯Ἓ ḓ ӎΖ⁄ ӻᵐ ᾎ  ᶘᶘḹ 
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2.2. Ὕ  Ἐ ♩ ḟḶ 

ᵡ╪ ᴛ ╥ ♣▫͙♠ Ἓ╘ Ḿ  Л √  

ṪἍ͙(Agilent VNA 8722ES) 1  ֞Ѥ 2 ᵑ ╪↔ ⁴ 

2~18GHz╥ ל ὡ Ḹ─⁄Ἄ ♬ ₄ѻ. רẋӈ 

ὡ Ѥ 75ɔ, 7mm coaxial waveguide line ╥ sample 

holder⁄ ӎ̆ transmission line theory ᵑ ╪↔ ⁴ 

♬ ₄ѻ. ụה ᴑ ♬ ♣⁄ open, short, load 3  תּʺ

circuit╖ᴛ calibration╙ ᾒᾎ ₄ѻ. ḙỢ Ἰᾒ,  ̓, 

ẋ┬♣═, ẋ ▫═ Ӯ╘ ♬ӈ ụה ᴑᴛṨ  L-2L 

Ḣḹ ḓ NRW(Nicholson-Ross-Weir) Ḣḹ╙ Ợ↔ ⁴ 

MATLAB program╖ᴛ ṉ  ḓ ́ụ ₄ѻ. Figure 2.2.1╘ 

ὡ  Ἓ ♬╙ ─  ̯Ἓ ╥ ₉ᾎ╪ѻ. (Fig.2.2.1)  
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Figure 2.2.1  ὡ  Ἓ ♬╙ ─  ̯Ἓ  ₉ᾎ 

(Network analyzer,  coaxial line, sample holder)  
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2.3. Matrix Ἅ  

ᶛ◓Ѥ ʺ◑ Вᵙ Ợ↔Ӈ̆ ▓Ѥ ᵙ↕ᴆ ̓ ⁄ ᾎ 

ἐ ⁄אַ ₄ѻ. ἐ ╪ᵡ ╘ר͙ ╥ ᴛ  ὡ Ἓ╙ 

◄ ḛ  ὡ ▓Ѥ ѫᴏ╪ ▓‡‒ ̆, Ѿ─ Ṩ ҉ 

ᶴ˭(Ḍҵ)ʺ ♠‡ ʺṋ˭ ᵣө ὡ ▓‡‒ ᶒ ὡ ᵑ 

Ⱡ▬ Ѥҥ ▓‡ ♩Ἓ╪ ϻ̆ ˿  ἶҵʺ ẙגἌ Ⱡ▬╪ 

↔╪ ‒ Ѥ ♩ Ӯ╪ ̆ᴎӇ‴ѻ. R. Kotsilkova et al.╥ 

⁷̯ ˺̓⁄ ╥  ᵡ╪ ᴛ  ὡ ѫᴏ╘ 10 vol.%╥ 

carbon nanoparticle ╥ ♣⁄Ἄ ᵙ↕ᴆ  ᶛ◓Ѥ 

37.1%╥ ὡ═╙ Ϯ Ͽ̆ ⁄ ᾎ ᶛ◓Ѥ 11.2%╥ 

ὡ═╙ Ϯ Ͽ‡ ᵙ↕ᴆ ╪ ᵡ╪ ᴛ  ὡ ѫᴏ⁄ 

▓‡Ἄ җ ♠  ᶛ◓▐╙ ╬  ὡ ▓‴ѻ. [17] ḌҵѤ 

ẋᾌ ᵣ ᵙ↕ᴆתּתּʺ ╙˃  (3~50pcf)╪ 

⁄ ᾎ(5~60pcf)Ṓѻ Ѿ─ Ṩ ҉ ʺṇ⇔ ᶹֿפ▐╙ ῼ ὡ 

▓ѻ. ֞  shear rate 100s-1╥ ⱳˠ⁄Ἄ ᵙ↕ᴆ ╥ 
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♩Ἓ╪ ⁄ ᾎṒѻ ϻ̆ ˿  ἶҵʺ ẙגἌ ὡ ᵑ 

Ⱡ▬ Ѥ ҥ⁄ ↔╪  ♩╪ ᵤ ╖ᶒ Ữҍ♠╬ ʺ˶ ֞  

ᵙ↕ᴆ ╪ ϻῷ ὡ ╥ ᶛ◓ᴛἌ ♠ ѻ̆ 

Ѿ ₄ѻ. (Table2.3.1)   
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Material  Polyurethane Epoxy 

MW absorption  

(CNP Ï=10 vol.%, 

At 9.4 GHz) 

37.1 % 11.2 % 

Viscosity 

(at ‎ ρππί  
1.3 Pa.s 25 Pa.s 

Density 
Low to medium  

(3 to 50 pcf)  

Low to high  

(5 to 60 pcf)  

Cure speed 
Excellent 

(2~4day) 

Good 

(6~8day) 

Abrasion resistance Strong Moderate  

Elongation Good Poor 

Relative cost Low High 

Temperature 

resistance 
Good Excellent 

 

Table 2. 3.1 ᵙ↕ᴆ ̓ ⁄ ᾎ ᶛ◓╥ Ἓ ẋ̪ 
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Chapter 3 . ˷̐ Ḑ ̃  

 

3.1. ἲἘ ᶶֹו  

ἵѤ ♣Ἕ́♠╖ᴛ 4Ḵ ᴛ Ṩ  ∟ἵ╪ѻ. 

ὣὡ  ἵѤ ѻ╪ῷᶞӥ, ͎ג ╪ מ͎ , , ϮЯ Ẅ 

Ӯ ѻ‚  ᴛ Ⱶ◓ ᶒ ╪ө╥ ♣͙♠ Ἓ╘ ̆┬  

ḙ╖ᴛ  ὡ͙ ╙פѻ. ṕ ́⁸ ᶹֿבֿʺ ╙˃ ⁄ 

ҍ ⁴ ͐ ᵤ╘ ⁷̯ᴛ ╬ ‚ᵣ ѻתּ‴▓ ╪♣בֿ ⁴  

╥ ṕ ᶹֿ⁷̓ ⁄אַ פ ‡Ԏ  ṕ ᶹֿפ╪ 

ᵡ╪ ᴛ  ὡѫᴏ╙ Ϯ ϿѤ ҥ⁄ ♠ ҍ ⁄תּ  

⁷̯ʺ ῷֹו Ṩⱴ  ╪ѻ. ֞  ṕ ᶹֿפ╪ ְ‡ϱ 

ὡ Ἓ╙ Ϯ Ͽҵᴜ ἒ́ ḓ ♠ Ѥ ‡֒˭ ‒ 

ѤּתѤ ῷֹוҵ ⁷̯ ‒  ṨṪ╪ ѻὡ Ⱶ◓ ѻ̆ 

Ỹʻ ѻ. 
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3.1.1. ἵἛ ᶹֿפ ἐ  

ᶷ  ⁷̯ᵑ ⁴ ѻ‚  ṕ ́⁸ ᶹֿפ╙ ͙ḙ╖ᴛ 

 ὡ ╥ Ἓѫ╙ ʺ Ѥ ˦╘ ‡ᴎ⇔ ▀╪ѻ. ʻ 

⁷̯ᵡѻ Ợ↔  ♣◓╥ Ợ‚, ὡ ╥ ӎΖ₮ ᶛ◓ᴛ 

Ợ↔  ̆Ṫ▫ ᶹֿפ, ᾒ  ♥ ₮ ⱳˠ Ӯ╪ ѻᵎ͙ 

ԅᶷ╪ᶒ ͎ױ  ⅝ἵө╪ ᵡ╪ ᴛ  ὡѫᴏ Ἓ⁄ 

₅ ╙ Ḉ ͙ ԅᶷ╪ѻ. Mohammed H. Al -Saleh et al.╘ 

ṕ ́⁸ ᶹֿאַ פ⁄Ἄ multiwall carbon nanotubes, 

carbon nanofibers ͎ᵙ̆ carbon black╙ ẋ̪ ⁴ ˉ╘ 

‚╥ ♣◓⁄Ἄ MWCNT > CNF > CB ὣ╖ᴛ ┬♣═̓ 

♣͙♣ҵҵʺ и╛╙ Ϯ Ͽ‴̆ MWCNT ϮЯṓ ʺ 

ʺ◑ ϻ╘ electrical percolation threshold ₮ ʺ◑ и╘ 

 ̓ᵑ Ṓ⁴ל‴ѻ. [18] ╪₮ ˉ╘ ˺̓ᴛ Ṗ ԅ 

CNT̋  ʺ◑ ꜜ╘ ᵡ╪ ᴛ  ὡѫᴏ Ἓ╙ Ϯ Ђ 

ל Ỹʻӈѻ. ṕ ⁷̯⁄ἌѤ 2~18GHz ג╪˦ ὡ 
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Ḹ─⁄Ἄ CNT, CNF, CB╥ ḙỢ Ἰᾒ Ἓ╙ ẋ̪ 

╬ ⁴ ʺ◑ ♠  ṕ ᶹֿפ╙ ἐ ₄ѻ. Ợ↔  

ᶹֿתּʺ3 ╘פᴛ multi -walled carbon nanotube(diameter : 

~20nm, length : ~5əm), carbon nanofiber(diameter : 

~100nm, length : ~ 200əm), carbon super-P(diameter: 

~100nm)╪ѻ. (Fig.3.1.1) ╪ө 3ʺּת ṕ ́⁸ ᶹֿפ╙ 

ѻ‚  ᶴ˭ᴛ ᵙ↕ᴆ  ᶛ◓⁄ ♣ ⁴ ḙỢ Ἰᾒ╙ 

♬ ₄ѻ. ͎ ˺̓ 2~18GHz ל ὡ Ḹ─⁄Ἄ 

MWCNTѤ 5wt.%⁄Ἄ 24.4dB at 9.5GHz ḙỢ Ἰᾒ╙ 

Ṓ⁴ל‴̆, CNFѤ 20wt.%⁄Ἄ 17.3dB at 17.5GHzŋ  

Ϯ І╖ᶒ carbon super-PѤ 10wt.%⁄Ἄ 13.5dB at 

16.6GHz ḙỢ Ἰᾒ Ἓ╙ Ṓ⁴ל‴ѻ. ╪ױ  ᾒ  

˺̓Ѥ MWCNTʺ CNF₮ carbon super-P₮ ẋ̪ ⁴ 

Ữҍ♠╖ᴛ ♠╘ ‚╖ᴛ 2~18GHz⁄Ἄ җ ꜜ╘ ὡѫᴏ 

Ἓ╙ Ṓ⁴לᶒ җ ♠  ᶹֿפ▐╙ ╥Ḉ ѻ. (Fig.3.1.2)  
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3.1.2. MWCNT Ṫụ 

ṕ ́⁸ ᶹֿפ╘  ᶔ♠╖ᴛ ╬  ᶛ◓⁄ 

♣ ₄╙ ˿↕ ︡♠╪ ▀‡ϱѻ. ╪ױ  ︡♠╘ 

♣͙♣ҵҵ ḓ ᵡ╪ ᴛ ╥ ụ₅ ⁄ה ╙ Ḉ ͙ 

ԅᶷ⁄ ᵡ╪ ᴛ  ὡ ѫᴏ Ἓ ֞  ṉ ˭ ӈѻ. 

ױ╪  ︡♠╘ ṕ ́⁸ ᶹֿפ⁄ ▓‡  Ѿ♩╪ Ӈᶒ 

╪ᵑ ͏ṓ ͙ ─  Ḣḹ╪ ⅝ ѻ. . ṕ ⁷̯⁄ἌѤ 

CNT Ṫụ╥ ̓ᵑ ╬ ͙ ─  ӎ ʺּת ᾒ ╙ 

ẋ̪ ₄ѻ. ϮѤ CNT╥ ֿפụ ᵙ ┬ᶴ⁄ ӻᵐ 

ᵡ╪ ᴛ  ὡѫᴏ Ἓ╙ ẋ̪ Ѥ ˦╪̆, ֞ ϮѤ 

↔ᵰᵑ THF(Tetrahydrofuran)₮ DMF(Dimethylformamide)  

ʻʻ Ợ↔ ⁴ Ṫụ╥ ̓ ḓ ḙỢ Ἰᾒ Ἓ╙ 

ẋ̪ Ѥ ˦╪ѻ. ͎ᵙ̆ ʺ♠╖ᴛ ṕ ⁷̯⁄ἌѤ 

CNT╥ Ṫụ╙ ─  ᾒ  ♥ -ṕ♠╖ᴛ Tip͙ ⁄אַ 

sonicator ◑ẋᵑ 10Ṫʼ ╪↔ ₄ѻ. Tip-sonicatorѤ 
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╛ ᵑ ╪↔ ⁴ CNT ḓ ϮЯ ᶹֿפ⁄ ἸỮ ′╪ Ṫụ 

̓ᵑ и⁴ל‴ѻ.  

Bare CNTѤ ᶔ⁄  ▬↔͙ʺ ′˞Ϯ – ͙ 

ԅᶷ⁄ ↔ᵰ⁄ Ṫụҵʺ ϻ̆  ᶹֿ̓פ╥ ḙ╞⁄ ▓‡ 

͎ ▫ ♠╖ᴛѤ ♠  ╬♠̓ ḃᴛױ͎ .Ώѻ ʺתּ

ḙ╞̓ и╘ Ṫụҵᵑ ─  CNT ᶔ⁄ ֿפụ ᵙᵑ 

⁴ carboxyl ḓ hydroxyl groups ╙ ỸἛ ₄ѻ. CNT 

 ╙ụ⁄ Bare CNT 200mgפֿ ụ ᵙѤ 200mL╥ 60%פֿ

К̆ 120ɒ, 300rpm╖ᴛ 6ᾎʼ ҿΌ reflux ₄ѻ. 

Refluxӈ CNTѤ DI water₮ Anhydrous ethanol ᴛ ʻʻ 

3 ῭ ̱ ѻ╛ ⁴̓ ḓ ˠⱳ ̓♬╙ ˞ ѻ. 1000~4000 

cm-1 Ḹ─⁄Ἄ acit treated CNT╥ FT-IR ♬╙ ⁴ 

ᶔ⁄ carboxyl ḓ hydroxyl groups ╪ ◄ ἛӇ‴╛╙ 

╬ ₄ѻ. (Fig.3.1.3) 3237cm-1̓ 1317cm-1⁄ hydroxyl 

group╥ O-H ▬↔͙ʺ ἛӇ‴̆ 1844cm-1⁄ carboxyl 
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group╥ C=O ▬↔͙ʺ ἛӇ‴╛╙ ╬ ₄ѻ. [19] 

ѻ╛╖ᴛ 5wt.%╥ ˉ╘ ♣◓ ‚╖ᴛ Bare CNT₮ acid 

treated CNT╥ ḙỢ Ἰᾒ Ἓ╙ ẋ̪ ₄ѻ. Bare CNTѤ 

8dB at 7.5GHz╥ Ἓ╙ Ṓ╬ ḙᶔ acid treated CNTѤ 

24.4dB at 9.5GHz╥ Ữӈ Ἓ╙ Ṓ₄ѻ. (Fig.3.1.4) ╪Ѥ 

CNT╥ ֿפụ ᵙ ̓♬╙ ⁴ ᶔ⁄ hydroxyl ḓ 

carboxyl group ╙ Ἓ ╖ᴛᾬ ᶛ◓╬ ᵙ↕ᴆ ̓ 

Ữӈ Ữ ▬↔╖ᴛ ╬ ⁴ Ṫụ╪ җ ◄ Ӈ‡ ░Ợӈ 

ᵡ╪ ᴛ ╥ ѻַא ụה╪ ὡѫᴏ Ἓ⁄ ͙⁴  

˦╖ᴛ Ѿӈѻ. ╪Ѥ PU/Bare CNT₮ PU/Acid treated 

CNT ᾎ ╥ Ѿᶔ♠╙ ♬  SEM ╪Ḉּתᵑ ╬ ╙ ԅ 

acid treated CNTʺ ︡♠ ′╪ ᶛ◓⁄ җ ◄ ṪụӇ‡ 

▓Ѥ ˦╙ ╬ ╖ᴛᾬ ӞḚ   ὡ ▓ѻ. (Fig.3.1.5) 

CNT╥ Ṫụ Ữ╙ ─ Ἄ ѻ‚  ↔ᵰᵑ Ợ♣ 

ⱳỢ ₄ѻ. ṕ ́⁸ ᶹֿפ╘ ͏Ἓ ↔ᵰ⁄Ἄ potential 
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barrier height against aggr egation ( HA)╪ и╙ὡᴜ 

Ṫụ╪ җ ◄ӈѻ. [20] HAᵑ ẋ̪ ₄╙ ԅ ṕ ᶹֿפ╙ 

Ṫụ ͙ ─  ѻ‚  ͏Ἓ ↔ᵰ╥ ѫᴏ╘ NMP > D MSO 

> DMF > THF ὣ╪‴╖ᶒ, relative polarity ᵑ ẋ̪ ₄╙ 

˿↕⁄Ѥ DMSO > NMP > DMF > THF ὣ╪‴ѻ. 

(Table3.1.1) ּתᵣ ᵙ↕ᴆ ╥ Ṫ  ₣ҵʺ 180ɒ 

Ṩ͐▐╙ ̆ᴎ  ԅ ↔ᵰ╥ ּשḛ╙ ─ ἌѤ ↔ᵰ╥ 

ϠѤ♩╪ 180ɒ ╪ ⁴‒ ╖ᴛ DMF₮ THFŋ  ↔ᵰᴛ 

ἐ♬ ⁴ ╪ө ↔ᵰ⁄Ἄ CNT╥ Ṫụ ̓ᵑ ẋ̪ 

ᾒ ₄ѻ. Acid treated CNT 5wt.% ᵑ ʻʻ DMF₮ THF⁄ 

К╘  sonicatorᵑ ╪↔ ⁴ 30Ṫʼ Ṫụ╙ ᾎ וֹ  ₮ 

24ᾎʼ╪ ּתϱ ⁄ Ṫụ╥ ♬ҵᵑ ╬ ₄╙ ԅ THF 

↔ᵰ⁄ἌѤ CNT̋  ⱳ͔ ♣Ӈ‡ ↔ᵰ₮ ╙ ╪ᴶ ḙᶔ 

DMF ↔ᵰ⁄ἌѤ ╛ ͎ҍᴛ ṉ ʺ ′‡ CNT╥ Ṫụ╪ 

җ ₡תּ מἶӊ╙ ╬  ὡ ▓‴ѻ. ֞  PU/Acid treated 

CNT 5wt.% ᾎ ╙ ᵣӧ ѻ╛ 4-point probe(CMT -
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SR1000N)ŋ  ╪↔ ⁴ ᶔ♇ ╙ ♬ ⁴ ♣͙ ♣ҵҵᵑ 

ẋ̪ ₄╙ ԅ DMF ↔ᵰᵑ Ợ↔ ⁴ ᵣӧ ᾎ ╥ ♣͙ 

♣ҵҵʺ THF ↔ᵰᵑ Ợ↔ ⁴ ᵣӧ ᾎ Ṓѻ ♣͙ 

♣ҵҵʺ ⱳ͔ җ и╛╙ ῼ ὡ ▓ѻ. ╪Ѥ DMF ↔ᵰ⁄Ἄ 

Ṫụᾎ  CNT̋  CNT Ữ ʼ Л √ ʺ җ ◄ ⁷˺Ӈ‡ 

♣͙♠ ˿ᴛʺ Ἓӊ╖ᴛᾬ ♣͙♣ҵҵʺ Ữӈ ˦╖ᴛ 

Ѿ  ὡ ▓‡ Ṫụ╪ ◄ Ӈ‴╛╙ ʼ♪♠╖ᴛ Ṓ⁴לѤ 

͐˞ʺ ӈѻ. (Fig.3.1.6) DMF ↔ᵰ₮ THF ↔ᵰᵑ ʻʻ 

Ợ↔ ẋר ⁴  PU/Acid treated CNT 5wt.%  ὡ ╥ 

ḙỢ Ἰᾒ╙ ♬ ⁴ ẋ̪ ₄╙ ԅ THF ↔ᵰ⁄Ἄ 

ẋӈ ᾎר ╘ 24.3dB at 9.5GHz╥ Ἓ╙ Ṓ╬ ḙᶔ 

DMF ↔ᵰ⁄Ἄ רẋӈ ᾎ ╘ 30.2dB at 9.8GHzᴛ 

ᵡ╪ ᴛ  ὡ ѫᴏ Ἓ╪ ỮӇ‴╛╙ ῼ ὡ ▓ѻ. 

(Fig.3.1.7) 
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3.1.3. MWCNT ᵡ╪ ᴛ  ὡ Ἓ 

Acid treated multi -walled carbon nanotube ᵑ ♣◓ᴛ 

⁴ ѻ‚  ᶴ˭⁄ ӻג ᾎ ╙ ᵣө‡ ╪ө╥ 

ᵡ╪ ᴛ  ὡ ѫᴏ Ἓ╙ ╬  Ṓ ѻ. CNT╥ 

ᶴ˭ᵑ 3, 5, 7, 15 wt.%ᴛ ʻʻ Ҁᵙ ₄╙ ԅ PU/Acid 

treated CNT 5wt.%⁄Ἄ 24.4dB at 9.5GHz╥ ʺ◑ ꜜ╘ 

ḙỢ Ἰᾒ Ἓ╙ Ṓ⁴ל‴ѻ. (Fig.3.1.8(a)) ḙỢ Ἰᾒ╥ 

♥ҍ˃╪ ᶔ ὡᴜ ᵡ╪ ᴛ Ѥ ὡ ⁄ ҍ  

ḙỢѤ ♠˭ ḛỸ ̆ ὡѤ ᵤ╪ ḛỸ ѻ̆ Ṗ ὡ 

▓╖ᶒ ḙỢ Ἰᾒ╥ ל⅝  ∟╬╖ᴛѤ impedance 

matching̓ ┬♣Ἰᾒ ֞Ѥ ▫ἛἸᾒ, ͎ᵙ̆ ᵡ╪ ᴛ ╥ 

ѻַא ụה╥ ̓ᴛ Ṗ ὡ ▓ѻ. [21-22] ὡ ╥ 

˿́ᶔ⁄Ἄ ḙỢʺ ♠˭ ḛỸ ͙ ─ ἌѤ coaxial line╙ 

ӻאַ ͙̑ ג╙ ╪ҿ Қ ᵡ╪ ᴛ ʺ ὡ Ͽᴛ 

בֿ  ԅ ˿́ᶔ⁄Ἄ impedance matching ╪ ◄ 
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╪ᴴ‡ⱨ‒ ѻ. ᾏ (1)⁄Ἄ Ṗ ὡ ▓ӭ╪ ḙỢ Ἰᾒ╘ 

impedance╥ ὡ╪ᶒ ḙỢ Ἰᾒ╪ ʺ◑ ᵤ╪ ▀‡ϮѤ 

CNT 5wt.% ὡ ⁄Ἄ╥ impedanceʺ ͙ר impedance₮ 

ʺ◑ ͐♪  ѻѤבֿ‡ᶔἌ matching╪ ◄ ╪ᴴתּʺ ╙˃ 

˦╙ ╬  ὡ ▓ѻ. ᾏ (2)⁄Ἄ Ṓᶔ impedanceѤ 

ל ,═▫ ̓═♣┬ ὡ, ͎ᵙ̆ ὡ  ӎΖ╥ ὡ▐╙ 

ῼ ὡ ▓ѻ. ᾎ ╥ ӎΖᵑ ▀♬ ˭(2mm) ┬ּת ᶔἌ 

ᾎʺשּ ╙‚ ╥◓♣ ᶔ ┬♣═ҵ ּשʺ Ѥ ˿ ╙ 

╬  ὡ ▓ѻ. (Fig.3.1.8(b)) ╪Ѥ ♣◓╥ ‚╪ 

ʺשּ ὡᴜ Ṫ͏ Ữ⁄ ͙⁴ Ѥ ♣͙ ᾡ͏▫╥ ‚ ֞  

ʺשּ ͙ ԅᶷ╬ ˢᴛ Ѿӈѻ. ּתᵣ ┬♣═ ⁵ᾎ 

ל ὡ╥ ὡ╪͙ ԅᶷ⁄ ▀♬  ♣◓╥ ‚⁄Ἄ 

ל ὡʺ ּשʺ  ԅ ┬♣═╘ ♣ ♠╖ᴛ ˁἵ Ѥ 

˿ ╙ Ṓ╬ѻ. ╪Ѥ ל ὡʺ ּשʺ ὡᴜ ᵡ╪ ᴛ ⁄ 

╥  ΩṨ⁄Ἄ ʺ Ѥ ♣͙◑⁄ ḙҍתּ Ѥ Ḣ ╖ᴛ 

▬↔ Ѥ ♣͙ ᾡ͏▫╥ relaxation time ╪ ῷⱨ 
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┬♣═╪ ˁἵ ͙ ԅᶷ╪ѻ. ┬♣═╪ ♣◓╥ ‚⁄ 

ӻג ▀♬ ˭ ṉ ⁄ ӻג impedance matching ╪ 

ʺ◑ ◄ ╪ᴴ‡ּתѤ ˃⁄Ἄ ḙỢ Ἰᾒҵ ʺ◑ ꜜ╘ 

Ἓ╙ Ϯ Ͽᶒ ╪ױ ♣ ╙♩תּ  Ἄ impedance₮ 

ḙỢ Ἰᾒ ᶛӎ Ἓ╪ ♇ ӇѤ ˿ ╙ Ṓ╬ѻ. 

˿́ᶔ⁄Ἄ ḙỢӇּת Ώ̆ ὡ Ͽᴛ ὡӈ 

ᵡ╪ ᴛ Ѥ ♣◓⁄ ╥  ѻַא ụה╪ ▀‡ϮᶔἌ 

⁸⁄Ўּתᴛ ṉ ӈѻ. ⁸⁄Ўּתᴛ ṉ ӇѤ ∟╬╘ CNT╥ 

♣͙♠╬ Ἓ╖ᴛ ╬  ohmic loss₮ ┬♣♠╬ Ἓ╖ᴛ 

╬  ♣͙ ᾡ͏▫╥ ♣ ֞Ѥ ֿבҿ⁄ ╥  ┬♣ Ἰᾒ╪ 

ʺשּ ╪‚ ╥◓♣ .Ỹʻӈѻ ג╪╬∟ ͎ ὡᴜ 

ʺשּ ╪═♣┬ Ѥ ˦╘ ͎ᵣ  ┬♣ Ἰᾒ⁄ ╥  ⁄Ўּת 

Ἰᾒ╪ ᵤῷⱨ ὡʺ ᵤ╪ ╪ᴴ‡ֿבѻѤ ˦╙ ╥Ḉ ѻ. 

ʺשּ ╪‚ ╥◓♣ ⁄ ӻג ᾎ ╥ ♣͙♣ҵҵ 

▀♬ ʺשּ ˭ Ѥ ˿ ╙ Ϯ ϿѤҥ ṕ ⁷̯╥ 

♬̯ʼ⁄Ἄ percolation threshold ₮ ˉ╘ Ữ╘ 
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Ϯ Ϯּת Ώ ѻ. 

Æ
ȿ ȿ

            (10) 

ᾏ (10)╥ quarter-wavelength theory ⁄Ἄ ╬  ὡ 

▓ӭ╪ matching frequency Ѥ ὡ ╥ ӎΖ₮ ┬♣═, 

▫═̓ ḙẋᴗ ́̕⁄ ▓ѻ. ♣◓╥ ‚╪ ּשʺ ὡᴜ 

┬♣═ ֞ ʺשּ  Ѥ ˿ ╙ Ṓ╪ᶒ ╪⁄ ӻג matching 

frequencyѤ ϻ╘ ל ὡ ҍ⁵╖ᴛ ╪ҿ Ѥ ˦╙ ╬  

ὡ ▓ѻ. ╪₮ ˉ╘ matching frequency ╥ ╪ҿ╘ ᾏ 

(10)⁄Ἄ ѻᾎ ╬  ὡ ▓ӭ╪ ♣◓╥ ‚╪ ּשʺ Ѥ 

˦̓ ẋᾌ ˭ ᾎ ╥ ӎΖʺ ּשʺ ὡᴜ matching 

frequencyѤ ϻ╘ ל ὡ ҍ⁵╖ᴛ ╪ҿ Ѥ ˦╙ ╬  

ὡ ▓ѻ.  

PU/Acid treated CNT 5wt.% ὡ ╥ ӎΖᵑ 2mm⁄Ἄ 

1.5mm₮ 2.5mmᴛ 0.5mm╥ ṉ ᵑ ל‴╙ ԅ ḙỢ 

Ἰᾒ╘ 2mmӎΖ╥ ᾎ ⁄Ἄ ʺ◑ ꜜ╘ Ἓ╙ 
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Ϯ Ͽ‴ѻ. (Fig.3.1.9) ּתᵣ ᾎ ╥ ӎΖ ṉ ⁄ ӻᵐ 

┬♣═╘ ▀♬  ˿ Ἓ╙ Ϯ Ͽ͙ ṒѻѤ ʺ◑ ꜜ╘ 

ḙỢ Ἰᾒ╙ Ϯ ϿѤ ὡ ╥ ӎΖ⁄Ἄ ┬♣═ҵ ʺ◑ 

и╘ ˃╙ Ϯ Ͽ‴ѻ. 

acid treated multi תּ͔ͥתּ -walled carbon nanotube ╥ 

♣◓ ‚̓ ὡ  ᾎ ╥ ӎΖ⁄ ӻ1 ג  ♬╙ 

 ḙỢἸᾒ̓ ┬♣═╙ ╬ ₄ѻ. ֟ ˉ╘ CNT 

♣◓╥ ‚╖ᴛ 2  ♬╙   ̓ᵑ ʺᴛ 

♬ ₄ѻ. (Fig.3.1.10) ♣◓╥ ‚╘ 3, 5, 7, 15wt.%ᴛ 

ṉ ᵑ 2)̆‴ל ╥ ˿↕ ὡ ╥ ӎΖѤ 0.5mmʺ 

ᾎ (▐ר͙ ╥ ӎΖѤ 0.5mm, 1mm, 1.5mmᴛ 0.5mm╥ 

ṉ ᵑ ל‴ѻ. ♣◓╥ ‚╪ ּשʺ ὡᴜ ᾎ ╥ ӎΖʺ 

ӎΊ√ֿפὡᴜ ᾏ (4)⁄ ӻג ♣ ♠╬  ̓Ѥ 

ʺשּ ╙ ╬ ₄ѻ. ּתᵣ PU/Acid treated CNT 5wt.% 

(0.5mm) ὡ מ͎ ̓  ╥  (Fig.3.1.11)⁄Ἄ Ṗ 
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ὡ ▓ӭ╪  ̓╥ ל⅝ ∟╬╘ ░Ợӈ ᵡ╪ ᴛ ╥ 

ḙỢṒѻѤ ὡ⁄ ▓╛╙ ῼ ὡ ▓╖ᶒ CNT̋  

ᵡ╪ ᴛ  ҍ⁵⁄Ἄ ḙỢṒѻ ὡ⁄ ̓♠╬ ᶹֿפ▐╙ 

ʼ♪♠╖ᴛ ѻᾎ Ḵ ╬  ὡ ▓‴ѻ. 

 

 

  



41 

 

 

 

 

Figure 3 .1.1 ѻ‚  ꜙᵆ╥ ṕ ́⁸ ᶹֿפ SEM ╪Ḉּת : 

(a) multi -walled carbon nanotube, (b) carbon nanofiber,   

(c) carbon super-P 

  

(a) (b) (c) 
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Figure 3 .1.2 ѻ‚  ꜙᵆ╥ ṕ ́⁸ ᶹֿפ╥ ḙỢ Ἰᾒ 

מ͎  : (a) multi -walled carbon nanotube,                   

(b) carbon nanofiber, (c) carbon super -P 

(a) 

(b) 

(c) 
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Figure 3.1.3  Acid treated CNT╥ FT-IR ͎מ  
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Figure 3.1.5  ὡ  Ѿᶔ⁄ ҍ  SEM ╪Ḉּת : (a) PU,      

(b) PU/Bare CNT 5wt.%, (c) PU/Acid treated CNT 5wt.%  

  

(c) (b) (a) 
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Polar  

solvent 

HA 

(kcal/mol)  

Relative 

Polarity 

Boiling  

point(ɒ) 

Viscosity 

(cp) 

DMSO 23.8 0.444 189 1.996 

NMP 26.3 0.406 204 1.65 

DMF 21.4 0.386 153 0.92 

THF 20 0.207 66 0.48 
 

Table 3.1.1  ѻ‚  ↔ᵰ Ἓ ẋ̪ ▫ᴮ 
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Figure 3.1.6  DMF vs THF ↔ᵰ⁄Ἄ CNT╥ Ṫụ ẋ̪ :      

(a) Ợֿב, (b) ♣͙ ♣ҵҵ ͎מ   

(a) 

(b) 
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Figure 3.1.7  DMF vs THF ↔ᵰᵑ Ợ↔ ẋר ⁴  Acid 

treated CNT 5wt.% ᾎ ╥ ḙỢ Ἰᾒ ͎מ  ẋ̪ 
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Figure 3.1.8  ѻ‚  CNT╥ ᶴ˭⁄ ӻᵐ PU/Acid treated 
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מ͎  : (a) ḙỢ Ἰᾒ ͎מ , (b) ẋ┬♣═ ͎מ  

  

(a) 

(b) 
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Figure 3.1.9  PU/Acid treated multi -walled carbon nanotube 

5wt.% ὡ ╥ ѻ‚  ᾎ  ӎΖ⁄ ӻᵐ ᵡ╪ ᴛ  Ἓ 

מ͎  : (a) ḙỢ Ἰᾒ ͎מ , (b) ẋ┬♣═ ͎מ  

  

(a) 

(b) 
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Figure 3.1.10  PU/Acid treated multi -walled carbon nanotube 

ὡ ╥ 2  ♬ ᵡ╪ ᴛ  Ἓ ͎מ  : (a) ♣◓ 

‚⁄ ӻᵐ  ̓ ͎מ , (b) ᾎ ╥ ӎΖ⁄ ӻᵐ  

מ͎ ̓  

(a) 

(b) 
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ẋ̪ ͎מ  
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3.2. ┘♆  Ḑ ■Ἐ ᶶֹו 

͐╥ ⁷̯ Ἓ̓ᵑ ḕ ╖ᴛ Ṗ ԅ ṕ ́⁸ ᶹֿפ╙ 

͙ḙ╖ᴛ  ὡ ⁄ ┬♣  ֞Ѥ ▫Ἓ ᵑ ᶔ 

ṕ ́⁸ ᶹֿפ ѾҶ╥ ὡ Ṓѻ ְ‡ϱ Ἓѫ╥ 

ὡ ᵑ ͙ҍ  Ṗ ὡ ▓╙ ˦╪ѻ. ṕ ⁷̯⁄ἌѤ 

ְ‡ϱ ᵡ╪ ᴛ  ὡ ѫᴏ Ἓ╙ Ṓ⁴ר PU/Acid 

treated carbon nanotube 5wt.% (2 mm) ὡ ⁄ ┬♣ ₮ 

▫Ἓ ᵑ ʻʻ ♣ ⁴ ╪ө ┬♣ ₮ ▫Ἓ ╥ ‚⁄ 

ӻג ͎ᵙ̆ ὡ ╥ ӎΖ⁄ ӻג ᵡ╪ ᴛ  ὡ ѫᴏ 

Ἓ╪ ‡Ԏ  ṉ ᵑ Ϯ ϿѤּת ╬ ₄ѻ. 

┬♣ ᴛѤ ְ‡ϱ ⁸♠ Ό♬Ἓ̓  100~150╥ ┬♣═╙ 

titanium dioxide(TiO בֿʺ 2)ᵑ Ợ↔ ₄̆, ▫Ἓ ᴛѤ 

ˆ▫Ἓ  ͔ἶ╬ Fe, Co, Ni ́⁸ ַא⁄ ▫═╪ й ♇ 

ҶἛ╪ᶒ Ḍҵʺ Ữҍ♠╖ᴛ ♠╘ magnetite (Fe3O4)ᵑ 

ἐ ₄ѻ. ṕ ⁷̯⁄ Ợ↔ӈ TiO2Ѥ Sigma Aldrich⁄Ἄ 
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̯░  anatase type╥ ˺♬̯ⱳᴛ diameter < 25nm, high 

purity 99.7+%╥ nano-particle╪ᶒ Fe3O4Ѥ US research 

Nanomaterials⁄Ἄ ̯░  diameter 15~20nm, high purity 

99.5+%╥ nano-particle╪ѻ.  
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3.2.1. CNT/TiO2 ᶹ רẋ 

Acid treated CNT 5wt.%⁄ TiO2ᵑ  ԅ ӎ ʺּת 

Ḣḹ╙ ╪↔ ⁴ ┬♣ ᵑ CNT⁄ ̓♠╖ᴛ Ṫụ ḓ 

₄ѻ. ϮѤ sol-gel method ᵑ ╪↔ ⁴ acid 

treated CNT ᶔ⁄ Ti precursor╬ TiCl4ᴛ TiO2 nano-

particle╙ ỸἛ  ˦╪̆, ֞ ѻᵐ ϮѤ agate mortar ⁄ 

acid treated CNT₮ TiO2 nano-particle╙ К‡Ἄ 

grinding ⁴ Ṫụᾎ  ˦╪ѻ ṕ ⁷̯⁄ἌѤ Aicd treated 

CNT 5wt.%⁄ sol-gel method ₮ grinding methodᴛ ʻʻ 

TiO2 5wt.%ᵑ ₄╙ ԅ ᵡ╪ ᴛ ╥ ὡѫᴏ 

Ἓ╙ ╬ ₄ѻ.  

Sol-gel method ╥ ᾒ  ♥ Ѥ ѻ╛̓ ˉѻ. ẋ ⁄ DI 

water 300mL₮ acid treated MWCNT 200mg ╙ К‡Ἄ 

tip -sonicatorᴛ 10Ṫʼ Ṫụ╙ ᾎ ѻ. ͎  magnetic 

stirrerᵑ ╪↔ ⁴ 300rpm╖ᴛ ẖᵎ˭ ♇‡ לᶔἌ 
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TiCl4 240əL₮ HCl 900əLᵑ К̆ 30Ṫʼ җ Ṫụ╙ ᾎ ѻ. 

 ἶ♠╖ᴛ stirring╙ ᶔἌ 1% NH4OH 120mLᵑתּ

ẋר ⁴ dropwiseᴛ ↔ ╙ ʺᾎ  ♣ ♠╬ PHзҵʺ 

2.5ʺ Ӈҵᴜ ⱳ♥ ѻ. PHзҵʺ ▀♬  Ӈᶔתּ┬ ˭

MWCNTᵑ ⁴̓ ⁴ 24ᾎʼ ҿΌ ₡Ẇ⁄Ἄ 60ÁCᴛ 

ˠⱳᾎ ѻ. ˠⱳӈ MWCNTᵑ furnace⁄ ─ ᾎ  

5ÁC/min╥ Ữᾍ ἶҵᴛ 400ÁC⁄Ἄ 2ᾎʼ╥ ⁸ ᵙᵑ 

₄ѻ. Sol-gel method ᵑ ╪↔ ⁴ ᵣӧ CNT/TiO2 

░▫ᵑ SEM ḓ TEM ◑ẋᴛ ╬  ˺̓ CNT ᶔ⁄ 

TiO2 nano-particle╪ ͌▀ ˭ Ṫ Ӈ‡ ▓╛╙ ╬  ὡ 

▓‴ѻ. (Fig.3.2.1(a-b)) 

Sol-Gel method₮ grinding method ᵑ ╪↔ ẋר ⁴  

C5T5 ὡ ╥ ḙỢ Ἰᾒ Ἓ╙ ủ Ṓᶔ sol-gel 

methodᵑ ╪↔ ẋר ⁴  ᾎ ╘ 18.9dB at 11.1GHz╥ 

ὡ ѫᴏ Ἓ╙ Ṓ₄̆ grinding method ᵑ ╪↔ ⁴ 
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ẋר  ᾎ ╘ 33.8dB at 8.4GHz╥ Ἓ╙ Ϯ Ͽ‴ѻ. 

(Fig.3.2.2) ẋᴜ ˉ╘ ‚╥ TiO2 װ╪ ♣Ӈ‴ּתᵣ sol-

gel method ₮ grinding method Ѥ TiO2 particle╥ ͙₮ 

֞ CNT₮ TiO2 ́ᶔʼ ♠ ▬↔⁄ ╥  Ⱶ◓  

Ӯ╪ ѻᵎ͙ ԅᶷ⁄ ֹו♪♠╖ᴛ reflection loss ˺̓˃╙ 

ẋ̪ Ѥ ˦╘ ᶴ╥Ḉ ѻ. ּתᵣ grinding method ᵑ 

 TiO2ᵑ ♣ ╖ᴛᾬ CNT ѾҶ╥ ♣Ṓѻ җ 

ְ‡ϱ ὡ ѫᴏ Ἓ╙ ʺֿב ᾎ ╙ ὺ̆ ̓♠╖ᴛ 

ᾒ  ὡ ▓ѻѤ ˦╘ ╥Ḉ ▓Ѥ ḛ˸╪ג ˳ѻ. 

 

3.2.2. CNT/TiO2 ᵡ╪ ᴛ  ὡ Ἓ 

Acid treated multi -walled carbon nanotube  5wt.%╥ 

ὡ ⁄ ѻ‚  ᶴ˭╥ TiO2ᵑ grinding method ᵑ 

╪↔ ⁴ ♣  ѻ╛ ᾎ ╙ ᵣө‡ ╪ө╥ ᵡ╪ ᴛ  

ὡ ѫᴏ Ἓ╙ ╬  Ṓ ѻ. ♣ӈ TiO2Ѥ SEM-EDS 
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◑ẋᵑ  ὡ  Ͽ⁄ ͌▀ ˭ Ṫ Ӈ‡ ▓Ѥ ˦╙ 

ῼ ὡ ▓‴ѻ. (Fig.3.2.3(a)) TiO2╥ ᶴ˭ᵑ 5, 10, 15 wt.%ᴛ 

ʻʻ Ҁᵙ ₄╙ ԅ C5T10╥ ὡ ⁄Ἄ 39.5dB at 

7.8GHz╥ ʺ◑ ꜜ╘ ḙỢ Ἰᾒ Ἓ╙ Ṓ⁴ל‴ѻ. 

(Fig.3.2.4) ᶴ˭╥ ‚╪ ּשʺ ⁄ ӻג ḙỢ Ἰᾒ peakѤ 

ϻ╘ ל ὡ ҍ⁵╖ᴛ ╪ҿ ₄╖Ϯ ╪ҿ Ѥ ‚ ▫ Ѥ 

Ώ ѻ(<1GHz). ᾒ תּ ╙ ᾎ▬ ᶔἌ TiO2╥ ‚╪ 

ѥ‡ϳὡᴜ ┬♣═ҵ ֿ₉ ̆ג╪˦ פỮ ₄╖Ϯ, 

ᾒ ˺̓⁄Ѥ C5T10╥ ὡ ⁄Ἄ C5T5Ṓѻҵ ϻ╘ 

┬♣═╙ ╬ ₄ѻ. ╪Ѥ TiO2╥ ‚╪ ‡Ѣ ♬ҵ 

ʺשּ ᶔἌ TiO2ʺ CNT╥ ♣͙ ♣ҵҵ ḓ interfacial 

polarization⁄ ₅  .ԅᶷ╬ ˦╖ᴛ Ỹʻӈѻ ͙‴ל ╙

C5T10 ὡ ╥ ӎΖᵑ 2mm⁄Ἄ 1.5mm₮ 3mmᴛ 

ṉ ᵑ ל‴╙ ԅ ḙỢ Ἰᾒ╘ 2mm ӎΖ╥ ᾎ ⁄Ἄ 

ʺ◑ ꜜ╘ Ἓ╙ Ϯ Ͽ‴ѻ. (Fig.3.2.5) ּתᵣ ᾎ ╥ 
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ӎΖ ṉ ⁄ ӻᵐ ┬♣═╘ C5 ὡ ╥ ӎΖ ṉ ₮ 

ᵡ ᴛ ʺ◑ ꜜ╘ ḙỢ Ἰᾒ╙ Ϯתּʺ ϿѤ ὡ ╥ 

ӎΖ⁄Ἄ ┬♣═ҵ ʺ◑ и╘ ˃╙ Ϯ Ѓ╙ ╬ ₄ѻ. 

C5 (2mm) ὡ ₮ C5T10 (2mm) ὡ ╥ ᵡ╪ ᴛ  

ὡ ѫᴏ Ἓ╙ ẋ̪ Ṓᶔ C5 (2mm) ὡ Ѥ 24.4dB 

at 9.5GHzᵑ Ϯ ϿѤ ḙᶔ, C5T10 (2mm) ὡ Ѥ 

39.5dB at 7.8GHzŋ  Ϯ Ͽ‴ѻ. (Fig.3.2.6) CNT⁄ TiO2ᵑ 

♣ ╖ᴛᾬ ᵡ╪ ᴛ  ὡ ѫᴏ╘ ּשʺ ₄̆ 

matching  frequencyѤ 1.7GHz ϻ╘ ל ὡ ҍ⁵╖ᴛ 

╪ҿ ₄ѻ. ┬♣═╙ ẋ̪  Ṓᶔ C5T10 (2mm) ὡ ʺ 

җ и╘ ┬♣═╙ Ϯ ϿѤ ˦╙ Ṗ ὡ ▓ѻ. TiO2╥ 

♣╖ᴛ ╬  ╪₮ ˉ╘ ┬♣═╥ Ữᾍ╘ ♣͙ ᾡ͏▫╥ 

╬ ҿ ֞Ѥ ♣╖ᴛבֿ  ⁄Ўּת Ἰᾒ╪ ּשʺ ₄ѻѤ 

˦╙ ╥Ḉ ᶒ ḙỢ Ἰᾒ Ἓ╥ Ữ╙ ʺⱨ₡Ѥ 

 .Ỹʻӈѻ ג╪╬∟
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3.2.3. CNT/Fe3O4 ᵡ╪ ᴛ  ὡ Ἓ 

Acid treated multi -walled carbon nanotube 5wt.% ╥ 

ὡ ⁄ ѻ‚  ᶴ˭╥ Fe3O4ᵑ grinding method ᵑ 

╪↔ ⁴ ♣  ѻ╛ ᾎ ╙ ᵣө‡ ╪ө╥ ᵡ╪ ᴛ  

ὡ ѫᴏ Ἓ╙ ╬  Ṓ ѻ. ♣ӈ Fe3O4Ѥ SEM-

EDS ◑ẋᵑ  ὡ  Ͽ⁄ ͌▀ ˭ Ṫ Ӈ‡ ▓Ѥ 

˦╙ ῼ ὡ ▓‴ѻ. (Fig.3.2.3(b)) Fe3O4╥ ᶴ˭ᵑ 10, 20, 30 

wt.%ᴛ ʻʻ Ҁᵙ ₄╙ ԅ C5T20 ὡ ⁄Ἄ 26.1dB at 

9.2GHz╥ ʺ◑ ꜜ╘ ḙỢ Ἰᾒ Ἓ╙ Ṓ⁴ל‴ѻ. 

(Fig.3.2.7) ᶴ˭╥ ‚╪ ּשʺ ⁄ ӻג ḙỢ Ἰᾒ peakѤ 

ϻ╘ ל ὡ ҍ⁵╖ᴛ ╪ҿ ₄╖Ϯ TiO2ᵑ ♣ ╙ ԅ₮ 

ᵡ ᴛ ╪ҿתּʺ Ѥ ‚ ▫ Ѥ ּת Ώ ѻ(<1GHz). 

ᾒ ╙ ᾎ▬ ᶔἌ Fe3O4╥ ‚╪ ѥ‡ϳὡᴜ ▫═ҵ 

₉Ữ ̆ג╪˦ פֿ ₄╖Ϯ, ᾒ ˺̓⁄Ἄ ╪ө╥ 

▫═╘ ˞╥ ˉ╘ ˃╙ Ϯ І╖ᶒ  ᾒὡ₮ 
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ὡṨṪ ᶛӎ 1╪ ╥ ͙ᵑ Ϯ Ͽ‡ diamagnetic 

material╥ Ἓ╙ Ṓ₄ѻ. ╪ױ  ˺̓ᵑ Ṗ ԅ ṕ 

⁷̯⁄Ἄ Ợ↔  magnetite(Fe3O4)Ѥ ὡ GHz ל ὡ 

ҍ⁵⁄Ἄ eddy current loss ᴛ ╬  snoekŚs limitᴛ ╬  

▫═╥ ˃╪ ˁἵ ₄╖ᶒ ♣◓╥ ‚⁄ ӻᵐ 

▫═╥ ṉ ҵ ˞╥ ▀‡Ϯּת Ώ╘ ˦╖ᴛ Ỹʻӈѻ. 

C5F20 ὡ ╥ ӎΖᵑ 2mm⁄Ἄ 1.5mm, 2.5mm₮ 

3mmᴛ ṉ ᵑ ל‴╙ ԅ ḙỢ Ἰᾒ╘ 1.5mm ӎΖ╥ 

ὡ ⁄Ἄ ʺ◑ ꜜ╘ Ἓ╙ Ϯ Ͽ‴ѻ. (Fig.3.2.8) 

ᵣ ὡתּ ╥ ӎΖ ṉ ⁄ ӻᵐ ▫═╘ C5 ḓ 

C5T10 ὡ ╥ ӎΖ ṉ ⁄ ӻᵐ ┬♣═╥ ṉ  

˿ Ἓ̓ ᵡ ᴛ ʺ◑ ꜜ╘ ḙỢ Ἰᾒ╙ Ϯתּʺ ϿѤ 

ὡ ╥ ӎΖ⁄Ἄ ▫═ҵ ʺ◑ и╘ ˃╙ Ϯ Ͽ‴ѻ. 

ᾏ (10)╥ quarter-wavelength theory ⁄ ӻג matching 

frequencyѤ ὡ ╥ ӎΖ₮ ḙẋᴗ ́̕⁄ ▓╛╙ 
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C5T20 ὡ ╥ ӎΖ⁄ ҍ  matching frequency ᵑ 

plotting ╖ᴛᾬ ͎ ́̕ᵑ ◓ ╬ ₄ѻ. (Fig.3.2.9) 

C5 (2mm) ὡ ₮ C5F20 (1.5mm) ὡ ╥ 

ᵡ╪ ᴛ  ὡ ѫᴏ Ἓ╙ ẋ̪ Ṓᶔ C5 (2mm) 

ὡ Ѥ 24.4dB at 9.5GHzŋ  Ϯ ϿѤ ḙᶔ, C5F20 

(1.5mm) ὡ Ѥ 34.6dB at 13.1GHzŋ  Ϯ Ͽ‴ѻ. 

(Fig.3.2.10) CNT⁄ Fe3O4ᵑ ♣ ⁴ ὡ ╥ ӎΖᵑ 

ⱳ♥ ╖ᴛᾬ ᵡ╪ ᴛ  ὡ ѫᴏ╘ ּשʺ ₄̆ 

matching  frequencyѤ 3.6GHz и╘ ל ὡ ҍ⁵╖ᴛ 

╪ҿ ₄ѻ. ▫═╙ ẋ̪  Ṓᶔ C5F20 (1.5mm) 

ὡ ʺ җ и╘ ▫═╙ Ϯ ϿѤ ˦╙ Ṗ ὡ ▓ѻ. 

Fe3O4╥ ♣ ḓ ὡ  ӎΖ╥ ⱳ♥ᴛ ╬  ╪₮ ˉ╘ 

▫═╥ Ữᾍ╘ ▫͙ ᾡ͏▫╥ ֿבҿ ֞Ѥ ♣╖ᴛ ╬  

⁄Ўּת Ἰᾒ╪ ּשʺ ₄ѻѤ ˦╙ ╥Ḉ ᶒ ḙỢ Ἰᾒ 

Ἓ╥ Ữ╙ ʺⱨ₡Ѥ ∟╬╪ג Ѿӈѻ. 
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Figure 3.2.1  Sol-gel method ᵑ ╪↔ ẋר ⁴  C5T5 ὡ  

(a) SEM ╪Ḉּת, (b) TEM ╪Ḉּת, (c) grinding method ᵑ 

╪↔ ẋר ⁴  C5T5 ὡ  SEM ╪Ḉּת 

  

5 0  n m5 0  n m

(a) (b) 

(c) 
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Figure 3.2.2  Sol-gel method ₮ grinding method ᵑ ╪↔ ⁴ 

ẋר  C5T5 ὡ ╥ ḙỢ Ἰᾒ ͎מ  
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Figure 3.2.3 SEM-EDS ♬ ╪Ḉּת : (a) C5T10 ὡ ,      

(b) C5F20 ὡ   

(a) (b) 


