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ǫ ɵŭȎȍȗŰŭ ŮȇɵȉȓȊŭűȇȈǿ ůȎȃŭŰȀŭ ůȈɵȍȋǿȆȅȈů Űűȍ ǩȎȃŭŰűǿȎȇȍ 

ǶůȑȋȍȉȍȃȀŭȏ Ȉŭȇ ǳȍȉȐȊůȎȘȋ űȅȏ ǵȑȍȉǿȏ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ űȍȐ ǩȆȋȇȈȍȗ 

ǯůűŰȖȂȇȍȐ ǳȍȉȐűůȑȋůȀȍȐ ȐɵȖ űȅȋ ůɵȀȂȉůȒȅ űȅȏ ǧȋŭɵȉȅȎȘűȎȇŭȏ ǭŭȆȅȃǿűȎȇŭȏ 

ǵűŭȊŭűȀȋŭȏ ǰ. ǨȍȐȃȇȍȗȈŭ Ȉŭűǽ űȍ ŮȇǽŰűȅȊŭ 2021-2022. ǧȋűȇȈůȀȊůȋȍ űȅȏ 

ůȎȃŭŰȀŭȏ ŭɵȍűǾȉůŰů ȅ ȊůȉǾűȅ űȍȐ ǩɵȀ ǶȖɵȍȐ ǳȍȉȐȊůȎȇŰȊȍȗ ǲȐȎȀŭȏ ð 

ŬȍȎȊŭȉŮůȁŮȅȏ Ȋů ŰűȖȑȍ űȅȋ ŭȋǽɵűȐȌȅ ɵȍȉȐȊůȎȇȈȘȋ ŰȐŰűȅȊǽűȓȋ ůȃȈȉůȇŰȊȍȗ 

ȐȃȎȍȗ ȉȇɵŭȋűȇȈȍȗ ȊǾŰȍȐ ȘŰűů ȋŭ ůȋűŭȑȆȍȗȋ Űů ŰȐŰűǿȊŭűŭ ɵȍȐ Ȇŭ ɵȎȍŰŮȘŰȍȐȋ 

ȇŮȇȖűȅűůȏ ŭȐűȍȉȀɵŭȋŰȅȏ (self- lubricating  systems). ǳŭȎǽ űŭ ŮůŮȍȊǾȋŭ 

ɵȎȍȂȉǿȊŭűŭ ɵȍȐ ɵȎȍȈȉǿȆȅȈŭȋ ȉȖȃȓ űȅȏ ɵŭȋŮȅȊȀŭȏ űȍȐ ȈȍȎȍȋȍȇȍȗ, űŭ 

ůȎȃŭŰűȅȎȇŭȈǽ ɵůȇȎǽȊŭűŭ ŮȇůȌǽȑȆȅȈŭȋ Ȋů ŲȐŰȇȈǿ ɵŭȎȍȐŰȀŭ, Ȉŭȇ ȅ ůȎȃŭŰȀŭ 

ȍȉȍȈȉȅȎȘȆȅȈů Ȋů ůɵȇűȐȑȀŭ ŰȅȊŭűȍŮȍűȘȋűŭȏ űȍ űǾȉȍȏ űȅȏ ŲȍȀűȅŰȅȏ ȊȍȐ Űűȅ 

ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ űȍȐ ǩǯǳ. ǧɵȖ ɵȉůȐȎǽȏ ȊȍȐ Ȇŭ ǿȆůȉŭ ȋŭ 

ůȐȑŭȎȇŰűǿŰȓ ȍȎȇŰȊǾȋȍȐȏ ŭȋȆȎȘɵȍȐȏ űȓȋ ȍɵȍȀȓȋ ȅ ȂȍǿȆůȇŭ Ȉŭȇ ȅ ȐɵȍŰűǿȎȇȌȅ 

ǿűŭȋ ŭȊǾȎȇŰűȅȏ ŰȅȊŭŰȀŭȏ Űűȅȋ ȍȉȍȈȉǿȎȓŰȅȏ űȅȏ ŮȇɵȉȓȊŭűȇȈǿȏ ȊȍȐ ůȎȃŭŰȀŭȏ 

ŭȐűȖȋ űȍ ȑȎȖȋȍ. 

ǧȎȑȇȈǽ Ȇŭ ǿȆůȉŭ ȋŭ ůȐȑŭȎȇŰűǿŰȓ űȅȋ ǧȋŭɵȉȅȎȘűȎȇŭ ǭŭȆȅȃǿűȎȇŭ Ȉŭȇ 

ůɵȇȂȉǾɵȍȐŰŭ űȅȏ ůȎȃŭŰȀŭȏ ȊȍȐ Ȉŭ ǵűŭȊŭűȀȋŭ ǰ. ǨȍȐȃȇȍȗȈŭ ȃȇŭ űȅȋ ůȐȈŭȇȎȀŭ ɵȍȐ 

ȊȍȐ ǾŮȓŰů ȋŭ ȊůȉůűǿŰȓ Ǿȋŭ ůȋŮȇŭŲǾȎȍȋ Ȉŭȇ ȈŭȇȋȍűȖȊȍ ȆǾȊŭ ȈŭȆȘȏ Ȉŭȇ ȋŭ ȃȀȋȓ 

ȊǾȉȍȏ űȅȏ ȍȊǽŮŭȏ űȍȐ ůȎȃŭŰűȅȎȀȍȐ ǶůȑȋȍȉȍȃȀŭȏ Ȉŭȇ ǳȍȉȐȊůȎȘȋ. ǲ űȎȖɵȍȏ 

ŮȇŮŭŰȈŭȉȀŭȏ űȅȏ Ȉŭȇ ȅ ȃůȋȇȈǿ űȅȏ ɵŭȎȍȐŰȀŭ Űűŭ ȊŭȆǿȊŭűŭ űŭ ȍɵȍȀŭ ůŰűȀŭȄŭȋ 

Űűŭ ɵȍȉȐȊůȎǿ, ŭɵȖ űȍ ɵȎȘűȍ ȊǽȆȅȊŭ ôõǯȅȑŭȋȇȈǿ ǳȍȉȐȊůȎȘȋõõ Űűȍ ǾȈűȍ 

ůȌǽȊȅȋȍ űȅȏ Űȑȍȉǿȏ ȊǾȑȎȇ Ȉŭȇ ŭȐűǽ űȅȏ ȈŭűůȗȆȐȋŰȅȏ, Ȉŭȇ ȍȇ ȃȋȘŰůȇȏ űȅȏ ůȀȋŭȇ 

ŭɵȖ űȍȐȏ ȉȖȃȍȐȏ ɵȍȐ ůɵǾȉůȌŭ ȋŭ ŭɵůȐȆȐȋȆȘ Űů ůȈůȀȋȅ ȃȇŭ űȅȋ ŭȋǽȉȅȒȅ ȆǾȊŭűȍȏ 

ŮȇɵȉȓȊŭűȇȈǿȏ ůȎȃŭŰȀŭȏ.  

ǵűȅ ŰȐȋǾȑůȇŭ Ȇŭ ǿȆůȉŭ ȋŭ ůȐȑŭȎȇŰűǿŰȓ ȆůȎȊǽ űȍȋ ȐɵȍȒǿŲȇȍ ŮȇŮǽȈűȍȎŭ 

ǸȎǿŰűȍ ǪȓűȇǽŮȅ ȃȇŭ űȍȋ ȈŭȆȍȎȇŰűȇȈȖ űȍȐ ȎȖȉȍ Űűȅȋ ůȈɵȖȋȅŰȅ űȅȏ ůȎȃŭŰȀŭȏ. ǫ 

ȂȍǿȆůȇŭ Ȉŭȇ ȅ ȐɵȍŰűǿȎȇȌȅ űȍȐ, űȖŰȍ Űűȅȋ ŮȇůȌŭȃȓȃǿ űȓȋ ůȎȃŭŰűȅȎȇŭȈȘȋ 

ɵůȇȎŭȊǽűȓȋ ȖŰȍ Ȉŭȇ Űűȅȋ ŰȐȃȃȎŭŲǿ ůȀȑŭȋ ȈŭűŭȉȐűȇȈǿ ŰȐȊȂȍȉǿ Űűȅȋ 

ȍȉȍȈȉǿȎȓŰȅ űȅȏ ŮȇɵȉȓȊŭűȇȈǿȏ ȊȍȐ ůȎȃŭŰȀŭȏ.  
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ǩɵȀŰȅȏ Ȇŭ ǿȆůȉŭ ȋŭ ŭɵȍŮȘŰȓ ůȐȑŭȎȇŰűȀůȏ ŰűȍȐȏ çȎ. çȅȊǿűȎȅ ǭȍȎȎǾ, Ȉŭȇ 

çȎ. ǧȆŭȋǽŰȇȍ ǳȍȎŲȗȎȅ ȈŭȆȘȏ Ȉŭȇ űȍȐȏ ȐɵȍȒǿŲȇȍȐȏ ŮȇŮǽȈűȍȎůȏ ǧȃȃůȉȇȈǿ 

ǯȐűŭȎǽ, ǭȓȋŰűŭȋűȀȋŭ ǸȎȍȋǽȈȅ, ǸȎȇŰűȀȋŭ ŪȈȍȐȋűǾȉŭ Ȉŭȇ ǸȎǿŰűȍ 

ǳŭȋŭȃȇȓűȖɵȍȐȉȍ ȃȇŭ űȅȋ ȂȍǿȆůȇŭ ɵȍȐ ȊȍȐ ɵŭȎůȀȑŭȋ Ȗɵȍűů ȐɵǿȎȌů ŭȋǽȃȈȅ Ȉŭȇ 

Űűȍȋ ȎȖȉȍ űȍȐȏ ȘŰűů Űűȍȋ ȑȘȎȍ űȍȐ ůȎȃŭŰűȅȎȀȍȐ ȋŭ ŮȅȊȇȍȐȎȃůȀűŭȇ ȈǽȆů ȊǾȎŭ 

Ǿȋŭ ŲȇȉȇȈȖ Ȉŭȇ ůȐȑǽȎȇŰűȍ ȈȉȀȊŭ ŰȐȋůȎȃŭŰȀŭȏ. ǩɵȇɵȉǾȍȋ Ȇŭ ǿȆůȉŭ ȋŭ 

ůȐȑŭȎȇŰűǿŰȓ űȍȋ ŪůȎǽŰȇȊȍ ǭŭɵǽűȍ, űȍȋ ǧȋŭŰűǽŰȅ ǨŭŰȇȉůȇǽŮȅ, űȅȋ çȇȍȋȐŰȀŭ 

ǭȍȐȎǽȋȍȐ Ȉŭȇ űȅȋ ǟȋȋŭ ǮŭȊɵȎȇȋǽȈȍȐ, ȍȇ ȍɵȍȀȍȇ űȍ ȀŮȇȍ ȑȎȍȋȇȈȖ ŮȇǽŰűȅȊŭ 

ɵȎŭȃȊŭűȍɵȍȀȅŰŭȋ űȅȋ ůȈɵȖȋȅŰȅ űȓȋ ŮȇɵȉȓȊŭűȇȈȘȋ űȍȐȏ ůȎȃŭŰȇȘȋ Űűȍ 

ůȎȃŭŰűǿȎȇȍ, ȃȇŭ Ȗȉȅ űȅȋ ŰȐȋŭȋŭŰűȎȍŲǿ Ȋŭȏ, ȃȇŭ Ȗȉůȏ űȇȏ ŰȐȊȂȍȐȉǾȏ űȍȐȏ, ȃȇŭ 

ȈǽȆů ȍȉȇȃȖȉůɵűȅ ŰȐȄǿűȅŰȅ ɵȍȐ ůȀȑŭȊů, ůȀűů ȃȇŭ Ȉǽɵȍȇȍ ůɵȇŰűȅȊȍȋȇȈȖ ȆǾȊŭ ǿ ȃȇŭ 

ȍűȇŮǿɵȍűů ǽȉȉȍ, Ȉŭȇ ȃȇŭ űȅȋ ůȌŭȇȎůűȇȈǿ ŰȐȋȗɵŭȎȌȅ ɵȍȐ ůȀȑŭȊů ȈŭȆõ Ȗȉȅ űȅȋ 

ŮȇǽȎȈůȇŭ űȅȏ ɵŭȎȍȐŰȀŭȏ Ȋŭȏ Űűȍ ůȎȃŭŰűǿȎȇȍ.  

ǶǾȉȍȏ, Ȇŭ ǿȆůȉŭ ȋŭ ůȐȑŭȎȇŰűǿŰȓ űŭ ȊǾȉȅ űȅȏ ȍȇȈȍȃǾȋůȇŭȏ ȊȍȐ, űȍȐȏ 

ŲȀȉȍȐȏ ȊȍȐ Ȉŭȇ űȅȋ ȈȍɵǾȉŭ ȊȍȐ, ȃȇŭ űȅȋ ȊǾȃȇŰűȅ ȐɵȍŰűǿȎȇȌȅ űȍȐȏ ŭɵȖ űȅȋ ŭȎȑǿȏ 

űȅȏ ɵȎȍŰɵǽȆůȇŭȏ ȊȍȐ ȊǾȑȎȇ űȅȋ ȍȉȍȈȉǿȎȓŰȅ űȅȏ. 

 

ǸŭȎǽȉŭȊɵȍȏ ǯɵȖűŰŭȏ 

ǧȆǿȋŭ 2022 
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ǳůȎȀȉȅȒȅ 

 

ǫ ŭȋǽɵűȐȌȅ űȅȏ ŭȐűȍȉȀɵŭȋŰȅȏ Ȉŭȇ ȅ ůŮȎŭȀȓŰȅ űȅȏ ȓȏ ȂůȉűȇŰűȍɵȍȇȅȊǾȋȅ 

ȊǾȆȍŮȍȏ  ȉȀɵŭȋŰȅȏ Űů ɵȍȇȈȀȉůȏ ůŲŭȎȊȍȃǾȏ ŭɵȍűůȉůȀ ŲŭȇȋȖȊůȋȍ űȓȋ űůȉůȐűŭȀȓȋ 

ůűȘȋ Űů ɵŭȃȈȖŰȊȇŭ ȈȉȀȊŭȈŭ ȉȖȃȓ űȓȋ ŭȌȇȍŰȅȊůȀȓűȓȋ ŭɵȓȉůȇȘȋ ůȋǾȎȃůȇŭȏ ȍȇ 

ȍɵȍȀůȏ ȍŲůȀȉȍȋűŭȇ Űűȅȋ űȎȇȂǿ. ǯů űȅȋ ůȋŰȓȊǽűȓŰȅ ůȋȖȏ ȊȅȑŭȋȇŰȊȍȗ 
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ŰȐȋűǿȎȅŰȅ ǿ Ȉŭȇ ŭȋŭȋǾȓŰȅ. ǵűȖȑȍȏ űȅȏ ɵŭȎȍȗŰŭȏ ŮȇɵȉȓȊŭűȇȈǿȏ ůȎȃŭŰȀŭȏ ůȀȋŭȇ 
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ůȋŰȓȊǽűȓŰȅ űȍȐȏ Űů ůɵȇȈŭȉȗȒůȇȏ, ȍȇ ȍɵȍȀůȏ Ȇŭ ɵȎȍŰŮȀŮȍȐȋ Űűŭ ŰȐŰűǿȊŭűŭ 

ȇŮȇȖűȅűůȏ ŭȐűȍȉȀɵŭȋŰȅȏ.  

ǯǾŰȓ ȊȀŭȏ ŰůȇȎǽȏ ɵůȇȎŭȊǽűȓȋ ɵȍȐ ůȈɵȍȋǿȆȅȈŭȋ ŮȇůȎůȐȋȘȋűŭȇ ȍȇ 

ȂǾȉűȇŰűůȏ ŰȐȋȆǿȈůȏ ȐɵȖ űȇȏ ȍɵȍȀůȏ ȍȇ ȊȇȈȎȍȈǽȒȍȐȉůȏ Ȇŭ ŮȇŭȆǾűȍȐȋ űȅȋ 

Ȉŭűǽȉȉȅȉȅ ȊȍȎŲȍȉȍȃȀŭ Ȉŭȇ űȇȏ Ȉŭűǽȉȉȅȉůȏ ȆůȎȊȇȈǾȏ  ȇŮȇȖűȅűůȏ ȘŰűů ȋŭ ȊɵȍȎȍȗȋ 

ȋŭ ŭȋŭɵűȐȑȆȍȗȋ ȍȇ ůɵȇȈŭȉȗȒůȇȏ. ǫ ɵŭȎŭȃȓȃǿ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ 

ɵȍȉȐ(ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ) ɵȎŭȃȊŭűȍɵȍȇǿȆȅȈů ȊǾŰȓ űȅȏ űůȑȋȇȈǿȏ űȍȐ ůɵȀ 

űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ ůȋȖȏ ŰűŭŮȀȍȐ (one step in situ polymerization ) Ȉŭȇ ȅ ɵȎȘűȅ 

ɵŭȎǽȊůűȎȍȏ ɵȍȐ ȊůȉůűǿȆȅȈů ǿűŭȋ ȅ ůɵȀŮȎŭŰȅ űȍȐ ȎȐȆȊȍȗ ŭȋǽŮůȐŰȅȏ űȍȐ 

ȃŭȉŭȈűȘȊŭűȍȏ Űűȇȏ űůȉȇȈǾȏ ȇŮȇȖűȅűůȏ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ. Ūȇŭ űȍ ɵȇȍ ŭɵȍŮȍűȇȈȖ 

ŭɵȖ űŭ ɵůȇȎǽȊŭűŭ ŭȐűǽ ůȉǾȃȑȆȅȈů ȅ ůɵŭȋŭȉȅȒȇȊȖűȅűŭ űȍȐ, ȑȓȎȀȏ ȖȊȓȏ űŭ 

ŭɵȍűůȉǾŰȊŭűŭ ȋŭ ůȀȋŭȇ ȇȈŭȋȍɵȍȇȅűȇȈǽ. ǵűȅ ŰȐȋǾȑůȇŭ, ȊůȉůűǿȆȅȈŭȋ ȍȇ 

ɵůȇȎŭȊŭűȇȈǾȏ ŰȐȋȆǿȈůȏ ȂǾȉűȇŰűȍȐ ɵůȇȎǽȊŭűȍȏ ɵȎȍȅȃȍȗȊůȋȅȏ ŮȇɵȉȓȊŭűȇȈǿȏ 

ůȎȃŭŰȀŭȏ, ɵǽȋȓ Űűȍ ŰȗŰűȅȊŭ ɵȍȉȐ(ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ) ð ůɵȍȌůȇŮȇȈǿȏ 

ȎȅűȀȋȅȏ. ǵȈȍɵȖȏ ǿűŭȋ ȅ ŮȇůȎůȗȋȅŰȅ űȅȏ ůɵŭȋŭȉȅȒȇȊȖűȅűŭȏ űȅȏ ŮȇůȎȃŭŰȀŭȏ űȍȐ 

ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ Űů ŰȐȃȈůȈȎȇȊǾȋůȏ ɵůȇȎŭȊŭűȇȈǾȏ ŰȐȋȆǿȈůȏ ȃȇŭ Ǿȋŭ 

ŰȗŰűȅȊŭ űȍ ȍɵȍȀȍ Ǿȑůȇ ȊůȉůűȅȆůȀ ɵȍȉȗ ɵȇȍ ŭȋŭȉȐűȇȈǽ ŭɵȖ űȅȋ ȍȊǽŮŭ űȍȐ 

ǩȎȃŭŰűȅȎȀȍȐ. Ƕŭ ŭɵȍűůȉǾŰȊŭűŭ űȍȐ ȂǾȉűȇŰűȍȐ ɵůȇȎǽȊŭűȍȏ ůɵŭȋŭȉǿŲȆȅȈŭȋ Ȋů 

ůɵȇűȐȑȀŭ ȊǾŰȓ Ȋȇŭȏ ŰůȇȎǽȏ ůɵŭȋŭȉȅɵűȇȈȘȋ ɵůȇȎŭȊǽűȓȋ. ǯǾŰŭ ŭɵȖ ŭȐűǿ űȅ 

ŮȇŭŮȇȈŭŰȀŭ ůɵȇŰȅȊǽȋȆȅȈů ȅ ŰȅȊŭŰȀŭ űȍȐ pH űȍȐ ŰȐŰűǿȊŭűȍȏ Ȉŭűǽ űȅ ŮȇǽȎȈůȇŭ 

űȅȏ ŭȋűȀŮȎŭŰȅȏ űȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ Ȉŭȇ ȅ ŰȓŰűǿ ȎȗȆȊȇŰȅ űȍȐ. ǶǾȉȍȏ, ǾȉŭȂŭȋ 
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ȑȘȎŭ ɵůȇȎǽȊŭűŭ ȐɵȖ űȇȏ ɵůȇȎŭȊŭűȇȈǾȏ ŰȐȋȆǿȈůȏ ɵȍȐ ȈŭȆȍȎȀŰűȅȈŭȋ Ȋů ȂǽŰȅ űȍ 

ɵȎȍȅȃȍȗȊůȋȍ ŰȗŰűȅȊŭ, Ȉŭȇ ȊůȉůűǿȆȅȈů ȅ ůɵȀŮȎŭŰȅ űȍȐ ȉȖȃȍȐ ɵȍŰȍűǿűȓȋ űȍȐ 

ȐȉȇȈȍȗ űȍȐ ɵȐȎǿȋŭ ɵȎȍȏ  űȍ ȐȉȇȈȖ űȍȐ ȈůȉȗŲȍȐȏ (Core : Wall mass ratio) Űűȇȏ 

űůȉȇȈǾȏ ȇŮȇȖűȅűůȏ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ. Ūȇŭ űȍȋ ȑŭȎŭȈűȅȎȇŰȊȖ űȓȋ 

ȊȇȈȎȍȈŭȒȍȐȉȘȋ Ǿȃȇȋů ȑȎǿŰȅ űȓȋ ȊůȆȖŮȓȋ ȍɵűȇȈǿȏ ȊȇȈȎȍŰȈȍɵȀŭȏ, 

ȅȉůȈűȎȍȋȇŭȈǿȏ ȊȇȈȎȍŰȈȍɵȀŭȏ ŰǽȎȓŰȅȏ,  ŭȋǽȉȐŰȅȏ ȊůȃǾȆȍȐȏ ŰȓȊŭűȇŮȀȓȋ Ȋů 

ŰȈǾŮŭŰȅ laser, ȆůȎȊȍŰűŭȆȊȇȈǿȏ ŭȋǽȉȐŰȅȏ, ŲŭŰȊŭűȍŰȈȍɵȀŭȏ ȐɵůȎȗȆȎȍȐ Ȋů 

ȊůűŭŰȑȅȊŭűȇŰȊȖ Fourier Ȉŭȇ ŭɵȖŮȍŰȅȏ ůȃȈȉůȇŰȊȍȗ űȅȏ ȎȅűȀȋȅȏ.  

ǲ ůȃȈȉůȇŰȊȖȏ ȉȇɵŭȋűȇȈȍȗ ůȉŭȀȍȐ Űűȍ ůŰȓűůȎȇȈȖ ȊȇȈȎȍȈŭȒȍȐȉȘȋ 

ɵȍȉȐ(ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ) ȈȎȀȋůűŭȇ  ůɵȇűȐȑȅȊǾȋȍȏ. Ƕŭ ŭɵȍűůȉǾŰȊŭűŭ űȍȐ 

ɵůȇȎǽȊŭűȍȏ Űűȍ ȍɵȍȀȍ ȍ ȎȐȆȊȖȏ ŭȋǽŮůȐŰȅȏ ȍȎȀŰűȅȈů Űűȇȏ 800 ɵůȎȇŰűȎȍŲǾȏ űȍ 

ȉůɵűȖ, ǿűŭȋ ůȋȆŭȎȎȐȋűȇȈǽ. Ƕȍ ȊǾŰȍ ȊǾȃůȆȍȏ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ 

ɵȎȍŰŮȇȍȎȀŰűȅȈů Űűŭ 56.6 Ȋm, Ȉŭȇ ůɵůűůȗȑȆȅ ŭɵȖŮȍŰȅ ůȃȈȉůȇŰȊȍȗ Űů ɵȍŰȍŰűȖ 

79%.  ǩɵȀŰȅȏ űȍ ŰȐȃȈůȈȎȇȊǾȋȍ  ɵůȀȎŭȊŭ ŭɵǾŮȓŰů Ȋȇŭ ǽȈȎȓȏ ůȋȆŭȎȎȐȋűȇȈǿ 

ůȇȈȖȋŭ Űűȍ ȊȇȈȎȍŰȈȖɵȇȍ ȅȉůȈűȎȍȋȇŭȈǿȏ ŰǽȎȓŰȅȏ, ůȋȘ ŮȇǾȆůűů Ȉŭȇ űȅȋ 

Ȉŭűǽȉȉȅȉȅ ȆůȎȊȇȈǿ ŭȋűȍȑǿ, Ȋů ŭȗȌȅŰȅ űȅȏ ȆůȎȊȍȈȎŭŰȀŭȏ ŭɵȍȇȈȍŮȖȊȅŰȅȏ űȍȐ 

ȈůȉȗŲȍȐȏ ŰȐȃȈȎȇűȇȈǽ Ȋů űȍ ɵŭȎȆǾȋȍ ŮůȀȃȊŭ ɵȍȉȐ(ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ) ŭɵȖ 

TdPUF = 267oC Űů TdShell = 322  oC, ȘŰűů ȋŭ ɵȎȍŰűŭűůȗůűŭȇ űȍ ȐȉȇȈȖ űȍȐ ɵȐȎǿȋŭ. 

ǵů Ȗȉŭ űŭ ɵůȇȎǽȊŭűŭ ɵŭȎŭűȅȎǿȆȅȈŭȋ ȍȉȇȃȍȊůȎǿ ɵȍȉȐ(ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ) 

Űűȍ ŮůȀȃȊŭ, ȅ ɵŭȎȍȐŰȀŭ űȓȋ ȍɵȍȀȓȋ ůɵȅȎǾŭŰů űȇȏ ȇŮȇȖűȅűůȏ űȓȋ 

ȊȇȈȎȍȈŭȒȍȐȉȘȋ. 

 

ǮǾȌůȇȏ ȈȉůȇŮȇǽ: ǧȐűȍȉȀɵŭȋŰȅ, ǩɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȖȏ, ǯȇȈȎȍȈǽȒȍȐȉůȏ, 

ǳȍȉȐ(ȍȐȎȀŭ-ŲȍȎȊŭȉŮůȁŮȅ), ǮȇɵŭȋűȇȈȖ Ǿȉŭȇȍ, ǩɵȍȌůȇŮȇȈǿ ȎȅűȀȋȅ, ǧȐűȍǦŭŰȅ.     
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Abstract  

 

Taking into account that a large amount  of worldwide energy consumption 

can be attributed to friction losses, it is imperative th at the process of lubrication 

is optimized. Self- lubrication stands out as the most prominent way to achieve 

this. Introducing  a self- lubricating mechanism in a funct ioning system successfully 

decreases the friction coefficient and minimizes friction  loss, while the total cost 

of operation diminishes due to reduced maintenance requirements. The aim of 

this study is the development of poly(urea -formaldehyde) (PUF) microcapsules 

containing lubricant oil for self - lubricating purposes.  

The microcapsules were produced via one step in situ polymerization . The 

effects of process parameters were studied systematically in order to determine 

their effect on  microcapsulesõ properties. The microencapsulation process of core 

material and microcapsule morphology were observed using Optical Microscopy 

(OM) and Scanning Electron Microscopy (SEM). The microcapsulesõ chemical 

structure was characterized using Fourier-transform infrared spectroscopy (FTIR) 

and their thermal properties were investigated using thermogravimetric analysis 

(TGA). Encapsulation efficiency (E.E.) was determined by extracting method using 

hexane as extracting solvent. The first parameter examined was the agitation rate 

while retaining a steady core to wall mass ratio. Experiments on self-healing 

diglycidyl ether bisphenol A (DGEBA) epoxy resin loaded poly(urea-formaldehyde) 

microcapsules were carried out  in an effort to ascertain the relationships between 

experimental conditions and microcapsule properties. During these experiments 

the acidic conditions during the polymerization reaction  and proper pH 

adjustment stood out as an important factor of the encapsulation pro cess. Then 

the core to  wall mass ratioõs effect while under stable agitation rate was 

investigated.  

The results indicate that PUF containing microcapsules were synthesized 

successfully and conditions such as agitation rate and core to  wall mass ratio 

strongly affect their final size, encapsulation efficiency and thermal properties. 

Under agitation rate set at 800 rpm, the mean diameter of the resulting 
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microcapsules was determined to be 56.6 Ȋm. Also the microcapsules exhibited 

great thermal stability as t he core material was adequately protected from the 

rising temperature , and the lubricant oil was encapsulated at 79% efficiency. 

Agglomerated PUF nanoparticles were observed in the emulsion and on the rough 

outer surface of the microcapsules regardless of different experimental conditions . 

These particles affected the final microcapsule properties.  

Keywords:  Self- lubrication, Poly(urea-formaldehyde) (PUF), lubricant oil loaded 

microcapsules, In situ polymerization, Self-healing. 

 

 

 

 

 

 

 



çȇɵȉȓȊŭűȇȈǿ ǩȎȃŭŰȀŭ ǸŭȎǽȉŭȊɵȍȏ-ǳŭȋŭȃȇȘűȅȏ ǯɵȖűŰŭȏ 

ǭůŲǽȉŭȇȍ 1: ǧȐűȍȉȀɵŭȋŰȅ. 
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ǭůŲǽȉŭȇȍ 1: ǧȐűȍ-ȉȀɵŭȋŰȅ 

 

1.1. ǩȇŰŭȃȓȃǿ 

ǵűȅ ŰȅȊůȎȇȋǿ ůɵȍȑǿ Ȋůȃǽȉȍ ȊǾȎȍȏ űȅȏ ȂȇȍȊȅȑŭȋȀŭȏ, űȓȋ ɵȍȉȐůȆȋȇȈȘȋ ȈȍȉȍŰŰȘȋ 

Ȉŭȇ űȓȋ ȀŮȇȓȋ űȓȋ ȈȎŭűȘȋ ŰűȎǾŲȍȐȋ űȍ ůȋŮȇŭŲǾȎȍȋ űȍȐȏ ɵȇȍ ůȊɵůȎȇŰűŭűȓȊǾȋŭ 

Űűȍ ȄǿűȅȊŭ űȅȏ ȈŭűŭȋǽȉȓŰȅȏ ůȋǾȎȃůȇŭȏ. ǲȇ ȉȖȃȍȇ ůȀȋŭȇ ȈȐȎȀȓȏ ȍȇȈȍȋȍȊȇȈȍȀ, 

ȑȓȎȀȏ ŲȐŰȇȈǽ ȋŭ ŭȃȋȍůȀűŭȇ Ȉŭȇ űȍ ɵůȎȇȂŭȉȉȍȋűȍȉȍȃȇȈȖ ŭȋűȀȈűȐɵȍ űȍȐ 

ŲŭȇȋȍȊǾȋȍȐ. ǩȋǾȎȃůȇŭ ȈŭűŭȋŭȉȘȋůűŭȇ ȑȓȎȀȏ ŲůȇŮȘ, ɵȉǾȍȋ Ȉŭȇ ȃȇŭ űȇȏ ɵȇȍ ŭɵȉǾȏ 

ŮȇŭŮȇȈŭŰȀůȏ, Ȋů űŭ ɵȍŰȍŰűǽ  űȓȋ ŭɵȍȆůȊǽűȓȋ űȓȋ ȍȎȐȈűȘȋ ɵȖȎȓȋ ȋŭ 

ůȉŭűűȘȋȍȋűŭȇ Ȋů Ǿȋűȍȋȍ ȎȐȆȊȖ. çȇŭȆǾűůȇ ůȌǾȑȍȐŰŭ ŰȅȊŭŰȀŭ űȍ ȃůȃȍȋȖȏ Ȗűȇ 

ŰȑůŮȖȋ űȍ Ǿȋŭ űǾűŭȎűȍ (23%) űȅȏ ɵŭȃȈȖŰȊȇŭȏ ůȋůȎȃůȇŭȈǿȏ ȈŭűŭȋǽȉȓŰȅȏ 

ȍŲůȀȉůűŭȇ Űů ŭɵȘȉůȇůȏ űȎȇȂǿȏ [1]. ǲ ȎȖȉȍȏ űȓȋ ȉȇɵŭȋűȇȈȘȋ ůȀȋŭȇ ȅ ŮȇůȈɵůȎŭȀȓŰȅ 

űȅȏ ȈȀȋȅŰȅȏ űȓȋ ŰűůȎůȘȋ ŰȓȊǽűȓȋ ȊǾŰȓ ůȉŭȑȇŰűȍɵȍȀȅŰȅȏ űȅȏ űȎȇȂǿȏ Ȉŭȇ űȅȏ 

ȈŭűŭɵȖȋȅŰȅȏ ŭȋǽȊůŰŭ Űűȇȏ Ůȗȍ ůɵȇŲǽȋůȇůȏ ɵȍȐ ŭȉȉȅȉůɵȇŮȎȍȗȋ Ȉŭűǽ ŭȐűǿ. 

ǧȋǽȉȍȃŭ Ȋů űȍ ŰȗŰűȅȊŭ ɵȍȐ ŭɵŭȇűůȀ ȉȀɵŭȋŰȅ, ȊɵȍȎůȀ ȋŭ ȃȀȋůȇ ȑȎǿŰȅ ŰűůȎůȘȋ ǿ 

ȐȃȎȘȋ ȉȇɵŭȋűȇȈȘȋ ȊǾŰȓȋ, űŭ ȍɵȍȀŭ ɵŭȎǽ űȅȋ ŰȑůűȇȈǿ ůɵȇűȐȑȀŭ űȍȐȏ 

ɵŭȎȍȐŰȇǽȄȍȐȋ Ȉǽɵȍȇŭ ŰȅȊŭȋűȇȈǽ ȊůȇȍȋůȈűǿȊŭűŭ. ǩȇŮȇȈȖűůȎŭ űŭ ȐȃȎǽ ȉȇɵŭȋűȇȈǽ 

ȊǾŰŭ ůȋȘ Űů ŭɵȉǾȏ ůŲŭȎȊȍȃǾȏ ɵŭȎǾȑȍȐȋ Ǿȋŭ ůɵȇȆȐȊȅűȖ ŭɵȍűǾȉůŰȊŭ, Űů ŭȈȎŭȀůȏ 

ɵůȎȇȂŭȉȉȍȋűȇȈǾȏ ŰȐȋȆǿȈůȏ Ȗɵȓȏ ɵȍȉȗ ȐȒȅȉǾȏ ǿ ɵȍȉȗ ȑŭȊȅȉǾȏ ȆůȎȊȍȈȎŭŰȀůȏ, 

ŰȐȋȆǿȈůȏ Ȉůȋȍȗ ǿ ŰȐȋȆǿȈůȏ ɵȍȉȗ ȐȒȅȉǿȏ ɵȀůŰȅȏ, ŭȈűȇȋȍȂȍȉȀŭ, Ůůȋ 

ŭȋűŭɵȍȈȎȀȋȍȋűŭȇ Ȋů űȍȋ ȀŮȇȍ ůɵȇűȐȑȅȊǾȋȍ űȎȖɵȍ. Ūȇŭ űŭ ŰűůȎůǽ ȉȇɵŭȋűȇȈǽ 

ȊůȎȇȈǽ ŭɵȖ űŭ ȈȗȎȇŭ űȍȐȏ ȊůȇȍȋůȈűǿȊŭűŭ ůȀȋŭȇ ȅ ȑŭȊȅȉǿ űȍȐȏ ȆůȎȊȇȈǿ 

ŭȃȓȃȇȊȖűȅűŭ, ȅ ȊůűŭȂŭȉȉȖȊůȋȅ ŰűŭȆůȎǽ űȎȇȂǿȏ ɵȍȐ ɵŭȎŭűȅȎůȀűŭȇ Űů ɵȍȇȈȀȉůȏ 

ůŲŭȎȊȍȃǾȏ űȍȐȏ ȈŭȆȘȏ Ȉŭȇ ȅ ȃȎȅȃȍȎȖűůȎȅ Űů ŰȑǾŰȅ Ȋů ǽȉȉŭ ȐȉȇȈǽ, ŰűŭŮȇŭȈǿ 

űȍȐȏ ȐɵȍȂǽȆȊȇŰȅ, ůȋȘ ŰȐȑȋǽ ůȊŲŭȋȀȄȍȋűŭȇ Ȉŭȇ ɵȎȍȂȉǿȊŭűŭ ŰȑůűȇȄȖȊůȋŭ Ȋů 

ȍȌůȀŮȓŰȅ ǿ ŭȉȉŭȃǾȏ Űűȅȋ ȑȅȊȇȈǿ ŮȍȊǿ. ǣȊȓȏ űȍ ɵȇȍ ŰȅȊŭȋűȇȈȖ ůȊɵȖŮȇȍ Űűȅȋ 

ȑȎǿŰȅ űȓȋ ŰűůȎůȘȋ ȉȇɵŭȋűȇȈȘȋ (ȈȐȎȀȓȏ Űů Ȋůȃǽȉůȏ ȂȇȍȊȅȑŭȋȇȈǾȏ ůŲŭȎȊȍȃǾȏ) 

ůȀȋŭȇ ȅ ŮȐŰȈȍȉȀŭ ȋŭ ůȌŭŰŲŭȉȇŰűůȀ ȊȀŭ ŰűŭȆůȎǿ ɵŭȎȍȑǿ ŭȐűȘȋ Űűȍ ŰȅȊůȀȍ 

ŭȋǽȊůŰŭ Űűȇȏ Ůȗȍ ůɵȇŲǽȋůȇůȏ ɵȍȐ ůȊŲŭȋȀȄůűŭȇ ȅ űȎȇȂǿ. ǯů ŭȐűǽ űŭ ŮůŮȍȊǾȋŭ ȅ 

ůȗȎůŰȅ ȊȀŭȏ ȉȗŰȅȏ Űűȍ ɵȎȖȂȉȅȊŭ űȓȋ ŭɵȓȉůȇȘȋ űȎȇȂǿȏ Ȉŭȇ űȅȏ 

ŭȋŭɵȍűůȉůŰȊŭűȇȈȖűȅűŭȏ űȓȋ ŰȐȊȂŭűȇȈȘȋ ȉȇɵŭȋűȇȈȘȋ ȊǾŰȓȋ ŲŭȋűǽȄůȇ 
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ŭɵŭȎŭȀűȅűȅ. ǫ ȉȗŰȅ ŭȐűǿ ůȀȋŭȇ ȅ ŭȐűȍȉȀɵŭȋŰȅ, ȅ ȍɵȍȀŭ ůȎůȐȋǽűŭȇ, ȂůȉűȇȘȋůűŭȇ 

Ȉŭȇ ůŲŭȎȊȖȄůűŭȇ Ȗȉȍ Ȉŭȇ ɵůȎȇŰŰȖűůȎȍ Űűȅ ȂȇȍȊȅȑŭȋȀŭ.  

ǯů űȍȋ ȖȎȍ ŭȐűȍȉȀɵŭȋŰȅ ȍȎȀȄůűŭȇ ȅ ȇȈŭȋȖűȅűŭ ɵȍȐ Ǿȑůȇ Ǿȋŭ ŰȘȊŭ ȋŭ ɵŭȎǾȑůȇ 

ŭȐűȖȋȍȊŭ Ȉǽɵȍȇȍ ȉȇɵŭȋűȇȈȖ ȊǾŰȍ Ȋů ŰȈȍɵȖ űȅȋ ůȉŭȑȇŰűȍɵȍȀȅŰȅ űȍȐ ŰȐȋűůȉůŰűǿ 

űȎȇȂǿȏ  Ȉŭűǽ űȇȏ ůŲŭȎȊȍȃǾȏ űȍȐ, ȑȓȎȀȏ űȅȋ ɵŭȎůȊȂȍȉǿ ůȌȓűůȎȇȈȘȋ ɵŭȎŭȃȖȋűȓȋ. 

ǲȐŰȇŭŰűȇȈǽ ȅ ŭȋǽɵűȐȌȅ ůŲŭȎȊȍȃȘȋ Ȋů ȇŮȇȖűȅűůȏ ŭȐűȍȉȀɵŭȋŰȅȏ ŭɵȍűǾȉůŰů 

ȈŭȇȋȍűȍȊȀŭ Űűȍȋ ȑȘȎȍ űȅȏ ȂȇȍȊȅȑŭȋȀŭȏ ŭȉȉǽȄȍȋűŭȏ űŭ ȍȇȈȍȋȍȊȇȈǽ Ȉŭȇ 

ůȋůȎȃůȇŭȈǽ ŮůŮȍȊǾȋŭ. ǲ ŭȐűǽȎȈȅȏ ɵůȎȇȍȎȇŰȊȖȏ űȅȏ űȎȇȂǿȏ ɵȍȐ ŮȅȊȇȍȐȎȃůȀűŭȇ 

Ȉŭűǽ űȅȋ ůŲŭȎȊȍȃǿ Ȋȇŭȏ ŮȇŭŮȇȈŭŰȀŭȏ, ŭȐȌǽȋůȇ űȅȋ ŮȇǽȎȈůȇŭ Ȅȓǿȏ űȍȐ ȐȉȇȈȍȗ ɵȍȐ 

ɵŭȀȎȋůȇ ȊǾȎȍȏ Űů ŭȐűǿ, ůŲȖŰȍȋ ŮǾȑůűŭȇ ȉȇȃȖűůȎůȏ ȈŭűŭɵȍȋǿŰůȇȏ. ǩɵȀŰȅȏ 

ŭɵŭȇűůȀűŭȇ ȊȇȈȎȖűůȎȅ ɵȍŰȖűȅűŭ ůȋǾȎȃůȇŭȏ ȃȇŭ űȅȋ ȍȊŭȉǿ ȉůȇűȍȐȎȃȀŭ űȅȏ 

ŰȐȃȈůȈȎȇȊǾȋȅȏ ůŲŭȎȊȍȃǿȏ. Ūȇŭ ŭȐűȍȗȏ űȍȐȏ ȉȖȃȍȐȏ ȅ ŭȐűȍȉȀɵŭȋŰȅ Ǿȑůȇ 

ůŮȎŭȇȓȆůȀ ȓȏ Ǿȋŭ ǽȈȎȓȏ ůȉɵȇŮȍŲȖȎȍ ȑȎǿŰȇȊȍ Ȉŭȇ ŭȋŭɵȖŰɵŭŰűȍ ȈȍȊȊǽűȇ 

ɵȍȇȈȀȉȓȋ űůȑȋȍȉȍȃȇȈȘȋ Ȉŭȇ ȂȇȍȊȅȑŭȋȇȈȘȋ ȑȘȎȓȋ.  

Ƕŭ ɵůȎȇŰŰȖűůȎŭ ȐȉȇȈǽ Ȋů ȇŮȇȖűȅűůȏ ŭȐűȍȉȀɵŭȋŰȅȏ ŭȋǿȈȍȐȋ Űů Ůȗȍ ȈȗȎȇůȏ 

ȈŭűȅȃȍȎȀůȏ. ǫ ɵȎȘűȅ ɵůȎȇȉŭȊȂǽȋůȇ űȇȏ ůɵȇȈŭȉȗȒůȇȏ ȐȉȇȈȘȋ, ȍȇ ȍɵȍȀůȏ ɵůȎȇǾȑȍȐȋ 

ȊȇȈȎȍȈǽȒȍȐȉůȏ Ȋů ůȃȈȉůȇŰȊǾȋȍ ȉȇɵŭȋűȇȈȖ ȊǾŰȍ, ůȋȘ Űűȅȋ ŮůȗűůȎȅ ȈŭűȅȃȍȎȀŭ 

ȂȎȀŰȈȍȋűŭȇ ŰȗȋȆůűŭ ȐȉȇȈǽ, ȈŭűŭŰȈůȐŭŰȊǾȋŭ ŭɵȖ Ȋȇŭ ȊǿűȎŭ ɵȍȐ Ǿȑůȇ ůȋȇŰȑȐȆůȀ 

Ȋů ŰűůȎůǽ ȉȇɵŭȋűȇȈǽ ȊǾŰŭ. ǫ űůȑȋȍȉȍȃȀŭ űȅȏ ŭȐűȍȉȀɵŭȋŰȅȏ ȃůȋȋǿȆȅȈů Űŭȋ ȇŮǾŭ 

űŭ űǾȉȅ űȅȏ ŮůȈŭůűȀŭȏ űȍȐ 1950 Ȋů ǾȊŲŭŰȅ ŭȎȑȇȈǽ Űűȅȋ ŭȋǽɵűȐȌȅ ŰȗȋȆůűȓȋ 

ȐȉȇȈȘȋ. ǵűŭŮȇŭȈǽ ȈǾȎŮȇŰů ǾŮŭŲȍȏ Ȉŭȇ ȅ ŭȋǽɵűȐȌȅ ůɵȇȈŭȉȗȒůȓȋ, ȈŭȆȘȏ 

ůȌůȉȀȑȆȅȈŭȋ ȍȇ ȊǾȆȍŮȍȇ ŮȅȊȇȍȐȎȃȀŭȏ űȍȐȏ, ůȋȘ ȅ ȊŭȄȇȈǿ ɵŭȎŭȃȓȃǿ űȓȋ 

ŰȗȋȆůűȓȋ ȐȉȇȈȘȋ ŭɵȍŮůȀȑȆȅȈů ŮȐŰȈȍȉȖűůȎȅ Ȉŭȇ  ɵȇȍ ŭɵŭȇűȅűȇȈǿ ȃȇŭ űȇȏ 

ȂȇȍȊȅȑŭȋȀůȏ [2]. ǳȉǾȍȋ ȍȇ ȋǾůȏ ŭȐűǾȏ űůȑȋȍȉȍȃȀůȏ ǾȑȍȐȋ ȂȎůȇ ůŲŭȎȊȍȃǿ Űů Ǿȋŭ 

ůȐȎȗ ŲǽŰȊŭ ȈŭȆȅȊůȎȇȋȘȋ ŭȉȉǽ Ȉŭȇ ůȌůȇŮȇȈůȐȊǾȋȓȋ ŭȋűȇȈůȇȊǾȋȓȋ Ȉŭȇ 

ŰȐŰűȅȊǽűȓȋ, ŭɵȖ ɵȖȎűůȏ Ȉŭȇ ȈȍȐŲȘȊŭűŭ ȈŭűȍȇȈȇȘȋ ȊǾȑȎȇ ůȌŭȎűǿȊŭűŭ Űűȍ 

ůŰȓűůȎȇȈȖ Ȉŭȇ űȍ ůȌȓűůȎȇȈȖ ŭůȎȍŰȈŭŲȘȋ Ȉŭȇ ŮȇŭŰűȅȊȇȈȘȋ ȍȑȅȊǽűȓȋ. 
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1.2. ǧȐűȍȉȀɵŭȋŰȅ ȊǾŰȓ ůɵȇȈŭȉȗȒůȓȋ Ȋů ůȋŰȓȊŭűȓȊǾȋůȏ 

ɵȍȉȐȊůȎȇȈǾȏ ȊȇȈȎȍȈǽȒȍȐȉůȏ 

ǲȇ ůɵȇȈŭȉȗȒůȇȏ ȑȎȅŰȇȊȍɵȍȇȍȗȋűŭȇ ȃȇŭ űȅȋ ɵȎȍŰűŭŰȀŭ űȓȋ ůɵȇŲŭȋůȇȘȋ ŭɵȖ űȅ 

ŮȇǽȂȎȓŰȅ, űȇȏ ȎȓȃȊǾȏ Ȉŭȇ ŲȎȍȋűȀȄȍȐȋ ȃȇŭ űȅȋ ŭȈůȎŭȇȖűȅűŭ űȍȐȏ. ǲȇ 

ɵȎȍŰűŭűůȐűȇȈǾȏ űȍȐȏ ȇŮȇȖűȅűůȏ ůȀȋŭȇ ǽȎȎȅȈűŭ ŰȐȋŮůŮůȊǾȋůȏ Ȋů űȅȋ ŭȋűȍȑǿ Ȉŭȇ 

űȇȏ ȊȅȑŭȋȇȈǾȏ ȇŮȇȖűȅűůȏ űȅȏ ůȈǽŰűȍűů ůɵȀŰűȎȓŰȅȏ. ǲȇ ůɵȇȈŭȉȗȒůȇȏ ȖȊȓȏ ɵŭȎǽ űŭ 

ɵȉůȍȋůȈűǿȊŭűŭ űȍȐȏ Ůůȋ ŭɵȍűůȉȍȗȋ ɵŭȋǽȈůȇŭ, ȈŭȆȘȏ ŭȋůȌǽȎűȅűŭ ŭɵȖ űȅȋ 

ŰȓŰűǿ ȈŭűŭŰȈůȐǿ Ȉŭȇ ůŲŭȎȊȍȃǿ űȍȐȏ ȐɵǽȎȑȍȐȋ ŭȀűȇŭ ɵȍȐ ɵȎȍȈŭȉȍȗȋ űȅȋ 

ȐɵȍȂǽȆȊȇŰȅ űȍȐȏ. Ƕŭ ŭȀűȇŭ ŭȐűǽ ȊɵȍȎůȀ ȋŭ ůȀȋŭȇ ŲȆȍȎǽ Ȋůűǽ ŭɵȖ ȐɵǾȎȂŭŰȅ űȍȐ 

ůɵȇɵǾŮȍȐ ŭȋȍȑǿȏ űȅȏ Űů Ȉǽɵȍȇȍ űȗɵȍ ŮȗȋŭȊȅȏ, ǿ ǾȈȆůŰȅ űȅȏ Űů ȈŭȇȎȇȈǽ 

ŲŭȇȋȖȊůȋŭ Ȗɵȓȏ űȍ ȅȉȇŭȈȖ Ųȓȏ, ȅ ȆůȎȊȖűȅűŭ ŭɵȖ űȍ ɵůȎȇȂǽȉȉȍȋ, űȍ ȍȌȐȃȖȋȍ 

Ȉŭȇ űȍ ȖȄȍȋ, ȅ ȐȃȎŭŰȀŭ Ȉŭȇ ȍȇ ŭűȊȍŰŲŭȇȎȇȈȍȀ Ȏȗɵȍȇ. ǣȉŭ ŭȐűǽ űŭ ŰűȍȇȑůȀŭ 

ŰȐȊȂǽȉȉȍȐȋ ȊůȊȍȋȓȊǾȋŭ Ȉŭȇ ŰȐȋŮȐŭŰűȇȈǽ Űűȅȋ ŭȉȉŭȃǿ űȓȋ ȇŮȇȍűǿűȓȋ űȅȏ 

ůɵȀŰűȎȓŰȅȏ Ȉŭȇ Űűȅȋ ŮȅȊȇȍȐȎȃȀŭ ȊȇȈȎȍȎȓȃȊȘȋ Űűȅȋ ůɵȇŲǽȋůȇŭ űȅȏ. ǶůȉȇȈǽ 

ŭȐűǾȏ ȍȇ ȊȇȈȎȍȎȓȃȊǾȏ ŰȐȋůȋȘȋȍȋűŭȇ  ȃȇŭ ȋŭ ŰȑȅȊŭűȀŰȍȐȋ ȎȓȃȊǾȏ ɵȍȐ 

ŮȇŭŮȀŮȍȋűŭȇ Ȉŭȇ ȍŮȅȃȍȗȋ Űů ȊůȃŭȉȗűůȎȅȏ ȈȉȀȊŭȈŭȏ ŭŰűȍȑȀŭ, ɵȍȐ ȊɵȍȎůȀ ȋŭ 

ȍŮȅȃǿŰůȇ Űů ŭɵȍȈȖȉȉȅŰȅ űȅȏ ůɵȀŰűȎȓŰȅȏ ǿ Ȉŭȇ ŮȇǽȂȎȓŰȅȏ űȍȐ ȐɵȍŰűȎȘȊŭűȍȏ 

[3].  

ǲȇ ůɵȇȈŭȉȗȒůȇȏ ȐȉȇȈȘȋ ȍȇ ȍɵȍȀůȏ ɵůȎȇǾȑȍȐȋ ȊȇȈȎȍȈǽȒȍȐȉůȏ ŭȌȀȄȍȐȋ ůȇŮȇȈǿȏ 

ȊȋůȀŭȏ, ȈŭȆȘȏ ůȀȋŭȇ Ǿȋŭȏ ŰȗȃȑȎȍȋȍȏ űȎȖɵȍȏ ɵȎȍŰűŭŰȀŭȏ űȓȋ ůɵȇŲŭȋůȇȘȋ Ȉŭȇ 

űȅȏ ŭȋűȇȊůűȘɵȇŰȅȏ ŮȇǽŲȍȎȓȋ ɵŭȎŭȃȖȋűȓȋ ȈŭűŭɵȖȋȅŰȅȏ űȍȐȏ. ǲȇ ŰȗȋȆůűůȏ 

ůɵȇȈŭȉȗȒůȇȏ ɵȍȐ ɵůȎȇǾȑȍȐȋ ȊȇȈȎȍȈǽȒȍȐȉůȏ Ȋů ůȃȈȉůȇŰȊǾȋȍ ȐȃȎȖ ɵŭȎȍȐŰȇǽȄȍȐȋ 

ȍȎȇŰȊǾȋŭ ŮȇŭȈȎȇűȇȈǽ ɵȉůȍȋůȈűǿȊŭűŭ Ǿȋŭȋűȇ ůȈůȀȋȓȋ ɵȍȐ ůȋŰȓȊŭűȘȋȍȐȋ ȊȖȋȍ 

ŰűůȎůǽ ŰȓȊŭűȀŮȇŭ. Ūȇŭ ɵŭȎǽŮůȇȃȊŭ, ůǽȋ Ǿȋŭȏ ȐȃȎȖȏ ŭȋŭŰűȍȉǾŭȏ ŮȇǽȂȎȓŰȅȏ ůȀȋŭȇ 

ůȃȈȉůȇŰȊǾȋȍȏ Ȉŭȇ ůȋŰȓȊŭűȓȊǾȋȍȏ Űűȅȋ ůɵȇȈǽȉȐȒȅ, ȅ ŭɵůȉůȐȆǾȎȓŰȅ űȍȐ Ȗűŭȋ ȅ 

ůɵȇŲǽȋůȇŭ ůȀȋŭȇ űȍɵȇȈǽ ȈŭűůŰűȎŭȊȊǾȋȅ Ȇŭ ȊɵȍȎȍȗŰů ȋŭ ůɵȇŮȇȍȎȆȘŰůȇ ůȋ ȊǾȎůȇ 

űȅ ȄȅȊȇǽ Ȉŭȇ ȋŭ ɵȎȍŰűŭűůȗŰůȇ űȅȋ ůɵȇŲǽȋůȇŭ ŭɵȖ űȅ ŮȇǽȂȎȓŰȅ. ǳůȎŭȇűǾȎȓ, ůǽȋ 

Ǿȋŭ ůȃȈȉůȇŰȊǾȋȍ ȐȃȎȖ ȉȇɵŭȋűȇȈȖ ȊǾŰȍ ůȋŰȓȊŭűȓȆůȀ Űűȅȋ ůɵȇȈǽȉȐȒȅ, ȅ ŰȐȋůȑǿȏ 

ŭɵůȉůȐȆǾȎȓŰȅ űȍȐ ŭɵȖ űȇȏ ȊȇȈȎȍȈǽȒȍȐȉůȏ Ȋůűǽ ŭɵȖ ȎǿȌȅ űȍȐȏ, ȉȖȃȓ ŲȆȍȎǽȏ 

Űűȅȋ ůɵȇŲǽȋůȇŭȏ űȅȏ ůɵȀŰűȎȓŰȅȏ, ȊůȇȘȋůȇ űȅȋ űȎȇȂǿ ȊůűŭȌȗ űȓȋ ůɵȇŲŭȋůȇȘȋ 

ůɵŭŲǿȏ, ɵȎȍŰŮȀŮȍȋűŭȏ Ȋȇŭ ȉůȇűȍȐȎȃȀŭ ŭȐűȍȉȀɵŭȋŰȅȏ űȅȏ ůɵȇŲǽȋůȇŭȏ. çȗȍ ŭɵȖ 

űŭ ɵȇȍ ŰȅȊŭȋűȇȈǽ ůȀŮȅ ȊȇȈȎȍȈŭȒȍȐȉȘȋ ȍȇ ȍɵȍȀůȏ ůȋŰȓȊŭűȘȋȍȋűŭȇ Űů 
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ůɵȇȈŭȉȗȒůȇȏ ůȀȋŭȇ ŭȐűǾȏ ɵȍȐ ɵůȎȇǾȑȍȐȋ ȉȇɵŭȋűȇȈȖ ȊǾŰȍ (Self-Lubricating 

Microcapsule Coatings) Ȉŭȇ ŭȐűǾȏ ɵȍȐ ŮȇŭȆǾűȍȐȋ ȇŮȇȖűȅűůȏ ŭȐűȍǦŭŰȅȏ (Self-

Healing Microcapsule Coatings), Ȋů ŰȗȋȅȆůȏ ůȃȈȉůȇŰȊǾȋȍ ȊǾŰȍ űȅȋ ȎȅűȀȋȅ[4].  

ǵů ŭȐűǾȏ űȇȏ ůŲŭȎȊȍȃǾȏ ŭɵŭȇűůȀűŭȇ ȉůɵűȍȊůȎǿȏ Ǿȉůȃȑȍȏ űȅȏ ŭȋűȍȑǿȏ Ȉŭȇ űȓȋ 

ȊȅȑŭȋȇȈȘȋ ȇŮȇȍűǿűȓȋ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ. ǫ ůɵȇȆȐȊȅűǿ ŭȋűȍȑǿ űȍȐȏ ɵȎǾɵůȇ ȋŭ 

ůȀȋŭȇ űǾűȍȇŭ ȘŰűů ȋŭ Ȋȅȋ ŰɵǽŰȍȐȋ Ȉŭȇ/ǿ ȋŭ ŭɵůȉůȐȆůȎȘŰȍȐȋ űȍȋ ŮȎŭŰűȇȈȖ 

ɵŭȎǽȃȍȋűŭ Ȉŭűǽ űȅȋ ȈŭűŭŰȈůȐǿ Ȉŭȇ ŭɵȍȆǿȈůȐŰȅ űȍȐȏ. ǳŭȎǽȃȍȋűůȏ ɵȍȐ 

ȊɵȍȎȍȗȋ ȋŭ ɵȎȍȈŭȉǾŰȍȐȋ űȅȋ ŭɵȍȇȈȍŮȖȊȅŰȅ űȍȐ ȈůȉȗŲȍȐȏ űȅȏ ȊȇȈȎȍȈǽȒȍȐȉŭȏ 

ůȀȋŭȇ ȍȇ ŭȐȌȅȊǾȋůȏ ȆůȎȊȍȈȎŭŰȀůȏ ůɵůȌůȎȃŭŰȀŭȏ, ȍȇ ŰȐȋȆǿȈůȏ ȐȒȅȉǿȏ ŮȇǽűȊȅŰȅȏ 

Ȉŭȇ ȅ ǾȈȆůŰȅ Űů ȑȅȊȇȈǾȏ ȍȐŰȀůȏ ǿ Ůȇŭȉȗűůȏ [5][6].  

ǫ ŭȋűȍȑǿ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ ůȌŭȎűǽűŭȇ ŭɵȖ űȅȋ ȊǾŰȅ ŮȇǽȊůűȎȍ űȍȐȏ (D), űȍ 

ɵǽȑȍȏ űȍȐ ȈůȉȗŲȍȐȏ (h) Ȉŭȇ űȅȋ ȈŭűŭȋȍȊǿ ȊůȃǾȆȍȐȏ űȍȐ ɵȉȅȆȐŰȊȍȗ űȍȐȏ Űűȍ 

ŮůȀȃȊŭ ůȈŲȎŭŰȊǾȋȅ Űŭȋ ŮůȀȈűȅȏ ɵȍȉȐŮȇŭŰɵȍȎǽȏ (Dw) ɵȍȐ ȊůűȎȇǾűŭȇ Ȋů űȍ 

Ȉŭűǽȉȉȅȉȍ ȖȎȃŭȋȍ. Ƕȍ ɵǽȑȍȏ űȍȐ ȈůȉȗŲȍȐȏ Ȉŭȇ ȅ ȊǾŰȅ ŮȇǽȊůűȎȍȏ ŰȐȋŮǾȍȋűŭȇ Ȋů 

űȅȋ ɵŭȎŭȈǽűȓ ŰȑǾŰȅ:  

Ὤ
ὡύ

ὡὧ
ᶻ
”ὧ

”ύ
ᶻ
Ὀ

φ
 

ȖɵȍȐ Ww Ȉŭȇ Wc ůȀȋŭȇ űȍ ȂǽȎȍȏ űȍȐ ȐȉȇȈȍȗ űȍȐ ȈůȉȗŲȍȐȏ (Wall , w) Ȉŭȇ űȍȐ 

ɵȐȎǿȋŭ (Core , c) ůȋȘ Ȏc Ȉŭȇ Ȏw ȍȇ ɵȐȈȋȖűȅűůȏ űȓȋ ȐȉȇȈȘȋ ŭȐűȘȋ [5].  

ǩɵȀŰȅȏ ɵȎȍȈůȇȊǾȋȍȐ ȋŭ ȊůȃȇŰűȍɵȍȇȅȆůȀ ȍ ȑȎȖȋȍȏ Ȅȓǿȏ űȓȋ ůɵȇȈŭȉȗȒůȓȋ, ȍ 

Ůȇŭȉȗűȅȏ ɵȍȐ ȑȎȅŰȇȊȍɵȍȇůȀűŭȇ ȃȇŭ űȍȋ ɵȐȎǿȋŭ Ȇŭ ɵȎǾɵůȇ ȇŮŭȋȇȈǽ ȋŭ ůȀȋŭȇ 

ȑŭȊȅȉǿȏ ɵűȅűȇȈȖűȅűŭȏ Ȉŭȇ ȋŭ Ȋȅȋ ŭȉȉǽȄůȇ ǿ ȋŭ ȊůűŭȂǽȉȉůȇ űȇȏ ȊȅȑŭȋȇȈǾȏ 

ȇŮȇȖűȅűůȏ űȅȏ ɵůȎȇȂǽȉȉȍȐŰŭȏ ȊǿűȎŭȏ ȊȖȉȇȏ ŭɵůȉůȐȆůȎȓȆůȀ. ǳŭȎǽȉȉȅȉŭ űȍ 

ɵȍŰȍŰűȖ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ ɵȍȐ ůȋŰȓȊŭűȘȋȍȋűŭȇ Űűȅȋ ůȈǽŰűȍűů ůɵȇȈǽȉȐȒȅ 

Ůůȋ ɵȎǾɵůȇ ȋŭ ȌůɵůȎȋǽ Ǿȋŭ ɵȍŰȍŰűȖ ȘŰűů ȋŭ Ȋȅȋ ŮȇŭűŭȎŭȑűȍȗȋ ȍȇ ȊȅȑŭȋȇȈǾȏ 

űȅȏ ȇŮȇȖűȅűůȏ. ǨȇȂȉȇȍȃȎŭŲȇȈǽ ȍȇ ȂǾȉűȇŰűůȏ ŭȐűǾȏ ɵȍŰȖűȅűůȏ ȈȐȊŭȀȋȍȋűŭȇ Űů Ǿȋŭ 

ɵȍŰȍŰűȖ ŮȇŭŰɵȍȎǽȏ 1-20 wt% ȊȇȈȎȍȈǽȒȍȐȉůȏ Űűȅȋ ȈǽȆů ȊǿűȎŭ ŭȋǽȉȍȃŭ űȅȋ 

ŲȗŰȅ űȍȐ ȈůȉȗŲȍȐȏ űȍȐȏ [6].  
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1.2.1. ǩɵȇȈŭȉȗȒůȇȏ ɵȍȐ ɵůȎȇǾȑȍȐȋ ȊȇȈȎȍȈǽȒȍȐȉůȏ PUF. 

ǵűȅȋ ɵȉůȇȍȒȅŲȀŭ űȍȐȏ, űŭ ȐȉȇȈǽ űŭ ȍɵȍȀŭ ůɵȇȉǾȃȍȋűŭȇ ȓȏ ŮȍȊȇȈǽ ŰȐŰűŭűȇȈǽ űȍȐ 

ɵȍȉȐȊůȎȇȈȍȗ ȈůȉȗŲȍȐȏ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ ɵȍȐ Ȇŭ ůȋŰȓȊŭűȓȆȍȗȋ Űűȇȏ 

ůɵȇȈŭȉȗȒůȇȏ ůȀȋŭȇ ȍȇ ŭȊȇȋȍȎȅűȀȋůȏ (amino resins) Ȉŭȇ ůȇŮȇȈǽ ȅ ɵȍȉȐ(ȍȐȎȀŭ-

ŲȍȎȊŭȉŮůȁŮȅ) (PUF). ǲ ȉȖȃȍȏ ȃȇŭ űȍȋ ȍɵȍȀȍ ůɵȇȉǾȃȍȋűŭȇ űŭ ŰȐȃȈůȈȎȇȊǾȋŭ ȐȉȇȈǽ 

ůȀȋŭȇ ȍ ŰȐȋŮȐŭŰȊȖȏ ŲȐŰȇȈȘȋ Ȉŭȇ ȑȅȊȇȈȘȋ ȇŮȇȍűǿűȓȋ ɵȍȐ ŮȇŭȆǾűȍȐȋ, ȈŭȆȘȏ Ȉŭȇ 

űȍ ȈȖŰűȍȏ űȍȐȏ Űŭȋ ɵȎȘűůȏ ȗȉůȏ. ǵȐȃȈůȈȎȇȊǾȋŭ ȅ ɵȍȉȐ(ȍȐȎȀŭ-ŲȍȎȊŭȉŮůȁŮȅ) 

ůȀȋŭȇ ŭȋȆůȈűȇȈǿ Űűȅȋ ȆȎŭȗŰȅ, ȘŰűů ȋŭ ɵȎȍŰűŭűůȗůȇ ůɵŭȎȈȘȏ űȅȋ ůȃȈȉůȇŰȊǾȋȅ 

Űűȍ ůŰȓűůȎȇȈȖ űȅȏ ȍȐŰȀŭ, ůȋȘ űŭȐűȖȑȎȍȋŭ ɵŭȎȍȐŰȇǽȄůȇ ȒŭȆȐȎȖűȅűŭ, űǾűȍȇŭ 

ȘŰűů ȋŭ ůȀȋŭȇ ȇȈŭȋǿ ȋŭ ȐɵȍŰűůȀ ȆȎŭȗŰȅ ȐɵȖ ŰȐȃȈůȈȎȇȊǾȋůȏ ŰȐȋȆǿȈůȏ Ȉŭȇ ȋŭ 

ɵȎŭȃȊŭűȍɵȍȇȅȆůȀ ŭɵůȉůȐȆǾȎȓŰȅ űȍȐ ȐȉȇȈȍȗ űȍȐ ɵȐȎǿȋŭ [7][8]. 

ǵűȍȐȏ ɵŭȎŭȈǽűȓ ɵȀȋŭȈůȏ ɵŭȎȍȐŰȇǽȄȍȋűŭȇ űŭ ŰȐŰűǿȊŭűŭ ŭȐűȍȉȀɵŭȋŰȅȏ Ȉŭȇ 

ŭȐűȍǦŭŰȅȏ Ȋů ȈǾȉȐŲȍȏ ɵȍȉȐ(ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ) ɵȍȐ ǾȑȍȐȋ ȂȎůȆůȀ 

ȂȇȂȉȇȍȃȎŭŲȇȈǽ. 

ǳȀȋŭȈŭȏ 1.1 ǵȐŰűǿȊŭűŭ ŭȐűȍȉȀɵŭȋŰȅȏ Ȋů ȈǾȉȐŲȍȏ ɵȍȉȐ(ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ) (PUF). 

ǳȅȃǿ ǭǾȉȐŲȍȏ ǳȐȎǿȋŭȏ Core : Wall  Ƕŭȑȗűȅűŭ 

ȊȅȑŭȋȇȈǿȏ 

ŭȋǽŮůȐŰȅȏ (rpm ) 

ǶůȑȋȇȈǿ 

ǯȇȈȎȍůȃȈȉůȇŰȊȍȗ 

[9] PUF ǳŭȎŭŲȀȋȅ 

(Episol B2531) 

 

3 

 ǩɵȀ űȖɵȍȐ 

ɵȍȉȐȊůȎȇŰȊȖȏ 

[10] PUF ǮȇɵŭȋűȇȈȖ Ǿȉŭȇȍ 

(E Ultragrade 70) 

 

 

1,5 

200 ǩɵȀ űȖɵȍȐ 

ɵȍȉȐȊůȎȇŰȊȖȏ 

[11] PUF ǶůűȎŭȑȉȓȎȍŭȇȆȐȉ

Ǿȋȇȍ 

3 450 ǩɵȀ űȖɵȍȐ 

ɵȍȉȐȊůȎȇŰȊȖȏ 

[12] PUF ǮȇɵŭȋűȇȈǽ Ǿȉŭȇŭ Ȋů 

ŮȇŭŲȍȎůűȇȈȖ Ȉȇȋ. 

ȇȌȘŮůȏ 

 

1 

350 ǩɵȀ űȖɵȍȐ 

ɵȍȉȐȊůȎȇŰȊȖȏ 

[13] PUF ǮȇȋǾȉŭȇȍ 1,24  0,93,  

0,74 0,62 

800 ǩɵȀ űȖɵȍȐ 

ɵȍȉȐȊůȎȇŰȊȖȏ 

[14] PUF ǩȎȍȐȈŭȊȀŮȇȍ / ǰ, 

ǰ'-ŭȇȆȐȉǾȋȇȍ Ůȇȏ-

ŰűůŭȎŭȊȀŮȇȍ 

 

 

0,05 

- ǩȌǽűȊȇŰȅ Ůȇŭȉȗűȅ 
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[15] PUF ǮȇɵŭȋűȇȈȖ Ǿȉŭȇȍ 

(70SN) 

 

 

- 

500-600 ǩɵȀ űȖɵȍȐ 

ɵȍȉȐȊůȎȇŰȊȖȏ 

 

 

ǳȀȋŭȈŭȏ 1.2 ǵȐŰűǿȊŭűŭ ŭȐűȍǦŭŰȅȏ ɵȍȉȐ(ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ) (PUF). 

ǵȐȃȃȎŭŲǾŭȏ ǭǾȉȐŲȍȏ ǳȐȎǿȋŭȏ Core : Wall  Ƕŭȑȗűȅűŭ 

ȊȅȑŭȋȇȈǿȏ 

ŭȋǽŮůȐŰȅȏ 

(rpm)  

ǶůȑȋȇȈǿ 

ǯȇȈȎȍůȃȈȉůȇŰȊȍȗ 

[16] PUF ǩɵȍȌůȇŮȇȈǿ ȎȅűȀȋȅ 

DGEBA 

 

- 

600 ǩɵȀ űȖɵȍȐ 

ɵȍȉȐȊůȎȇŰȊȖȏ 

[17] PUF çȇȊůȆŭȈȎȐȉȇȈǿ 

űȎȇŭȇȆȐȉůȋȍȃȉȐȈȖ

ȉȅ 

 

5  ǩɵȀ űȖɵȍȐ 

ɵȍȉȐȊůȎȇŰȊȖȏ 

[18] PUF ǩɵȍȌůȇŮȇȈǿ ȎȅűȀȋȅ 

(DGEBA) 

4 - ǩɵȀ űȖɵȍȐ 

ɵȍȉȐȊůȎȇŰȊȖȏ 

[19] PUF ǭȖȉȉŭ ɵȍȐ 

ŰȈȉȅȎŭȀȋůȇ Ȋů 

ȐɵůȎȇȘŮȅ 

ŭȈűȇȋȍȂȍȉȀŭ  

(SB glue 8820) 

 

- 

800 ǩɵȀ űȖɵȍȐ 

ɵȍȉȐȊůȎȇŰȊȖȏ 

[20] PUF ǩɵȍȌůȇŮȇȈǿ ȎȅűȀȋȅ 

(DGEBF) 

3,5  ǩɵȀ űȖɵȍȐ 

ɵȍȉȐȊůȎȇŰȊȖȏ 

[21] PUF ǩɵȍȌůȇŮȇȈǿ ȎȅűȀȋȅ 

(DGEBA) 

7,5  ǩȌǽűȊȇŰȅ Ůȇŭȉȗűȅ 

[22] PUF ǩɵȍȌůȇŮȇȈǿ ȎȅűȀȋȅ  

(Epidian 52) 

3  ǩɵȀ űȖɵȍȐ 

ɵȍȉȐȊůȎȇŰȊȖȏ 

[23] PUF ǮȇȋǾȉŭȇȍ 2 900 ǩɵȀ űȖɵȍȐ 

ɵȍȉȐȊůȎȇŰȊȖȏ 
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ǩȈűȖȏ ŭɵȖ űŭ ŰȐŰűǿȊŭűŭ ɵȍȐ ȈŭűŭȃȎǽŲȍȋűŭȇ ŰűȍȐȏ ɵȀȋŭȈůȏ 1.1 Ȉŭȇ 1.2 ůȌȀŰȍȐ 

ŰȅȊŭȋűȇȈǽ ůȀȋŭȇ Ȉŭȇ ŭȐűǽ Űűŭ ȍɵȍȀŭ ȍȇ ůɵȇȈŭȉȗȒůȇȏ ɵȍȐ ȈŭűŭŰȈůȐǽŰűȅȈŭȋ 

ŮȇǾȆůűŭȋ ŮȇűűǾȏ ȇŮȇȖűȅűůȏ, űȖŰȍ ȇŮȇȖűȅűůȏ ŭȐűȍǦŭŰȅȏ ȖŰȍ Ȉŭȇ ȇŮȇȖűȅűůȏ 

ŭȐűȍȉȀɵŭȋŰȅȏ.  

ǲ Hayan Li Ȉŭȇ ȍȇ ŰȐȋůȎȃǽűůȏ [24] űȍȐ ůɵȇŮȀȓȌŭȋ űȅȋ ȈŭűŭŰȈůȐǿ űǾűȍȇȓȋ 

ůɵȇȈŭȉȗȒůȓȋ Ůȇɵȉȍȗ űȗɵȍȐ. ǯů űȅȋ ŮȇŭŮȇȈŭŰȀŭ űȍȐ ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ  

Ůȗȍ ŰűŭŮȀȓȋ, ɵŭȎǿȃŭȃŭȋ ȊȇȈȎȍȈǽȒȍȐȉůȏ ɵȍȉȐ(ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ) ɵȍȐ Űűȍ 

ůŰȓűůȎȇȈȖ űȍȐȏ ɵůȎȇůȀȑŭȋ ȉȇɵŭȋűȇȈȖ Ǿȉŭȇȍ űȗɵȍȐ tung  (tung  oil). Ƕȍ 

ŰȐȃȈůȈȎȇȊǾȋȍ ȐȉȇȈȖ ůɵůȉǾȃȅ ȈŭȆȘȏ Ǿȑůȇ űȅȋ ȇŮȇŭȇűůȎȖűȅűŭ ȋŭ ŮȅȊȇȍȐȎȃůȀ 

ȊůȊȂȎǽȋůȏ Ȉŭűǽ űȅȋ ŭȋűȀŮȎŭŰȅ űȍȐ Ȋů űȍ ȍȌȐȃȖȋȍ. ǭŭűǽ űȅȋ ůɵŭŲǿ Ȋů ŭȐűȖ 

Űɵǽȋů ȍȇ ŮůŰȊȍȀ ǽȋȆȎŭȈŭ Ȉŭȇ ȉŭȊȂǽȋůȇ ȑȘȎŭ űȍ ŲŭȇȋȖȊůȋȍ űȍȐ 

ȍȌȐɵȍȉȐȊůȎȇŰȊȍȗ, ȖɵȍȐ űůȉȇȈǽ ŮȅȊȇȍȐȎȃůȀűŭȇ Ǿȋŭ ŮȇŭŰűŭȐȎȓȊǾȋȍ ɵȉǾȃȊŭ. Ƕȍ 

Ǿȉŭȇȍ ŰűůȃȋȘȋůȇ Ȉŭȇ űȍ ɵȉǾȃȊŭ ŰȈȉȅȎŭȀȋůȇ. ǩȀȋŭȇ ŭŮȇǽȂȎȍȑȍ Ȉŭȇ ŭŮȇŭɵǾȎŭŰűȍ 

ŭɵȖ ɵȍȉȉǽ ȑȅȊȇȈǽ, ǽȎŭ Ǿȑůȇ Ȋůȃǽȉȅ ŭȋűȍȑǿ Űűȅ ŮȇǽȂȎȓŰȅ, ůȋȘ ȉȖȃȓ űȓȋ  

ŮůŰȊȘȋ ŮȇŭȆǾűůȇ ȈŭȉǾȏ ȊȅȑŭȋȇȈǾȏ ȇŮȇȖűȅűůȏ. 

ǩɵȀŰȅȏ űȍ Ǿȉŭȇȍ ŭȐűȖ ȑŭȎŭȈűȅȎȀȄůűŭȇ ŭɵȖ ůȌŭȇȎůűȇȈǿ ȆůȎȊȇȈǿ ŰűŭȆůȎȖűȅűŭ Ȉŭȇ 

ɵŭȎȖȊȍȇȍ ȇȌȘŮůȏ Ȋů ȉȇɵŭȋűȇȈǽ Ǿȉŭȇŭ, ȍɵȖűů ȊɵȍȎůȀ ȋŭ ȉůȇűȍȐȎȃǿŰůȇ Ȉŭȇ ȓȏ 

ȉȇɵŭȋűȇȈȖ ȊǾŰȍ. ǲȇ ůɵȇȈŭȉȗȒůȇȏ ȈŭűŭŰȈůȐǽŰűȅȈŭȋ Ȋů ůȋŰȓȊǽűȓŰȅ űȓȋ 

ȊȇȈȎȍȈŭȒȍȐȉȘȋ Űů ůɵȍȌůȇŮȇȈǿ ȎȅűȀȋȅ Űů ŮȇŭŲȍȎůűȇȈǾȏ ŭȋŭȉȍȃȀůȏ (5, 10, 15, 20 

wt%) ȊŭȄȀ Ȋů ɵȍŰȖűȅűŭ ŰȈȉȅȎȐȋűǿ. ǯůűŭȉȉȇȈǽ ŮȍȈȀȊȇŭ ůɵȇȈŭȉȗŲȆȅȈŭȋ Ȋů űȍ 

ȊȀȃȊŭ Ȉŭȇ ȓȏ ŭɵȍűǾȉůŰȊŭ ǿűŭȋ Ȋȇŭ ůɵȀŰűȎȓŰȅ ɵǽȑȍȐȏ 300Ȋm.  

ǫ ůȌŭȈȎȀȂȓŰȅ űȅȏ ŭɵȍűůȉůŰȊŭűȇȈȖűȅűŭȏ űȓȋ ůɵȇȈŭȉȗȒůȓȋ ɵȎŭȃȊŭűȍɵȍȇǿȆȅȈů 

Ȋů ŰȐȃȈůȈȎȇȊǾȋůȏ űůȑȋȇȈǾȏ, Űů ȊůűŭȉȉȇȈǽ ŮȍȈȀȊȇŭ Ȋů ůɵȇȈǽȉȐȒȅ Ȉŭȇ Űů ŮȍȈȀȊȇŭ 

ȑȓȎȀȏ ůɵȇȈǽȉȐȒȅ. Ūȇŭ űȍȋ Ǿȉůȃȑȍ  űȅȏ ŭȐűȍǦŭŰȅȏ űŭ ŮȍȈȀȊȇŭ ȑŭȎǽȑȆȅȈŭȋ Ȋů 

ȊůűŭȉȉȇȈȖ ȌȐȎǽŲȇ ŰȑȅȊŭűȀȄȍȋűŭȏ ŰȑȇŰȊǿ ŰȑǿȊŭűȍȏ Ǹ (X-cut) Űűȍ ŮȍȈȀȊȇȍ. ǲȇ 2 

ůȃȈȍɵǾȏ ůȀȑŭȋ ȂǽȆȍȏ 40mm Ȉŭȇ ůŲǽɵűȍȋűŭȋ Űűȍ ȈǾȋűȎȍ űȅȏ ȊůűŭȉȉȇȈǿȏ ɵȉǽȈŭȏ. 

Ƕȍ ŭɵȍűǾȉůŰȊŭ űȅȏ ȑǽȎŭȌȅȏ ǿűŭȋ ȅ ȆȎŭȗŰȅ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ űȅȏ 

ůɵȀŰűȎȓŰȅȏ Ȉŭȇ ǾȈȉȐŰȅ űȍȐ ȉȇɵŭȋűȇȈȍȗ ůȉŭȀȍȐ Űűȅȋ ůȃȈȍɵǿ. ǵűȅȋ ŰȐȋǾȑůȇŭ 

ŭȋűǾŮȎŭŰů Ȋů űȍ ȍȌȐȃȖȋȍ űȅȏ ŭűȊȖŰŲŭȇȎŭȏ, ŮȅȊȇȍȐȎȃǿȆȅȈů Ǿȋŭ ŮȇŭŰűŭȐȎȓȊǾȋȍ 

ɵȉǾȃȊŭ űȍ ȍɵȍȀȍ ŰȈȉǿȎȐȋů  Ȉŭȇ ȈǽȉȐȒů űȅȋ ůȃȈȍɵǿ. ǵȑůűȇȈǽ Ȋů űȍȋ Ǿȉůȃȑȍ űȅȏ 

ŭȐűȍȉȀɵŭȋŰȅȏ, űȍ ŮȍȈȀȊȇȍ (Ȋů ůɵȇȈǽȉȐȒȅ ɵȍȐ ɵůȎȇǾȑůȇ 10wt% ȊȇȈȎȍȈǽȒȍȐȉůȏ) 

ȐɵȍȂȉǿȆȅȈů Űů ŮȍȈȇȊǿ ȍȉȀŰȆȅŰȅȏ űȍȐ űȗɵȍȐ ŭȈȀŮŭȏ Űů ŮȀŰȈȍ (pin-on-disc) Ȉŭűǽ 
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űȅȋ ȍɵȍȀŭ ȍȉȇŰȆŭȀȋůȇ ȈȐȈȉȇȈǽ ȐɵȖ űȅȋ ǽŰȈȅŰȅ ŲȍȎűȀȍȐ, ɵǽȋȓ Űů Ǿȋŭ ȊůűŭȉȉȇȈȖ 

ŮȀŰȈȍ. ǲ Ǿȉůȃȑȍȏ űȓȋ  ůɵȇŲŭȋůȇȘȋ űȓȋ Ůȗȍ ŭȋűȇȈůȇȊǾȋȓȋ ȊǾŰȓ ȊȇȈȎȍŰȈȍɵȀȍȐ 

ȅȉůȈűȎȍȋȇŭȈǿȏ ŰǽȎȓŰȅȏ ŭɵȍŮůȇȈȋȗůȇ Ȗűȇ Ȋů űȅȋ űȎȇȂǿ ȉȖȃȓ ȍȉȀŰȆȅŰȅȏ űȓȋ Ůȗȍ 

ůɵȇŲŭȋůȇȘȋ Ǿȑůȇ ůɵǾȉȆůȇ ȎǿȌȅ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ, ǾȈȉȐŰȅ űȍȐ ůȉŭȀȍȐ Ȋů 

ŭɵȍűǾȉůŰȊŭ ȅ ůɵȇŲǽȋůȇŭ űȍȐ ɵŭȎȆǾȋȍȐ ŮȍȈȇȊȀȍȐ ȋŭ ůȀȋŭȇ ɵȇȍ űȎŭȑůȀŭ ŭɵȖ ŭȐűǿȋ 

űȍȐ ŮȍȈȇȊȀȍȐ Ȋů űȅȋ ůɵȇȈǽȉȐȒȅ. ǫ ǾȈȉȐŰȅ űȍȐ ȉȇɵŭȋűȇȈȍȗ ůȉŭȀȍȐ ŭɵȖ űȍ 

ůŰȓűůȎȇȈȖ űȓȋ ȈŭȒȍȐȉȘȋ ŮȅȊȇȍȐȎȃůȀ Ǿȋŭ ȉůɵűȖ ȉȇɵŭȋűȇȈȖ ŰűȎȘȊŭ ŭȋǽȊůŰŭ 

Űűȇȏ  ɵȎȍŰɵȀɵűȍȐŰůȏ ůɵȇŲǽȋůȇůȏ űȓȋ ŮȍȈȇȊȀȓȋ ůȉŭȑȇŰűȍɵȍȇȘȋűŭȏ űȅȋ ůɵŭŲǿ 

űȍȐȏ, ǽȎŭ Ȉŭȇ űȅȋ ŮȅȊȇȍȐȎȃȀŭ űȎȇȂǿȏ. ǩɵȀŰȅȏ űŭ ŰȓȊŭűȀŮȇŭ PUF ɵȍȐ 

ŮȇŭŰȈȍȎɵȀȄȍȋűŭȇ Ȉŭűǽ űȅȋ ȎǿȌȅ űȅȏ ȈǽȒȍȐȉŭȏ ȊɵȍȎůȀ ȋŭ ɵȎȍŰȈȍȉȉȅȆȍȗȋ Űűȇȏ 

ůɵȇŲǽȋůȇůȏ ŮȇůȋůȎȃȘȋűŭȏ Űŭȋ ŰűůȎůǽ ȉȇɵŭȋűȇȈǽ ůȋȇŰȑȗȍȋűŭȏ űȅȋ ɵűȘŰȅ űȍȐ 

ŰȐȋűůȉůŰűǿ űȎȇȂǿȏ [24].  

 

 

ǩȇȈȖȋŭ 1.1Ǡȉůȃȑȍȏ ȇŮȇȍűǿűȓȋ ŭȐűȍǦŭŰȅȏ Ȋůűǽ ŭɵȖ ȑǽȎŭȌȅ űȍȐ ŮȍȈȇȊȀȍȐ [24] .  
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ǩȇȈȖȋŭ 1.2 Ǡȉůȃȑȍȏ ȇŮȇȍűǿűȓȋ ŭȐűȍȉȀɵŭȋŰȅȏ ȊǾŰȓ ȍȉȀŰȆȅŰȅȏ űȍȐ ŮȍȈȇȊȀȍȐ Űů ȊůűŭȉȉȇȈȖ 

ŮȀŰȈȍ [24] . 

 

ǲȇ Hayan Li Ȉŭȇ Kaka Li [25],ȈŭűŭŰȈůȗŭŰŭȋ ŰȗȋȆůűůȏ ȊȇȈȎȍȈǽȒȍȐȉůȏ ɵȍȉȐ(ȍȐȎȀŭȏ-

ŲȍȎȊŭȉŮůȁŮȅȏ) Ȉŭȇ ŮȇȍȌůȇŮȀȍȐ űȍȐ ɵȐȎȇűȀȍȐ (PUF/SiO2 microcapsules) ɵȍȐ ɵůȎȇůȀȑŭȋ 

Űűȍȋ ɵȐȎǿȋŭ űȍȐȏ ȉȇȋǾȉŭȇȍ (linseed oil) ɵǽȉȇ Ȋů ŰűȖȑȍ űȅȋ ůɵȀűůȐȌȅ ůŲŭȎȊȍȃȘȋ 

ŭȐűȍǦŭŰȅȏ Ȉŭȇ ŭȐűȍȉȀɵŭȋŰȅȏ . ǲȇ ȈǽȒȍȐȉůȏ ȈŭűŭŰȈůȐǽŰűȅȈŭȋ Ȋů Ǿȋŭȋ ŰȐȋŮȐŭŰȊȖ 

űȓȋ ȊůȆȖŮȓȋ űȍȐ ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ Ȉŭȇ űȅȏ ŰűŭȆůȎȍɵȍȀȅŰȅȏ ůȋȖȏ 

ȃŭȉŭȈűȘȊŭűȍȏ Ȋů ŰűůȎůǽ ŰȓȊŭűȀŮȇŭ (Pickering emulsion). ǫ űůȉůȐűŭȀŭ űůȑȋȇȈǿ 

ůɵȇȉǾȃůűŭȇ ŰȐȑȋǽ ȃȇŭ ɵȐȎȇűȇȈǾȏ ůȋȘŰůȇȏ ȈŭȆȘȏ ȊɵȍȎůȀ ůȗȈȍȉŭ ȋŭ űȎȍɵȍɵȍȇȅȆůȀ ȅ 

ȐŮȎȍŲȍȂȇȈǿ űȍȐȏ ŰȐȊɵůȎȇŲȍȎǽ. ǵů ȐŮŭűȇȈȖ ŮȇǽȉȐȊŭ ɵȍȐ ɵůȎȇǾȑȍȋűŭȇ űŭ 

űȎȍɵȍɵȍȇȅȊǾȋŭ ŰȓȊŭűȀŮȇŭ SiO2 ɵȎȍŰűȀȆůűŭȇ űȍ ȉȇȋǾȉŭȇȍ Ȉŭȇ Ȋůűǽ ŭɵȖ ŭȋǽŮůȐŰȅ űŭ 

ŰȓȊŭűȀŮȇŭ ŰűŭȆůȎȍɵȍȀȅŰŭȋ űȍ ȃŭȉǽȈűȓȊŭ ɵȍȐ ŮȅȊȇȍȐȎȃǿȆȅȈů. ǵűȅ ŰȐȋǾȑůȇŭ 

ɵȎȍŰűǾȆȅȈů űȍ ɵȎȍɵȍȉȐȊůȎǾȏ ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ Ȉŭȇ ɵȎŭȃȊŭűȍɵȍȇǿȆȅȈů ȍ ůɵȀ 

űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȖȏ. ǲȇ ůɵȇŰűȎȘŰůȇȏ ȃȇŭ űȇȏ ɵȉǽȈůȏ ŮȅȊȇȍȐȎȃǿȆȅȈŭȋ Ȋů ŭȋǽȊȇȌȅ 

ůɵȍȌůȇŮȇȈǿȏ ȎȅűȀȋȅȏ, ŰȈȉȅȎȐȋűǿ Ȉŭȇ ɵȍŰȖűȅűŭȏ ȊȇȈȎȍȈŭȒȍȐȉȘȋ.  
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ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 10           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

 

ǩȇȈȖȋŭ 1.3 çȅȊȇȍȐȎȃȀŭ ȊȇȈȎȍȈŭȒȍȐȉȘȋ Ȋů ŰȐȋŮȐŭŰȊȖ ȊůȆȖŮȓȋ Pickering  emulsion  Ȉŭȇ 

ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ [25] . 

 

ǲ Ǿȉůȃȑȍȏ ŭɵȍŮȍűȇȈȖűȅűŭȏ űȓȋ ůɵȇȈŭȉȗȒůȓȋ Űűȍȋ űȍȊǾŭ űȅȏ ŭȐűȍȉȀɵŭȋŰȅȏ Ǿȃȇȋů 

ȐɵȍȉȍȃȀȄȍȋűŭȏ űȍȋ ŰȐȋűůȉůŰűǿ űȎȇȂǿȏ űȍȐ ŰȐŰűǿȊŭűȍȏ ȊǾŰȓ űȎȇȂȍȉȍȃȇȈȘȋ ŮȍȈȇȊȘȋ 

űȎȇȂǿȏ - ŲȆȍȎǽȏ űȗɵȍȐ ŭȈȀŮŭȏ Űů ŮȀŰȈȍ (pin-on-disc). ǩȇŮȇȈȖűůȎŭ, ȐɵȍȉȍȃȀȄůűŭȇ ȍ 

ŰȐȋűůȉůŰűǿȏ űȅȏ űȎȇȂǿȏ ɵȍȐ ɵŭȎǽȃůűŭȇ ŭȋǽȊůŰŭ Űűȇȏ Ůȗȍ ůɵȇŲǽȋůȇůȏ ȃȇŭ űȅȋ 

ŰȐȋȍȉȇȈǿ ŮȇǽȎȈůȇŭ űȅȏ ȈȀȋȅŰȅȏ űȅȏ ŭȈȀŮŭȏ ɵǽȋȓ Űűȅȋ ůɵȇŲǽȋůȇŭ űȍȐ ŮȍȈȇȊȀȍȐ. ǲ 

Ǿȉůȃȑȍȏ ŭɵȍűůȉůŰȊŭűȇȈȖűȅűŭȏ űȓȋ ůɵȇȈŭȉȗȒůȓȋ ŰȑůűȇȈǽ Ȋů űȍ ȄǿűȅȊŭ űȅȏ 

ŭȐűȍǦŭŰȅȏ ɵȎŭȃȊŭűȍɵȍȇǿȆȅȈů ȊǾŰȓ űȅȏ ȅȉůȈűȎȍȑȅȊȇȈǿȏ ŲŭŰȊŭűȍŰȈȍɵȀŭȏ 

ůȊɵǾŮȅŰȅȏ (Electrochemical Impedance Spectroscopy - EIS).  Ƕŭ ŭɵȍűůȉǾŰȊŭűŭ 

ǾŮůȇȌŭȋ Ȗűȇ ȍȇ ůɵȇȈŭȉȗȒůȇȏ ůȀȋŭȇ ŭɵȍűůȉůŰȊŭűȇȈǾȏ Ȉŭȇ ȃȇŭ űȇȏ Ůȗȍ ůŲŭȎȊȍȃǾȏ. ǫ 

ȅȉůȈűȎȍȑȅȊȇȈǿ ŲŭŰȊŭűȍŰȈȍɵȀŭ ůȊɵǾŮȅŰȅȏ ůȊŲǽȋȇŰů ŭȗȌȅŰȅ űȅȏ ŭȋűȀŰűŭŰȅȏ 

ɵȖȉȓŰȅȏ Ȋů űȅȋ ɵǽȎȍŮȍ űȍȐ ȑȎȖȋȍȐ, ȃůȃȍȋȖȏ ɵȍȐ ȐɵȍŮȅȉȘȋůȇ űȅȋ ɵȎȍŰűŭŰȀŭ űȍȐ 

ȐɵȍŰűȎȘȊŭűȍȏ ŭŲȍȗ ȅ ŭȋűȀŰűŭŰȅ ɵȖȉȓŰȅȏ ůȀȋŭȇ ŭȋűȇŰűȎȖŲȓȏ ŭȋǽȉȍȃȅ űȍȐ 

ȎȐȆȊȍȗ ŮȇǽȂȎȓŰȅȏ, ŮȅȉŭŮǿ űȍ ȉȇȋǾȉŭȇȍ ůȈȉȗůűŭȇ Ȉŭȇ ŭȋŭɵȉȅȎȘȋůȇ űŭ Ȉůȋǽ Űűȇȏ 

ůȃȈȍɵǾȏ. ǳŭȎǽȉȉȅȉŭ ȍ ŰȐȋűůȉůŰűǿȏ űȎȇȂǿȏ ȐɵȍȉȍȃȀŰűȅȈů 0,151 ȃȇŭ űȅȋ ɵȉǽȈŭ ȑȓȎȀȏ 

ůɵȀŰűȎȓŰȅ Ȉŭȇ 0,045 ȃȇŭ űȅȋ ɵȉǽȈŭ Ȋů ůɵȀŰűȎȓŰȅ (10wt % ȊȇȈȎȍȈǽȒȍȐȉůȏ)[25] [26].  



çȇɵȉȓȊŭűȇȈǿ ǩȎȃŭŰȀŭ ǸŭȎǽȉŭȊɵȍȏ-ǳŭȋŭȃȇȘűȅȏ ǯɵȖűŰŭȏ  

ǭůŲǽȉŭȇȍ 1: ǧȐűȍȉȀɵŭȋŰȅ 

ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 11           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

 

ǩȇȈȖȋŭ 1.4 çȇǽűŭȌȅ ŰȐŰȈůȐǿȏ űȎȇȂǿȏ-ŲȆȍȎǽȏ űȗɵȍȐ ŭȈȀŮŭȏ Űů ŮȀŰȈȍ (pin -on-disc)[25] . 

 

ǩȈűȖȏ ŭɵȖ űȅȋ űůȑȋȇȈǿ űȎȇȂǿȏ ð ŲȆȍȎǽȏ (friction  and wear test)  űȗɵȍȐ ŭȈȀŮŭȏ Űů 

ŮȀŰȈȍ (pin-on-disc), ȐɵǽȎȑůȇ Ȉŭȇ ȅ ŭȋűȀŰűȍȇȑȅ űůȑȋȇȈǿ  űȗɵȍȐ ŰŲŭȀȎŭȏ Űů ŮȀŰȈȍ (ball-

on-disc). ǭŭȇ Űűȇȏ Ůȗȍ űůȑȋȇȈǾȏ ŭŰȈůȀűŭȇ ŰȐȃȈůȈȎȇȊǾȋȍ ŲȍȎűȀȍ Űűȅȋ ȃůȓȊůűȎȀŭ (ŭȈȀŮŭ 

ǿ ŰŲŭȀȎŭ) ȅ ȍɵȍȀŭ ȂȎȀŰȈůűŭȇ Űů ůɵŭŲǿ Ȋů Ǿȋŭ ŮȍȈȀȊȇȍ Űů ŰȑǿȊŭ ŮȀŰȈȍȐ űȍ ȍɵȍȀȍ 

ɵůȎȇŰűȎǾŲůűŭȇ. ǵů Ȗȉȅ űȅ ŮȇǽȎȈůȇŭ űȅȏ ȈȀȋȅŰȅȏ űȅȏ ŭȈȀŮŭȏ ǿ űȅȏ ŰŲŭȀȎŭȏ ɵǽȋȓ Űűȅȋ 

ůɵȇŲǽȋůȇŭ űȍȐ ŮȍȈȇȊȀȍȐ ȐɵȍȉȍȃȀȄůűŭȇ ȍ ŰȐȋűůȉůŰűǿȏ űȅȏ űȎȇȂǿȏ ɵȍȐ ɵŭȎǽȃůűŭȇ 

ŭȋǽȊůŰŭ Űűȇȏ Ůȗȍ ůɵȇŲǽȋůȇůȏ. ǭŭűǽ űȅȋ ɵůȎȇŰűȎȍŲǿ űȍȐ ŮȍȈȇȊȀȍȐ, ȉȖȃȓ űȍȐ ŲȍȎűȀȍȐ 

ɵȍȐ ŭŰȈůȀűŭȇ Űů ŭȐűȖ ŭɵȖ űȅȋ ůɵŭŲǿ Ȋů űȅȋ ŭȈȀŮŭ ȅ űȅȋ ŰŲŭȀȎŭ, űȍ ȈǾȉȐŲȍȏ űȓȋ 

ȊȇȈȎȍȈŭȒȍȐȉȘȋ Űɵǽůȇ Ȉŭȇ ůȈȉȗůűŭȇ űȍ ȉȇɵŭȋűȇȈȖ ŭɵȖ űȍ ůŰȓűůȎȇȈȖ űȍȐȏ, Ȋů 

ŭɵȍűǾȉůŰȊŭ ȋŭ ŮȅȊȇȍȐȎȃůȀűŭȇ Ǿȋŭ ȉůɵűȖ ŰűȎȘȊŭ (ŲȇȉȊ) ŭȋǽȊůŰŭ Űűȍ ŮȍȈȀȊȇȍ Ȉŭȇ űȍ 

ŭȋűȇȈůȀȊůȋȍ. ǠűŰȇ ůȉŭȑȇŰűȍɵȍȇůȀűŭȇ ȅ ůɵŭŲǿ ȊůűŭȌȗ űȍȐȏ Ȉŭȇ ȊůȇȘȋůűŭȇ ȍ ŰȐȋűůȉůŰűǿȏ 

űȎȇȂǿȏ [27]. ǩɵȀŰȅȏ Ȋȇŭ ŭȈȖȊŭ űůȑȋȇȈǿ ɵȍȐ ȑȎȅŰȇȊȍɵȍȇůȀűŭȇ ůȀȋŭȇ ȅ űůȑȋȇȈǿ ŰȘȊŭűȍȏ-

ɵůȎȇŰűȎůŲȖȊůȋȍȐ ŮŭȈűȐȉȀȍȐ (block-on-ring). ǵů ŭȐűǿ űȅȋ űůȑȋȇȈǿ űȍ ŮȍȈȀȊȇȍ 

ȂȎȀŰȈůűŭȇ ŭȋǽȊůŰŭ Űů Ǿȋŭ ŭȈȉȖȋȅűȍ ŭȋűȇȈůȀȊůȋȍ (block) ŭɵȖ űȍ ȍɵȍȀȍ ŮǾȑůűŭȇ 

ŰȐȃȈůȈȎȇȊǾȋȍ ŲȍȎűȀȍ Ȉŭȇ Űů Ǿȋŭȋ ŮŭȈűȗȉȇȍ (ring) ɵȍȐ ɵůȎȇŰűȎǾŲůűŭȇ. ǭŭȇ Űů ŭȐűǿ űȅ 

ȊǾȆȍŮȍ ȊůűȎȇǾűŭȇ ȍ ŰȐȋűůȉůŰűǿȏ űȎȇȂǿȏ Ȉŭűǽ űȅȋ ɵůȎȇŰűȎȍŲǿ űȍȐ ŮŭȈűȐȉȀȍȐ Ȉŭȇ űȅȋ 

ůɵŭŲǿ űȍȐ Ȋů űȍ ŮȍȈȀȊȇȍ. 



çȇɵȉȓȊŭűȇȈǿ ǩȎȃŭŰȀŭ ǸŭȎǽȉŭȊɵȍȏ-ǳŭȋŭȃȇȘűȅȏ ǯɵȖűŰŭȏ  

ǭůŲǽȉŭȇȍ 1: ǧȐűȍȉȀɵŭȋŰȅ 

ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 12           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

 

ǩȇȈȖȋŭ 1.5 çȇǽűŭȌȅ ŰȐŰȈůȐǿȏ  űȎȇȂǿȏ-ŲȆȍȎǽȏ űȗɵȍȐ ŰŲŭȀȎŭȏ Űů ŮȀŰȈȍ (ball -on -disc)[28] . 

 

 

ǩȇȈȖȋŭ 1.6 çȇǽűŭȌȅ ŰȐŰȈůȐǿȏ  űȎȇȂǿȏ-ŲȆȍȎǽȏ űȗɵȍȐ ŰȘȊŭűȍȏ-ɵůȎȇŰűȎůŲȖȊůȋȍȐ 

ŮŭȈűȐȉȀȍȐ (block -on-ring )[29] . 

 

1.2.2. ǩɵȇȈŭȉȗȒůȇȏ ɵȍȐ ɵůȎȇǾȑȍȐȋ ȊȇȈȎȍȈǽȒȍȐȉůȏ ŮȇŭŲȍȎůűȇȈȍȗ ȐȉȇȈȍȗ 

ǫ ɵȉůȇȍȒȅŲȀŭ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ ɵȍȐ ɵŭȎǽȃȍȋűŭȇ ȊǾŰȓ űȅȏ ŮȇŭŮȇȈŭŰȀŭȏ űȍȐ 

ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ ŭɵȍűůȉȍȗȋűŭȇ ŭɵȖ Ǿȋŭ ɵȍȉȐȊůȎȇȈȖ ȈǾȉȐŲȍȏ 

ɵȍȉȐ(ȍȐȎȀŭȏ-  ŲȍȎȊŭȉŮůȁŮȅȏ) (PUF), ȖȊȓȏ Ǿȑůȇ ɵŭȎŭűȅȎȅȆůȀ Űů Ȉǽɵȍȇůȏ 

ɵůȎȇɵűȘŰůȇȏ ȅ ŮȅȊȇȍȐȎȃȀŭ ŰȐŰŰȓȊŭűȓȊǽűȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ. Ƕȍ ȃůȃȍȋȖȏ ŭȐűȖ 



çȇɵȉȓȊŭűȇȈǿ ǩȎȃŭŰȀŭ ǸŭȎǽȉŭȊɵȍȏ-ǳŭȋŭȃȇȘűȅȏ ǯɵȖűŰŭȏ  

ǭůŲǽȉŭȇȍ 1: ǧȐűȍȉȀɵŭȋŰȅ 

ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 13           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

ůȃȈȐȊȍȋůȀ ȈȀȋŮȐȋȍ ȋŭ ůɵȅȎůŭŰűůȀ ŰȅȊŭȋűȇȈǽ ȅ ȊȍȎŲȍȉȍȃȀŭ űȅȏ ȊǿűȎŭȏ Űűȅȋ 

ȍɵȍȀŭ Ȇŭ ůȋŰȓȊŭűȓȆȍȗȋ ȍȇ ȊȇȈȎȍȈǽȒȍȐȉůȏ, ɵȎȍȈŭȉȘȋűŭȏ ȎȓȃȊǾȏ Űűȅȋ 

ůɵȇŲǽȋůȇŭȏ Ȉŭȇ Űűȍ ůŰȓűůȎȇȈȖ űȅȏ [30]. ǯů ŭȐűǽ űŭ ŮůŮȍȊǾȋŭ, ůȈűȖȏ ŭɵȖ űȅȋ 

ɵȍȉȐ(ȍȐȎȀŭ-ŲȍȎȊŭȉŮůȁŮȅ), ȓȏ ȐȉȇȈȖ űȍȐ ȈůȉȗŲȍȐȏ Ǿȑůȇ ȑȎȅŰȇȊȍɵȍȇȅȆůȀ Ȉŭȇ ȅ 

ɵȍȉȐ(ȊůȉŭȊȀȋȅ-ŲȍȎȊŭȉŮůȁŮȅ) (PMF), ȅ ȍɵȍȀŭ ůɵȇȉǾȃůűŭȇ ȉȖȃȓ űȓȋ ȍȊȍȇȍűǿűȓȋ 

ɵȍȐ ɵŭȎȍȐŰȇǽȄůȇ Ȉŭűǽ űȅȋ ŮȇŭŮȇȈŭŰȀŭ ɵŭȎŭȃȓȃǿȏ ȊȇȈȎȍȈŭȒȍȐȉȘȋ ȊǾŰȓ űȍȐ 

ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ, ůȋȘ ɵŭȎǽȉȉȅȉŭ ŮȇŭȆǾűůȇ ȐȒȅȉȖűůȎȅ ȆůȎȊȇȈǿ 

ŰűŭȆůȎȖűȅűŭ Ȉŭȇ  űȍ ȈǾȉȐŲȍȏ ɵȍȐ ŰȑȅȊŭűȀȄůűŭȇ  Űűȍ űůȉȇȈȖ ɵȎȍȔȖȋ 

ȑŭȎŭȈűȅȎȀȄůűŭȇ  ŭɵȖ ȊůȃŭȉȗűůȎȍȐ ȂŭȆȊȍȗ ŮȇŭȈȉǽŮȓŰȅȏ Űů ŰȑǾŰȅ Ȋů űȍ PUF 

[31]. ǩɵȇɵȉǾȍȋ Ǿȑůȇ ȃȀȋůȇ Ȉŭȇ ŭɵȖɵůȇȎŭ ȊȇȈȎȍȈŭȒȍȐȉȘȋ Ȋů ȈǾȉȐŲȍȏ 

ɵȍȉȐ(ȊůȉŭȊȀȋȅȏ-ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ) (PMUF). ǩȈűȖȏ ȖȊȓȏ ŭɵȖ űȇȏ  

ŰȐȃȈůȈȎȇȊǾȋůȏ ŭȊȇȋȍȎȅűȀȋůȏ, ȓȏ ȐȉȇȈǽ űȍȐ ȈůȉȗŲȍȐȏ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ ǾȑȍȐȋ 

ŮȍȈȇȊŭŰűůȀ Ȉŭȇ ǽȉȉůȏ ŮȇŭŲȍȎůűȇȈǾȏ ȍȐŰȀůȏ, ůȋȘ Ǿȑůȇ  ůȎůȐȋȅȆůȀ Ȉŭȇ ȅ 

ůȋŰȓȊǽűȓŰȅ ȐȉȇȈȘȋ Űűȍ ɵȍȉȐȊůȎȇȈȖ ȈǾȉȐŲȍȏ Ȋů ŰȈȍɵȖ űȅȋ ȂůȉűȀȓŰȅ űȓȋ 

ȊȅȑŭȋȇȈȘȋ űȍȐ ȇŮȇȍűǿűȓȋ. ǵűȍȋ ɵŭȎŭȈǽűȓ ɵȀȋŭȈŭ ɵŭȎȍȐŰȇǽȄȍȋűŭȇ ŰȐŰűǿȊŭűŭ 

ŭȐűȍȉȀɵŭȋŰȅȏ ɵȍȐ ǾȑȍȐȋ ȂȎůȆůȀ ȂȇȂȉȇȍȃȎŭŲȇȈǽ, Űűŭ ȍɵȍȀŭ űȍ ȐȉȇȈȖ űȍȐ 

ȈůȉȗŲȍȐȏ Ůůȋ Ǿȑůȇ ůɵȇȉůȃůȀ ȅ ɵȍȉȐ(ȍȐȎȀŭ-ŲȍȎȊŭȉŮůȁŮȅ) ð (PUF). 

ǳȀȋŭȈŭȏ 1.3 ǵȐŰűǿȊŭűŭ ŭȐűȍȉȀɵŭȋŰȅȏ Ȋů ŮȇŭŲȍȎůűȇȈȖ ȐȉȇȈȖ ȈůȉȗŲȍȐȏ. 

ǳȅȃǿ ǭǾȉȐŲȍȏ ǳȐȎǿȋŭȏ Core : Wall  Ƕŭȑȗűȅűŭ 

ȊȅȑŭȋȇȈǿȏ 

ŭȋǽŮůȐŰȅȏ 

(rpm)  

ǶůȑȋȇȈǿ 

ǯȇȈȎȍůȃȈȉůȇŰȊȍȗ 

[32] ǳȍȉȐ(ȊůȉŭȊȀȋȅ-

ȍȐȎȀŭ-ŲȍȎȊŭȉŮůȁŮȅ) 

ǧȇȆȐȉȇŮǾȋȇȍ 

ȋȍȎȂȍȎȋǾȋȇȍ 

(ǩǰǨ) 

2.4 500 ǩɵȀ űȖɵȍȐ 

ǳȍȉȐȊůȎȇŰȊȖȏ 

[30] ǳȍȉȐ(ȊůȉŭȊȀȋȅ-

ȍȐȎȀŭ-ŲȍȎȊŭȉŮůȁŮȅ) 

*ǶȎȇȑȉȓȎȍȌȇȈȖ 

ȍȌȗ (TCA) 

ǶȎȇŲȆȍȎŭȇȆŭȋȇȈȖ 

ȍȌȗ (TFA) 

 

1.25 

450 ǩɵȀ űȖɵȍȐ 

ǳȍȉȐȊůȎȇŰȊȖȏ 

[33] ǳȍȉȐ(ȊůȉŭȊȀȋȅ -

ŲȍȎȊŭȉŮůȁŮȅ) 

ǮȇɵŭȋűȇȈȖ Ǿȉŭȇȍ 

(70SN) 

 

 

0.625 

400 ǩɵȀ űȖɵȍȐ 

ɵȍȉȐȊůȎȇŰȊȖȏ 



çȇɵȉȓȊŭűȇȈǿ ǩȎȃŭŰȀŭ ǸŭȎǽȉŭȊɵȍȏ-ǳŭȋŭȃȇȘűȅȏ ǯɵȖűŰŭȏ  

ǭůŲǽȉŭȇȍ 1: ǧȐűȍȉȀɵŭȋŰȅ 

ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 14           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

[34] ǳȍȉȐ(ŰȍȐȉŲȖȋȅ-

ŲȍȎȊŭȉŮůȗŮȅ) 

ǬȍȋȇȈȖ ȐȃȎȖ 

[EMIm][NTf2] 

 

1.5 

350 ǩȌǽűȊȇŰȅ Ůȇŭȉȗűȅ 

[35] ǳȍȉȐ(ŰȍȐȉŲȖȋȅ-

ŲȍȎȊŭȉŮůȗŮȅ) 

ǮȇɵŭȋűȇȈȖ Ǿȉŭȇȍ 

Tung 

 

1.2 

700 ǩȌǽűȊȇŰȅ Ůȇŭȉȗűȅ 

[36] ǳȍȉȐ(ŰűȐȎǾȋȇȍ) Ȉŭȇ 

ŮȇȍȌůȀŮȇȍ űȍȐ 

ɵȐȎȇűȀȍȐ 

ǮȇɵŭȋűȇȈȖ Ǿȉŭȇȍ 

(70SN) 

1 800 çȇůɵȇŲŭȋůȇŭȈȖȏ 

ɵȍȉȐȊůȎȇŰȊȖȏ Űů 

ȃŭȉǽȈűȓȊŭ Pickering 

[37] ǳȍȉȐȍȐȎůȆǽȋȅ Ȉŭȇ 

ȍȌůȀŮȇȍ ȃȎŭŲůȋȀȍȐ 

ǬȍȋȇȈȖ ǷȃȎȖ 

[BMIm]BF4 

1.35 500-600 çȇůɵȇŲŭȋůȇŭȈȖȏ 

ɵȍȉȐȊůȎȇŰȊȖȏ Űů 

ȃŭȉǽȈűȓȊŭ Pickering 

[38] ǳȍȉȐ(ȍȐȎȀŭ) ǳȍȉȐŭȉŲŭȍȉůŲȀȋȅ 

 

- - ǳȍȉȐȊůȎȇŰȊȖȏ 

ȊȇȈȎȍȃŭȉŭȈűȘȊŭűȍȏ 

* ǵűȍ ɵȉŭȀŰȇȍ űȅȏ ȊůȉǾűȅȏ  ɵȎŭȃȊŭűȍɵȍȇǿȆȅȈŭȋ Ůȗȍ ȌůȑȓȎȇŰűǽ ɵůȇȎǽȊŭűŭ, Ȋů ŮȇŭŲȍȎůűȇȈȖ ȐȉȇȈȖ ɵȐȎǿȋŭ űȍ ȈǽȆů Ǿȋŭ. 

Ƕŭ ŰȐȃȈůȈȎȇȊǾȋŭ ŰȐŰűǿȊŭűŭ ŭɵȍŮůȀȑȆȅȈŭȋ ȉůȇűȍȐȎȃȇȈǽ Ȉŭȇ ɵȎȍŰǾŮȓŰŭȋ ȇŮȇȖűȅűůȏ 

ŭȐűȍȉȀɵŭȋŰȅȏ Űűŭ ŰȗȋȆůűŭ ȐȉȇȈǽ Űűŭ ȍɵȍȀŭ ůȋŰȓȊŭűȘȆȅȈŭȋ. Ūȇŭ ŰȐŰűǿȊŭűŭ ȖɵȍȐ 

űȍ ȐȉȇȈȖ űȍȐ ȈůȉȗŲȍȐȏ ŭɵȍűůȉȍȗȋűŭȋ ŭɵȖ ɵȍȉȐ(ȊůȉŭȊȀȋȅ-ŲȍȎȊŭȉŮůȁŮȅ) ǿ 

ɵȍȉȐ(ȊůȉŭȊȀȋȅ-ȍȐȎȀŭ-ŲȍȎȊŭȉŮůȁŮȅ) ȍȇ ȊȇȈȎȍȈǽȒȍȐȉůȏ ɵȍȐ ŮȅȊȇȍȐȎȃǿȆȅȈŭȋ 

ŮȇǾȆůűŭȋ ȇȈŭȋȍɵȍȇȅűȇȈȖ Ȉŭȇ ŰűŭȆůȎȖ ȊǾŰȍ ȊǾȃůȆȍȏ ŰȓȊŭűȇŮȀȓȋ 110-120 Ȋm, 

ůȊŲǽȋȇŰŭȋ ɵȍȉȗ ȈŭȉǾȏ ȆůȎȊȇȈǾȏ ȇŮȇȖűȅűůȏ (ůȌŭȇȎůűȇȈǿ ȆůȎȊȇȈǿ ŰűŭȆůȎȖűȅűŭ ȊǾȑȎȇ 

űȍȐȏ 300 oC)  ůȋȘ ɵŭȎȍȐŰȀŭŰŭȋ Ȉŭȇ ɵȍȉȗ ȈŭȉǾȏ ȇŮȇȖűȅűůȏ ŭȐűȍȉȀɵŭȋŰȅȏ Ȋů űȅȋ űȇȊǿ 

űȍȐ ŰȐȋűůȉůŰűǿ űȎȇȂǿȏ ȋŭ ȊůȇȘȋůűŭȇ Ȉŭűǽ 75% Űů ŮȍȈȇȊǿ ȖɵȍȐ űȍ ŮȍȈȀȊȇȍ ŮȇǾȆůűů 

ɵȍŰȖűȅűŭ 10wt% ȊȇȈȎȍȈŭȒȍȐȉȘȋ Űűȅȋ ůɵȇȈǽȉȐȒȅ űȍȐ. ǩɵȀŰȅȏ ŭɵȖ űȇȏ ȐɵȖȉȍȇɵůȏ 

ȊůȉǾűůȏ ŭȋŭŮůȇȈȋȗůűŭȇ ȅ ȑȎǿŰȅ űȓȋ ȇȍȋȇȈȘȋ ȐȃȎȘȋ Űŭȋ ȐȉȇȈǽ ɵȐȎǿȋŭ, űŭ ȍɵȍȀŭ 

ɵŭȎȍȐŰȇǽȄȍȐȋ ɵȍȉȗ ȈŭȉǾȏ ȉȇɵŭȋűȇȈǾȏ ȇŮȇȖűȅűůȏ, ȂůȉűȇȓȊǾȋůȏ ŰȐȃȈȎȇűȇȈǽ Ȋů ŭȐűǾȏ 

űȓȋ ȉȇɵŭȋűȇȈȘȋ ůȉŭȀȓȋ. ǳŭȎǽȉȉȅȉŭ ȅ  ůȋȀŰȑȐŰȅ űȓȋ ɵȍȉȐȊůȎȇȈȘȋ ȈůȉȐŲȘȋ 

ŭɵȍŮȀŮůȇ ŰȅȊŭȋűȇȈǽ, ɵȎȍŰŮȀŮȍȋűŭȏ ȈŭȉȗűůȎůȏ ȊȅȑŭȋȇȈǾȏ ȇŮȇȖűȅűůȏ Űűȇȏ 

ȊȇȈȎȍȈǽȒȍȐȉůȏ, ůȋȘ ŭɵȍŮȀŮȍȐȋ ȈŭȉȗűůȎŭ Ȉŭȇ Űűȍȋ űȍȊǾŭ űȅȏ ŭȐűȍȉȀɵŭȋŰȅȏ. ǭŭűǽ 

űȅȋ ȍȉȀŰȆȅŰȅ űȓȋ ŮȍȈȇȊȀȓȋ ȋŭȋȍŰȓȊŭűȀŮȇŭ űȍȐ ȐȉȇȈȍȗ ůȋȀŰȑȐŰȅȏ ŭɵȍȈȍȉȉȍȗȋűŭȇ 

ŭɵȖ űȍ ȈǾȉȐŲȍȏ Ȉŭȇ ŰȑȅȊŭűȀȄȍȐȋ ȊȇȈȎǽ ŰűȎȘȊŭűŭ ŭȋǽȊůŰŭ Űűȇȏ ůɵȇŲǽȋůȇůȏ, űȍȐ 

ŮȍȈȇȊȀȍȐ Ȉŭȇ űȅȋ ɵȎȍŰȈůȀȊůȋȅ Űů ŭȐűȖ, ůȈȊȅŮůȋȀȄȍȋűŭȏ űȅȋ ůɵŭŲǿ ȊůűŭȌȗ űȍȐȏ, Ȋů 

ŭɵȍűǾȉůŰȊŭ ȋŭ ɵȎŭȃȊŭűȍɵȍȇůȀűŭȇ ɵűȘŰȅ űȍȐ ŰȐȋűůȉůŰűǿ űȎȇȂǿȏ. 

 



çȇɵȉȓȊŭűȇȈǿ ǩȎȃŭŰȀŭ ǸŭȎǽȉŭȊɵȍȏ-ǳŭȋŭȃȇȘűȅȏ ǯɵȖűŰŭȏ  

ǭůŲǽȉŭȇȍ 1: ǧȐűȍȉȀɵŭȋŰȅ 

ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 15           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

1.3. ǧȐűȍȉȀɵŭȋŰȅ ȊǾŰȓ ŰȗȋȆůűȓȋ ȐȉȇȈȘȋ Ȋů ůȋŰȓȊŭűȓȊǾȋŭ 

ŰűůȎůǽ ȉȇɵŭȋűȇȈǽ ȊǾŰŭ 

ǵȗȋȆůűŭ ȍȋȍȊǽȄȍȋűŭȇ űŭ ȐȉȇȈǽ űŭ ȍɵȍȀŭ ŭɵȍűůȉȍȗȋűŭȇ ŭɵȖ Ůȗȍ ȅ ɵůȎȇŰŰȖűůȎŭ 

ȐȉȇȈǽ ŰȐŰűŭűȇȈǽ ŮȇŭŲȍȎůűȇȈǽ ȊůűŭȌȗ űȍȐȏ. ǵȈȍɵȖȏ űȅȏ ŮȅȊȇȍȐȎȃȀŭȏ űȓȋ 

ŰȗȋȆůűȓȋ ȐȉȇȈȘȋ ůȀȋŭȇ ȅ ůȋȀŰȑȐŰȅ űȓȋ ȊȅȑŭȋȇȈȘȋ ȇŮȇȍűǿűȓȋ ůȋȖȏ ȐȉȇȈȍȗ ǿ ȅ 

ŭɵȖȈűȅŰȅ ȋǾȓȋ ȇŮȇȍűǿűȓȋ ɵȍȐ Ůůȋ ŮȇŭȆǾűůȇ. ǩȇŮȇȈȖűůȎŭ,  ȊǿűȎŭ ȍȋȍȊǽȄůűŭȇ űȍ 

ȐȉȇȈȖ űȍȐ ȍɵȍȀȍȐ ȍȇ ȇŮȇȖűȅűůȏ ȑȎȀȄȍȐȋ ȂůȉűȀȓŰȅȏ Ȉŭȇ ůȋȀŰȑȐŰȅ ȍȋȍȊǽȄůűŭȇ űȍ 

ȐȉȇȈȖ űȍ ȍɵȍȀȍ ŮȇŭŰɵůȀȎůűŭȇ Űűȍ ůŰȓűůȎȇȈȖ űȅȏ ȊǿűȎŭȏ Ȉŭűǽ űȅȋ ŰȗȋȆůŰȅ űȍȐ 

ȋǾȍȐ ȐȉȇȈȍȗ. ǲȇ ȇŮȇȖűȅűůȏ űȍȐ űůȉȇȈȍȗ ŰȗȋȆůűȍȐ ȐȉȇȈȍȗ ůȌŭȎűȘȋűŭȇ ŭɵȖ űȇȏ 

ȇŮȇȖűȅűůȏ űȓȋ ŰűȍȇȑůȀȓȋ ɵȍȐ űȍ ŰȐȋȆǾűȍȐȋ, űȅ ŰȐȃȈǾȋűȎȓŰȅ űȅȏ ůȋȀŰȑȐŰȅȏ Űűȅ 

ȊǿűȎŭ, űȅ  ȃůȓȊůűȎȀŭ Ȋů űȅȋ ȍɵȍȀŭ ȈŭűŭȋǾȊůűŭȇ, űȍȋ ɵȎȍŰŭȋŭűȍȉȇŰȊȖ űȅȏ 

ȈŭȆȘȏ Ȉŭȇ űȅȋ ŲȗŰȅ űȅȏ ŮȇůɵȇŲǽȋůȇŭȏ, űȍȐ ȑȘȎȍȐ ŮȅȉŭŮǿ ȖɵȍȐ ȃȀȋůűŭȇ ȅ ůɵŭŲǿ 

ȊǿűȎŭȏ-ůȋȀŰȑȐŰȅȏ. ūůȓȎȅűȇȈǽ ȍɵȍȇȍŮǿɵȍűů ȐȉȇȈȖ Ȇŭ ȊɵȍȎȍȗŰů ȋŭ 

ȑȎȅŰȇȊȍɵȍȇȅȆůȀ ȓȏ ȊǿűȎŭ ȃȇŭ űȅȋ ȈŭűŭŰȈůȐǿ ůȋȖȏ ŰȗȋȆůűȍȐ ȐȉȇȈȍȗ, ȖȊȓȏ Űűȅȋ 

ɵȉůȇȍȒȅŲȀŭ űȍȐȏ, ȓȏ ȊǿűȎůȏ ůɵȇȉǾȃȍȋűŭȇ ȊǾűŭȉȉŭ, ɵȍȉȐȊůȎǿ Ȉŭȇ ȈůȎŭȊȇȈǽ ȐȉȇȈǽ 

[39][40].  

ǲ ȉȖȃȍȏ ȃȇŭ űȍȋ ȍɵȍȀȍ ůɵȇȉǾȃȍȋűŭȇ ŭȐűǾȏ ȍȇ űȎůȇȏ ȈŭűȅȃȍȎȀůȏ ȐȉȇȈȘȋ ȃȇŭ ȊǿűȎůȏ 

ŰȗȋȆůűȓȋ ůȀȋŭȇ ȍȇ ȇŮȇȖűȅűůȏ ɵȍȐ ǿŮȅ ŮȇŭȆǾűȍȐȋ. Ƕŭ ȊǾűŭȉȉŭ ǾȑȍȐȋ ȊǾűȎȇŭ ɵȎȍȏ 

ȐȒȅȉǿ ɵȐȈȋȖűȅűŭ, Ȉŭȉǿ ȆůȎȊȇȈǿ ŰűŭȆůȎȖűȅűŭ ůȋȘ Ȉŭȇ űŭ ȈȎǽȊŭűŭ űȍȐȏ 

ɵŭȎȍȐŰȇǽȄȍȐȋ Ȉŭȇ Ȉŭȉǿ ŭȋűȍȑǿ Űűȅ ŮȇǽȂȎȓŰȅ. ǩɵȀŰȅȏ ǾȑȍȐȋ ȈŭȉǾȏ ȊȅȑŭȋȇȈǾȏ 

ȇŮȇȖűȅűůȏ Ȉŭȇ ůȀȋŭȇ ůȗȈȍȉŭ ŮȇŭȑůȇȎȀŰȇȊŭ. ǧȋűȀȆůűŭ űŭ ɵȍȉȐȊůȎǿ Ůůȋ ŮȇŭȆǾűȍȐȋ 

űȖŰȍ ȈŭȉǾȏ ȊȅȑŭȋȇȈǾȏ ȇŮȇȖűȅűůȏ ȍȗűů ȆůȎȊȇȈǿ ŰűŭȆůȎȖűȅűŭ ŭȉȉǽ Ůůȋ ůȀȋŭȇ ɵȍȉȗ 

ŭɵŭȇűȅűȇȈǾȏ ŮȇŭŮȇȈŭŰȀůȏ űȖŰȍ ȅ ɵŭȎŭȃȓȃǿ űȍȐȏ ȖŰȍ Ȉŭȇ ȅ ŰȐȋŭȎȊȍȃǿ űȍȐȏ Ȋů 

ǽȉȉŭ ȐȉȇȈǽ. ǳŭȎǽȉȉȅȉŭ ȑŭȎŭȈűȅȎȀȄȍȋűŭȇ ŭɵȖ ȑŭȊȅȉǿ ɵȐȈȋȖűȅűŭ, ŭȋűȀŰűŭŰȅ 

Űűȅȋ ȑȅȊȇȈǿ ŮȇǽȂȎȓŰȅ Ȉŭȇ űȅȋ ȐɵȍȂǽȆȊȇŰȅ ȉȖȃȓ űȓȋ ɵůȎȇȂŭȉȉȍȋűȇȈȘȋ 

ŰȐȋȆȅȈȘȋ. ǶǾȉȍȏ űŭ ȈůȎŭȊȇȈǽ ůȊŲŭȋȀȄȍȐȋ ůȌŭȇȎůűȇȈǿ ȆůȎȊȇȈǿ ŰűŭȆůȎȖűȅűŭ Ȉŭȇ 

ŭȋűȍȑǿ Űűȅ ŮȇǽȂȎȓŰȅ, ȖȊȓȏ űŭȐűȖȑȎȍȋŭ ůȀȋŭȇ ǽȈŭȊɵűŭ Ȉŭȇ ȒŭȆȐȎǽ ȐȉȇȈǽ, űŭ 

ȍɵȍȀŭ Ůůȋ ůȀȋŭȇ ůȗȈȍȉȍ ȋŭ ȊůűŭȑůȇȎȇŰűȍȗȋ [40].  

 



çȇɵȉȓȊŭűȇȈǿ ǩȎȃŭŰȀŭ ǸŭȎǽȉŭȊɵȍȏ-ǳŭȋŭȃȇȘűȅȏ ǯɵȖűŰŭȏ  

ǭůŲǽȉŭȇȍ 1: ǧȐűȍȉȀɵŭȋŰȅ 

ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 16           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

1.3.1. ǵȗȋȆůűŭ ȐȉȇȈǽ ȊůűŭȉȉȇȈǿȏ ȊǿűȎŭȏ Ȋů ȇŮȇȖűȅűůȏ ŭȐűȍȉȀɵŭȋŰȅȏ. 

Ƕŭ ȊǾűŭȉȉŭ űŭ ȍɵȍȀŭ ȑȎȅŰȇȊȍɵȍȇȍȗȋűŭȇ ȓȏ ȊǿűȎůȏ ŰȗȋȆůűȓȋ ȐȉȇȈȘȋ ůȀȋŭȇ 

ŰȐȋǿȆȓȏ űȍ ŭȉȍȐȊȀȋȇȍ (Al), ȍ ȑŭȉȈȖȏ (Cu), űȍ ȊŭȃȋǿŰȇȍ (Mg) Ȉŭȇ űȍ ȋȇȈǾȉȇȍ (Ni). 

ǲȇ ůȈ ŲȗŰůȓȏ ȈŭȉǾȏ űȍȐȏ ȊȅȑŭȋȇȈǾȏ ȇŮȇȖűȅűůȏ, ȅ ȐȒȅȉǿ űȍȐȏ ůȇŮȇȈǿ ŭȋűȍȑǿ űŭ 

ȈŭȆȇŰűǽ ȇŮŭȋȇȈǽ ȃȇŭ ȋŭ ȑȎȅŰȇȊȍɵȍȇȅȆȍȗȋ Űů ŭɵŭȇűȅűȇȈǾȏ ȊȅȑŭȋȇȈǾȏ ůŲŭȎȊȍȃǾȏ. 

ǯǾŰȓ űȅȏ ŮȇŭŰɵȍȎǽȏ ůȋȖȏ ŰűůȎůȍȗ ȉȇɵŭȋűȇȈȍȗ ȊǾŰȍȐ ŭɵȍȈűȍȗȋ Ȉŭȇ ȇŮȇȖűȅűůȏ 

ŭȐűȍȉȀɵŭȋŰȅȏ ůȌŭȉůȀŲȍȋűŭȏ űȍ ɵȎȖȂȉȅȊŭ űȓȋ ŲȆȍȎȘȋ ɵȍȐ Ȇŭ ȐɵȍŰűȍȗȋ ȉȖȃȓ 

űȓȋ űȎȇȂȘȋ Űűȇȏ ůŲŭȎȊȍȃǾȏ ŭȐűǾȏ. 

Ǡȋŭ ŭɵȖ űŭ ȈȐȎȇȖűůȎŭ ȐȉȇȈǽ ɵȍȐ ȑȎȅŰȇȊȍɵȍȇȍȗȋűŭȇ ȓȏ ůȋȀŰȑȐŰȅ űȓȋ 

ȊůűŭȉȉȇȈȘȋ ŭȐűȘȋ ȊȅűȎȘȋ ůȀȋŭȇ ȍ ȃȎŭŲȀűȅȏ. ǲ ȃȎŭŲȀűȅȏ ůȀȋŭȇ ȊȀŭ ŭɵȖ űȇȏ űȎůȀȏ 

ŭȉȉȍűȎȍɵȇȈǾȏ ȊȍȎŲǾȏ űȍȐ ǽȋȆȎŭȈŭ ȊŭȄȀ Ȋů űȍ ŮȇŭȊǽȋűȇ Ȉŭȇ űŭ ŲȍȐȉůȎǾȋȇŭ. 

ǭȎȐŰűŭȉȉȘȋůűŭȇ Ȋů ȂǽŰȅ űȍ ůȌŭȃȓȋȇȈȖ ŰȗŰűȅȊŭ Ȉŭȇ űŭ ǽűȍȊŭ ǽȋȆȎŭȈŭ 

ŰȐȋŮǾȍȋűŭȇ ȊůűŭȌȗ űȍȐȏ Ȋů ȇŰȑȐȎȍȗȏ ŮůŰȊȍȗȏ Ǿȑȍȋűŭȏ űȅ ȊȍȎŲǿ ȉůɵűȘȋ 

Ųȗȉȉȓȋ. ǵů ŭȐűǿ űȅ ŮȍȊǿ ŭɵȖ ɵŭȎǽȉȉȅȉŭ ůɵȀɵůŮŭ, (ǩȇȈȖȋŭ 1.7) Űů ȈǽȆů Ǿȋŭ ŭɵȖ 

ŭȐűǽ, űŭ ǽűȍȊŭ ǽȋȆȎŭȈŭ ůȀȋŭȇ ŮȇŭűůűŭȃȊǾȋŭ Űů Ǿȋŭ ůȌŭȃȓȋȇȈȖ ɵȉǾȃȊŭ Ȋů 

ŰȐȃȈůȈȎȇȊǾȋůȏ ŭɵȍŰűǽŰůȇȏ ȊůűŭȌȗ űȍȐȏ, űȖŰȍ űȍ ǽűȍȊŭ ȖŰȍ Ȉŭȇ űŭ ůɵȀɵůŮŭ 

(0,142nm Ȉŭȇ 0,335nm ŭȋűȀŰűȍȇȑŭ). Ƕŭ ǽűȍȊŭ ȊǾŰŭ ŰűȍȐȏ ŮŭȈűȐȉȀȍȐȏ ŰȐȋŮǾȍȋűŭȇ 

ȍȊȍȇȍɵȍȉȇȈǽ, ůȋȘ űŭ ůɵȀɵůŮŭ ŰȐȋŮǾȍȋűŭȇ ȑŭȉŭȎǽ ȊůűŭȌȗ űȍȐȏ Ȋů űȇȏ ŮȐȋǽȊůȇȏ 

van der Waals. ǫ ȇȈŭȋȖűȅűŭ űȍȐ ȃȎŭŲȀűȅ ȋŭ ŰȑȅȊŭűȀȄůȇ Ǿȋŭ ŰűůȎůȖ ȉȇɵŭȋűȇȈȖ 

ŰűȎȘȊŭ ɵȎȍǾȎȑůűŭȇ ŭɵȖ ŭȐűȍȗȏ űȍȐȏ Ůȗȍ ŭȋűȀȆůűȍȐȏ ȑȅȊȇȈȍȗȏ ŮůŰȊȍȗȏ. Ƕȍ 

ȃůȃȍȋȖȏ Ȗűȇ ȍȇ ŭȋȀŰȑȐȎůȏ ŮȐȋǽȊůȇȏ Van der Waals ȈŭȆȍȎȀȄȍȐȋ űȅ ŰȗȋŮůŰȅ ȊůűŭȌȗ 

űȓȋ ȊůȊȍȋȓȊǾȋȓȋ ŰűȎȓȊǽűȓȋ ůɵȇűȎǾɵůȇ Űů ŭȐűǽ ȋŭ ȍȉȇŰȆŭȀȋȍȐȋ űȍ Ǿȋŭ ɵǽȋȓ 

Űűȍ ǽȉȉȍ, ȈŭȆȇŰűȘȋűŭȏ űȍ ȃȎŭŲȀűȅ ȓȏ  ȇŮŭȋȇȈȖ ȉȇɵŭȋűȇȈȖ ȊǾŰȍ. ǩɵȇɵȉǾȍȋ Ůůȋ 

ŭȋűȇŮȎǽ Ȋů ȍȎȃŭȋȇȈǽ ŮȇŭȉȗȊŭűŭ ǿ ŮȇŭȂȎȓűȇȈǽ ȑȅȊȇȈǽ ŰȐŰűŭűȇȈǽ ȍɵȖűů 

ŮȇŭűȅȎůȀűŭȇ ŭűȖŲȇȍȏ Ȋůűǽ ŭɵȖ ůɵŭŲǿ Ȋů ŭȐűǽ, Ȉŭȇ ȉȖȃȓ Ȉŭȉǿȏ ȆůȎȊȇȈǿȏ 

ŭȃȓȃȇȊȖűȅűŭȏ ůȐȋȍůȀűŭȇ ȅ ŭɵȍȂȍȉǿ űȅȏ ȆůȎȊȖűȅűŭȏ ɵȍȐ ɵŭȎǽȃůűŭȇ Ȉŭűǽ űȅȋ 

űȎȇȂǿ.  

ǲ ȃȎŭŲȀűȅȏ ůȀȋŭȇ Ȉŭűǽȉȉȅȉȍȏ ȃȇŭ ȉȀɵŭȋŰȅ Űů ŭűȊȍŰŲŭȇȎȇȈǾȏ ŰȐȋȆǿȈůȏ Ȉŭȇ Ȗȑȇ Űů 

ȌȅȎȖ ɵůȎȇȂǽȉȉȍȋ ȅ ȈůȋȖ. ǫ ɵȀůŰȅ űȓȋ ȐŮȎŭűȊȘȋ ůɵȅȎůǽȄůȇ űȅȋ ȇȈŭȋȖűȅűŭ 

ȉȀɵŭȋŰȅȏ. ǣŰȍ ȊůȃŭȉȗűůȎȅ ůȀȋŭȇ ȅ ɵȀůŰȅ űȖŰȍ ȑŭȊȅȉȖűůȎȍȏ ůȀȋŭȇ ȍ ȎȐȆȊȖȏ 

ŲȆȍȎǽȏ ȈŭȆȘȏ ȅ ɵȎȍŰȎȖŲȅŰȅ ȋůȎȍȗ ȊůȇȘȋůȇ űȅȋ ůȋǾȎȃůȇŭ űȓȋ ŮůŰȊȘȋ ȊůűŭȌȗ 

űȓȋ ůȌŭȃȓȋȇȈȘȋ ůɵȇɵǾŮȓȋ űȍȐ ȃȎŭŲȀűȅ Űů ȑŭȊȅȉȖűůȎȍ ůɵȀɵůŮȍ ŭɵȖ űȅȋ 



çȇɵȉȓȊŭűȇȈǿ ǩȎȃŭŰȀŭ ǸŭȎǽȉŭȊɵȍȏ-ǳŭȋŭȃȇȘűȅȏ ǯɵȖűŰŭȏ  

ǭůŲǽȉŭȇȍ 1: ǧȐűȍȉȀɵŭȋŰȅ 

ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 17           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

ůȋǾȎȃůȇŭ ɵȎȖŰŲȐŰȅȏ ȊůűŭȌȗ ůȋȖȏ ȐɵȍŰűȎȘȊŭűȍȏ Ȉŭȇ űȍȐ ȊȍȎȀȍȐ ȃȎŭŲȀűȅ. ǭŭűǽ 

űȅȋ ŮȇŭŮȇȈŭŰȀŭ ɵŭȎŭȃȓȃǿȏ űȎȇȂǿȏ Ųȗȉȉŭ ȃȎŭŲȀűȅ ŭɵȍȈȍȉȉȘȋűŭȇ Ȉŭȇ 

ȊůűŭŲǾȎȍȋűŭȇ Űűȅȋ ůɵȇŲǽȋůȇŭ Ȋů űȅȋ ȍɵȍȀŭ ȃȀȋůűŭȇ ȅ ůɵŭŲǿ ůȊɵȍŮȀȄȍȋűŭȏ ǾűŰȇ 

űȅȋ ǽȊůŰȅ ůɵŭŲǿ ŭȋǽȊůŰŭ Űűŭ Ůȗȍ ȐȉȇȈǽ. ǣűŭȋ űȍ ŰűȎȘȊŭ ȃȎŭŲȀűȅ ŰɵǽŰůȇ, ȋǾȍ 

ȉȇɵŭȋűȇȈȖ ŰűȎȘȊŭ ŰȑȅȊŭűȀȄůűŭȇ Ȋů űȅȋ ŭɵȍȈȖȉȉȅŰȅ ǽȉȉȍȐ ŲȗȉȉȍȐ [41].  

ǯů űȍȋ ȀŮȇȍ űȎȖɵȍ ȉůȇűȍȐȎȃůȀ Ȉŭȇ űȍ ůȌŭȃȓȋȇȈȖ ȋȇűȎȀŮȇȍ űȍȐ ȂȍȎȀȍȐ (hexagonal 

boron nitride ð hBN) Űŭȋ ȉȇɵŭȋűȇȈȖ ȊǾŰȍ ȈŭȆȘȏ ŮȇŭȆǾűůȇ ɵŭȎȖȊȍȇŭ ȈȎȐŰűŭȉȉȇȈǿ 

ȊȍȎŲǿ Ȋů ŭȐűǿ űȍȐ ȃȎŭŲȀűȅ. ǣȊȓȏ űŭ ǽűȍȊŭ űȍȐ ȂȍȎȀȍȐ Ȉŭȇ űȍȐ ŭȄȘűȍȐ 

ŰȐȋŮǾȍȋűŭȇ Ȋů ȇŰȑȐȎǽ ȅȉůȈűȎȇȈǽ ŮȀɵȍȉŭ Ȉŭȇ ȇŰȑȐȎȖűůȎůȏ ŮȐȋǽȊůȇȏ van der Waals 

ŰȐȃȈȎŭűȍȗȋ űŭ ɵŭȎǽȉȉȅȉŭ ůɵȀɵůŮŭ űȍȐ ȋȇűȎȇŮȀȍȐ űȍȐ ȂȍȎȀȍȐ Űů ŰȑǾŰȅ Ȋů ŭȐűǾȏ 

ŭȋǽȊůŰŭ Űűŭ ůɵȀɵůŮŭ űȍȐ ȃȎŭŲȀűȅ. ǧȐűȖ Ǿȑůȇ ȓȏ ŭɵȍűǾȉůŰȊŭ ȅ ŭɵȖŰűŭŰȅ 

ȊůűŭȌȗ Ůȗȍ ůɵȇɵǾŮȓȋ ȋŭ ůȀȋŭȇ ȊȇȈȎȖűůȎȅ Űů ȈǽȆů ȊȖȎȇȍ, ŰȐȃȈůȈȎȇȊǾȋŭ 3.33 ¡  

Űűȍ ȊȖȎȇȍ űȍȐ ůȌŭȃȓȋȇȈȍȗ ȋȇűȎȇŮȀȍȐ űȍȐ ȂȍȎȀȍȐ Ȉŭȇ 3.35 ¡ Űů ŭȐűȖ űȍȐ ȃȎŭŲȀűȅ, 

ŰȐȋűůȉȘȋűŭȏ Űů Ǿȋŭ ɵȇȍ ȇŰȑȐȎȖ ȈȎȐŰűŭȉȉȇȈȖ ɵȉǾȃȊŭ. ǧɵȖ űȍ ɵȉǾȃȊŭ ŭȐűȖ 

ȈŭȆȀŰűŭűŭȇ ŮȐŰȈȍȉȖűůȎȅ ȅ ŭɵȍȈȖȉȉȅŰȅ ůȋȖȏ ŲȗȉȉȍȐ Ȉŭȇ ȅ ŮȅȊȇȍȐȎȃȀŭ ůȋȖȏ 

ůȋŮȇǽȊůŰȍȐ ȉȇɵŭȋűȇȈȍȗ ŰűȎȘȊŭűȍȏ, ǽȎŭ ȊůȇȘȋůűŭȇ ȅ ȉȇɵŭȋűȇȈǿ ȇȈŭȋȖűȅűŭ űȅȏ 

ȍȐŰȀŭȏ [2].  

 

ǩȇȈȖȋŭ 1.7 ǸȅȊȇȈǾȏ ŮȍȊǾȏ ȃȎŭŲȀűȅ Ȉŭȇ ůȌŭȃȓȋȇȈȍȗ ȋȇűȎȇŮȀȍȐ űȍȐ ȂȍȎȀȍȐ [2] . 

 

 



çȇɵȉȓȊŭűȇȈǿ ǩȎȃŭŰȀŭ ǸŭȎǽȉŭȊɵȍȏ-ǳŭȋŭȃȇȘűȅȏ ǯɵȖűŰŭȏ  

ǭůŲǽȉŭȇȍ 1: ǧȐűȍȉȀɵŭȋŰȅ 

ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 18           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

ǧȈȖȊŭ Ǿȋŭ ȐȉȇȈȖ Ȋů űȍ ȍɵȍȀȍ ůȋȇŰȑȗȍȋűŭȇ ȍȇ ȊůűŭȉȉȇȈǾȏ ȊǿűȎůȏ ůȀȋŭȇ űȍ ŮȇȆůȇȍȗȑȍ 

ȊȍȉȐȂŮŭȀȋȇȍ (MoS2). ǫ ŮȇǽűŭȌȅ űȍȐ ȈȎȐŰűŭȉȉȇȈǽ Űűȍ ȑȘȎȍ ůȀȋŭȇ ůȉŭŰȊŭűȇȈǿ, Ȋů 

ŰűȇȂŭȃȊǾȋŭ ůɵȀɵůŮŭ. ǵűȍ ȈǽȆů ůɵȀɵůŮȍ Ǿȋŭ ŰűȎȘȊŭ ŭűȖȊȓȋ ȊȍȉȐȂŮŭȇȋȀȍȐ ůȀȋŭȇ 

ůȋŰȓȊŭűȓȊǾȋȍ ŭȋǽȊůŰŭ Űů Ůȗȍ ŰűȎȘȊŭűŭ ŭűȖȊȓȋ ȆůȀȍȐ. ǲȇ ȍȊȍȇȍɵȍȉȇȈȍȀ ŮůŰȊȍȀ 

ŭȋǽȊůŰŭ Űűŭ ǽűȍȊŭ ȆůȀȍȐ Ȉŭȇ ȊȍȉȐȂŮŭȇȋȀȍȐ (S-Mo-S) ůȀȋŭȇ ɵȍȉȗ ȇŰȑȐȎȍȀ ȊǾŰŭ Űűȍ 

ůɵȀɵůŮȍ ůȋȘ ȍȇ ŮȐȋǽȊůȇȏ van der Waals ɵȍȐ ůȋȘȋȍȐȋ Ůȗȍ ůɵȀɵůŮŭ ȊůűŭȌȗ űȍȐȏ Ůůȋ 

ǾȑȍȐȋ űȅȋ ȀŮȇŭ ȇŰȑȗ. ǠűŰȇ űŭ ůɵȀɵůŮŭ ůȀȋŭȇ ŮȗŰȈȍȉȍ ȋŭ ȈŭűŭŰűȎŭŲȍȗȋ ȖȊȓȏ 

ɵŭȎȍȐŰȇǽȄȍȐȋ ɵȍȉȗ ȈŭȉǾȏ ȇŮȇȖűȅűůȏ ȍȉȀŰȆȅŰȅȏ. ǫ ȉȀɵŭȋŰȅ Ȉŭűǽ űȅȋ ɵŭȎŭȃȓȃǿ 

űȎȇȂǿȏ ȃȀȋůűŭȇ Ȋů űȍȋ ȀŮȇȍ ȊȅȑŭȋȇŰȊȖ Ȗɵȓȏ Ȉŭȇ Űűȅȋ ɵůȎȀɵűȓŰȅ űȍȐ ȃȎŭŲȀűȅ. Ƕȍ 

ŮȇȆůȇȍȗȑȍ ȊȍȉȐȂŮŭȀȋȇȍ ȖȊȓȏ Űů ŭȋűȀȆůŰȅ Ȋů űȍȋ ȃȎŭŲȀűȅ ȑȎȅŰȇȊȍɵȍȇůȀűŭȇ ȓȏ 

ȉȇɵŭȋűȇȈȖ ȊǾŰȍ ȈȐȎȀȓȏ Űů ůŲŭȎȊȍȃǾȏ ɵȍȐ ůɵȇȈȎŭűȍȗȋ ŰȐȋȆǿȈůȏ Ȉůȋȍȗ ǿ ŰȐȋȆǿȈůȏ 

ȌȅȎǿȏ ŭűȊȖŰŲŭȇȎŭȏ [42].  

 

ǩȇȈȖȋŭ 1.8 ǸȅȊȇȈǿ ŮȍȊǿ ŮȇȆůȇȍȗȑȍȐ ȊȍȉȐȂŮŭȇȋȀȍȐ [43] . 

 

1.3.2. ǵȗȋȆůűŭ ȐȉȇȈǽ ɵȍȉȐȊůȎȇȈǿȏ ȊǿűȎŭȏ Ȋů ȇŮȇȖűȅűůȏ ŭȐűȍȉȀɵŭȋŰȅȏ. 

ŪůȋȇȈǽ űŭ ɵȍȉȐȊůȎǿ ůɵȇŮůȇȈȋȗȍȐȋ ȑŭȊȅȉȖ ŰȐȋűůȉůŰűǿ űȎȇȂǿȏ Ȉŭűǽ űȅȋ ȌȅȎǿ 

ȍȉȀŰȆȅŰȅ. ǩɵȀŰȅȏ Ȉǽɵȍȇŭ ɵȍȉȐȊůȎǿ Ȗɵȓȏ űȍ ɵȍȉȐűůűȎŭŲȆȍȎȍŭȇȆȐȉǾȋȇȍ, 

ȃȋȓŰűȖ ůȊɵȍȎȇȈǽ Ȉŭȇ ȓȏ ǶůŲȉȖȋ (Polytetrafluoroethylene  ð PTFE , Teflon), ůȀȋŭȇ 

ůȃȃůȋȘȏ ŰűůȎůǽ ȉȇɵŭȋűȇȈǽ. ǠűŰȇ Űűŭ ŰȗȋȆůűŭ ȐȉȇȈǽ ɵȍȐ ȈŭűŭŰȈůȐǽȄȍȋűŭȇ 



çȇɵȉȓȊŭűȇȈǿ ǩȎȃŭŰȀŭ ǸŭȎǽȉŭȊɵȍȏ-ǳŭȋŭȃȇȘűȅȏ ǯɵȖűŰŭȏ  

ǭůŲǽȉŭȇȍ 1: ǧȐűȍȉȀɵŭȋŰȅ 

ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 19           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

Ǿȑȍȋűŭȏ ȓȏ ȊȅűȎȇȈȖ ȐȉȇȈȖ Ǿȋŭ ɵȍȉȐȊůȎǾȏ, ȍȇ ůȋȇŰȑȐűȇȈȍȀ ɵŭȎǽȃȍȋűůȏ ɵȍȐ 

ɵȎȍŰűȀȆůȋűŭȇ ůȀȋŭȇ ȐȉȇȈǽ ȅ ɵŭȎȍȐŰȀŭ űȓȋ ȍɵȍȀȓȋ Ȇŭ ɵȎȍŰŮȘŰůȇ Űűȍ űůȉȇȈȖ 

ŰȗȋȆůűȍ ȈŭȉȗűůȎůȏ ȊȅȑŭȋȇȈǾȏ ȇŮȇȖűȅűůȏ Ȉŭȇ ŭȋűȍȑǿ ȑȓȎȀȏ ȋŭ ůɵȅȎůŭŰűȍȗȋ ȍȇ 

ȐɵǽȎȑȍȐŰůȏ ȉȖȃȓ űȅȏ ȊǿűȎŭȏ ɵȍȉȗ ȈŭȉǾȏ ȉȇɵŭȋűȇȈǾȏ ȇŮȇȖűȅűůȏ [2]. 

Ǻȏ ůȋȀŰȑȐŰȅ Űűȇȏ ɵȍȉȐȊůȎȇȈǾȏ ȊǿűȎůȏ ȑȎȅŰȇȊȍɵȍȇȍȗȋűŭȇ Ȁȋůȏ ǽȋȆȎŭȈŭ (carbon 

fibers) Ȉŭȇ ȋŭȋȍŰȓȉǿȋůȏ ǽȋȆȎŭȈŭ (carbon nanotubes). ǲȇ Ȁȋůȏ ǽȋȆȎŭȈŭ 

ŭɵȍűůȉȍȗȋűŭȇ ŭɵȖ Ǿȋŭ ɵȉǾȃȊŭ Ųȗȉȉȓȋ ȃȎŭŲůȋȀȍȐ Ȉŭȇ űȍ ȊǾȃůȆȍȏ ȊůűȎȇǾűŭȇ Űűȅȋ 

ȊȇȈȎȍȈȉȀȊŭȈŭ (10-6m). ǵűŭ ŰȗȋȆůűŭ ȐȉȇȈǽ ȍȇ Ȁȋůȏ ŭɵȍȎȎȍŲȍȗȋ űŭ ȊȅȑŭȋȇȈǽ 

ŲȍȎűȀŭ Ȉŭȇ űȍȐȏ ȈȎŭŮŭŰȊȍȗȏ ůȋȘ ȅ ȊǿűȎŭ ɵȎȍŰűŭűůȗůȇ űȇȏ Ȁȋůȏ ŭɵȖ ɵȇȆŭȋǿ 

ŲȆȍȎǽ ɵȍȐ ȊɵȍȎůȀ ȋŭ ɵȎȍȈȉȅȆůȀ ŭɵȖ űȍ ůȌȓűůȎȇȈȖ ɵůȎȇȂǽȉȉȍȋ. ǩɵȀŰȅȏ Ȉŭűǽ űȅȋ 

ŰȐȋůȑȖȊůȋȅ űȎȇȂǿ űȍȐ ŭȋűȇȈůȇȊǾȋȍȐ, ȅ ůɵȇŲǽȋůȇŭ űȍȐ ŲȆůȀȎůűŭȇ. ǣűŭȋ ȅ Ȁȋŭ 

ȂȎůȆůȀ ůȈűůȆůȇȊǾȋȅ Űűȅȋ űȎȇȂǿ, ȊȇȈȎǽ ŰȓȊŭűȀŮȇŭ ȃȎŭŲůȋȀȍȐ ŭɵȍȈȍȉȉȍȗȋűŭȇ Ȉŭȇ 

ŮȅȊȇȍȐȎȃȍȗȋ Ǿȋŭ ȉůɵűȖ ŰűȎȘȊŭ ŭȋǽȊůŰŭ Űűȍ ŰȗȋȆůűȍ ȐȉȇȈȖ Ȉŭȇ űȅȋ ůɵȇŲǽȋůȇŭ 

ɵǽȋȓ Űűȅȋ ȍɵȍȀŭ ȍȉȇŰȆŭȀȋůȇ, ǾűŰȇ ȘŰűů ȋŭ Ȋȅȋ ȐɵǽȎȑůȇ ůɵŭŲǿ ȊůűŭȌȗ űȓȋ Ůȗȍ 

ɵȉǾȍȋ Ȉŭȇ ȋŭ ȊůȇȓȆůȀ ȅ űȎȇȂǿ ɵȍȐ ɵŭȎǽȃůűŭȇ [2][44].  

ǲȇ ȋŭȋȍŰȓȉǿȋůȏ ǽȋȆȎŭȈŭ ůȀȋŭȇ Űűȅȋ ɵȎŭȃȊŭűȇȈȖűȅűŭ ȈůȋȍȀ ȈȗȉȇȋŮȎȍȇ űȓȋ 

ȍɵȍȀȓȋ űȍ űȍȀȑȓȊŭ ŭɵȍűůȉůȀűŭȇ ŭɵȖ ǽűȍȊŭ ǽȋȆȎŭȈŭ ŰȐȋŮůŮůȊǾȋŭ ȊůűŭȌȗ űȍȐȏ 

Űů ůɵŭȋŭȉŭȊȂŭȋȖȊůȋŭ ůȌǽȃȓȋŭ. Ƕȍ ȊǾȃůȆȖȏ űȍȐȏ ȊůűȎȇǾűŭȇ Űűȅ ȋŭȋȍȈȉȀȊŭȈŭ 

(10-9m). ǷɵǽȎȑȍȐȋ Űȓȉǿȋůȏ Ȋů ȊȍȋȖ űȍȀȑȓȊŭ (Single-Wall Nanotubes ð SWNTs) 

Ȉŭȇ Űȓȉǿȋůȏ Ȋů ɵȍȉȉŭɵȉǽ űȍȇȑȘȊŭűŭ (Multi-Wall Nanotubes ð MWNTs), ȖɵȍȐ 

ȍȐŰȇŭŰűȇȈǽ ȍ Űȓȉǿȋŭȏ ŭɵȍűůȉůȀűŭȇ ŭɵȖ ɵȍȉȉȍȗȏ ůŰȓűůȎȇȈȍȗȏ ȋŭȋȍŰȓȉǿȋůȏ 

ůȋȖȏ űȍȇȑȘȊŭűȍȏ . ǮȖȃȓ űȓȋ ɵȍȉȉŭɵȉȘȋ űȍȇȑȓȊǽűȓȋ ȍȇ ŰȐȃȈůȈȎȇȊǾȋȍȇ 

ȋŭȋȍŰȓȉǿȋůȏ ůȀȋŭȇ ɵȇȍ ȇŰȑȐȎȍȀ ŭɵȖ űȍȐȏ ŭɵȉȍȗȏ. ǲȇ ȋŭȋȍŰȓȉǿȋůȏ ǽȋȆȎŭȈŭ 

ůɵȇȉǾȃȍȋűŭȇ ȓȏ ŰȐŰűŭűȇȈǽ ůȋȀŰȑȐŰȅȏ ȊȀŭȏ ȊǿűȎŭȏ Űů ŰȗȋȆůűŭ ȐȉȇȈǽ ȈŭȆȘȏ 

ȑŭȎŭȈűȅȎȀȄȍȋűŭȇ ŭɵȖ ůȌŭȇȎůűȇȈǾȏ ȑȅȊȇȈǾȏ Ȉŭȇ ŲȐŰȇȈǾȏ ȇŮȇȖűȅűůȏ. ǲȇ ɵȇȍ 

ŰȅȊŭȋűȇȈǾȏ ŭɵȖ ŭȐűǾȏ ůȀȋŭȇ ȐȒȅȉǿ ȅȉůȈűȎȇȈǿ Ȉŭȇ ȆůȎȊȇȈǿ ŭȃȓȃȇȊȖűȅűŭ, ȊȇȈȎǿ 

ȊǽȄŭ, ȐȒȅȉǿ ůŲůȉȈȐŰűȇȈǿ űǽŰȅ Ȉŭȇ ȊȀŭ ŭɵȖ űȇȏ ȊůȃŭȉȗűůȎůȏ ȊůűȎǿŰȇȊůȏ ůȇŮȇȈǾȏ 

ŭȋűȍȑǾȏ Űů ȐȉȇȈȖ. ǲȇ ȋŭȋȍŰȓȉǿȋůȏ ǽȋȆȎŭȈŭ ȊɵȍȎȍȗȋ ȋŭ ŮȇŭŰɵŭȎȆȍȗȋ Ȋů 

ȊůȃŭȉȗűůȎȅ ůȐȈȍȉȀŭ Űűȅ ȊǿűȎŭ Űů ŰȑǾŰȅ Ȋů űȇȏ Ȁȋůȏ ȉȖȃȓ űȍȐ ȊȇȈȎȖűůȎȍȐ 

ȊůȃǾȆȍȐȏ űȍȐȏ Ȉŭȇ ǾűŰȇ ȐɵǽȎȑůȇ Ȋȇŭ ɵȇȍ ȍȊȍȇȖȊȍȎŲȅ ŮȇŭȋȍȊǿ űȍȐ ŲȍȎűȀȍȐ Ȉŭȇ 

űȓȋ ŮȐȋǽȊůȓȋ ɵȍȐ ŭŰȈůȀűŭȇ Űűȍ ŰȗȋȆůűȍ ȐȉȇȈȖ, ǽȎŭ Ȉŭȇ ȊůȃŭȉȗűůȎȅ ŭȋűȍȑǿ 

Űűȅȋ ȈŭűŭɵȖȋȅŰȅ [2][44]. 
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ǭůŲǽȉŭȇȍ 1: ǧȐűȍȉȀɵŭȋŰȅ 
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1.3.3. ǵȗȋȆůűŭ ȐȉȇȈǽ ȈůȎŭȊȇȈǿȏ ȊǿűȎŭȏ Ȋů ȇŮȇȖűȅűůȏ ŭȐűȍȉȀɵŭȋŰȅȏ. 

Ƕŭ ȈůȎŭȊȇȈǽ ȐȉȇȈǽ ůȀȋŭȇ Ȋȇŭ ȌůȑȓȎȇŰűǿ ȈŭűȅȃȍȎȀŭ ȐȉȇȈȘȋ. çȇŭȆǾűȍȐȋ ȐȒȅȉǿ 

ŭȋűȍȑǿ Űűȅ ŲȆȍȎǽ Ȉŭȇ ȐȒȅȉǿ ŰȈȉȅȎȖűȅűŭ űȖŰȍ Űů ŲȐŰȇȍȉȍȃȇȈǾȏ ȖŰȍ Ȉŭȇ Űů 

ȐȒȅȉȖűůȎůȏ ȆůȎȊȍȈȎŭŰȀůȏ, ȑŭȊȅȉǿ ɵȐȈȋȖűȅűŭ Ȉŭȇ ŭȋűȍȑǿ Űűȅ ŮȇǽȂȎȓŰȅ. ǲȇ 

ȇŮȇȖűȅűůȏ ŭȐűǾȏ űŭ ȈŭȆȇŰűȍȗȋ űŭ ɵȇȍ Ȉŭűǽȉȉȅȉŭ ȐȉȇȈǽ ȃȇŭ ůŲŭȎȊȍȃǾȏ Űů ȐȒȅȉǾȏ 

ȆůȎȊȍȈȎŭŰȀůȏ, ȊȅȑŭȋǾȏ, ŭȋűȇŰűǽŰůȇȏ ǿ Ȉŭȇ ȅȉůȈűȎȍȋȇȈǾȏ ŰȐŰȈůȐǾȏ. ǧɵȖ űȅȋ ǽȉȉȅ, 

űŭ ȈůȎŭȊȇȈǽ ȐȉȇȈǽ ŮȇŭȈȎȀȋȍȋűŭȇ Ȉŭȇ ŭɵȖ ȐȒȅȉȍȗȏ ŰȐȋűůȉůŰűǾȏ űȎȇȂǿȏ Űů 

ŰȐȋȆǿȈůȏ ȍȉȀŰȆȅŰȅȏ ȑȓȎȀȏ ůȌȓűůȎȇȈȖ ȊǾŰȍ ȉȀɵŭȋŰȅȏ. ǩɵȇɵȉǾȍȋ Űŭȋ ȐȉȇȈǽ ůȀȋŭȇ 

Ȉŭȇ ůȌŭȇȎůűȇȈǽ ȒŭȆȐȎǽ ɵůȎȇȍȎȀȄȍȋűŭȏ ǾűŰȇ űȅȋ ůŲŭȎȊȍȃǿ űȍȐȏ Űů ůŲŭȎȊȍȃǾȏ 

űȎȇȂȍȉȍȃȇȈȍȗ ůȋŮȇŭŲǾȎȍȋűȍȏ ȑȓȎȀȏ Ȉǽɵȍȇŭ ȊůűŭűȎȍɵǿ. ǫ ůȋŰȓȊǽűȓŰȅ űȓȋ 

ŰȐȊȂŭűȇȈȘȋ ŰűůȎůȘȋ ȉȇɵŭȋűȇȈȘȋ ȍȐŰȇȘȋ ȖȊȓȏ Ůůȋ ůȀȋŭȇ ůŲȇȈűǿ ȈŭȆȘȏ 

ɵŭȎŭűȅȎůȀűŭȇ ȐɵȍȂǽȆȊȇŰȅ űȓȋ ȊȅȑŭȋȇȈȘȋ ȇŮȇȍűǿűȓȋ űȓȋ ȈůȎŭȊȇȈȘȋ ŰȗȋȆůűȓȋ 

Űů ȐȒȅȉǾȏ ȆůȎȊȍȈȎŭŰȀůȏ. ǵűȅȋ ɵůȎȀɵűȓŰȅ űȍȐ ȍȌůȇŮȀȍȐ űȍȐ ŭȎȃȇȉȀȍȐ (Al2O3) ǿ 

ŭȉȍȐȊȀȋŭ, ůȋŰȓȊŭűȘȆȅȈŭȋ Űűȍ ŮůȀȃȊŭ ɵȍŰȖűȅűůȏ ŭȎȃȗȎȍȐ Ag)  Ȉŭȇ ŲȆȍȎȇȍȗȑȍȐ 

ŭŰȂůŰűȀȍȐ (CaF2), ȐȉȇȈȘȋ Ȋů ȐȒȅȉǽ ŰȅȊůȀŭ űǿȌȅȏ, ȘŰűů űȍ űůȉȇȈȖ ɵȎȍȔȖȋ ȋŭ 

ȊɵȍȎůȀ ȋŭ ȑȎȅŰȇȊȍɵȍȇȅȆůȀ Űů ůŲŭȎȊȍȃǾȏ ɵȍȐ ŲűǽȋȍȐȋ űȍȐȏ 800ÁC. Ƕŭ 

ŭɵȍűůȉǾŰȊŭűŭ ůȋȖȏ ůȉǾȃȑȍȐ Ȋů űȅȋ ȊǾȆȍŮȍ ȊȍȎŲȍȉȍȃȀŭȏ ȈŭȎŲȀűŰŭȏ (pin-on-

disc) ŭɵǾŮůȇȌŭȋ űȅȋ ɵűȘŰȅ űȍȐ ŰȐȋűůȉůŰűǿ űȎȇȂǿȏ Ȉŭȇ űȅȏ ŮȅȊȇȍȐȎȃȀŭȏ ůȋȖȏ 

ȉůɵűȍȗ ŰűȎȘȊŭűȍȏ Űűȍ ŮȀŰȈȍ [2][45]. 
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ǭůŲǽȉŭȇȍ 2: ǶůȑȋȇȈǾȏ ǯȇȈȎȍůȃȈȉůȇŰȊȍȗ. 
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ǭůŲǽȉŭȇȍ 2: ǶůȑȋȇȈǾȏ ǯȇȈȎȍůȃȈȉůȇŰȊȍȗ 

 

ǲȇ ůɵȇȈŭȉȗȒůȇȏ ŭɵȍűůȉȍȗȋ Ǿȋŭ ŭɵȖ űŭ ɵȇȍ ŰȅȊŭȋűȇȈǽ ŮȇŭŮůŮȍȊǾȋŭ Ȉŭȇ 

ůȗȑȎȅŰűŭ ŰȐŰűǿȊŭűŭ ŭȐűȍȉȀɵŭȋŰȅȏ. ǵů ŭȐűǾȏ ɵůȎȇǾȑȍȋűŭȇ ȍȇ ȊȇȈȎȍȈǽȒȍȐȉůȏ 

Űűȇȏ ȍɵȍȀůȏ Ǿȑůȇ ůȃȈȉůȇŰűůȀ űȍ ȉȇɵŭȋűȇȈȖ ȊǾŰȍ.  

ǩȃȈȉůȇŰȊȖȏ (encapsulation) ȍȋȍȊǽȄůűŭȇ ȅ ŮȇŭŮȇȈŭŰȀŭ Ȉŭűǽ űȅȋ ȍɵȍȀŭ ŰȓȊŭűȀŮȇŭ 

Ȋȇŭȏ ŮȎŭŰűȇȈǿȏ ȍȐŰȀŭȏ ůȃȈȉȓȂȀȄȍȋűŭȇ ůȋűȖȏ ȊȀŭȏ ɵȍȉȐȊůȎȇȈǿȏ ð ŰȐȋǿȆȓȏ-  ŮȍȊǿȏ 

ɵȍȐ ŭɵȍȈŭȉůȀűŭȇ ȈǾȉȐŲȍȏ (shell). ǫ ɵȎȍȏ ůȃȈȉůȇŰȊȖ ȍȐŰȀŭ ȍȋȍȊǽȄůűŭȇ ȐȉȇȈȖ űȍȐ 

ɵȐȎǿȋŭ (core) Ȉŭȇ ȊɵȍȎůȀ ȋŭ ůȀȋŭȇ ŰűůȎůǿȏ, ȐȃȎǿȏ ǿ ŭǾȎȇŭȏ ȊȍȎŲǿȏ, ȐŮȎȖŲȇȉȅ ǿ 

ȉȇɵȖŲȇȉȅ. Ƕŭ ɵȎȍȔȖȋűŭ űȍȐ ůȃȈȉůȇŰȊȍȗ ȑȓȎȀȄȍȋűŭȇ Űů Ůȗȍ ȈŭűȅȃȍȎȀůȏ, Űűȇȏ 

ȈǽȒȍȐȉůȏ (capsules) Ȉŭȇ Űűȇȏ ŰŲŭȀȎůȏ (spheres). ǫ ŮȇŭŲȍȎǽ űȓȋ ŰȓȊŭűȇŮȀȓȋ 

ŭȐűȘȋ ǾȃȈůȇűŭȇ Űűȍȋ űȎȖɵȍ Ȋů űȍȋ ȍɵȍȀȍ ȈŭűŭȊůȎȀȄůűŭȇ ȅ ŮȎŭŰűȇȈǿ ȍȐŰȀŭ Űűȍ 

ůŰȓűůȎȇȈȖ űȍȐ. ǵűȅȋ ɵůȎȀɵűȓŰȅ űȓȋ ȈŭȒȍȐȉȘȋ ȅ ȍȐŰȀŭ ŭȐűǿ ȂȎȀŰȈůűŭȇ 

ŰȐȃȈůȋűȎȓȊǾȋȅ Űűȍȋ ɵȐȎǿȋŭ Ȉŭȇ ɵůȎȇȈȉůȀůűŭȇ ŭɵȖ Ǿȋŭ ǽȈŭȊɵűȍ ɵȍȉȐȊůȎȇȈȖ 

ȈǾȉȐŲȍȏ. ǧȋűȀȆůűŭ Űűȅȋ ɵůȎȀɵűȓŰȅ űȓȋ ŰŲŭȇȎȘȋ ȅ ȍȐŰȀŭ ȂȎȀŰȈůűŭȇ Űűȍ 

ůŰȓűůȎȇȈȖ űȍȐ ŰȓȊŭűȇŮȀȍȐ ȍȊȍȇȖȊȍȎŲŭ ŮȇůŰɵŭȎȊǾȋȅ Űűȅȋ ȊǿűȎŭ ŭɵȖ űȅȋ 

ȍɵȍȀŭ ŭɵȍűůȉůȀűŭȇ ŭȐűȖ. 

 

ǩȇȈȖȋŭ 2.1 ǵȗȃȈȎȇŰȅ ŰŲŭȇȎȘȋ Ȉŭȇ ȈŭȒȍȐȉȘȋ [46] . 



çȇɵȉȓȊŭűȇȈǿ ǩȎȃŭŰȀŭ ǸŭȎǽȉŭȊɵȍȏ-ǳŭȋŭȃȇȘűȅȏ ǯɵȖűŰŭȏ 

ǭůŲǽȉŭȇȍ 2: ǶůȑȋȇȈǾȏ ǯȇȈȎȍůȃȈȉůȇŰȊȍȗ 

ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 22           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

ǫ ůɵȇȉȍȃǿ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ ȓȏ ŰȗŰűȅȊŭ ůȃȈȉůȇŰȊȍȗ ůɵȇȉǾȃůűŭȇ ŮȇȖűȇ Ȋů ŭȐűǿ űȅ 

ȊǾȆȍŮȍ ůȌŭŰŲŭȉȀȄůűŭȇ ɵȎȍŰűŭŰȀŭ ȃȇŭ űȍ ůȋůȎȃȖ ŰȐŰűŭűȇȈȖ ɵȍȐ ɵůȎȇǾȑůűŭȇ Űűȍȋ 

ɵȐȎǿȋŭ ŭɵȖ ůȌȓűůȎȇȈȍȗȏ ɵŭȎǽȃȍȋűůȏ, ůȋȘ ŭȋǽȉȍȃŭ Ȋů űȇȏ ɵŭȎŭȊǾűȎȍȐȏ 

ȈŭűŭŰȈůȐǿȏ űȅȏ ȊȇȈȎȍȈǽȒȍȐȉŭȏ ȊɵȍȎůȀ ȋŭ ůȉůȃȑȆȍȗȋ Ȉŭȇ ȍȇ ȑȎȍȋȇȈǾȏ ɵůȎȀȍŮȍȇ 

ŭɵůȉůȐȆǾȎȓŰȅȏ űȍȐ ȐȉȇȈȍȗ űȍȐ ɵȐȎǿȋŭ.    

ǷɵǽȎȑȍȐȋ ɵȍȇȈȀȉůȏ űůȑȋȇȈǾȏ ȊȇȈȎȍůȃȈȉůȇŰȊȍȗ, ȖȊȓȏ Ȉŭȇ Ȋů ȂǽŰȅ űȅȋ ȂȇȂȉȇȍȃȎŭŲȀŭ 

ȃȇŭ űȅȋ ɵŭȎŭȃȓȃǿ ȊȇȈȎȍȈŭȒȍȐȉȘȋ Ȋů ůȃȈȉůȇŰȊǾȋȍ ȉȇɵŭȋűȇȈȖ ȊǾŰȍ Űűȍȋ ɵȐȎǿȋŭ, ȍȇ 

ȍɵȍȀůȏ Ȇŭ ŭɵȍűůȉǾŰȍȐȋ ɵȎȖŰȆůűȍ ŰȐŰűŭűȇȈȖ Űűȅȋ ŭȋǽɵűȐȌȅ ůɵȇȈŭȉȗȒůȓȋ, 

ůɵȇȉǾȃȍȋűŭȇ ŰȐȃȈůȈȎȇȊǾȋůȏ. ǲȇ ɵŭȎǽȃȍȋűůȏ ɵȍȐ ůɵȅȎůǽȄȍȐȋ űȅȋ ŮȇŭŮȇȈŭŰȀŭ ůȀȋŭȇ ȅ 

ŲȗŰȅ Ȉŭȇ ȍȇ ȇŮȇȖűȅűůȏ űȓȋ ȐȉȇȈȘȋ űȖŰȍ űȍȐ ȈůȉȗŲȍȐȏ ȖŰȍ Ȉŭȇ űȍȐ ɵȐȎǿȋŭ, ȅ 

ŭɵȖŮȍŰȅ ůȃȈȉůȇŰȊȍȗ ɵȍȐ ůɵȇȆȐȊůȀűŭȇ ȈŭȆȘȏ Ȉŭȇ ŰȐȃȈůȈȎȇȊǾȋůȏ ȇŮȇȖűȅűůȏ, Ȗɵȓȏ 

ŭȋűȍȑǿ Űů ȆȎŭȗŰȅ, ɵȍȐ Ȇŭ ɵȎǾɵůȇ ȋŭ ŮȇŭȆǾűůȇ űȍ űůȉȇȈȖ ɵȎȍȔȖȋ. ǵűȅȋ ɵŭȎŭȈǽűȓ 

ůȇȈȖȋŭ ɵŭȎȍȐŰȇǽȄȍȋűŭȇ ȍȇ ȊůűŭȂȉȅűǾȏ űȅȏ ŮȇŭŮȇȈŭŰȀŭȏ ɵŭȎŭȃȓȃǿȏ űȓȋ 

ȊȇȈȎȍȈŭȒȍȐȉȘȋ [47][48]. 

 

 

 

ǩȇȈȖȋŭ 2.2 çȇǽȃȎŭȊȊŭ Ȏȍǿȏ ȊůűŭȂȉȅűȘȋ ɵȍȐ ůɵȅȎůǽȄȍȐȋ űŭ ŰűȍȇȑůȀŭ űȓȋ 

ȊȇȈȎȍȈŭȒȍȐȉȘȋ. 
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2.1. ǩɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȖȏ 

ǲ ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȖȏ ŭɵȍűůȉůȀ ȊȀŭ ŭɵȖ űȇȏ ȂŭŰȇȈȖűůȎůȏ űůȑȋȇȈǾȏ 

ůȃȈȉůȇŰȊȍȗ ȍȐŰȇȘȋ. Ƕȍ 1970 ȈŭűŭȃȎǽŲůűŭȇ ȅ ɵȎȘűȅ ȑȎǿŰȅ űȅȏ ȊůȆȖŮȍȐ, ůȋȘ 

ȊǾŰŭ Űűȇȏ ůɵȖȊůȋůȏ Ůȗȍ ŮůȈŭůűȀůȏ ǽȎȑȇŰů Ȉŭȇ ȅ ůŲŭȎȊȍȃǿ űȅȏ Űűȍȋ ȂȇȍȊȅȑŭȋȇȈȖ 

ȈȉǽŮȍ. ǸŭȎŭȈűȅȎȀȄůűŭȇ ŭɵȖ ŭɵȉȖűȅűŭ Ȉŭȇ ŭɵȍűůȉůŰȊŭűȇȈȖűȅűŭ, Ȋů ůȉůȃȑȖȊůȋȍ 

űȍ ɵǽȑȍȏ űȍȐ ȈůȉȗŲȍȐȏ Ȉŭȇ űȍ ȊǾȃůȆȍȏ űȍȐ űůȉȇȈȍȗ ɵȎȍȔȖȋűȍȏ ȑȓȎȀȏ űȍ ȈȖŰűȍȏ 

ȋŭ ůȀȋŭȇ ȐɵůȎȂȍȉȇȈȖ. ǨǾȂŭȇŭ Űů ŰȑǾŰȅ Ȋů ǽȉȉůȏ űůȑȋȇȈǾȏ ŭɵŭȇűůȀűŭȇ ȊůȃŭȉȗűůȎȍȏ 

ȑȎȖȋȍȏ ŭȋűȀŮȎŭŰȅȏ. 

 ǭŭűǽ űȅȋ ŮȇŭŮȇȈŭŰȀŭ űȍȐ ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ, ȅ ɵȎȍȏ ȍȎȃŭȋȇȈǿ ůȃȈȉůȇŰȊȖ 

ȍȐŰȀŭ ŮȇŭŰɵůȀȎůűŭȇ Űűȅȋ ȐŮŭűȇȈǿ ŲǽŰȅ Ȉŭȇ ŮȅȊȇȍȐȎȃȍȗȋűŭȇ ŰűŭȃȍȋȀŮȇŭ. ǯů 

ŭȋǽŮůȐŰȅ Ȉŭȇ ůȋůȎȃȍɵȍȀȅŰȅ űȓȋ ůɵȇŲŭȋůȇȍŮȎŭŰűȇȈȘȋ, ɵŭȎǽȃůűŭȇ Ǿȋŭ 

ȃŭȉǽȈűȓȊŭ ůȉŭȀȍȐ Űů ȋůȎȖ. Ƕŭ ȊȍȋȍȊůȎǿ Ůȇŭȉȗȍȋűŭȇ ůȀűů Űűȅ ŰȐȋůȑǿ ůȀűů Űűȅ 

ŮȇůŰɵŭȎȊǾȋȅ ŲǽŰȅ. ǷɵȖ űȇȏ Ȉŭűǽȉȉȅȉůȏ ŰȐȋȆǿȈůȏ ɵȎŭȃȊŭűȍɵȍȇůȀűŭȇ ȍ 

ɵȍȉȐȊůȎȇŰȊȖȏ Ȉŭȇ ŮȅȊȇȍȐȎȃůȀűŭȇ űȍ ɵȍȉȐȊůȎȇȈȖ ȈǾȉȐŲȍȏ ȃȗȎȓ ŭɵȖ űŭ 

ŰűŭȃȍȋȀŮȇŭ. ǭŭȆȘȏ űȍ ɵȍȉȐȊůȎǾȏ ɵȍȐ ŰȑȅȊŭűȀȄůűŭȇ Ůůȋ ůȀȋŭȇ ŮȇŭȉȐűȖ Űűȍ 

ȃŭȉǽȈűȓȊŭ, ȍȉȇȃȍȊůȎǿ ɵȍȐ ŭȋŭɵűȗŰŰȍȋűŭȇ Űűȅȋ ŰȐȋůȑǿ ŲǽŰȅ ůɵȇȈǽȆȍȋűŭȇ 

Űűȅȋ ůɵȇŲǽȋůȇŭ űȓȋ ŰűŭȃȍȋȇŮȀȓȋ, ŰȑȅȊŭűȀȄȍȋűŭȏ ŰȐȋǿȆȓȏ Ǿȋŭ ŮȇŭŰűŭȐȎȓȊǾȋȍ 

ɵȍȉȐȊůȎȇȈȖ ɵȉǾȃȊŭ ȃȗȎȓ ŭɵȖ ŭȐűǽ [49][50][51].  

ǵȅȊŭȋűȇȈǾȏ ɵŭȎǽȊůűȎȍȇ űȅȏ ŮȇŭŮȇȈŭŰȀŭȏ, ůȈűȖȏ ŭɵȖ űŭ ȐȉȇȈǽ űȍȐ ȈůȉȗŲȍȐȏ, űȍȐ 

ɵȐȎǿȋŭ Ȉŭȇ űȅȋ ŭȋŭȉȍȃȀŭ űȍȐȏ, ůȀȋŭȇ Ȉŭȇ ȍȇ ŰȐȋȆǿȈůȏ ȐɵȖ űȇȏ ȍɵȍȀůȏ 

ɵȎŭȃȊŭűȍɵȍȇůȀűŭȇ ȅ ŭȋűȀŮȎŭŰȅ. ǳŭȎǽȃȍȋűůȏ Ȗɵȓȏ ȅ ȆůȎȊȍȈȎŭŰȀŭ, űȍ pH, ȍ 

ȎȐȆȊȖȏ ŭȋǽŮůȐŰȅȏ ůɵȅȎůǽȄȍȐȋ Ǿȋűȍȋŭ űȍ űůȉȇȈȖ ɵȎȍȔȖȋ. ǩɵȀŰȅȏ ȈȎȀŰȇȊȅ ůȀȋŭȇ ȅ 

ůɵȇȉȍȃǿ ȃŭȉŭȈűȓȊŭűȍɵȍȇȅűǿ, ȅ ȍɵȍȀŭ ȈŭȆȍȎȀȄůűŭȇ ŭɵȖ űȍȋ űȗɵȍ űȍȐ ȐȉȇȈȍȗ 

ɵȐȎǿȋŭ ɵȍȐ ȑȎȅŰȇȊȍɵȍȇůȀűŭȇ, Ȉŭȇ ȅ ɵȍŰȖűȅűŭ ɵȍȐ ɵȎȍŰűȀȆůűŭȇ Űűȍ ŮȇǽȉȐȊŭ. 

ǶǾȉȍȏ ȈȎȀŰȇȊȅ ɵŭȎǽȊůűȎȍȏ ůȀȋŭȇ Ȉŭȇ ȅ ŭȋŭȉȍȃȀŭ űȓȋ ȐȉȇȈȘȋ ȈůȉȗŲȍȐȏ ɵȎȍȏ 

ɵȐȎǿȋŭ (Core:Wall ratio) ȈŭȆȘȏ ȎȐȆȊȀȄůȇ űȍ ȊǾȃůȆȍȏ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ, űȍ 

ɵǽȑȍȏ űȍȐ ȈůȉȗŲȍȐȏ Ȉŭȇ űȅȋ ŭɵȍŮȍűȇȈȖűȅűŭ űȍȐ ŰȐŰűǿȊŭűȍȏ Űűȍȋ űȍȊǾŭ űȍȐ 

ůȃȈȉůȇŰȊȍȗ űȅȏ ȍȐŰȀŭȏ űȍȐ ɵȐȎǿȋŭ [51].  
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ǩȇȈȖȋŭ 2.3 ǧɵůȇȈȖȋȇŰȅ űȅȏ ŮȇŭŮȇȈŭŰȀŭȏ ŰȑȅȊŭűȇŰȊȍȗ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ Ȋů ůɵȀ űȖɵȍȐ 

ɵȍȉȐȊůȎȇŰȊȖ [50] . 

 

ǫ ŭɵȉȖűȅűŭ űȅȏ ȊůȆȖŮȍȐ Ȉŭȇ ȅ ɵȍȇȈȇȉȀŭ ɵȍȐ ɵŭȎȍȐŰȇǽȄůȇ űȖŰȍ Űů ɵȇȆŭȋǽ 

ȊȍȋȍȊůȎǿ ɵȍȐ Ȇŭ ŰȑȅȊŭűȀŰȍȐȋ űȍ ȈǾȉȐŲȍȏ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ ȖŰȍ Ȉŭȇ Űů 

ȍȐŰȀůȏ ɵȎȍȏ ůȃȈȉůȇŰȊȖ, ǾȑȍȐȋ ŭȋŭȃǽȃůȇ űȍȋ ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȖ Űů ȊȀŭ ŭɵȖ 

űȇȏ ɵȇȍ ŮȅȊȍŲȇȉůȀȏ űůȑȋȇȈǾȏ ȊȇȈȎȍůȃȈȉůȇŰȊȍȗ ŰűȍȐȏ ȈȉǽŮȍȐȏ űȅȏ ǾȎůȐȋŭȏ Ȉŭȇ űȅȏ 

ȂȇȍȊȅȑŭȋȀŭȏ. ǵűȍȋ űȍȊǾŭ űȅȏ ŭȐűȍȉȀɵŭȋŰȅȏ ǾȑȍȐȋ ȈŭűŭȃȎŭŲůȀ ŮȇǽŲȍȎŭ 

ŰȐŰűǿȊŭűŭ ȊȍȋȍȊůȎȘȋ, Ȋů űȇȏ ŭȊȇȋȍȎȅűȀȋůȏ ȋŭ ɵŭȎȍȐŰȇǽȄȍȐȋ ůȇŮȇȈȖ 

ůȋŮȇŭŲǾȎȍȋ.  

ǵȐȃȈůȈȎȇȊǾȋŭ ȅ ŮȅȊȇȍȐȎȃȀŭ ȊȇȈȎȍȈǽȒȍȐȉȘȋ ɵȍȉȐ(ȍȐȎȀŭȏð ŲȍȎȊŭȉŮůȁŮȅȏ) (PUF) 

Ȉŭȇ ɵȍȉȐ(ȍȐȎȀŭȏ-ȊůȉŭȊȀȋȅȏ) (PMF) [7][8] ŭɵȍűůȉȍȗȋ ȊȀŭ ŭɵȖ űȇȏ ȂŭŰȇȈǾȏ 

ůŲŭȎȊȍȃǾȏ űȍȐ ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ. ǫ ɵȎȘűȅ ůɵȇűȐȑȅȊǾȋȅ ɵȎȍŰɵǽȆůȇŭ 

ɵŭȎŭȃȓȃǿȏ ȊȇȈȎȍȈŭȒȍȐȉȘȋ ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ Ǿȃȇȋů ŭɵȖ űȍȋ Matson űȍ 

1970 ȍ ȍɵȍȀȍȏ ůȌŭŰŲǽȉȇŰů űȅȋ ɵŭűǾȋűŭ (US3516941A) ȃȇŭ űȅȋ ůűŭȇȎůȀŭ 3ǯ 

Corporation. ǧɵȖ ůȈůȀȋȅ űȅ ŰűȇȃȊǿ ȅ ɵŭȎŭȃȓȃǿ ȊȇȈȎȍȈŭȒȍȐȉȘȋ ŭɵȖ 

ŭȊȇȋȍȎȅűȀȋůȏ Ǿȑůȇ ȊůȉůűȅȆůȀ Űűȍȋ ȂŭȆȊȖ ȂůȉűȇŰűȍɵȍȀȅŰȅȏ űȅȏ ŮȇŭŮȇȈŭŰȀŭȏ Ȋů 

ȇȈŭȋȖűȅűŭ ůȃȈȉůȇŰȊȍȗ ůȋȖȏ ȊůȃǽȉȍȐ ůȗȎȍȐȏ ȍȐŰȇȘȋ, ůȋȘ ɵȉǾȍȋ ŭȉȉǽȄȍȋűŭȏ űȇȏ 

ŭȋŭȉȍȃȀůȏ ǿ Ȋů űŭ Ȉŭűǽȉȉȅȉŭ ɵȎȖŰȆůűŭ űȍ űůȉȇȈȖ ɵȎȍȔȖȋ ȊɵȍȎůȀ ȋŭ 

űȎȍɵȍɵȍȇȅȆůȀ Ȋů űȍȋ ůɵȇȆȐȊȅűȖ űȎȖɵȍ. ǧȐűȖ Ǿȑůȇ Űŭȋ ŭɵȍűǾȉůŰȊŭ űȅȋ ȊŭȄȇȈǿ 

ȑȎǿŰȅ űȍȐȏ Űů ŮȇǽŲȍȎůȏ ůŲŭȎȊȍȃǾȏ, Ȗɵȓȏ ŲŭȎȊŭȈůȐűȇȈǽ ŰȈůȐǽŰȊŭűŭ, 

ůɵȇȂȎŭŮȐȋűǾȏ ŲȉȖȃŭȏ, ǾȌȐɵȋůȏ ůɵȇȈŭȉȗȒůȇȏ, ɵȎȖŰȆůűŭ ŰȗȋȆůűȓȋ ȐȉȇȈȘȋ [50]. 
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2.1.1. ǵȗŰűȅȊŭ ǲȐȎȀŭȏ-ŬȍȎȊŭȉŮůȁŮȅȏ 

ǸȅȊȇȈǾȏ ŭȋűȇŮȎǽŰůȇȏ ȊůűŭȌȗ ȍȐȎȀŭȏ ð ŲȍȎȊŭȉŮůȁŮȅȏ 

ǭŭűǽ űȍȋ ŰȑȅȊŭűȇŰȊȖ űȍȐ ɵȍȉȐȊůȎȇȈȍȗ ȈůȉȗŲȍȐȏ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ, ŭȋǽȊůŰŭ 

Űűȅȋ ȍȐȎȀŭ Ȉŭȇ űȅ ŲȍȎȊŭȉŮůȁŮȅ ɵȎŭȃȊŭűȍɵȍȇȍȗȋűŭȇ Ůȗȍ ȈȗȎȇůȏ ŭȋűȇŮȎǽŰůȇȏ. ǫ 

ɵȎȘűȅ ůȀȋŭȇ ȊȀŭ ŭȋűȀŮȎŭŰȅ ɵȎȍŰȆǿȈȅȏ ȊůűŭȌȗ űȅȏ ŲȍȎȊŭȉŮůȁŮȅȏ Ȉŭȇ űȅȏ 

ȍȐȎȀŭȏ (ǩȇȈȖȋŭ 2.4) Ȉŭȇ Ǿȑůȇ Űŭȋ ŭɵȍűǾȉůŰȊŭ űȍȋ ŰȑȅȊŭűȇŰȊȖ ȐŮȎȍȌȐȊůȆȐȉȇȈȘȋ 

ůȋȘŰůȓȋ, ŮȅȉŭŮǿ ȊȍȋȍȊůȆȐȉȍȉ-ȍȐȎȀŭ, ŮȇȊůȆȐȉȍȉ-ȍȐȎȀŭ Ȉŭȇ űȎȇȊůȆȐȉȍȉ-ȍȐȎȀŭ, 

ůȋȘ ȅ űůűȎŭȊȆȐȉȍȉ-ȍȐȎȀŭ Ůůȋ Ǿȑůȇ ɵŭȎŭűȅȎȅȆůȀ ɵůȇȎŭȊŭűȇȈǽ. ǮǾȃůűŭȇ Ȉŭȇ 

ŭȋűȀŮȎŭŰȅ ȊůȆȐȉȀȓŰȅȏ ȈŭȆȘȏ ȊǾȑȎȇ űȎȀŭ ȊȖȎȇŭ ŲȍȎȊŭȉŮůȁŮȅȏ ŭȋűȇȈŭȆȇŰűȍȗȋ 

ŭȊȇŮȇȈǽ ɵȎȓűȖȋȇŭ (ǫ+) Űűȍ ȊȖȎȇȍ űȅȏ ȍȐȎȀŭȏ [52][50].  

ǫ ŭȋűȀŮȎŭŰȅ ɵȎȍŰȆǿȈȅȏ ȊɵȍȎůȀ ȋŭ ɵȎŭȃȊŭűȍɵȍȇȅȆůȀ űȖŰȍ Űů ȖȌȇȋȍ ȖŰȍ Ȉŭȇ Űů 

ŭȉȈŭȉȇȈȖ ɵůȎȇȂǽȉȉȍȋ, ȈŭȆȘȏ ȖȊȓȏ ȅ ŭȋűȀŮȎŭŰȅ ɵȍȐ ŭȈȍȉȍȐȆůȀ ůȐȋȍůȀűŭȇ ŭɵȖ 

Ǿȋŭ ȖȌȇȋȍ ɵůȎȇȂǽȉȉȍȋ ȍȇ űȇȊǿ űȍȐ pH ȎȐȆȊȀȄůűŭȇ ŭȋŭȉȖȃȓȏ [50]. 

 

 

ǩȇȈȖȋŭ 2.4 ǧȋűȀŮȎŭŰȅ ɵȎȍŰȆǿȈȅȏ ȊůűŭȌȗ űȅȏ ȍȐȎȀŭȏ Ȉŭȇ űȅȏ ŲȍȎȊŭȉŮůȁŮȅȏ [53] . 
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ǫ ŮůȗűůȎȅ ŭȋűȀŮȎŭŰȅ ɵȍȐ ȉŭȊȂǽȋůȇ ȑȘȎŭ ůȀȋŭȇ Ȋȇŭ ŭȋűȀŮȎŭŰȅ ŰȐȊɵȗȈȋȓŰȅȏ 

ŭȋǽȊůŰŭ Űűŭ ɵȎȍȇȖȋűŭ űȅȏ ŭȋűȀŮȎŭŰȅȏ ɵȎȍŰȆǿȈȅȏ. çȅȊȇȍȐȎȃȍȗȋűŭȇ ȊůȆȐȉůȋȇȈȍȀ ǿ 

ŭȇȆůȎȇȈȍȀ ŮůŰȊȍȀ (ôõȃǾŲȐȎůȏõõ) Ȉŭȇ ǾűŰȇ ŰȑȅȊŭűȀȄȍȋűŭȇ ȍȉȇȃȍȊůȎǿ (ǩȇȈȖȋŭ 2.5). Ƕŭ 

ȍȉȇȃȍȊůȎǿ ŭȐűǽ, ȉȖȃȓ ůɵȇŲŭȋůȇŭȈǿȏ űǽŰȅȏ ŭȋǽȊůŰŭ Űűȍȋ ȐŮȎȖŲȍȂȍ ɵȐȎǿȋŭ Ȉŭȇ űȅȋ 

ȐŮŭűȇȈǿ ŰȐȋůȑǿ ŲǽŰȅ, ůɵȇȈǽȆȍȋűŭȇ Űűȅȋ ůɵȇŲǽȋůȇŭ űȓȋ ŰűŭȃȍȋȇŮȀȓȋ űȍȐ ȐȉȇȈȍȗ űȍȐ 

ɵȐȎǿȋŭ. ǲȇ ŭȋűȇŮȎǽŰůȇȏ ŰȐȊɵȗȈȋȓŰȅȏ ŰȐȋůȑȀȄȍȋűŭȇ Ȉŭȇ ŮȅȊȇȍȐȎȃůȀűŭȇ Ǿȋŭ 

ȆůȎȊȍŰȈȉȅȎȐȋȖȊůȋȍ ɵȍȉȐȊůȎȇȈȖ ŮȀȈűȐȍ, ŭŮȇǽȉȐűȍ Űűȍ ȋůȎȖ, ȃȗȎȓ ŭɵȖ űŭ 

ŰűŭȃȍȋȀŮȇŭ [52][50].  

 

 

ǩȇȈȖȋŭ 2.5 ǧȋűȇŮȎǽŰůȇȏ ŰȐȊɵȗȈȋȓŰȅȏ ɵȎȍȏ űȅ ŮȅȊȇȍȐȎȃȀŭ űȍȐ ɵȍȉȐȊůȎȇȈȍȗ 

ȈůȉȗŲȍȐȏ[54] . 

 

 

ǩȇȈȖȋŭ 2.6 ǧȋűȀŮȎŭŰȅ ŰȐȊɵȗȈȋȓŰȅȏ ɵȎȍȏ ŰȑȅȊŭűȇŰȊȖ PUF [8] . 
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ǵűǽŮȇŭ ŮȇůȎȃŭŰȀŭȏ 

ǫ ŮȇŭŮȇȈŭŰȀŭ ɵŭȎŭȃȓȃǿȏ ȊȇȈȎȍȈŭȒȍȐȉȘȋ ɵȍȉȐ(ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ) ȊǾŰȓ ůɵȀ 

űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ ȊɵȍȎůȀ ȋŭ ŮȇůȈɵůȎŭȇȓȆůȀ Űů Ǿȋŭ ǿ Ůȗȍ ŰűǽŮȇŭ. ǵűȅ 

ŰȐȃȈůȈȎȇȊǾȋȅ ŮȇɵȉȓȊŭűȇȈǿ ůȎȃŭŰȀŭ ůɵȇȉǾȃůűŭȇ ȅ űůȑȋȇȈǿ űȍȐ ůȋȖȏ ŰűŭŮȀȍȐ. 

ǵűȅȋ űůȑȋȇȈǿ űȓȋ Ůȗȍ ŰűŭŮȀȓȋ, ŭȎȑȇȈǽ űȍ ȐȉȇȈȖ űȍȐ ɵȐȎǿȋŭ ŮȇŭŰɵůȀȎůűŭȇ Űů Ǿȋŭ 

ŮȇǽȉȐȊŭ ɵȍȐ ɵůȎȇǾȑůȇ ǿŮȅ ŰȑȅȊŭűȇŰȊǾȋȍ Ǿȋŭ ɵȎȍ-ɵȍȉȐȊůȎǾȏ ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ. 

ǯǾŰȓ ȐȒȅȉȍȗ ȎȐȆȊȍȗ ŭȋǽŮůȐŰȅȏ Ȉŭȇ ůɵȇŲŭȋůȇȍŮȎŭŰűȇȈȘȋ ɵȎȍŰȆǾűȓȋ 

ŮȅȊȇȍȐȎȃůȀűŭȇ Ǿȋŭ ȃŭȉǽȈűȓȊŭ. Ƕȍ pH űȍȐ ȃŭȉŭȈűȘȊŭűȍȏ ȎȐȆȊȀȄůűŭȇ Űů ȖȌȇȋŭ 

ůɵȀɵůŮŭ ȘŰűů ȋŭ ŭȎȑȀŰȍȐȋ ȍȇ ŭȋűȇŮȎǽŰůȇȏ ŰȐȊɵȗȈȋȓŰȅȏ. ǶůȉȇȈǽ ŰȑȅȊŭűȀȄůűŭȇ űȍ 

ŭɵȖ űȍ ɵȎȍ-ɵȍȉȐȊůȎǾȏ Ǿȋŭ űȎȇŰŮȇǽŰűŭűȍ ɵȍȉȐȊůȎȇȈȖ ȈǾȉȐŲȍȏ Űűȅȋ ůɵȇŲǽȋůȇŭ űȓȋ 

ŰűŭȃȍȋȇŮȀȓȋ űȅȏ ɵȎȍȏ ůȃȈȉůȇŰȊȍȗ ȍȐŰȀŭȏ [52][20]. 

ǵűȅȋ űůȑȋȇȈǿ űȍȐ ůȋȖȏ ŰűŭŮȀȍȐ Ůůȋ ȃȀȋůűŭȇ ɵȎȍŰȆǿȈȅ ůȋȖȏ ŰȑȅȊŭűȇŰȊǾȋȍȐ ɵȎȍ-

ɵȍȉȐȊůȎȍȗȏ Űűȍ ŮȇǽȉȐȊŭ, ɵȉůȍȋůȈűȘȋűŭȏ űȖŰȍ Űů ȑȎȖȋȍ ȖŰȍ Ȉŭȇ Űů ɵůȎȇɵȉȍȈȖűȅűŭ 

Űů ŰȑǾŰȅ Ȋů űȅȋ ŭȋűȀŰűȍȇȑȅ űȓȋ Ůȗȍ ŰűŭŮȀȓȋ. ǫ ɵȎȍŰȆǿȈȅ űȓȋ ȊȍȋȍȊůȎȘȋ ȃȀȋůűŭȇ 

ŰűŭŮȇŭȈǽ. ǵȐȃȈůȈȎȇȊǾȋŭ ȅ ŲȍȎȊŭȉŮůȁŮȅ ɵȎȍŰűȀȆůűŭȇ ŭŲȍȗ űȍ ɵůȎȇȂǽȉȉȍȋ űȍȐ 

ȃŭȉŭȈűȘȊŭűȍȏ Ǿȑůȇ ȎȐȆȊȇŰűůȀ Űů ȖȌȇȋůȏ űȇȊǾȏ. ǯů ŭȐűȖȋ űȍȋ űȎȖɵȍ Ȉŭűŭȉȗůűŭȇ ȅ 

ŰȐȊɵȗȈȋȓŰȅ ȊǾŰȓ űȅȏ ȍɵȍȀŭȏ űůȉȇȈǽ Ȇŭ ȈŭűŭŰȈůȐŭŰűůȀ űȍ ȈǾȉȐŲȍȏ űȓȋ 

ȊȇȈȎȍȈŭȒȍȐȉȘȋ.  

ǩɵȀŮȎŭŰȅ ȃŭȉŭȈűȓȊŭűȍɵȍȇȅűǿ ɵȎȍŰȆǾűȓȋ Ȉŭȇ ŰȐȋȆȅȈȘȋ ŭȋűȀŮȎŭŰȅȏ Űűȍ űůȉȇȈȖ 

ɵȎȍȔȖȋ 

ǧɵȖ űȍȐȏ ŰȅȊŭȋűȇȈȖűůȎȍȐȏ ɵŭȎǽȃȍȋűůȏ ɵȍȐ ůɵȅȎůǽȄȍȐȋ űȍȋ ŰȑȅȊŭűȇŰȊȖ űȓȋ 

ȊȇȈȎȍȈŭȒȍȐȉȘȋ ůȀȋŭȇ ȍ ȃŭȉŭȈűȓȊŭűȍɵȍȇȅűǿȏ. ǲȐŰȇŭŰűȇȈǽ ůȀȋŭȇ ȊȀŭ 

ůɵȇŲŭȋůȇȍŮȎŭŰűȇȈǿ ǾȋȓŰȅ ɵȍȐ ŰűŭȆůȎȍɵȍȇůȀ űȍ ȃŭȉǽȈűȓȊŭ, ůɵȇűŭȑȗȋůȇ űȅ 

ŮȇŭŰɵȍȎǽ űȍȐ ȐȉȇȈȍȗ űȍȐ ɵȐȎǿȋŭ, ůɵȇűŭȑȗȋůȇ űȅȋ ŮȅȊȇȍȐȎȃȀŭ űȍȐ ȈůȉȗŲȍȐȏ 

ɵȎȍŰůȉȈȗȍȋűŭȏ űŭ ȊȍȋȍȊůȎǿ Űűȅȋ ůɵȇŲǽȋůȇŭ űȓȋ ȊȇȈȈȐȉȀȓȋ Ȉŭȇ ŰűŭȆůȎȍɵȍȇůȀ Ȉŭȇ 

űȇȏ ȊȇȈȎȍȈǽȒȍȐȉůȏ ɵȍȐ ŰȑȅȊŭűȀȄȍȋűŭȇ [48][50]. ǵűȍ ɵůȇȎŭȊŭűȇȈȖ ȊǾȎȍȏ űȅȏ 

ŰȐȃȈůȈȎȇȊǾȋȅȏ ŮȇɵȉȓȊŭűȇȈǿȏ ůȎȃŭŰȀŭȏ ȓȏ ȃŭȉŭȈűȓȊŭűȍɵȍȇȅűǿȏ ůɵȇȉǾȃůűŭȇ ȍ 

ɵȍȉȐ(ȊȅȉůȔȋȇȈȖȏ ŭȋȐŮȎȀűȅȏ űȍȐ ŭȇȆȐȉůȋȀȍȐ) ( poly(Ethylene Maleic Anhydride) ð 

poly(EMA) ), Ǿȋŭ ɵȍȉȐȊůȎǾȏ ɵȍȐ ŭɵȍűůȉůȀűŭȇ ŭɵȖ ȊŭȈȎȍȊȖȎȇŭ Ȋů ɵȍȉȉǽ ȈŭȎȂȍȌȐȉȇȈǽ 

ǽȈȎŭ (ðCOOH). ǵů ŰȑǾŰȅ Ȋů ǽȉȉȍȐȏ ȃŭȉŭȈűȓȊŭűȍɵȍȇȅűǾȏ, ŮȇŭȆǾűůȇ ȊůȃŭȉȗűůȎȅ 

ȇȈŭȋȖűȅűŭ ɵȎȍŰȎȖŲȅŰȅȏ Ȉŭȇ ŮȇŭŰɵȍȎǽȏ Űů ȃŭȉŭȈűȘȊŭűŭ ůȉŭȀȍȐ Űů ȋůȎȖ. ǭŭűǽ űȅȋ 
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ŮȅȊȇȍȐȎȃȀŭ űȍȐ ȃŭȉŭȈűȘȊŭűȍȏ űȍ ȐŮȎȖŲȇȉȍ ȊǾȎȍȏ ůȋȖȏ ȊȍȎȀȍȐ poly(EMA) ŰűȎǾŲůȇ 

űȍ ȈŭȎȂȍȌȐȉȇȈȖ űȍȐ ǽȈȎȍ ɵȎȍȏ űȅȋ ȐŮŭűȇȈǿ ŲǽŰȅ, ůȋȘ űȍ ȐŮȎȖŲȍȂȍ űȍȐ ȊǾȎȍȏ űȍȐ 

ɵȎȍŰȎȍŲǽűŭȇ Űűȅȋ ůɵȇŲǽȋůȇŭ űȍȐ ŰűŭȃȍȋȇŮȀȍȐ űȅȏ ŮȇůŰɵŭȎȊǾȋȅȏ ȍȐŰȀŭȏ. ǫ űůȉȇȈǿ 

ůȇȈȖȋŭ ŮȇŭȆǾűůȇ ȊȍȎŲȍȉȍȃȀŭ ŰȈŭȋűȄȖȑȍȇȎȍȐ ȃȗȎȓ ŭɵȖ űȍ ȐȉȇȈȖ űȍȐ ɵȐȎǿȋŭ (ǩȇȈȖȋŭ 

2.7). ǫ ȈŭȎȂȍȌȐȉȍȊǽŮŭ űȍȐ ȃŭȉŭȈűȓȊŭűȍɵȍȇȅűǿ Ȉŭűŭȉȗůȇ űȍȋ ɵȍȉȐȊůȎȇŰȊȖ Ȉŭȇ űŭ 

ȊȍȋȍȊůȎǿ ɵȎȍŰůȉȈȗȍȋűŭȇ Űűȅȋ ůɵȇŲǽȋůȇŭ űȅȏ ȍȐŰȀŭȏ ɵȎȍȏ ůȃȈȉůȇŰȊȖ, Ȋů ŭɵȍűǾȉůŰȊŭ 

ȋŭ ŰȑȅȊŭűȀȄůűŭȇ űȍ ȈǾȉȐŲȍȏ ȃȗȎȓ ŭɵȖ űȅȋ ŭȉȐŰȀŮŭ űȍȐ [55][56].  

 

 

ǩȇȈȖȋŭ 2.7 ǳȎȍŰȎȖŲȅŰȅ poly (EMA) Űűȍ ŰűŭȃȍȋȀŮȇȍ űȍȐ ȐȉȇȈȍȗ űȍȐ ɵȐȎǿȋŭ [55] . 

 

ǩȈűȖȏ ȖȊȓȏ ŭɵȖ űȍȋ ɵȍȉȐ(ȊȅȉůȔȋȇȈȖ ŭȋȐŮȎȀűȅ űȍȐ ŭȇȆȐȉůȋȀȍȐ) ȃȇŭ űȅȋ ɵŭȎŭŰȈůȐǿ 

ȊȇȈȎȍȈŭȒȍȐȉȘȋ ɵȍȉȐ(ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ) Ȋů ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȖ 

ȂȇȂȉȇȍȃȎŭŲȇȈǽ ǾȑȍȐȋ ȈŭűŭȃȎŭŲůȀ Ȉŭȇ ǽȉȉȍȇ ȃŭȉŭȈűȓȊŭűȍɵȍȇȅűǾȏ. ǲȇ ȈȗȎȇȍȇ ŭɵȖ 

ŭȐűȍȗȏ ůȀȋŭȇ űȍ Gum Arabic (GA) [11], ȐŮŭűȇȈȖ ŮȇǽȉȐȊŭ ɵȍȉȐȂȇȋȐȉȇȈǿȏ ŭȉȈȍȖȉȅȏ 

(PVA) [10][13], űȍ ȉȇȃȋȍŰȍȐȉŲȍȋȇȈȖ ȍȌȗ (Sodium lignosulfonate ) [12][35] Ȉŭȇ ȅ 

ȐŮȎȍȌȐŭȇȆȐȉȍȈȐűűŭȎȀȋȅ (Hydroxethyl cellulose) [14].  

ǩȈűȖȏ ȖȊȓȏ ŭɵȖ űȍ ȃŭȉŭȈűȓȊŭűȍɵȍȇȅűǿ, ȂŭŰȇȈǽ ŰȐŰűŭűȇȈǽ űȅȏ ɵŭȎŭȃȓȃǿȏ űȓȋ  

ȊȇȈȎȍȈŭȒȍȐȉȘȋ ůȀȋŭȇ Ȉŭȇ űŭ ɵȎȖŰȆůűŭ ɵȍȐ ŰȐȊɵȉȅȎȘȋȍȐȋ űȅȋ ŮȇŭŮȇȈŭŰȀŭ. Ƕȍ 

ȑȉȓȎȇȍȗȑȍ ŭȊȊȘȋȇȍ (NH4Cl) ȂȍȅȆǽůȇ Űűȅȋ ŰȈȉǿȎȐȋŰȅ űȍȐ ɵȍȉȐȊůȎȇȈȍȗ ɵȉǾȃȊŭűȍȏ 

Ȉŭȇ ȂůȉűȇȘȋůȇ űȅȋ ŭɵȖŮȍŰȅ ůȃȈȉůȇŰȊȍȗ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ. ǩȇŮȇȈȖűůȎŭ Ȉŭűǽ űȅȋ 

ŭȋűȀŮȎŭŰȅ űȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ ɵǾȎŭ ŭɵȖ űȍ ŰȑȅȊŭűȇŰȊȖ ȍȉȇȃȍȊůȎȘȋ ɵȍȐ Ȇŭ 

ŭɵȍűůȉǾŰȍȐȋ űȍ ɵȍȉȐȊůȎȇȈȖ ȈǾȉȐŲȍȏ, ŮȅȊȇȍȐȎȃȍȗȋűŭȇ ȈȍȉȉȍůȇŮǿ ŰȓȊŭűȀŮȇŭ ȍȐȎȀŭȏ-

ŲȍȎȊŭȉŮůȁŮȅȏ Űűȍ ŮȇǽȉȐȊŭ. Ƕȍ ȑȉȓȎȇȍȗȑȍ ŭȊȊȘȋȇȍ ŭȉȉȍȇȘȋůȇ űȅȋ ŰűŭȆůȎȖűȅűŭ 

űȓȋ ȈȍȉȉȍůȇŮȘȋ ŰȓȊŭűȇŮȀȓȋ Ȋů ŭɵȍűǾȉůŰȊŭ ŭȐűǽ ȋŭ ȈŭűŭȂȐȆȇŰűȍȗȋ Űűȍ ŮȇǽȉȐȊŭ. 

ǩɵȇɵȉǾȍȋ ȖȊȓȏ ŮȇŭȆǾűůȇ Ȉŭȇ űȅȋ ȇȈŭȋȖűȅűŭ ȋŭ ȍŮȅȃǿŰůȇ űŭ ɵȉǾȍȋ ȋŭȋȍŰȓȊŭűȀŮȇŭ 



çȇɵȉȓȊŭűȇȈǿ ǩȎȃŭŰȀŭ ǸŭȎǽȉŭȊɵȍȏ-ǳŭȋŭȃȇȘűȅȏ ǯɵȖűŰŭȏ 

ǭůŲǽȉŭȇȍ 2: ǶůȑȋȇȈǾȏ ǯȇȈȎȍůȃȈȉůȇŰȊȍȗ 

ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 29           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ Űűȅȋ ŮȇůɵȇŲǽȋůȇŭ ȐȃȎǿȏ-ůȉŭȇȘŮȍȐȏ ŲǽŰȅȏ ȘŰűů ȋŭ 

ůȊɵȉȍȐűȇŰűůȀ űȍ ɵůȎȀȂȉȅȊŭ űȓȋ ȈŭȒȍȐȉȘȋ. ǯů ŭȐűȖ űȍȋ űȎȖɵȍ ŮȅȊȇȍȐȎȃȍȗȋűŭȇ 

ȈǽȒȍȐȉůȏ Ȋů ɵȇȍ ŰȈȉȅȎȖ, ɵŭȑȗ Ȉŭȇ ŭȋȆůȈűȇȈȖ ȈǾȉȐŲȍȏ, Ȋů ȂůȉűȇȓȊǾȋůȏ ȊȅȑŭȋȇȈǾȏ, 

ȆůȎȊȇȈǾȏ ȇŮȇȖűȅűůȏ Ȉŭȇ ȊůȃŭȉȗűůȎȅ ŮȇǽȎȈůȇŭ Ȅȓǿȏ [56]. 

Ǡȋŭ ůɵȀŰȅȏ ŰȅȊŭȋűȇȈȖ ŰȐŰűŭűȇȈȖ ɵȍȐ ɵȎȍŰűȀȆůűŭȇ Ȉŭűǽ űȅȋ ɵŭȎŭȃȓȃǿ űȓȋ 

ȊȇȈȎȍȈŭȒȍȐȉȘȋ ůȀȋŭȇ ȅ ȎůŰȍȎȈȇȋȖȉȅ. ǫ ȎůŰȍȎȈȇȋȖȉȅ (C6H6O2) ůȀȋŭȇ Ȋȇŭ ŭȎȓȊŭűȇȈǿ 

ȍȎȃŭȋȇȈǿ ǾȋȓŰȅ ȅ ȍɵȍȀŭ ɵȎȍȓȆůȀ űȅȋ ŮȅȊȇȍȐȎȃȀŭ ŰűŭȐȎȍŮůŰȊȘȋ ŭȋǽȊůŰŭ Űűŭ 

ȊȖȎȇŭ űȍȐ ɵȍȉȐȊůȎȇȈȍȗ ɵȉǾȃȊŭűȍȏ Ȋů ŭɵȍűǾȉůŰȊŭ Ǿȋŭ ɵȇȍ ŮȇŭŰűŭȐȎȓȊǾȋȍ Ȉŭȇ 

ŰȈȉȅȎȖ ȈǾȉȐŲȍȏ ɵȍȉȐ(ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ). ǧȐűȖ ůɵȇűȐȃȑǽȋůűŭȇ ȉȖȃȓ űȅȏ 

ŮȎŭŰűȇȈȖűȅűŭȏ űȅȏ ȎůŰȍȎȈȇȋȖȉȅȏ, ȅ ȍɵȍȀŭ ŭȋűȇŮȎǽůȇ Ȋů űŭ ŰȓȊŭűȀŮȇŭ ȎȅűȀȋȅȏ UF 

Ȉŭȇ ůȐȋȍůȀ űȍȋ ɵȍȉȐȊůȎȇŰȊȖ űȍȐȏ [57]. ǩɵȇɵȉǾȍȋ ȅ ůȋŰȓȊǽűȓŰȅ űȅȏ Űűȍȋ 

ɵȍȉȐȊůȎȇŰȊȖ ȂůȉűȇȘȋůȇ űȅȋ ŭȋűȀŰűŭŰȅ űȓȋ ŮůŰȊȘȋ űȅȏ ȍȐȎȀŭȏðŲȍȎȊŭȉŮůȁŮȅȏ Űűȍ 

ȋůȎȖ [58]. 

2.2. çȇůɵȇŲŭȋůȇŭȈȖȏ ǳȍȉȐȊůȎȇŰȊȖȏ 

ǲ ŮȇůɵȇŲŭȋůȇŭȈȖȏ ɵȍȉȐȊůȎȇŰȊȖȏ ŭɵȍűůȉůȀ ȊȀŭ ůɵȀŰȅȏ ŰȅȊŭȋűȇȈǿ űůȑȋȇȈǿ 

ȊȇȈȎȍůȃȈȉůȇŰȊȍȗ. çȇŭŲǾȎůȇ ŭɵȖ űȍȋ ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȖ, ȈŭȆȘȏ ȐɵǽȎȑȍȐȋ 

ȊȍȋȍȊůȎǿ ɵȍȐ ŭȋűȇŮȎȍȗȋ Ȉŭȇ Űűȅȋ ŰȐȋůȑǿ Ȉŭȇ Űűȅȋ ŮȇůŰɵŭȎȊǾȋȅ ŲǽŰȅ, Ȉŭȇ ȅ 

ŮȇŭŮȇȈŭŰȀŭ űȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ ȉŭȊȂǽȋůȇ ȑȘȎŭ Űűȅȋ ŮȇůɵȇŲǽȋůȇŭ űȓȋ Ůȗȍ ŭȐűȘȋ 

ŲǽŰůȓȋ Ȉŭȇ Ȗȑȇ Űűȅȋ ŰȐȋůȑǿ ŲǽŰȅ. ǵȐȃȈůȈȎȇȊǾȋŭ, ŮȅȊȇȍȐȎȃůȀűŭȇ Ǿȋŭ ȃŭȉǽȈűȓȊŭ 

Ȋů űȅȋ ŮȇŭŰɵȍȎǽ ȊȀŭȏ ȐŮŭűȇȈǿȏ ŲǽŰȅȏ Űů ȊȀŭ ȍȎȃŭȋȇȈǿ, ȅ ȍɵȍȀŭ ɵůȎȇǾȑůȇ Ǿȋŭ 

ůȉŭȇȍ-ŮȇŭȉȐűȖ ȊȍȋȍȊůȎǾȏ űȍȐ ɵȍȉȐȊůȎȍȗȏ ɵȍȐ Ȇŭ ŰȑȅȊŭűȇŰűůȀ ȈŭȆȘȏ Ȉŭȇ 

ŰűŭȃȍȋȀŮȇŭ űȅȏ ɵȎȍȏ ůȃȈȉůȇŰȊȍȗ ȍȐŰȀŭȏ. ǵűȅ ŰȐȋǾȑůȇŭ ȃȀȋůűŭȇ ɵȎȍŰȆǿȈȅ ůȋȖȏ 

ȐŮŭűȍ-ŮȇŭȉȐűȍȗ ȊȍȋȍȊůȎȍȗȏ Ȉŭȇ ɵȎŭȃȊŭűȍɵȍȇůȀűŭȇ Ȋȇŭ ɵȍȉȗ ȃȎǿȃȍȎȅ 

ŭȋűȀŮȎŭŰȅ ŰȐȊɵȗȈȋȓŰȅȏ ȊůűŭȌȗ űȓȋ ȊȍȋȍȊůȎȘȋ Űűȅ ŮȇůɵȇŲǽȋůȇŭ űȓȋ Ůȗȍ 

ŲǽŰůȓȋ. űȍ ŭɵȍűǾȉůŰȊŭ ůȀȋŭȇ ȅ ŮȅȊȇȍȐȎȃȀŭ ȊȇȈȎȍȈŭȒȍȐȉȘȋ Ȋů ɵȍȉȐȊůȎȇȈȖ 

ȈǾȉȐŲȍȏ Ȉŭȇ Űűȍȋ ɵȐȎǿȋŭ ůȃȈȉůȇŰȊǾȋȅ űȅȋ ůɵȇȉůȃȊǾȋȅ ȍȐŰȀŭ.  

ǫ űůȑȋȇȈǿ ŭȐűǿ ůȀȋŭȇ Ȉŭűǽȉȉȅȉȅ ȃȇŭ Ǿȋŭ Ȋůȃǽȉȍ ůȗȎȍȏ ȊȍȋȍȊůȎȘȋ, Ȉŭȇ ǾűŰȇ ůȀȋŭȇ 

ŮȐȋŭűǿ ȅ ŰȗȋȆůŰȅ Ȋůȃǽȉȅȏ ɵȍȇȈȇȉȀŭȏ ɵȍȉȐȊůȎȇȈȘȋ ȈůȉȗŲȓȋ Ȗɵȓȏ ɵȍȉȐŭȊȇŮȇȈǽ, 

ɵȍȉȐůŰűůȎȇȈǽ, ɵȍȉȐȍȐȎůȆŭȋȇȈǽ, ɵȍȉȐȇȊȇŮȇȈǽ ǿ Ȉŭȇ ɵȍȉȐŰȍȐȉŲȍȋȇȈǽ. 

ǳŭȎǽȉȉȅȉŭ, ȍ ŮȇůɵȇŲŭȋůȇŭȈȖȏ ɵȍȉȐȊůȎȇŰȊȖȏ Ǿȑůȇ ȑȎȅŰȇȊȍɵȍȇȅȆůȀ ȃȇŭ űȍȋ 

ůȃȈȉůȇŰȊȖ ůȋȖȏ ȊůȃǽȉȍȐ ůȗȎȍȐȏ ȍȐŰȇȘȋ, Ȗɵȓȏ ŮȇǽŲȍȎŭ Ǿȉŭȇŭ, ɵȎȓűůǦȋůȏ, 



çȇɵȉȓȊŭűȇȈǿ ǩȎȃŭŰȀŭ ǸŭȎǽȉŭȊɵȍȏ-ǳŭȋŭȃȇȘűȅȏ ǯɵȖűŰŭȏ 

ǭůŲǽȉŭȇȍ 2: ǶůȑȋȇȈǾȏ ǯȇȈȎȍůȃȈȉůȇŰȊȍȗ 

ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 30           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

ɵůɵűȀŮȇŭ, ȐȃȎȍȗȏ ȈȎȐŰűǽȉȉȍȐȏ ǿ Ȉŭȇ ȐȉȇȈǽ ɵȍȐ ŭȉȉǽȄȍȐȋ ŲǽŰȅ (Phase Changing 

Materials ð PCMs) [49][59]. 

 

 

ǩȇȈȖȋŭ 2.8 ǧɵůȇȈȖȋȇŰȅ ŮȇůɵȇŲŭȋůȇŭȈȍȗ Ȉŭȇ ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ. çȇůȎȃŭŰȀůȏ 

ŮȇůɵȇŲŭȋůȇŭȈȍȗ ɵȍȉȐȊůȎȇŰȊȍȗ: (a') çȇǽȉȐŰȅ ȊȍȋȍȊůȎȍȗȏ ǧ Űűȅȋ ŰȐȋůȑǿ ŲǽŰȅ Ȉŭȇ 

ȊȍȋȍȊůȎȍȗȏ Ǩ Űűȅȋ ŮȇůŰɵŭȎȊǾȋȅ ŲǽŰȅ, (b') ŮȇǽȑȐŰȅ űȓȋ ȊȍȋȍȊůȎȘȋ Űűȅȋ ŮȇůɵȇŲǽȋůȇŭ, 

(c') ŭȋűȀŮȎŭŰȅ ɵȍȉȐȊůȎȇŰȊȍȗ ŭȋǽȊůŰŭ Űűŭ ȊȍȋȍȊůȎǿ. çȇůȎȃŭŰȀůȏ ůɵȀ űȖɵȍȐ 

ɵȍȉȐȊůȎȇŰȊȍȗ: (aõõ) çȇǽȉȐŰȅ űȓȋ ȊȍȋȍȊůȎȘȋ ǧ Ȉŭȇ Ǩ Űűȅȋ ŰȐȋůȑǿ ŲǽŰȅ, (bõõ) 

ŰȑȅȊŭűȇŰȊȖȏ űȍȐ ɵȍȉȐȊůȎȍȗȏ ȈůȉȗŲȍȐȏ, (cõõ) ȈŭűŭȈȎǿȊȋȇŰȅ űȍȐ ɵȍȉȐȊůȎȍȗȏ Ȉŭȇ 

ŭɵȖȆůŰȅ űȍȐ Űűȅȋ ŮȇůɵȇŲǽȋůȇŭ. (d) ŮȅȊȇȍȐȎȃȀŭ ȈůȉȗŲȍȐȏ [50] . 

 

Ƕŭ ɵȉůȍȋůȈűǿȊŭűŭ űȅȏ ȊůȆȖŮȍȐ ŭȐűǿȏ ůȀȋŭȇ ȅ űŭȑȗűȅűŭ űȓȋ ŭȋűȇŮȎǽŰůȓȋ Űů ǿɵȇůȏ 

ŰȐȋȆǿȈůȏ ɵȍȐ ǾȑȍȐȋ ȓȏ ŭɵȍűǾȉůŰȊŭ Ǿȋŭȋ ȃȎǿȃȍȎȍ ůȃȈȉůȇŰȊȖ Ȋůȃǽȉȅȏ ŭɵȖŮȍŰȅȏ Ȉŭȇ 

Ǿȋŭ ɵȍȉȐȊůȎȇȈȖ ȈǾȉȐŲȍȏ Ȋů ȐȒȅȉȖ ȊȍȎȇŭȈȖ ȂǽȎȍȏ. ǩɵȀŰȅȏ ȅ ůȐůȉȇȌȀŭ Űűȇȏ ɵȍŰȖűȅűůȏ, 

Ȉŭȇ ȍ ůȗȈȍȉȍȏ Ǿȉůȃȑȍȏ űȅȏ ŮȇŭŮȇȈŭŰȀŭȏ ȊǾŰŭ ŭɵȖ ŭȐűǾȏ. ǷɵǽȎȑȍȐȋ ȖȊȓȏ Ȉŭȇ 

ȊůȇȍȋůȈűǿȊŭűŭ, Ȋů ɵȇȍ ŰȅȊŭȋűȇȈǽ ŭɵȖ ŭȐűǽ űȍȋ ɵȇȆŭȋȖ ŰȑȅȊŭűȇŰȊȖ ůȋȖȏ ȉůɵűȍȗ 

ŰűȎȘȊŭűȍȏ ȍȉȇȃȍȊůȎȘȋ ŭȋǽȊůŰŭ Űűŭ ŭȋűȇŮȎŭŰűǿȎȇŭ ɵȍȐ Ȇŭ ŭȋŭŰűůȀȉůȇ űȅȋ 

ŭȋűȀŮȎŭŰȅ ȊůűŭȌȗ űȍȐȏ. ǧȐűȖ Ǿȑůȇ Űŭȋ ŭɵȍűǾȉůŰȊŭ Ǿȋŭ ɵȍȉȐȊůȎǾȏ ȊȇȈȎȖűůȎȍȐ 

ȊȍȎȇŭȈȍȗ ȂǽȎȍȐȏ Ȉŭȇ Ǿȋŭ űůȉȇȈȖ ɵȎȍȔȖȋ Ȋů ȊůȇȓȊǾȋůȏ ȊȅȑŭȋȇȈǾȏ ȇŮȇȖűȅűůȏ. 

ǶŭȐűȖȑȎȍȋŭ ȐɵǽȎȑůȇ ȍ ȈȀȋŮȐȋȍȏ ŭȋűȀŮȎŭŰȅȏ űȓȋ ȊȍȋȍȊůȎȘȋ Ȋů űȍ ȐȉȇȈȖ űȍȐ 

ɵȐȎǿȋŭ, ȃůȃȍȋȖȏ ɵȍȐ Ȇŭ ȍŮȅȃǿŰůȇ Űů ŭɵȘȉůȇŭ űȅȏ ŮȎŭŰűȇȈȖűȅűǽȏ űȍȐȏ. ǩɵȀŰȅȏ ȍȇ 

ȊȇȈȎȍȈǽȒȍȐȉůȏ ɵȍȐ Ȇŭ ŰȑȅȊŭűȇŰűȍȗȋ ůȋŮǾȑůűŭȇ ȋŭ ɵůȎȇǾȑȍȐȋ ŰȓȊŭűȀŮȇŭ 



çȇɵȉȓȊŭűȇȈǿ ǩȎȃŭŰȀŭ ǸŭȎǽȉŭȊɵȍȏ-ǳŭȋŭȃȇȘűȅȏ ǯɵȖűŰŭȏ 

ǭůŲǽȉŭȇȍ 2: ǶůȑȋȇȈǾȏ ǯȇȈȎȍůȃȈȉůȇŰȊȍȗ 

ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 31           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

ȊȍȋȍȊůȎȘȋ ɵȍȐ Ůůȋ ŭȋűǾŮȎŭŰŭȋ ȊůűŭȌȗ űȍȐȏ Ȉŭűǽ űȍȋ ŮȇůɵȇŲŭȋůȇŭȈȖ ɵȍȉȐȊůȎȇŰȊȖ 

[50][59]. 

ǫ űůȑȋȇȈǿ űȍȐ ŮȇůɵȇŲŭȋůȇŭȈȍȗ ɵȍȉȐȊůȎȇŰȊȍȗ ůɵȇȉǾȃůűŭȇ Ȉŭȇ ȃȇŭ űȅȋ ŮȅȊȇȍȐȎȃȀŭ 

ȊȇȈȎȍȈŭȒȍȐȉȘȋ ɵȍȐ ɵůȎȇǾȑȍȐȋ ȉȇɵŭȋűȇȈǿ ȍȐŰȀŭ. ǲȇ N.W. Khun et al ȊǾŰȓ űȅȏ 

űůȑȋȇȈǿȏ ŭȐűǿȏ ȈŭűŭŰȈůȗŭŰŭȋ ȊȇȈȎȍȈǽȒȍȐȉůȏ ɵȍȉȐȍȐȎůȆǽȋȅȏ ɵȍȐ Űűȍ ůŰȓűůȎȇȈȖ 

űȍȐȏ ɵůȎȇůȀȑŭȋ ŮȇȇŰȍȈȐŭȋȇȈȖ ůȌŭȊůȆȐȉǾȋȇȍ (Hexamethylene Diisocyanate ð HDI) űȇȏ 

ȍɵȍȀůȏ ůȋŰȓȊǽűȓŰŭȋ Űů ȊǿűȎůȏ ůɵȍȌůȇŮȇȈǿȏ ȎȅűȀȋȅȏ. Ƕȍ ɵȎȘűȍ ŰűǽŮȇȍ ůȀȋŭȇ ȅ 

ŮȅȊȇȍȐȎȃȀŭ ůȋȖȏ ȃŭȉŭȈűȘȊŭűȍȏ. ǫ ůȉŭȇȘŮȅȏ űȍȐ ŲǽŰȅ ŭɵȍűůȉůȀűŭȇ ŭɵȖ ŭȋǽȊȇȌȅ 

ɵȍŰȖűȅűŭȏ HDI Ȉŭȇ ŮȇȇŰȍȈȐŭȋȇȈȍȗ ȊůȆȐȉůȋȀȍȐ (Methylene Diphenyl Diisocyanate - 

MDI) Suprasec 2644. Ǡȋŭ ȐŮŭűȇȈȖ ŮȇǽȉȐȊŭ Gum Arabic (GA) 2.5 wt% ŭɵȍűǾȉůŰů űȅȋ 

ȐŮŭűȇȈǿ ŲǽŰȅ. Ƕȍ ȐŮŭűȇȈȖ  ŮȇǽȉȐȊŭ GA ŭȋŭŮůȗűȅȈů Ȋů ȎȐȆȊȖ 550 rpm Ȉŭȇ 

ȆůȎȊǽȋȆȅȈů ȊǾȑȎȇ űȍȐȏ 50 oC Ȉŭȇ Űűȅ ŰȐȋǾȑůȇŭ ɵȎȍŰűǾȆȅȈů ŭȎȃǽ ȅ ůȉŭȇȘŮȅȏ ŲǽŰȅ 

Ȉŭȇ ŰȑȅȊŭűȀŰűȅȈů Ǿȋŭ ŰűŭȆůȎȖ ȃŭȉǽȈűȓȊŭ. ǵűȍ ȃŭȉǽȈűȓȊŭ Ǿȃȇȋů ɵȎȍŰȆǿȈȅ 

ɵȍŰȖűȅűŭȏ ŮȇŭȉȗȊŭűȍȏ űȎȇŭȇȆȐȉůȋȍűůűȎŭȊȀȋȅȏ (Triethylenetetramine - ǶǩǶǧ) Ȉŭȇ 

ɵȎŭȃȊŭűȍɵȍȇǿȆȅȈů ȅ ŭȋűȀŮȎŭŰȅ űȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ ȃȇŭ ȑȎȍȋȇȈȖ ŮȇǽŰűȅȊŭ t = 2 h. 

Ƕŭ ŰȐŰűŭűȇȈǽ űȍȐ ȈůȉȗŲȍȐȏ Ȉŭȇ űȍȐ ɵȐȎǿȋŭ ǿűŭȋ Űů ŭȋŭȉȍȃȀŭ ȊŭȄȘȋ 1:1. ǲȇ 

ȊȇȈȎȍȈǽȒȍȐȉůȏ ɵȍȐ ŰȑȅȊŭűȀŰűȅȈŭȋ ůȈɵȉȗȆȅȈŭȋ Ȋů ŭɵȇȍȋȇŰȊǾȋȍ ȋůȎȖ Ȉŭȇ ŭŲǾȆȅȈŭȋ 

ȋŭ ȌȅȎŭȆȍȗȋ ȃȇŭ 12 ȘȎůȏ. Ƕŭ ŮȍȈȀȊȇŭ ȈŭűŭŰȈůȐǽŰűȅȈŭȋ Ȋů ŭȋǽȊȇȌȅ ůɵȍȌůȇŮȇȈǿȏ 

ȎȅűȀȋȅȏ (Epolam 5015) Ȋů űȍȋ ŰȈȉȅȎȐȋűǿ űȅȏ, Űů ŭȋŭȉȍȃȀŭ 100:30 Ȉŭȇ ŮȇŭŰɵȍȎǽ Űů 

ŭȐűȖ űȍ ȊȀȃȊŭ ɵȍŰȖűȅűŭȏ ȊȇȈȎȍȈŭȒȍȐȉȘȋ Ȉŭȇ ŭŲǾȆȅȈŭȋ ȃȇŭ 24 ȘȎůȏ Űů 

ȆůȎȊȍȈȎŭŰȀŭ ŮȓȊŭűȀȍȐ Ȉŭȇ Ǿɵůȇűŭ Űů ȆůȎȊȍȈȎŭŰȀŭ 80 oC ȃȇŭ 2 ȘȎůȏ. ǲ 

ɵȎȍŰŮȇȍȎȇŰȊȖȏ űȍȐ ŰȐȋűůȉůŰűǿ űȎȇȂǿȏ ɵȎŭȃȊŭűȍɵȍȇǿȆȅȈů ȊǾŰȓ ŰȐŰȈůȐǿȏ 

ȍȉȀŰȆȅŰȅȏ űȗɵȍȐ ŰŲŭȀȎŭȏ ɵǽȋȓ Űů ŮȀŰȈȍ. ǲ ȊǾŰȍȏ ŰȐȋűůȉůŰűǿȏ űȎȇȂǿȏ űȓȋ 

ŮȍȈȇȊȀȓȋ ɵȍȐ ɵůȎȇůȀȑŭȋ ɵȍŰȖűȅűŭ ȊȇȈȎȍȈŭȒȍȐȉȘȋ ȊůȇȘȋůűŭȇ ŭɵȖ 0,72 Űů 0,66, 

ŭȋűȀŰűȍȇȑŭ Ȉŭȇ Ȋů űȅȋ ŭȗȌȅŰȅ űȍȐ ɵȍŰȍŰűȍȗ ȊȇȈȎȍȈŭȒȍȐȉȘȋ ( 0 ð 15 wt%) [60]. 

2.2.1. ǳȍȉȐȊůȎȇŰȊȖȏ ȊȇȈȎȍȃŭȉŭȈűȘȊŭűȍȏ 

Ǡȋŭ ůȀŮȍȏ ŮȇůɵȇŲŭȋůȇŭȈȍȗ ɵȍȉȐȊůȎȇŰȊȍȗ ɵȍȐ ŰȐȃȈůȋűȎȘȋůȇ ȇŮȇŭȀűůȎȍ 

ůȋŮȇŭŲǾȎȍȋ ůȀȋŭȇ ȍ ɵȍȉȐȊůȎȇŰȊȖȏ ȊȇȈȎȍȃŭȉŭȈűȘȊŭűȍȏ (Mini-emulsion 

Polymerization). Ƕŭ ȊȇȈȎȍȃŭȉŭȈűȘȊŭűŭ ȑŭȎŭȈűȅȎȀȄȍȋűŭȇ ŭɵȖ ȊȇȈȎǽ ŰűŭȆůȎǽ Ȉŭȇ 

Űűůȋǽ ȈŭűŭȋůȊȅȊǾȋŭ ŰűŭȃȍȋȀŮȇŭ Űűȅȋ ŰȐȋůȑǿ űȍȐȏ ŲǽŰȅ. ŪůȋȇȈǽ ŰȑȅȊŭűȀȄȍȋűŭȇ 

Ȋů ůŲŭȎȊȍȃǿ ȐȒȅȉǿȏ ŮȇǽűȊȅŰȅȏ, Ȋů ȐɵůȎǿȑȍȐȏ ǿ ȍȊȍȃůȋȍɵȍȇȅűǾȏ ȐȒȅȉǿȏ 

ɵȀůŰȅȏ. ǫ Ȋůȃǽȉȅ ŰűŭȆůȎȖűȅűŭ űȓȋ ŰűŭȃȍȋȇŮȀȓȋ ůȌŭŰŲŭȉȀȄůűŭȇ ŭɵȖ űȍȋ 



çȇɵȉȓȊŭűȇȈǿ ǩȎȃŭŰȀŭ ǸŭȎǽȉŭȊɵȍȏ-ǳŭȋŭȃȇȘűȅȏ ǯɵȖűŰŭȏ 

ǭůŲǽȉŭȇȍ 2: ǶůȑȋȇȈǾȏ ǯȇȈȎȍůȃȈȉůȇŰȊȍȗ 

ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 32           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

ŰȐȋŮȐŭŰȊȖ ůȋȖȏ ůɵȇŲŭȋůȇȍŮȎŭŰűȇȈȍȗ Ȉŭȇ ůȋȖȏ ŰȐȋ-ŰűŭȆůȎȍɵȍȇȅűǿ. ǯů ŭȐűȖȋ 

űȍȋ űȎȖɵȍ Űűŭ ŰűŭȃȍȋȀŮȇŭ ŭȐűǽ ȊɵȍȎȍȗȋ ȋŭ ɵȎŭȃȊŭűȍɵȍȇȅȆȍȗȋ ŭȋűȇŮȎǽŰůȇȏ, 

űȖŰȍ Űűȍ ůŰȓűůȎȇȈȖ űȍȐȏ ȖŰȍ Ȉŭȇ Űűȅȋ ůɵȇŲǽȋůȇŭ űȍȐȏ Ȋů ŭɵȍűǾȉůŰȊŭ űȅȋ 

ŮȅȊȇȍȐȎȃȀŭ ȋŭȋȍŰȓȊŭűȇŮȀȓȋ. ǠűŰȇ ŭȋűȀȆůűŭ Ȋů űŭ űȐɵȇȈǽ ȃŭȉŭȈűȘȊŭűŭ, Ȉŭűǽ 

űȅ ŮȇǽȎȈůȇŭ űȓȋ ŭȋűȇŮȎǽŰůȓȋ űȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ ɵŭȎŭűȅȎůȀűŭȇ ɵȐȎǿȋȓŰȅ űȓȋ 

ŰűŭȃȍȋȇŮȀȓȋ, ŮȅȉŭŮǿ ŭȗȌȅŰȅ űȍȐ ȊůȃǾȆȍȐȏ űȓȋ ǿŮȅ ŰȑȅȊŭűȇŰȊǾȋȓȋ 

ŰűŭȃȍȋȇŮȀȓȋ ȑȓȎȀȏ űȅȋ ŮȅȊȇȍȐȎȃȀŭ ȋǾȓȋ ŰȓȊŭűȇŮȀȓȋ [61][62]. 

 

ǩȇȈȖȋŭ 2.9 ǳŭȎŭȃȓȃǿ ȊȇȈȎȍȈŭȒȍȐȉȘȋ Ȋů űȅȋ űůȑȋȇȈǿ űȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ 

ȊȇȈȎȍȃŭȉŭȈűȘȊŭűȍȏ [61] . 

 

ǸȎȅŰȇȊȍɵȍȇȘȋűŭȏ űȍȋ ɵȍȉȐȊůȎȇŰȊȖ ȊȇȈȎȍȃŭȉŭȈűȘȊŭűȍȏ ȅ ȍȊǽŮŭ űȍȐ N. Espallargas 

ŮȅȊȇȍȗȎȃȅŰů ȊȇȈȎȍȈǽȒȍȐȉůȏ ŭɵȖ ɵȍȉȐ(ȍȐȎȀŭ) ɵȍȐ Űűȍ ůŰȓűůȎȇȈȖ űȍȐȏ ɵůȎȇůȀȑŭȋ 

ɵȍȉȐŭȉŲŭȍȉůŲȀȋȅ, Ǿȋŭ űȐɵȇȈȖ ŰȐȋȆůűȇȈȖ ȉȇɵŭȋűȇȈȖ Ǿȉŭȇȍ. ǧȎȑȇȈǽ ŮȅȊȇȍȐȎȃǿȆȅȈů 

Ǿȋŭ ȃŭȉǽȈűȓȊŭ ůȉŭȀȍȐ Űů ȋůȎȖ. ǫ ȐŮŭűȇȈǿ ŲǽŰȅ ǿűŭȋ Ǿȋŭ ȐŮŭűȇȈȖ ŮȇǽȉȐȊŭ  

ɵȍȉȐȂȇȋȐȉȇȈǿȏ ŭȉȈȍȖȉȅȏ 1%wt (PVA - Celvol 523) Ȉŭȇ ȅ ůȉŭȇȘŮȅȏ ŲǽŰȅ 

ŭɵȍűůȉȍȗȋűŭȋ ŭɵȖ ȊȀȃȊŭ ŮȇȇŰȍȈȐŭȋȇȈǿȏ ȇŰȍŲȍȎȖȋȅȏ (IPDI) Ȉŭȇ űȍȐ ȉȇɵŭȋűȇȈȍȗ 

ůȉŭȀȍȐ Űů ŭȋŭȉȍȃȀŭ 30:70. ǯǾŰȓ űȅȏ  ŭȋŭȉȍȃȀŭȏ űȓȋ ŰȐŰűŭűȇȈȘȋ ŭȐűȘȋ ȊɵȍȎůȀ ȋŭ 

ůȉůȃȑȆůȀ űȍ ɵǽȑȍȏ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ ɵȍȐ Ȇŭ ŰȑȅȊŭűȇŰűȍȗȋ ȈŭȆȘȏ Ȉŭȇ ȅ 

ɵȍŰȖűȅűŭ ȉȇɵŭȋűȇȈȍȗ ɵȍȐ Ȇŭ ůȃȈȉůȇŰűůȀ Űűȍȋ ɵȐȎǿȋŭ ŭȐűȘȋ. ǩɵȀŰȅȏ Űűȅȋ ȐŮŭűȇȈǿ 

ŲǽŰȅ Ǿȃȇȋů Ȉŭȇ ɵȎȍŰȆǿȈȅ ŭȋȆȎŭȈȇȈǿȏ ȃȍȐŭȋȇŮȀȋȅȏ (Guanidine carbonate ð 

C2H7N3O3), ůȋȖȏ ůɵȇŲŭȋůȇȍŮȎŭŰűȇȈȍȗ ɵȍȐ ŰűŭȆůȎȍɵȍȇůȀ űȍ ȃŭȉǽȈűȓȊŭ. Ǡɵůȇűŭ 

ɵȎŭȃȊŭűȍɵȍȇǿȆȅȈů ȆůȎȊȇȈȖȏ ȒůȈŭŰȊȖȏ űȍȐ ŭȇȓȎǿȊŭűȍȏ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ Ȉŭȇ 

ȊȀŭȏ ŰȈȖȋȅȏ Nylon-11, Űů ŭűŰǽȉȇȋůȏ ɵȉǽȈůȏ Ȋů ŰȈȍɵȖ űȅȋ ŮȅȊȇȍȐȎȃȀŭ ůɵȇȈŭȉȗȒůȓȋ. 

ǲ Ǿȉůȃȑȍȏ Ǿȃȇȋů Ȋů ȍȉȀŰȆȅŰȅ ŭűŰǽȉȇȋȅȏ ŰŲŭȀȎŭȏ ŰȐȃȈůȈȎȇȊǾȋȍȐ ȊůȃǾȆȍȐȏ Ȉŭȇ 



çȇɵȉȓȊŭűȇȈǿ ǩȎȃŭŰȀŭ ǸŭȎǽȉŭȊɵȍȏ-ǳŭȋŭȃȇȘűȅȏ ǯɵȖűŰŭȏ 

ǭůŲǽȉŭȇȍ 2: ǶůȑȋȇȈǾȏ ǯȇȈȎȍůȃȈȉůȇŰȊȍȗ 

ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 33           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

űŭȑȗűȅűŭȏ ɵǽȋȓ Űűȇȏ ɵȉǽȈůȏ. ǲȇ ȊůűȎǿŰůȇȏ űȍȐ ŰȐȋűůȉůŰűǿ űȎȇȂǿȏ ŭɵȍŮůȇȈȋȗȍȐȋ Ȗűȇ 

ȅ ůɵȀŰűȎȓŰȅ ɵȍȐ ɵůȎȇǾȑůȇ űȇȏ ȊȇȈȎȍȈǽȒȍȐȉůȏ ůȀȋŭȇ ůȐůȎȃůűȇȈǿ Űűȍ ȈȍȊȊǽűȇ űȅȏ 

ŭȐűȍȉȀɵŭȋŰȅȏ ȈŭȆȘȏ Ȋů űȅȋ ȆȎŭȗŰȅ űȍȐ ȈůȉȗŲȍȐȏ Ȉŭȇ űȅȋ ŭɵůȉůȐȆǾȎȓŰȅ űȍȐ 

ȉȇɵŭȋűȇȈȍȗ ȊůȇȘȋůűŭȇ ŰȅȊŭȋűȇȈǽ ȍ ŰȐȋűůȉůŰűǿȏ űȎȇȂǿȏ, ŭɵȖ 0,45 Űů 0,17 ȃȇŭ űȍ 

ŮůȀȃȊŭ ɵȍȐ ȅ ůɵȀŰűȎȓŰȅ ɵůȎȇůȀȑů 10% ȊȇȈȎȍȈǽȒȍȐȉůȏ [38]. 

2.3. ǩȌǽűȊȇŰȅ Ůȇŭȉȗűȅ ð ǩȈȑȗȉȇŰȅ Ůȇŭȉȗűȅ 

Ūȇŭ űȍȋ ȊȇȈȎȍůȃȈȉůȇŰȊȖ ȍȐŰȇȘȋ ȑȎȅŰȇȊȍɵȍȇůȀűŭȇ Ȉŭȇ ȅ ȊǾȆȍŮȍȏ űȅȏ ůȌǽűȊȇŰȅȏ 

Ůȇŭȉȗűȅ. ǫ ɵȎȘűȅ ůɵȇűȐȑȅȊǾȋȅ ůŲŭȎȊȍȃǿ űȅȏ űůȑȋȇȈǿȏ ŭȐűǿȏ ȈŭűŭȃȎǽŲůűŭȇ űȍ 

1933 Ȗűŭȋ ůɵȇűȐȑȘȏ ȈŭűŭŰȈůȐǽŰűȅȈŭȋ ȊȇȈȎȍȈǽȒȍȐȉůȏ ŭɵȖ űȍȋ Hickey et al. ǫ 

ŮȇŭŮȇȈŭŰȀŭ űȅȏ ůȌǽűȊȇŰȅȏ Ůȇŭȉȗűȅ ŭɵȍűůȉůȀűŭȇ ŭɵȖ űǾŰŰůȎŭ ŭɵȉǽ ŰűǽŮȇŭ. 

ǧȎȑȇȈǽ űȍ ȐȉȇȈȖ űȍȐ ɵȍȉȐȊůȎȇȈȍȗ ȈůȉȗŲȍȐȏ Ůȇŭȉȗůűŭȇ Űů Ǿȋŭȋ ɵűȅűȇȈȖ ȍȎȃŭȋȇȈȖ 

Ůȇŭȉȗűȅ. ǵűȍ ȀŮȇȍ ɵȍȉȐȊůȎȇȈȖ ŮȇǽȉȐȊŭ Ůȇŭȉȗůűŭȇ ǿ ŮȇŭŰɵůȀȎůűŭȇ Ȉŭȇ ȅ ȍȐŰȀŭ ɵȍȐ 

Ȇŭ ŭɵȍűůȉǾŰůȇ űȍ ȐȉȇȈȖ űȍȐ ɵȐȎǿȋŭ. ǵűȅ ŰȐȋǾȑůȇŭ űȍ ŮȇǽȉȐȊŭ ŭȐűȖ ɵȎȍŰűȀȆůűŭȇ 

Űů Ǿȋŭ ȐŮŭűȇȈȖ ŮȇǽȉȐȊŭ, Ȋȅ ŭȋŭȊȀȌȇȊȍ Ȋů űȍ ɵȎȘűȍ, ɵȍȐ ɵůȎȇǾȑůȇ űȍȋ Ȉŭűǽȉȉȅȉȍ 

ȃŭȉŭȈűȓȊŭűȍɵȍȇȅűǿ, Ȉŭȇ ɵȎŭȃȊŭűȍɵȍȇůȀűŭȇ ŭȋǽŮůȐŰȅ. ǯůűǽ űȅȋ 

ŰűŭȆůȎȍɵȍȀȅŰȅ űȍȐ ȃŭȉŭȈűȘȊŭűȍȏ, ȅ ŭȋǽŮůȐŰȅ ŰȐȋůȑȀȄůűŭȇ Ȉŭȇ ȍ Ůȇŭȉȗűȅȏ 

ůȌŭűȊȀȄůűŭȇ ȖŰȍ ŰȑȅȊŭűȀȄȍȋűŭȇ ȊȇȈȎȍȈǽȒȍȐȉůȏ. ǶǾȉȍȏ Ȋůűǽ ŭɵȖ ŮȇǿȆȅŰȅ ǿ 

ŲȐȃȍȈǾȋűȎȅŰȅ ɵŭȎŭȉŭȊȂǽȋȍȋűŭȇ ȍȇ ȊȇȈȎȍȈǽȒȍȐȉůȏ Ȉŭȇ ȌȅȎŭȀȋȍȋűŭȇ [63][64]. 

ǫ ȊǾȆȍŮȍȏ űȅȏ ůȌǽűȊȇŰȅȏ Ůȇŭȉȗűȅ ȈŭűȅȃȍȎȇȍɵȍȇůȀűŭȇ Ȉŭȇ ŭȋǽȉȍȃŭ Ȋů űȍ ůȀŮȍȏ 

űȍȐ ȃŭȉŭȈűȘȊŭűȍȏ ɵȍȐ ŮȅȊȇȍȐȎȃůȀűŭȇ. ǫ ŮȅȊȇȍȐȎȃȀŭ ȃŭȉŭȈűȘȊŭűȍȏ ůȉŭȀȍȐ Űů 

ȋůȎȖ (oil- in-water, o/w emulsion), Ȋů űȍ ȋůȎȖ ȋŭ Ȋȅȋ ŭɵȍűůȉůȀ Ůȇŭȉȗűȅ űȍȐ 

ɵȍȉȐȊůȎȇȈȍȗ ȐȉȇȈȍȗ űȍȐ ȈůȉȗŲȍȐȏ, ůȀȋŭȇ Ȋȇŭ ŭɵȍűůȉůŰȊŭűȇȈǿ Ȉŭȇ ȍȇȈȍȋȍȊȇȈǿ 

ŮȇŭŮȇȈŭŰȀŭ. ǩɵȀŰȅȏ ůȋŮȇŭŲǾȎȍȋ ɵŭȎȍȐŰȇǽȄůȇ ȅ ŮȅȊȇȍȐȎȃȀŭ ɵȍȉȉŭɵȉȘȋ 

ȃŭȉŭȈűȓȊǽűȓȋ ȅ ȍɵȍȀŭ ɵŭűůȋűŭȎȀŰűȅȈů ɵȎȘűȅ ŲȍȎǽ űȍ 1970 ŭɵȖ űȍȐȏ 

Vrancken Ȉŭȇ Claeys. ǲȐŰȇŭŰűȇȈǽ, Űů Ǿȋŭ ȍȎȃŭȋȇȈȖ ŮȇǽȉȐȊŭ ɵȍȐ ɵůȎȇǾȑůűŭȇ űȍ 

ɵȍȉȐȊůȎǾȏ ɵȎȍŰűȀȆůűŭȇ Ǿȋŭ ȐŮŭűȇȈȖ ŮȇǽȉȐȊŭ ŮȅȊȇȍȐȎȃȘȋűŭȏ Ǿȋŭ ȃŭȉǽȈűȓȊŭ 

ȋůȎȍȗ Űů Ǿȉŭȇȍ (water- in-oil emulsion). Ǡɵůȇűŭ ŮȅȊȇȍȐȎȃůȀűŭȇ Ǿȋŭ ŮůȗűůȎȍ 

ȃŭȉǽȈűȓȊŭ Ȋů ɵȎȍŰȆǿȈȅ űȍȐ ɵȎȘűȍȐ Űů ȊȀŭ ȐŮŭűȇȈǿ ŲǽŰȅ. Ƕȍ űůȉȇȈȖ 

ŭɵȍűǾȉůŰȊŭ ůȀȋŭȇ Ǿȋŭ ȃŭȉǽȈűȓȊŭ ȋůȎȍȗ Űů Ǿȉŭȇȍ Űů ȋůȎȖ (water- in-oil - in-water 

(w/o/w) emulsion). ǫ ɵŭȎŭȉȉŭȃǿ ŭȐűǿ ůɵȇȉǾȃůűŭȇ ȈȐȎȀȓȏ ȃȇŭ űȍȋ ȊȇȈȎȍůȃȈȉůȇŰȊȖ 

ȐŮŭűȍŮȇŭȉȐűȘȋ ȍȐŰȇȘȋ. ǷɵǽȎȑůȇ ȖȊȓȏ Ȉŭȇ ȅ ɵȇȆŭȋȖűȅűŭ ŰȑȅȊŭűȇŰȊȍȗ Ȋȅ 

ȐŮŭűȇȈȍȗ ȃŭȉŭȈűȘȊŭűȍȏ, ȖɵȍȐ Ȉŭȇ ȅ ŰȐȋůȑǿȏ Ȉŭȇ ŮȇůŰɵŭȎȊǾȋȅ ŲǽŰȅ ůȀȋŭȇ 



çȇɵȉȓȊŭűȇȈǿ ǩȎȃŭŰȀŭ ǸŭȎǽȉŭȊɵȍȏ-ǳŭȋŭȃȇȘűȅȏ ǯɵȖűŰŭȏ 

ǭůŲǽȉŭȇȍ 2: ǶůȑȋȇȈǾȏ ǯȇȈȎȍůȃȈȉůȇŰȊȍȗ 

ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 34           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

ůȉŭȇȘŮůȇȏ ŭȉȉǽ Ȉŭȇ Ȋȅ ŭȋŭȊůȀȌȇȊůȏ ȊůűŭȌȗ űȍȐȏ. ǵů ŭȐűǿ űȅȋ ɵůȎȀɵűȓŰȅ ȅ 

ŰȐȋůȑǿȏ ŲǽŰȅ ůȀȋŭȇ ǿ Ȉǽɵȍȇȍȏ Ȋȅ ɵűȅűȇȈȖ ȍȎȃŭȋȇȈȖȏ Ůȇŭȉȗűȅȏ ǿ Ȉǽɵȍȇȍ ȍȎȐȈűȖ 

Ǿȉŭȇȍ [63]. 

 

 

ǩȇȈȖȋŭ 2.10 ǳŭȎŭȃȓȃǿ ȊȇȈȎȍȈŭȒȍȐȉȘȋ Ȋů űȅȋ űůȑȋȇȈǿ ůȌǽűȊȇŰȅȏ Ůȇŭȉȗűȅ[65] . 

 

ǲ ȊȇȈȎȍůȃȈȉůȇŰȊȖȏ Ȋů ůȈȑȗȉȇŰȅ Ůȇŭȉȗűȅ ůȀȋŭȇ Ȋȇŭ ůȌȀŰȍȐ ŭɵȍűůȉůŰȊŭűȇȈǿ ȊǾȆȍŮȍȏ. 

ǳȎŭȃȊŭűȍɵȍȇůȀűŭȇ Űů Ůȗȍ ŰűǽŮȇŭ. ǵűȍ ɵȎȘűȍ ȅ ɵȎȍȏ ůȃȈȉůȇŰȊȖ ȍȐŰȀŭ Ȉŭȇ űȍ 

ɵȍȉȐȊůȎǾȏ ŮȇŭŰɵůȀȎȍȋűŭȇ Űů Ǿȋŭȋ Ůȇŭȉȗűȅ, Ȉŭȇ űȍ ŮȇǽȉȐȊŭ ŭȋŭȊȇȃȋȗůűŭȇ Ȋů ȊȇȈȎǿ 

ɵȍŰȖűȅűŭ ŰȐȋůȑȍȗȏ ŲǽŰȅȏ ȘŰűů ȋŭ ŮȅȊȇȍȐȎȃȅȆůȀ Ǿȋŭ ȃŭȉǽȈűȓȊŭ ɵȍȐ ɵůȎȇǾȑůȇ 

ŰűŭȃȍȋȀŮȇŭ űȍȐ ȐȉȇȈȍȗ űȍȐ ɵȐȎǿȋŭ Űűȍ ůɵȇȆȐȊȅűȖ ȊǾȃůȆȍȏ. ǧȈȍȉȍȐȆůȀ ůɵȇɵȉǾȍȋ 

ɵȎȍŰȆǿȈȅ ŰȐȋůȑȍȗȏ ŲǽŰȅȏ ǿ/Ȉŭȇ ɵŭȎŭȃȖȋűȓȋ ůȈȑȗȉȇŰȅȏ Űů ɵȍŰȖűȅűůȏ Ȉŭűǽȉȉȅȉůȏ 

ȃȇŭ űȅȋ ŭɵȍȎȎȖŲȅŰȅ űȍȐ ŰȐȋȖȉȍȐ űȍȐ Ůȇŭȉȗűȅ ɵȍȐ ůȈȉȗůűŭȇ ȖŰȍ ŰȑȅȊŭűȀȄȍȋűŭȇ Ȉŭȇ 

ŰȈȉȅȎŭȀȋȍȐȋ ȍȇ ȊȇȈȎȍȈǽȒȍȐȉůȏ [64].  

ŪůȋȇȈǽ ȅ űůȑȋȇȈǿ űȅȏ ůȌǽűȊȇŰȅȏ Ůȇŭȉȗűȅ ȖŰȍ Ȉŭȇ űȅȏ ůȈȑȗȉȇŰȅȏ Ůȇŭȉȗűȅ, 

ȑȎȅŰȇȊȍɵȍȇȍȗȋűŭȇ Ȉŭűǽ ȈȖȎȍȋ ŭɵȖ űȅȋ ŲŭȎȊŭȈȍȂȇȍȊȅȑŭȋȀŭ ȃȇŭ űȅȋ ůȉůȃȑȖȊůȋȅ 

ŭɵůȉůȐȆǾȎȓŰȅ ŲŭȎȊǽȈȍȐ Űűȍȋ ȍȎȃŭȋȇŰȊȖ. ǧȐűǿ ůɵȇűȐȃȑǽȋůűŭȇ Ȋů űȅȋ Ȉŭűǽȉȉȅȉȅ 

ŮȇŭȊȖȎŲȓŰȅ űȓȋ ɵȍŰȍűǿűȓȋ űȓȋ ȍȐŰȇȘȋ ǽȎŭ Ȉŭȇ űȍȐ ɵǽȑȍȐȏ űȍȐ ȈůȉȗŲȍȐȏ űȅȏ 

ȊȇȈȍȈǽȒȍȐȉŭȏ ɵȍȐ ŰȐȋŮǾůűŭȇ ǽȎȎȅȈűŭ Ȋů űȍȋ ȎȐȆȊȖ ŭɵȍȇȈȍŮȖȊȅŰȅȏ űȍȐ [66].  

 



çȇɵȉȓȊŭűȇȈǿ ǩȎȃŭŰȀŭ ǸŭȎǽȉŭȊɵȍȏ-ǳŭȋŭȃȇȘűȅȏ ǯɵȖűŰŭȏ 

ǭůŲǽȉŭȇȍ 2: ǶůȑȋȇȈǾȏ ǯȇȈȎȍůȃȈȉůȇŰȊȍȗ 

ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 35           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

ǵűȍȋ űȍȊǾŭ űȅȏ ŭȐűȍȉȀɵŭȋŰȅȏ ȍ Hayan Li Ȉŭȇ ȍȇ ŰȐȋůȎȃǽűůȏ űȍȐ ȑȎȅŰȇȊȍɵȍȀȅŰŭȋ űȅȋ 

ȊǾȆȍŮȍ ůȌǽűȊȇŰȅȏ Ůȇŭȉȗűȅ ȃȇŭ űȅȋ ŮȅȊȇȍȐȎȃȀŭ ȊȇȈȎȍȈŭȒȍȐȉȘȋ ɵȍȉȐŰȍȐȉŲȖȋȅȏ Ȋů 

ȉȇɵŭȋűȇȈȖ Ǿȉŭȇȍ (tung oil) ůȃȈȉůȇŰȊǾȋȍ Űűȍȋ ɵȐȎǿȋŭ. ǧȎȑȇȈǽ 20 ml ŮȇŭȉȗȊŭűȍȏ 

ŮȇȑȉȓȎȍȊůȆŭȋȀȍȐ (Dichloromethane - DCM) ɵȎȍŰűǾȆȅȈŭȋ űȍ ȉȇɵŭȋűȇȈȖ Ǿȉŭȇȍ Ȉŭȇ űȍ 

PSF Űů ȊŭȄȇȈǿ ŭȋŭȉȍȃȀŭ 1.2 . ǵűȅ ŰȐȋǾȑůȇŭ űȍ ŮȇǽȉȐȊŭ ɵȍȐ ŮȅȊȇȍȐȎȃǿȆȅȈů 

ɵȎȍŰűǾȆȅȈů ŰűǽȃŮȅȋ Űů 50 ml ȊȀȃȊŭűȍȏ ȄůȉŭűȀȋȅȏ (0.8wt%) Ȉŭȇ ɵȍȉȐȂȇȋȐȉȇȈǿȏ 

ŭȉȈȍȖȉȅȏ (PVA) (1wt%) Ȉŭȇ űǾȆȅȈů ȐɵȖ ŭȋǽŮůȐŰȅ Ȋů ȎȐȆȊȖ 700 rpm. ǫ ŭȋűȀŮȎŭŰȅ 

ɵȎŭȃȊŭűȍɵȍȇǿȆȅȈů ȃȇŭ t = 2 h Űů ȆůȎȊȍȈȎŭŰȀŭ 37oC. ǯů űȍ ɵǾȎŭȏ űȓȋ Ůȗȍ ȓȎȘȋ űȍ 

ŮȇȑȉȓȎȍȊůȆǽȋȇȍ ůȀȑů ůȌŭűȊȇŰűůȀ ɵȉǿȎȓȏ Ȉŭȇ ɵŭȎŭȉǿŲȆȅȈŭȋ ȍȇ ȊȇȈȎȍȈǽȒȍȐȉůȏ 

ɵȍȉȐ(ŰȍȐȉŲȖȋȅȏ-ŲȍȎȊŭȉŮůȗŮȅȏ). ǲȇ ȊȇȈȎȍȈǽȒȍȐȉůȏ ɵȎȍŰűǾȆȅȈŭȋ Űů ȊȀȃȊŭ 

ůɵȍȌůȇŮȇȈǿȏ ȎȅűȀȋȅȏ (űȗɵȍȏ ǩ51) Ȉŭȇ ŰȈȉȅȎȐȋűȇȈȍȗ (űůűȎŭŭȇȆȐȉůȋȍɵůȋűŭȊȇȋȅ ð TEPA) 

Ȉŭȇ ŭȋŭŮůȗűȅȈŭȋ ȃȇŭ 10 ȉůɵűǽ. ǯůűǽ ŭɵȖ ŭȋǽŮůȐŰȅ Ȋů ȐɵǾȎȅȑȍȐȏ ȃȇŭ 10 ȉůɵűǽ, űȍ 

ȊȀȃȊŭ űȍɵȍȆůűǿȆȅȈů Űů ŲȍȗȎȋȍ Ȉůȋȍȗ ȘŰűů ȋŭ  ŭɵȍȊŭȈȎȗȋȆȍȐȋ űȐȑȖȋ ŲȍȐŰȈǽȉůȏ. 

ǶůȉȇȈǽ ŮȅȊȇȍȐȎȃǿȆȅȈŭȋ ůɵȇŰűȎȘŰůȇȏ űȍȐ ȊȀȃȊŭűȍȏ ɵůȎȀɵȍȐ 200Ȋm Űů ȃȐŭȉȇŰȊǾȋůȏ 

ŭűŰǽȉȇȋůȏ ɵȉǽȈůȏ ȍȇ ȍɵȍȀůȏ ŭŲǾȆȅȈŭȋ ȋŭ ŰȈȉȅȎȗȋȍȐȋ Űů ȆůȎȊȍȈȎŭŰȀŭ ŮȓȊŭűȀȍȐ ȃȇŭ 

3 ȘȎůȏ Ȉŭȇ Űů ȆůȎȊȍȈȎŭŰȀŭ 80oC ȃȇŭ 6 ȘȎůȏ. 

ǵűȇȏ ɵȉǽȈůȏ ŭȐűǾȏ ɵȎŭȃȊŭűȍɵȍȇǿȆȅȈŭȋ Ǿȉůȃȑȍȇ űȎȇȂǿȏ Ȉŭȇ ŲȆȍȎǽȏ ȘŰűů ȋŭ 

ůȌŭȈȎȇȂȓȆůȀ ŭȋ ȍȇ ůɵȇȈŭȉȗȒůȇȏ ŮȇŭȆǾűȍȐȋ ȇȈŭȋȖűȅűůȏ ŭȐűȍȉȀɵŭȋŰȅȏ. ǫ űůȑȋȇȈǿ ɵȍȐ 

ůŲŭȎȊȖŰűȅȈů ůȀȋŭȇ ȍ ɵȎȍŰŮȇȍȎȇŰȊȖȏ űȍȐ ŰȐȋűůȉůŰűǿ űȎȇȂǿȏ Ȋů ŰȐŰȈůȐǿ űȎȇȂǿȏ-

ŲȆȍȎǽȏ űȗɵȍȐ ŭȈȀŮŭȏ Űů ŮȀŰȈȍ. ǲȇ Ǿȉůȃȑȍȇ ɵȍȐ Ǿȃȇȋŭȋ űȖŰȍ Űů ɵȉǽȈůȏ Ȋů ůɵȀŰűȎȓŰȅ 

ŰȈǾűȅȏ ȎȅűȀȋȅȏ ȖŰȍ Ȉŭȇ ůɵȀŰűȎȓŰȅ ȎȅűȀȋȅȏ Ȋů 10% ȊȇȈȎȍȈǽȒȍȐȉůȏ, ŭɵȍŮůȇȈȋȗȍȐȋ 

űȅȋ ŭɵȍűůȉůŰȊŭűȇȈȖűȅűŭ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ. ǸŭȎŭȈűȅȎȇŰűȇȈǽ Űűŭ ŮůȀȃȊŭűŭ űȅȏ 

ŰȈǾűȅȏ ȎȅűȀȋȅȏ ȍ ŰȐȋűůȉůŰűǿȏ űȎȇȂǿȏ ůȀȋŭȇ 0,46 Ȉŭȇ ȍ ȎȐȆȊȖȏ ŲȆȍȎǽȏ 38,64 x10-14 

m3/Nm, ůȋȘ Űűŭ ŮůȀȃȊŭűŭ Ȋů űȇȏ ȊȇȈȎȍȈǽȒȍȐȉůȏ ȍȇ ŭȋűȀŰűȍȇȑůȏ űȇȊǾȏ ůȀȋŭȇ 0,35 Ȉŭȇ 

13,10 x10-14 m3/Nm [35]. 
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3.1. ǵűȖȑȍȏ ŮȇɵȉȓȊŭűȇȈǿȏ ůȎȃŭŰȀŭȏ 

ǵűȖȑȍȏ űȅȏ ŰȐȃȈůȈȎȇȊǾȋȅȏ ŮȇɵȉȓȊŭűȇȈǿȏ ůȎȃŭŰȀŭȏ ůȀȋŭȇ ȊǾŰȓ űȅȏ 

ŮȇŭŮȇȈŭŰȀŭȏ űȍȐ ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ (in situ polymerization) ȅ ɵŭȎŭȃȓȃǿ 

ɵȍȉȐȊůȎȇȈȘȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ ɵȍȉȐ(ȍȐȎȀŭȏ ð ŲȍȎȊŭȉŮůȁŮȅȏ) Űűȍ ůŰȓűůȎȇȈȖ 

űȓȋ ȍɵȍȀȓȋ Ȇŭ Ǿȑůȇ ůȃȈȉůȇŰűůȀ ȉȇɵŭȋűȇȈȖ Ǿȉŭȇȍ. ǲȇ ȊȇȈȎȍȈǽȒȍȐȉůȏ ɵȎǾɵůȇ ȋŭ 

ŮȇŭȆǾűȍȐȋ ŰŲŭȇȎȇȈȖ ŰȑǿȊŭ Ȉŭȇ ȋŭ ůɵȇŮůȇȈȋȗȍȐȋ Ȉŭȉǿ ŭȋűȍȑǿ Űűȅȋ ŭȗȌȅŰȅ űȅȏ 

ȆůȎȊȍȈȎŭŰȀŭȏ. ǲ ȑŭȎŭȈűȅȎȇŰȊȖȏ űȅȏ ȊȍȎŲȍȉȍȃȀŭȏ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ 

ɵȎŭȃȊŭűȍɵȍȇůȀűŭȇ ȊǾŰȓ ȍɵűȇȈȍȗ ȊȇȈȎȍŰȈȍɵȀȍȐ Ȉŭȇ ȊȇȈȎȍŰȈȍɵȀȍȐ 

ȅȉůȈűȎȍȋȇŭȈǿȏ ŰǽȎȓŰȅȏ (SEM). Ƕȍ ȊǾȃůȆȍȏ űȍȐȏ ȊůűȎȇǾűŭȇ ȊǾŰȓ ŰȈǾŮŭŰȅȏ 

ŮǾŰȊȅȏ laser, Ȉŭȇ ȅ ȑȅȊȇȈǿ űȍȐȏ ŮȍȊǿ ɵȎȍŰŮȇȍȎȀȄůűŭȇ Ȋů űȅȋ űůȑȋȇȈǿ űȅȏ 

ŲŭŰȊŭűȍŰȈȍɵȀŭȏ ȐɵůȎȗȆȎȍȐ Ȋů ȊůűŭŰȑȅȊŭűȇŰȊȖ Fourier (FTIR). ǲȇ ȆůȎȊȇȈǾȏ 

ȇŮȇȖűȅűůȏ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ ɵȎȍŰŮȇȍȎȀȄȍȋűŭȇ ȊǾŰȓ ȆůȎȊȍŰűŭȆȊȇȈǿȏ 

ŭȋǽȉȐŰȅȏ (TGA). ǶǾȉȍȏ Ȋů űȅȋ ȊǾȆȍŮȍ űȅȏ ůȈȑȗȉȇŰȅȏ ȐɵȍȉȍȃȀȄůűŭȇ ȅ ŭɵȖŮȍŰȅ 

ůȃȈȉůȇŰȊȍȗ űȍȐ ȉȇɵŭȋűȇȈȍȗ ůȉŭȀȍȐ Űűȇȏ ȊȇȈȎȍȈǽȒȍȐȉůȏ, űȇȊǿ ȅ ȍɵȍȀŭ ůȋ ɵȍȉȉȍȀȏ 

ůɵȇȈȐȎȘȋůȇ űȅȋ ůɵȇűȐȑȅȊǾȋȅ ǾȈȂŭŰȅ űȍȐ ɵůȇȎǽȊŭűȍȏ. ǵűȍ ȈůŲǽȉŭȇȍ ɵȍȐ 

ŭȈȍȉȍȐȆůȀ ɵůȎȇȃȎǽŲůűŭȇ ȅ ɵůȇȎŭȊŭűȇȈǿ ŮȇŭŮȇȈŭŰȀŭ űȍȐ ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ 

ɵȎȍȏ űȅȋ ɵŭȎŭȃȓȃǿ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ Ȉŭȇ ŭȋŭȉȗȍȋűŭȇ ȍȇ űůȑȋȇȈǾȏ Ȋů űȇȏ 

ȍɵȍȀůȏ ȃȀȋȍȋűŭȇ ȍȇ ȑŭȎŭȈűȅȎȇŰȊȍȀ űȓȋ ŮůȇȃȊǽűȓȋ. 

3.2. ǳȎȘűůȏ ȗȉůȏ-  ǧȋűȇŮȎŭŰűǿȎȇŭ ð ǵȐŰȈůȐǾȏ 

Ūȇŭ űȅȋ ɵŭȎŭȃȓȃǿ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ ɵȍȉȐ(ȍȐȎȀŭȏ ð ŲȍȎȊŭȉŮůȁŮȅȏ) 

ȑȎȅŰȇȊȍɵȍȇǿȆȅȈŭȋ űŭ ŭȋűȇŮȎŭŰűǿȎȇŭ ɵȍȐ ŲŭȀȋȍȋűŭȇ Űűȍȋ ǳȀȋŭȈŭ 3.1. 

ǳȀȋŭȈŭȏ 3.1 ǳȀȋŭȈŭȏ ǸȅȊȇȈǽ ǧȋűȇŮȎŭŰűǿȎȇŭ ȃȇŭ űȅȋ ɵŭȎŭȃȓȃǿ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ. 

ǧȋűȇŮȎŭŰűǿȎȇȍ ǳȎȍȊȅȆůȐűǿȏ ǸȅȊȇȈǿ çȍȊǿ 

ǲȐȎȀŭ (UREA) Penta 
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ǷŮŭűȇȈȖ ŮȇǽȉȐȊŭ 

ŬȍȎȊŭȉŮůȁŮȅȏ 

(Formaldehyde ) 37%w/ v 

Penta 

 

ǳȍȉȐ(ǯȅȉůȔȋȇȈȖȏ 

ŭȋȐŮȎȀűȅȏ  űȍȐ 

ŭȇȆȐȉůȋȀȍȐ) -  poly(ǩǯǧ) 

Aldrich Chemistry 

 

 

ǮȇɵŭȋűȇȈȖ Ǿȉŭȇȍ Shell  

Rimula  R3+ 30  
Shell plc  

ǸȉȓȎȇȍȗȑȍ ǧȊȊȘȋȇȍ GARANTIESCHEIN 

 

ǴůŰȍȎȈȇȋȖȉȅ Alfa Aesar 

 

ǧȈůűȖȋȅ Techno Bio Chem 

 

ǷŮȎȍȌůȀŮȇȍ űȍȐ ȋŭűȎȀȍȐ SIGMA Life Science 
 

 

ǵűȍȋ ɵŭȎŭȈǽűȓ ɵȀȋŭȈŭ ȈŭűŭȃȎǽŲȍȋűŭȇ ȍȇ ŰȐŰȈůȐǾȏ ɵȍȐ ȑȎȅŰȇȊȍɵȍȇǿȆȅȈŭȋ ȃȇŭ 

űȅȋ ɵŭȎŭŰȈůȐǿ űȍȐ ȃŭȉŭȈűȘȊŭűȍȏ ɵȍȐ ɵůȎȇǾȑůȇ űȇȏ ȊȇȈȎȍȈǽȒȍȐȉůȏ, ȈŭȆȘȏ Ȉŭȇ 

űȍȋ ŮȇŭȑȓȎȇŰȊȖ űȍȐ ȈŭȆŭȎȍȗ ɵȉȅȆȐŰȊȍȗ ȊȇȈȎȍȈŭȒȍȐȉȘȋ ŭɵȖ ŭȐűȖ. 

 

ǳȀȋŭȈŭȏ 3.2 ǵȐŰȈůȐǾȏ ɵȍȐ ȑȎȅŰȇȊȍɵȍȇǿȆȅȈŭȋ Űűȅȋ ɵůȇȎŭȊŭűȇȈǿ ŮȇŭŮȇȈŭŰȀŭ. 

ǵȐŰȈůȐǿ ǭŭűŭŰȈůȐŭŰűǿȏ ǯȍȋűǾȉȍ 

ǵŲŭȇȎȇȈȖȏ ŭȋűȇŮȎŭŰűǿȎŭȏ 

1000 mL 
Quickfit  -  

ǯȅȑŭȋȇȈȖȏ ǧȋŭŮůȐűǿȎŭȏ Ika - Werke Euro ð ST P CV 

ūůȎȊȍȊŭȋŮȗŭȏ Val electronic Horst GmbH D-64653 

ūůȎȊȖȊůűȎȍ -  -  

çȇŭȑȓȎȇŰűȇȈǿ ȑȍǽȋȅ -  -  

ǳȎȍɵǾȉŭ ȊůűŭȉȉȇȈǿ 

űůűȎǽŲűůȎȅ Ȋů ŮȇǽȊůűȎȍ 4.5 

cm 

-  -  
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ǳůȑǽȊůűȎȍ Hanna Instruments IKA TER ð 2 Temperierbad 

ǪȐȃȖȏ ŭȈȎȇȂůȀŭȏ Mettler Toledo  New lassic MFS 105DU 

Ŭȇǽȉȅ ŮȇǿȆȅŰȅȏ -  -  

ǸȓȋȀ Buchner  -  -  

çȇȅȆȅűȇȈȖ ȑŭȎűȀ Macherey - Nagel MN 640w (110mm) 

 

3.3. ǳůȇȎŭȊŭűȇȈǿ ŮȇŭŮȇȈŭŰȀŭ ɵŭȎŭȃȓȃǿȏ ȊȇȈȎȍȈŭȒȍȐȉȘȋ 

ɵȍȉȐ(ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ) 

ǧȎȑȇȈǽ ɵȎȍŰűȀȆůȋűŭȇ Űűȍȋ ŭȋűȇŮȎŭŰűǿȎŭ ŭɵȇȍȋȇŰȊǾȋȍ ȋůȎȍȗ Ȉŭȇ ȐŮŭűȇȈȖ 

ŮȇŭȉȗȊŭ poly(ǩǯǧ) (2.5%wt). Ƕȍ ȊȀȃȊŭ ŭŲǿȋůűŭȇ ȋŭ ŭȋŭŮůȐűůȀ ȃȇŭ ȊȇŰǿ ȘȎŭ Ȋů 

ŰȈȍɵȖ űȅȋ ȍȊȍȃůȋȍɵȍȀȅŰȅ űȍȐ. Ǡɵůȇűŭ ɵȎȍŰűȀȆůȋűŭȇ ȍȐȎȀŭ, ȎůŰȍȎȈȇȋȖȉȅ Ȉŭȇ 

ȑȉȓȎȇȍȗȑȍ ŭȊȊȘȋȇȍ. ǫ ŭȋǽŮůȐŰȅ ŰȐȋůȑȀȄůűŭȇ Ȋů űȍȋ ȀŮȇȍ ȎȐȆȊȖ  Ȉŭȇ űŭȐűȖȑȎȍȋŭ 

ȃȀȋůűŭȇ ŰűǽȃŮȅȋ ȅ ɵȎȍŰȆǿȈȅ űȍȐ ȉȇɵŭȋűȇȈȍȗ ůȉŭȀȍȐ. ǧŲȍȗ Ǿȑůȇ ȍȉȍȈȉȅȎȓȆůȀ ȅ 

ůȇŰŭȃȓȃǿ űȍȐ ȐȉȇȈȍȗ űȍȐ ɵȐȎǿȋŭ Űűȍ ȊȀȃȊŭ ȃȀȋůűŭȇ ȅ ȎȗȆȊȇŰȅ űȍȐ pǫ. ǯů 

ɵȎȍŰȆǿȈȅ Ȉŭűǽȉȉȅȉȅȏ ɵȍŰȖűȅűŭȏ ȐŮȎȍȌůȇŮȀȍȐ űȍȐ ȋŭűȎȀȍȐ ȅ űȇȊǿ űȍȐ pǫ 

ŰűŭȆůȎȍɵȍȇůȀűŭȇ Űűȍ 3,5. ǳŭȎǽȉȉȅȉŭ ȍ ŭŲȎȇŰȊȖȏ ɵȍȐ ŮȅȊȇȍȐȎȃůȀűŭȇ Űűȍ 

ȃŭȉǽȈűȓȊŭ Ȉŭȇ ȉȖȃȓ űȅȏ ŭȋǽŮůȐŰȅȏ ɵůȎȇȍȎȀȄůűŭȇ Ȋů űȅȋ ůȇŰŭȃȓȃǿ ŰűŭȃȖȋȓȋ 1-

ȍȈűŭȋȖȉȅȏ Űűȍ ȊȀȃȊŭ. ǵűȅ ŰȐȋǾȑůȇŭ ɵȎŭȃȊŭűȍɵȍȇůȀűŭȇ ȅ ɵȎȍŰȆǿȈȅ ȐŮŭűȇȈȍȗ 

ŮȇŭȉȗȊŭűȍȏ ŲȍȎȊŭȉŮůȁŮȅȏ (37%wt). ǩɵȇȉǾȃůűŭȇ ȅ Ȉŭűǽȉȉȅȉȅ ɵȍŰȖűȅűŭ ȘŰűů ȅ 

ŭȋŭȉȍȃȀŭ ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ ȋŭ ůȀȋŭȇ 1:1,19 mol. Ƕȍ ȃŭȉǽȈűȓȊŭ ŭŲǿȋůűŭȇ ȋŭ 

ŲűǽŰůȇ Űűȅȋ ȆůȎȊȍȈȎŭŰȀŭ űȓȋ 55oC ȃůȃȍȋȖȏ ɵȍȐ ŰȅȊŭűȍŮȍűůȀ űȅȋ ǾȋŭȎȌȅ űȅȏ 

ŭȋűȀŮȎŭŰȅȏ. ǲȇ ŰȐȋȆǿȈůȏ űȍȐ ɵůȇȎǽȊŭűȍȏ ɵŭȎŭȊǾȋȍȐȋ ŰűŭȆůȎǾȏ ȃȇŭ 4 ȘȎůȏ, 

Ȋůűǽ űȍ ɵǾȎŭȏ űȓȋ ȍɵȍȀȓȋ ȍ ŭȋűȇŮȎŭŰűǿȎŭȏ ŭɵȍȊŭȈȎȗȋůűŭȇ ŭɵȖ űȅ ȆǾȎȊŭȋŰȅ 

Ȉŭȇ ŭŲǿȋůűŭȇ ȋŭ ȒȐȑȆůȀ Ǿȓȏ ȖűȍȐ ŲűǽŰůȇ Űů ȆůȎȊȍȈȎŭŰȀŭ ŮȓȊŭűȀȍȐ. ǶǾȉȍȏ ȍ 

ȈȗȎȇȍȏ ȖȃȈȍȏ űȍȐ ȃŭȉŭȈűȘȊŭűȍȏ ŰȐȉȉǾȃůűŭȇ Űů ȃȐǽȉȇȋȅ Ųȇǽȉȅ, ůȋȘ ȊȇȈȎǿ 

ɵȍŰȖűȅűŭ ŮȇȅȆůȀűŭȇ ȐɵȖ ȈůȋȖ Ȋů ŰȈȍɵȖ űȅȋ ŭɵȍȊȖȋȓŰȅ ɵȉȅȆȐŰȊȍȗ 

ȊȇȈȎȍȈŭȒȍȐȉȘȋ ȃȇŭ űȍȐȏ ȑŭȎŭȈűȅȎȇŰȊȍȗȏ űȍȐ ɵůȇȎǽȊŭűȍȏ. ǭŭűǽ űȅȋ ŮȇǿȆȅŰȅ 

űȍȐ ɵȎȍȔȖȋűȍȏ ɵȎŭȃȊŭűȍɵȍȇůȀűŭȇ ǾȈɵȉȐŰȅ Ȋů ŭɵȇȍȋȇŰȊǾȋȍ ȋůȎȖ Ȉŭȇ Ȋů ůȌǽȋȇȍ ȃȇŭ 

űȅȋ ŭɵȍȊǽȈȎȐȋŰȅ ȉȇɵŭȋűȇȈȍȗ ůȉŭȀȍȐ ɵȍȐ Ůůȋ Ǿȑůȇ ůȃȈȉůȇŰűůȀ ŭɵȖ űȍ ȐȉȇȈȖ űȍȐ 

ȈůȉȗŲȍȐȏ. Ƕȍ űůȉȇȈȖ ɵȎȍȔȖȋ űȅȏ ŮȇǿȆȅŰȅȏ ŭŲǿȋůűŭȇ ȋŭ ȌȅȎŭȆůȀ ȃȇŭ 48 h Ȉŭȇ 

Ǿɵůȇűŭ ȄȐȃȀȄůűŭȇ Ȉŭȇ ŭɵȍȆȅȈůȗůűŭȇ. 
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ǩȇȈȖȋŭ 3.1 ǧɵůȇȈȖȋȇŰȅ ɵůȇȎŭȊŭűȇȈǿȏ ŮȇǽűŭȌȅȏ. 

 

ǩȇȈȖȋŭ 3.2 ǯȍȎŲǿ ȃŭȉŭȈűȘȊŭűȍȏ Ȋů űȍ ɵǾȎŭȏ űȅȏ ŭȋűȀŮȎŭŰȅȏ. 
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ǩȇȈȖȋŭ 3.3 ǧɵůȇȈȖȋȇŰȅ ŮȇǽűŭȌȅȏ ŮȇǿȆȅŰȅȏ ȐɵȖ ȈůȋȖ. 

 

 

ǩȇȈȖȋŭ 3.4 ǱǿȎŭȋŰȅ ŮůȀȃȊŭűȍȏ Ǿɵůȇűŭ ŭɵȖ űȅ ŮȇǿȆȅŰȅ. 
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ǩȈűȖȏ ŭɵȖ űȍ ȉȇɵŭȋűȇȈȖ Ǿȉŭȇȍ, ůȈɵȍȋǿȆȅȈů Ȉŭȇ Ȋȇŭ ŰůȇȎǽ ɵůȇȎŭȊǽűȓȋ Ȋů ȐȉȇȈȖ 

űȍȐ ɵȐȎǿȋŭ ȊȀȃȊŭ ůɵȍȌůȇŮȇȈǿȏ ȎȅűȀȋȅȏ ŮȇȃȈȉȐȈȇŮȐȉŭȇȆǾȎŭ ŮȇŰŲŭȇȋȖȉȅȏ ǧ 

(DGEBA) Ȉŭȇ űȍȐ Ůȇŭȉȗűȅ űȅȏ, 1 ð ȂȍȗűȐȉȍ ŮȇȃȉȐȈȇŮȐȉŭȇȆǾȎŭ (BGE). Ƕŭ ɵůȇȎǽȊŭűŭ 

ŭȐűǽ ɵȎŭȃȊŭűȍɵȍȇǿȆȅȈŭȋ Ȋů ȂǽŰȅ űȇȏ ȂǾȉűȇŰűůȏ ɵůȇȎŭȊŭűȇȈǾȏ ŰȐȋȆǿȈůȏ ȃȇŭ űȍ 

ŰȗŰűȅȊŭ ůȃȈȉůȇŰȊȍȗ ȐȉȇȈȍȗ Ȋů ŰȈȍɵȖ űȅȋ ŭȐűȍȀŭŰȅ Ȗɵȓȏ ɵŭȎȍȐŰȇǽŰűȅȈŭȋ Űů 

ɵȎȍȅȃȍȗȊůȋȅ ŮȇɵȉȓȊŭűȇȈǿ ůȎȃŭŰȀŭ. ǵȐȃȈůȈȎȇȊǾȋŭ ȅ ȊȖȋȅ ŭȉȉŭȃǿ ůȋűȍɵȀȄůűŭȇ 

Űűȍ ȐȉȇȈȖ űȍȐ ɵȐȎǿȋŭ ȖɵȍȐ ŭȋűȀ ȃȇŭ ȉȇɵŭȋűȇȈȖ Ǿȉŭȇȍ Űűȍ ŭȋűȀŰűȍȇȑȍ ŰűǽŮȇȍ 

ȃȀȋůűŭȇ ɵȎȍŰȆǿȈȅ ȊȀȃȊŭűȍȏ ȎȅűȀȋȅȏ DGEBA Ȉŭȇ Ůȇŭȉȗűȅ BGE 20%wt. Ƕȍ ȊȀȃȊŭ 

ŭȐűȖ ɵȎȍŰűȀȆůűŭȇ ŰűǽȃŮȅȋ Űűȍȋ ŭȋűȇŮȎŭŰűǿȎŭ Ȋůűǽ űȅȋ ɵȎȍŰȆǿȈȅ űȅȏ ȍȐȎȀŭȏ 

űȅȏ ȎůŰȍȎȈȇȋȖȉȅȏ Ȉŭȇ űȍȐ ȑȉȓȎȇȍȗȑȍȐ ŭȊȊȓȋȀȍȐ. 

ǵűȍȋ ɵŭȎŭȈǽűȓ ɵȀȋŭȈŭ ɵŭȎȍȐŰȇǽȄȍȋűŭȇ ȍȇ ɵůȇȎŭȊŭűȇȈǾȏ ŰȐȋȆǿȈůȏ Ȉŭȇ ȍȇ 

ɵȍŰȖűȅűůȏ űȓȋ ŭȋűȇŮȎŭŰűȅȎȀȓȋ ɵȍȐ ȑȎȅŰȇȊȍɵȍȇǿȆȅȈŭȋ Űů ȈǽȆů ŰůȇȎǽ 

ɵůȇȎŭȊǽűȓȋ. 

 

ǳȀȋŭȈŭȏ 3.3 ǵȐȋȆǿȈůȏ ɵůȇȎŭȊǽűȓȋ Ȉŭȇ ŭȋűȀŰűȍȇȑȅ ȍȋȍȊŭűȍȉȍȃȀŭ. 

ǵȐȋȆǿȈůȏ* H2 H3**  H4 H5 H6 MC18** 

ǧɵȇȍȋȇŰȊǾȋȍ ȋůȎȖ (ml)  200 200 200 200 200 200 

ǵȐȃȈǾȋűȎȓŰȅ ȃŭȉŭȈűȓȊŭűȍɵȍȇȅűǿ 

EMA(%) 

0.5 0.5 0.5 0.5 0.5 0.5 

ǲȐȎȀŭ (g)  5 5 5 5 5 5 

ŬȍȎȊŭȉŮůȁŮȅ (g)  4.8 4.8 4.8 4.8 4.8 4.8 

ǷȉȇȈȖ ɵȐȎǿȋŭ (g)  29.3 29.3 29.3 20 20 19.5 

ǮȖȃȍȏ ȐȉȇȈȘȋ ɵȐȎǿȋŭ/ȈǾȉȐŲȍȏ 

(Core:Wall ) 

3 3 3 2 2.5 3 

ǴůŰȍȎȈȇȋȖȉȅ (g)  0.5 0.5 0.5 0.5 0.5 0.5 

ǸȉȓȎȇȍȗȑȍ ŭȊȊȘȋȇȍ (g)  0.5 0.5 0.5 0.5 0.5 0.5 

Ƕŭȑȗűȅűŭ ǯȅȑŭȋȇȈǿȏ ǧȋǽŮůȐŰȅȏ 

(rpm ) 

1000 800 600 1000 1000 1000 

* ǣȉŭ űŭ ɵůȇȎǽȊŭűŭ ŮȇůȌǿȑȆȅŰŭȋ ȐɵȖ ȆůȎȊȍȈȎŭŰȀŭ Ƕ = 55oC Ȉŭȇ Űů ŰȐȋȆǿȈůȏ pH = 3.5  

** Ƕŭ ůɵŭȋŭȉȅɵűȇȈǽ ɵůȇȎǽȊŭűŭ ŮȇůȌǿȑȆȅŰŭȋ Űűȇȏ ȀŮȇůȏ ŰȐȋȆǿȈůȏ Ȋů űŭ ŭȎȑȇȈǽ. 
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3.4. ǸŭȎŭȈűȅȎȇŰȊȖȏ ɵȎȘűȓȋ ȐȉȘȋ Ȉŭȇ ɵȎȍȔȖȋűȓȋ 

ɵȍȉȐȊůȎȇŰȊȍȗ. 

ǲ ȑŭȎŭȈűȅȎȇŰȊȖȏ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ ɵȎŭȃȊŭűȍɵȍȇǿȆȅȈů Ȋů űȇȏ ɵŭȎŭȈǽűȓ 

ȊůȆȖŮȍȐȏ ŭȋǽȉȐŰȅȏ. 

¶ ǲɵűȇȈȖ ȊȇȈȎȍŰȈȖɵȇȍ 

¶ ǫȉůȈűȎȍȋȇŭȈǿ ǯȇȈȎȍŰȈȍɵȀŭ ǵǽȎȓŰȅȏ (SEM) 

¶ ǧȋǽȉȐŰȅ ȊůȃǾȆȍȐȏ ŰȓȊŭűȇŮȀȓȋ Ȋů ŰȈǾŮŭŰȅ ŮǾŰȊȅȏ laser (Laser Diffraction  

Mastersizer micro) 

¶ ūůȎȊȍŰűŭȆȊȇȈǿ ŭȋǽȉȐŰȅ (Thermogravimetric Analysis -  TGA) 

¶ ŬŭŰȊŭűȍŰȈȍɵȀŭ ȐɵůȎȗȆȎȍȐ Ȋů ȊůűŭŰȑȅȊŭűȇŰȊȖ Fourier (FTIR) 

¶ ǧɵȖŮȍŰȅ ůȃȈȉůȇŰȊȍȗ ȐȉȇȈȍȗ űȍȐ ɵȐȎǿȋŭ (Encapsulation Efficiency ð E.E.) 

 

3.4.1. ǲɵűȇȈȖ ȊȇȈȎȍŰȈȖɵȇȍ (Optical Microscope) 

Ƕȍ ȍɵűȇȈȖ ȊȇȈȎȍŰȈȖɵȇȍ ůȀȋŭȇ ŭɵȖ űŭ ɵȇȍ ŰȅȊŭȋűȇȈǽ ȖȎȃŭȋŭ ɵȍȐ 

ȑȎȅŰȇȊȍɵȍȇȍȗȋűŭȇ ȃȇŭ űȍȋ ȑŭȎŭȈűȅȎȇŰȊȖ űȍȐ űůȉȇȈȍȗ ɵȎȍȔȖȋűȍȏ ŭŲȍȗ ȊǾŰȓ 

ȊȀŭȏ ůȗȈȍȉȅȏ Ȉŭȇ ůȗȑȎȅŰűȅȏ ŮȇŭŮȇȈŭŰȀŭȏ ɵŭȎǾȑůȇ ŭɵŭȎŭȀűȅűůȏ ɵȉȅȎȍŲȍȎȀůȏ 

ŰȑůűȇȈǽ Ȋů űȅ ȊȍȎŲȍȉȍȃȀŭ űȍȐ ŮůȀȃȊŭűȍȏ. 

Ƕȍ ȍɵűȇȈȖ ȊȇȈȎȍŰȈȖɵȇȍ ȍȋȍȊǽȄůűŭȇ Ȉŭȇ ȊȇȈȎȍŰȈȖɵȇȍ ŲȓűȖȏ. ǫ  ɵȅȃǿ ŲȓűȖȏ, 

ɵŭȎǽȃůȇ Ȋȇŭ ŭȈűȀȋŭ ŲȓűȖȏ ȅ ȍɵȍȀŭ ɵůȎȋȘȋűŭȏ ŭɵȖ űȍȋ ŰȐȊɵȐȈȋȓűǿ, ŲȓűȀȄůȇ Ȋů 

ȍȊȍȇȖȊȍȎŲȍ űȎȖɵȍ űȍ ŮůȀȃȊŭ. Ǡȋŭ ŭɵȖ űŭ ɵȇȍ ŰȅȊŭȋűȇȈǽ ȊǾȎȅ űȍȐ ȍɵűȇȈȍȗ 

ȊȇȈȎȍŰȈȍɵȀȍȐ ůȀȋŭȇ ȍ ŭȋűȇȈůȇȊůȋȇȈȖȏ ŲŭȈȖȏ, ȈŭȆȘȏ ůȀȋŭȇ ȐɵůȗȆȐȋȍȏ ȃȇŭ űȅȋ 

ȊůȃǾȆȐȋŰȅ űȍȐ ŭȋűȇȈůȇȊǾȋȍȐ. ǩȀȋŭȇ Ǿȋŭȏ ŲŭȈȖȏ Ȋů ȊȇȈȎȖ ůŰűȇŭȈȖ ȊǿȈȍȏ Ȉŭȇ 

ůɵȍȊǾȋȓȏ ɵȎǾɵůȇ ȋŭ ůȀȋŭȇ Ȉȍȋűǽ Űűȍ ŮůȀȃȊŭ ɵȍȐ ůȌůűǽȄůűŭȇ. ǵűȍȋ ŭȋűȇȈůȇȊůȋȇȈȖ 

ŲŭȈȖ ŰȐȃȈůȋűȎȘȋůűŭȇ űȍ Ųȓȏ ɵȍȐ ůȋ űǾȉůȇ ɵůȎȋǽůȇ ŭɵȖ űȍ ŮůȀȃȊŭ Ȉŭȇ 

ŭȋŭŮȇŭȋǾȊůűŭȇ Űűŭ ŭȋűȀŰűȍȇȑŭ ȊǾȎȅ űȅȏ ůȇȈȖȋŭȏ ɵȍȐ ɵȎȍȂǽȉȉůűŭȇ Űűȍȋ Űȓȉǿȋŭ 

űȍȐ ȊȇȈȎȍŰȈȍɵȀȍȐ, ȖɵȍȐ Ȉŭȇ ŭȋűȇŰűȎǾŲůűŭȇ ŭɵȖ űȍȋ ŲŭȈȖ ɵȍȐ ɵůȎȇǾȑůűŭȇ ůȈůȀ 

ɵȎȍűȍȗ ŭȋŭŮȇŭȋůȊȅȆůȀ. ǲ ɵȎȍŰȍŲȆǽȉȊȇȍȏ ŲŭȈȖȏ ůȀȋŭȇ ȐɵůȗȆȐȋȍȏ ȃȇŭ ȊȀŭ 

ɵůȎŭȇűǾȎȓ ȊůȃǾȆȐȋŰȅ űȅȏ űůȉȇȈǿȏ ůȐȈȎȇȋȍȗȏ ůȇȈȖȋŭȏ ɵȍȐ Ųűǽȋůȇ Űűŭ Ȋǽűȇŭ űȍȐ 

ȑůȇȎȇŰűǿ űȍȐ ȍȎȃǽȋȍȐ. 
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ǫ ŰȐȋȍȉȇȈǿ ȊůȃǾȆȐȋŰȅ ȈŭȆȍȎȀȄůűŭȇ ŭɵȖ űȍȐȏ ŲŭȈȍȗȏ Ȉŭȇ űȇȏ ȊůȃůȆȗȋŰůȇȏ űȍȐȏ 

ȈŭȆȘȏ Ȉŭȇ űȍ ȊǿȈȍȏ űȍȐ Űȓȉǿȋŭ űȍȐ ȊȇȈȎȍŰȈȍɵȀȍȐ Ȉŭȇ ȈŭȆȍȎȀȄůűŭȇ ŭɵȖ űȅȋ 

ɵŭȎŭȈǽűȓ ŰȑǾŰȅ:  

ὓ  
Ὀ ὓzρz ὓς

ςυπ άά
      ρ            

ǫ ŰȐȋȍȉȇȈǿ ȊůȃǾȆȐȋŰȅ űȍȐ ȍȎȃǽȋȍȐ ŰȐȊȂȍȉȀȄůűŭȇ Ȋů űȍ ȃȎǽȊȊŭ ǯ ůȋȘ ǯ1 Ȉŭȇ 

ǯ2 ůȀȋŭȇ ȍȇ ŰȐȋȍȉȇȈǾȏ ȊůȃůȆȗȋŰůȇȏ űȍȐ ŭȋűȇȈůȇȊůȋȇȈȍȗ Ȉŭȇ ɵȎȍŰȍŲȆǽȉȊȇȍȐ 

ŲŭȈȍȗ ŭȋűȀŰűȍȇȑŭ Ȉŭȇ D űȍ ȊǿȈȍȏ űȍȐ Űȓȉǿȋŭ űȍȐ ȊȇȈȎȍŰȈȍɵȀȍȐ [67]. 

 

ǩȇȈȖȋŭ 3.5 çȇǽȃȎŭȊȊŭ ȉůȇűȍȐȎȃȀŭȏ ȍɵűȇȈȍȗ ȊȇȈȎȍŰȈȍɵȀȍȐ[68] . 

 

ǯů ŮůŮȍȊǾȋȍ Ȗűȇ ȅ űůȉȇȈǿ ůȇȈȖȋŭ Ůůȋ ȊɵȍȎůȀ ȋŭ ŭɵȍȆȅȈůȐűůȀ ȅ ȋŭ ȐɵȍŰűůȀ 

ůɵůȌůȎȃŭŰȀŭ ŭɵȖ űȍ ȀŮȇȍ űȍ ȖȎȃŭȋȍ, ŭȋŭɵűȗȑȆȅȈů űȍ ȒȅŲȇŭȈȖ ȊȇȈȎȍŰȈȖɵȇȍ, ɵȍȐ 

ŰȐȋŮȐǽȄůȇ űȅȋ ŭȎȑǿ ȉůȇűȍȐȎȃȀŭȏ űȍȐ ȈȉŭŰŰȇȈȍȗ ȍɵűȇȈȍȗ ȊȇȈȎȍŰȈȍɵȀȍȐ Ȋů 
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ȒȅŲȇŭȈǽ ɵȍȉȐȊǾŰŭ Ȉŭȇ űůȑȋȍȉȍȃȀŭ ȒȅŲȇŭȈǿȏ ůɵůȌůȎȃŭŰȀŭȏ. ǵűȍ ɵǽȋȓ ȊǾȎȍȏ 

űȓȋ ȍɵűȇȈȘȋ ȊȇȈȎȍŰȈȍɵȀȓȋ űȍɵȍȆůűůȀűŭȇ Ȋȇŭ ȒȅŲȇŭȈǿ ŲȓűȍȃȎŭŲȇȈǿ Ȋȅȑŭȋǿ ȅ 

ȍɵȍȀŭ ɵŭȎǽȃůȇ ůȇȈȖȋůȏ űȍȐ ŮůȀȃȊŭűȍȏ Ȉŭȇ ȊǾŰȓ űȅȏ ȊȍȋǽŮŭȏ ȉǿȒȅȏ ŮůŮȍȊǾȋȓȋ 

ȍȇ ůȇȈȖȋůȏ ŭȐűǾȏ ȊůűŭŲǾȎȍȋűŭȇ Űűȍȋ ȐɵȍȉȍȃȇŰűǿ. 

ǳůȇȎŭȊŭűȇȈǿ ŮȇŭŮȇȈŭŰȀŭ 

ǯů űȍ ɵǾȎŭȏ űȅȏ ŮȇŭŮȇȈŭŰȀŭȏ ɵŭȎŭȃȓȃǿȏ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ, 

ɵŭȎŭȉŭȊȂǽȋůűŭȇ űȍ űůȉȇȈȖ ɵȎȍȔȖȋ Űűȅ ȊȍȎŲǿ ůȋȖȏ ȃŭȉŭȈűȘȊŭűȍȏ. ǧɵȖ űȍ 

ȃŭȉǽȈűȓȊŭ ŭȐűȖ Ǿȋŭ ȊǾȎȍȏ űȍȐ ŰȐȉȉǾȃůűŭȇ Ȉŭȇ ŭɵȍȆȅȈůȗůűŭȇ. ǯȇȈȎǿ ɵȍŰȖűȅűŭ 

ŭȐűȍȗ űȍɵȍȆůűůȀűŭȇ Ȋů ȊȀŭ ɵȇɵǾűŭ ŭȋǽȊůŰŭ Űů Ůȗȍ ȃȐǽȉȇȋůȏ ɵȉǽȈůȏ Ȉŭȇ 

ŭȈȍȉȍȐȆůȀ ȅ ŭȋǽȉȐŰȅ űȍȐ ŮůȀȃȊŭűȍȏ ȊǾŰȓ űȍȐ ȍȎȃǽȋȍȐ Examet Union 82160 Ȋů 

ȈǽȊůȎŭ Sony CCD-IRIS (SSC-C370P). 

 

 

ǩȇȈȖȋŭ 3.6 ǣȎȃŭȋȍ Examet Union 82160 Ȋů ȈǽȊůȎŭ Sony CCD- IRIS (SSC-C370P). 
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3.4.2. ǫȉůȈűȎȍȋȇŭȈǿ ǯȇȈȎȍŰȈȍɵȀŭ ǵǽȎȓŰȅȏ (Scanning Electron Microscope ð 

SEM). 

ǭŭȆȘȏ űȍ ȍɵűȇȈȖ ȊȇȈȎȍŰȈȖɵȇȍ ɵŭȎȍȐŰȇǽȄůȇ ɵůȎȇȍȎȇŰȊǾȋůȏ ŮȐȋŭűȖűȅűůȏ, ȃȇŭ űȅȋ 

ȈŭȉȗűůȎȅ ůȌǾűŭŰȅ űȍȐ ŮůȀȃȊŭűȍȏ ȑȎȅŰȇȊȍɵȍȇůȀűŭȇ ȅ ȊǾȆȍŮȍȏ ȅȉůȈűȎȍȋȇŭȈǿȏ 

ȊȇȈȎȍŰȈȍɵȀŭȏ ŰǽȎȓŰȅȏ (SEM -  Scanning Electron Microscopy) ȅ ȍɵȍȀŭ ɵŭȎǾȑůȇ 

ůȀŮȓȉŭ ůȌȓűůȎȇȈǿȏ ȊȍȎŲȍȉȍȃȀŭȏ, ȖȊȍȇŭ Ȋů ŭȐűǽ ɵȍȐ ȂȉǾɵůȇ űȍ ŭȋȆȎȘɵȇȋȍ Ȋǽűȇ. 

ǫ ȂŭŰȇȈǿ ŭȎȑǿ ȉůȇűȍȐȎȃȀŭȏ űȍȐ ȅȉůȈűȎȍȋȇŭȈȍȗ ȊȇȈȎȍŰȈȍɵȀȍȐ ŰǽȎȓŰȅȏ 

ȂŭŰȀȄůűŭȇ Űűȅȋ ŭȉȉȅȉůɵȀŮȎŭŰȅ űȓȋ ŭűȖȊȓȋ űȍȐ ŮůȀȃȊŭűȍȏ Ȋů ȅȉůȈűȎȖȋȇŭ. Ƕŭ 

ȅȉůȈűȎȖȋȇŭ ŭȐűǽ ɵŭȎǽȃȍȋűŭȇ Ȉŭȇ ůȈɵǾȊɵȍȋűŭȇ ŭɵȖ Ȋȇŭ ȆůȎȊŭȇȋȖȊůȋȅ ȈǽȆȍŮȍ 

(ȋǿȊŭ ȂȍȉŲȎŭȊȀȍȐ). ǵűȅ ŰȐȋǾȑůȇŭ ůɵȇűŭȑȗȋȍȋűŭȇ Ȋů űȅȋ ůŲŭȎȊȍȃǿ ȆůűȇȈȍȗ 

ȅȉůȈűȎȇȈȍȗ ŮȐȋŭȊȇȈȍȗ Ȉŭȇ ȈŭűůȐȆȗȋȍȋűŭȇ Űűȍ ŮůȀȃȊŭ ůŰűȇŭŰȊǾȋŭ ɵůȎȋȘȋűŭȏ 

ŭɵȖ ȅȉůȈűȎȍŰűŭűȇȈȍȗȏ ŲŭȈȍȗȏ ȍȇ ȍɵȍȀȍȇ ŭɵȍűůȉȍȗȋűŭȇ ŭɵȖ ɵȅȋȀŭ. ǫ 

ŭȉȉȅȉůɵȀŮȎŭŰȅ űȓȋ ȅȉůȈűȎȍȋȀȓȋ Ȋů űŭ ǽűȍȊŭ űȍȐ ŮůȀȃȊŭűȍȏ Ǿȑůȇ ȓȏ 

ŭɵȍűǾȉůŰȊŭ űȍȋ ŰȑȅȊŭűȇŰȊȖ Ůȗȍ ůȇŮȘȋ ȅȉůȈűȎȍȋȀȓȋ, űŭ ŮůȐűůȎȍȃůȋǿ Ȉŭȇ űŭ 

ȍɵȇŰȆȍŰȈůŮŭȄȖȊůȋŭ ȅȉůȈűȎȖȋȇŭ. Ƕŭ ŮůȐűůȎȍȃůȋǿ (secondary electrons - SEs), 

ůȀȋŭȇ ȅȉůȈűȎȖȋȇŭ ɵȍȐ Ȋůűǽ ŭɵȖ ŰȗȃȈȎȍȐŰȅ Ȋů űŭ ȅȉůȈűȎȖȋȇŭ ɵȍȐ ůȈɵǾȊɵȍȋűŭȇ 

ŭɵȖ űȅȋ ɵȅȃǿ, ŲůȗȃȍȐȋ ŭɵȖ ǽűȍȊŭ űȅȏ ůɵȇŲǽȋůȇŭȏ űȍȐ ŮůȀȃȊŭűȍȏ. Ƕŭ 

ȍɵȇŰȆȍŰȈůŮŭȄȖȊůȋŭ ȅȉůȈűȎȖȋȇŭ (backscattered electrons -  BSEs), ůȀȋŭȇ 

ȅȉůȈűȎȖȋȇŭ űȅȏ ŮǾŰȊȅȏ ɵȍȐ ůȌǾȎȑȍȋűŭȇ ŭɵȖ űȍ ŮůȀȃȊŭ Ǿȑȍȋűŭȏ ȑǽŰůȇ ȊȇȈȎȖ 

ɵȍŰȍŰűȖ űȅȏ ɵȎȍŰɵȀɵűȍȐŰŭȏ ůȋǾȎȃůȇŭ űȍȐȏ ȉȖȃȓ űȓȋ ȅȉůȈűȎȇȈȘȋ ɵůŮȀȓȋ űȓȋ 

ŭűȖȊȓȋ űȍȐ ŮůȀȃȊŭűȍȏ. ǵȐȃȈȎȇűȇȈǽ Ȋů űŭ ȈŭȋȍȋȇȈǽ ȅȉůȈűȎȖȋȇŭ, ȑŭȎŭȈűȅȎȀȄȍȋűŭȇ 

ŭɵȖ ȑŭȊȅȉȖűůȎȅ ȈȇȋȅűȇȈǿ ůȋǾȎȃůȇŭ. ǩȇŮȇȈȍȀ ŭȋȇȑȋůȐűǾȏ ȃȇŭ űŭ Ůȗȍ ůȀŮȅ 

ȅȉůȈűȎȍȋȀȓȋ ȈŭűŭȃȎǽŲȍȐȋ ŭȐűǾȏ űȇȏ ȈȇȋǿŰůȇȏ Ȉŭȇ ȈǽȆů ŰǿȊŭ ŭȋűȇŰűȍȇȑůȀ Űů ȊȀŭ 

ɵůȎȇȍȑǿ űȅȏ ůɵȇŲǽȋůȇŭȏ űȍȐ ŮůȀȃȊŭűȍȏ ȅ ȍɵȍȀŭ ȒȅŲȇȍɵȍȇůȀűŭȇ. ǧȋǽȉȍȃŭ Ȋů űȅȋ 

ȇŰȑȗ űȍȐ ŰǿȊŭűȍȏ ȈŭȆȍȎȀȄůűŭȇ ȅ ŮȇŭȂǽȆȊȇŰȅ űȅȏ ŲȓűůȇȋȖűȅűŭȏ ȅ Ȋȅ űȍȐ ȈǽȆů 

ŰȅȊůȀȍȐ Űűȅȋ ůȇȈȖȋŭ ŮȀȋȍȋűŭȏ ɵȉȅȎȍŲȍȎȀůȏ ȃȇŭ ŭȐűǿ. ǵűȍ ȖȎȃŭȋȍ, űȖŰȍ ȅ 

ȍɵűȇȈȍ-ȅȉůȈűȎȇȈǿ Űűǿȉȅ ȖŰȍ Ȉŭȇ ȍ ȆǽȉŭȊȍȏ ɵȍȐ űȍɵȍȆůűůȀűŭȇ űȍ ŮůȀȃȊŭ 

ȂȎȀŰȈȍȋűŭȇ ȐɵȖ ŰȐȋȆǿȈůȏ Ȉůȋȍȗ  ȘŰűů ȋŭ ůȉŭȑȇŰűȍɵȍȇȅȆůȀ ȅ ɵȇȆŭȋǿ ŮȇǽȆȉŭŰȅ 

űȓȋ ȍɵȇŰȆȍŰȈůŮŭȄȖȊůȋȓȋ Ȉŭȇ ŮůȐűůȎůȐȖȋűȓȋ ȅȉůȈűȎȍȋȀȓȋ ŭɵȖ ȊȖȎȇŭ Ȉŭȇ 

ǽűȍȊŭ ŭűȊȍŰŲŭȇȎȇȈȘȋ ŭůȎȀȓȋ [69]. 
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ǭůŲǽȉŭȇȍ 3: ǳůȇȎŭȊŭűȇȈȖ ǯǾȎȍȏ 
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ǩȇȈȖȋŭ 3.7 çȇǽȃȎŭȊȊŭ ȉůȇűȍȐȎȃȀŭȏ ȊȇȈȎȍŰȈȍɵȀȍȐ SEM [70] . 

 

ǳůȇȎŭȊŭűȇȈǿ ŮȇŭŮȇȈŭŰȀŭ 

Ƕȍ ȖȎȃŭȋȍ ɵȍȐ ȑȎȅŰȇȊȍɵȍȇǿȆȅȈů ůȀȋŭȇ űȍ SEM JEOL JSM-6390 (ǩȇȈȖȋŭ3.8). 

ǵȐȃȈůȈȎȇȊǾȋŭ űȍ JEOL JSM-6390  ȊɵȍȎůȀ ȋŭ ȑȎȅŰȇȊȍɵȍȇȅȆůȀ ȃȇŭ ɵȎȍȂȍȉǿ 

ůȇȈȖȋȓȋ BSE, ůȇȈȖȋȓȋ SE Ȉŭȇ ȊȇȈűȘȋ ůȇȈȖȋȓȋ Ȋů ůȗȎȍȏ ȊůȃǾȆȐȋŰȅȏ 5-300.000x. 

Ǡɵůȇűŭ ŭɵȖ űȅȋ ŮȇŭŮȇȈŭŰȀŭ ŮȇǿȆȅŰȅȏ Ȉŭȇ ȌǿȎŭȋŰȅȏ űȍ ŮůȀȃȊŭ űȓȋ 

ȊȇȈȎȍȈŭȒȍȐȉȘȋ Űűȅ ȊȍȎŲǿ ɵȍȗŮȎŭȏ űȍɵȍȆůűǿȆȅȈů Űů ůȇŮȇȈȍȗȏ ŲȍȎůȀȏ, 

ůɵȇȑȎȐŰȘȆȅȈů Ȉŭȇ ȑȍȎȅȃǿȆȅȈů Űűȍ ȖȎȃŭȋȍ. ǫ ůɵȇȑȎȗŰȓŰȅ ɵȎŭȃȊŭűȍɵȍȇǿȆȅȈů 

Ȋů űȅȋ ŰȐȋŮȎȍȊǿ űȍȐ ȍȎȃǽȋȍȐ Leica EM ACE200 Vacuum Coater (ůȇȈȖȋŭ 3.9) ȖɵȍȐ 

ɵȎŭȃȊŭűȍɵȍȇǿȆȅȈŭȋ 5 ȈȗȈȉȍȇ ůɵȇȑȎȗŰȓŰȅȏ, ȍ ȈŭȆǾȋŭȏ Űűŭ 20 mA ȃȇŭ ȑȎȖȋȍ ȀŰȍ 

Ȋů 20 s. 
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ǩȇȈȖȋŭ 3.8 ǣȎȃŭȋȍ SEM JEOL JSM-6390. 

 

 

ǩȇȈȖȋŭ 3.9 ǣȎȃŭȋȍ ůɵȇȑȎȗŰȓŰȅȏ Leica EM ACE200 Vacuum  Coater . 
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3.4.3. ǧȋǽȉȐŰȅ ȊůȃǾȆȍȐȏ ŰȓȊŭűȇŮȀȓȋ Ȋů ŰȈǾŮŭŰȅ ŮǾŰȊȅȏ laser (Laser 

Diffraction Mastersizer micro). 

ǲ ȑŭȎŭȈűȅȎȇŰȊȖȏ űȍȐ ȊůȃǾȆȍȐȏ űȓȋ ŰȓȊŭűȇŮȀȓȋ ůȋȖȏ ŮůȀȃȊŭűȍȏ ȊɵȍȎůȀ ȋŭ 

ɵȎŭȃȊŭűȍɵȍȇȅȆůȀ űȖŰȍ Űů ŰűůȎůǽ ŮůȀȃȊŭűŭ, ȖŰȍ Ȉŭȇ Űů ȃŭȉŭȈűȘȊŭűŭ Ȉŭȇ 

ŭȇȓȎǿȊŭűŭ. ǧȋǽȉȍȃŭ ȖȊȓȏ Ȋů űȅȋ ȈŭűǽŰűŭŰȅ űȍȐ ŮůȀȃȊŭűȍȏ ůɵȇȉǾȃůűŭȇ 

ŮȇŭŲȍȎůűȇȈǿ űůȑȋȇȈǿ ȊǾűȎȅŰȅȏ űȍȐ ȊůȃǾȆȍȐȏ. 

ǵűŭ ŮůȀȃȊŭűŭ ȑȎȅŰȇȊȍɵȍȇǿȆȅȈů ȅ űůȑȋȇȈǿ űȅȏ ŰȈǾŮŭŰȅȏ ŮǾŰȊȅȏ laser, ȖɵȍȐ ȅ 

ȈŭűŭȋȍȊǿ űȍȐ ȊůȃǾȆȍȐȏ ȊůűȎȇǾűŭȇ Ȋů ȂǽŰȅ űȅȋ ŮȇŭȈȗȊŭȋŰȅ Űűȅȋ ǾȋűŭŰȅ űȍȐ 

ŲȓűȖȏ ɵȍȐ ŰȈůŮǽȄůűŭȇ Űűȇȏ ȃȓȋȀůȏ ȖŰȍ ȅ ŮǾŰȊȅ űȍȐ laser ŮȇŭɵůȎȋǽůȇ Ǿȋŭ 

ŮȇŭŰȈȍȎɵȇŰȊǾȋȍ ŮůȀȃȊŭ ŰȓȊŭűȇŮȀȓȋ. Ƕŭ ȊůȃŭȉȗűůȎŭ ŰȓȊŭűȀŮȇŭ ŮȇŭŰȈȍȎɵȀȄȍȐȋ 

űȍ Ųȓȏ Űů ȊůȃŭȉȗűůȎůȏ ȃȓȋȀůȏ Űů ŰȑǾŰȅ Ȋů űŭ ȊȇȈȎȖűůȎŭ. Ƕŭ ŮůŮȍȊǾȋŭ űȅȏ 

ǾȋűŭŰȅȏ űȅȏ ȃȓȋȇŭȈǿȏ ŰȈǾŮŭŰȅȏ ŰȐȃȈůȋűȎȘȋȍȋűŭȇ Ȉŭȇ Ȋů ȊŭȆȅȊŭűȇȈǾȏ ɵȎǽȌůȇȏ 

ɵȍȐ ȂŭŰȀȄȍȋűŭȇ Űűȅȋ ȆůȓȎȀŭ ŰȈǾŮŭŰȅȏ űȍȐ ŲȓűȖȏ űȍȐ Mie [71]  ȐɵȍȉȍȃȀȄůűŭȇ űȍ 

ŲŭȇȋȍȊůȋȇȈȖ ȊǾȃůȆȍȏ űȍȐ ȈǽȆů ŰȓȊŭűȇŮȀȍȐ. ǭŭȆȘȏ ȈǽȆů ŰȓȊŭűȀŮȇȍ Ůůȋ Ǿȑůȇ 

ŰűŭȆůȎȖ ȅ ȍȊȍȇȖȊȍȎŲȍ ȊǾȃůȆȍȏ, űȍ ŭɵȍűǾȉůŰȊŭ ɵȍȐ ȈŭűŭȃȎǽŲůűŭȇ ȇŰȍŮȐȋŭȊůȀ 

Ȋů űȍ ȊǾȃůȆȍȏ Ȋȇŭȏ ŰŲŭȀȎŭȏ Ȋů ȀŮȇȍ ȖȃȈȍ Ȋů űȍ ůȋ ȉȖȃȓ ŰȓȊŭűȀŮȇȍ [72]. 

 

ǩȇȈȖȋŭ 3.10 ǧȎȑǿ ȉůȇűȍȐȎȃȀŭȏ ȍȎȃǽȋȍȐ ŭȋǽȉȐŰȅȏ ȊůȃǾȆȍȐȏ ȊǾŰȓ ŰȈǾŮŭŰȅȏ ȉǾȇȄůȎ[73] .  

 

Ƕŭ ŭɵȍűůȉǾŰȊŭűŭ űȅȏ ȈǽȆů ȊǾűȎȅŰȅȏ ŭɵůȇȈȍȋȀȄȍȋűŭȇ ŰȐȋǿȆȓȏ Űů Ǿȋŭ ȃȎǽŲȅȊŭ 

(ǵȑǿȊŭ 3.1) űȅȏ ȈŭűŭȋȍȊǿȏ ȊůȃǾȆȍȐȏ űȍ ȍɵȍȀȍ ŰȐȋŮǾůűŭȇ Ȋů Ǿȋŭ ɵȀȋŭȈŭ (ǳȀȋŭȈŭȏ 

3.4 ) ȍ ȍɵȍȀȍȏ ɵŭȎǾȑůȇ űȇȏ ȀŮȇůȏ ɵȉȅȎȍŲȍȎȀůȏ. 
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ǵȑǿȊŭ 3.1 ŪȎǽŲȅȊŭ  ŭȋǽȉȐŰȅȏ ȊůȃǾȆȍȐȏ Ȋů ŰȈǾŮŭŰȅ laser. 

 

ǳȀȋŭȈŭȏ 3.4 ǳȀȋŭȈŭȏ Ȋů űŭ ŭɵȍűůȉǾŰȊŭűŭ űȅȏ ȊǾűȎȅŰȅȏ.  

 

ǳŭȎŭȈǽűȓ ůȎȊȅȋůȗȍȋűŭȇ űŭ ŭɵȍűůȉǾŰȊŭűŭ űȍȐ ɵȀȋŭȈŭ: 

D(v,0,1): ŭȋűȇŰűȍȇȑůȀ Űűȍ ȊǾȃůȆȍȏ ŰȓȊŭűȇŮȀȓȋ ŭɵȖ űȍ ȍɵȍȀȍ űȍ 10% űȍȐ 

ŮůȀȃȊŭűȍȏ ůȀȋŭȇ ȊȇȈȎȖűůȎȍ. 

D(v,0,5): ŭȋűȇŰűȍȇȑůȀ Űűȍ ȊǾȃůȆȍȏ ŰȓȊŭűȇŮȀȓȋ ŭɵȖ űȍ ȍɵȍȀȍ űȍ 50% űȍȐ 

ŮůȀȃȊŭűȍȏ ůȀȋŭȇ ȊȇȈȎȖűůȎȍ Ȉŭȇ űȍ ȐɵȍȉůȇɵȖȊůȋȍ 50% ȊůȃŭȉȗűůȎȍ. 
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D(v,0,9): ŭȋűȇŰűȍȇȑůȀ Űűȍ ȊǾȃůȆȍȏ ŰȓȊŭűȇŮȀȓȋ ŭɵȖ űȍ ȍɵȍȀȍ űȍ 90% űȍȐ 

ŮůȀȃȊŭűȍȏ ůȀȋŭȇ ȊȇȈȎȖűůȎȍ. 

D[4,3]: ŭȋűȇŰűȍȇȑůȀ Űűȅ ȊǾŰȍȐ ȖȃȈȍȐ ŮȇǽȊůűȎȍ. 

D[3,2]: ŭȋűȇŰűȍȇȑůȀ Űűȅ ȊǾŰȅȏ ůɵȇŲǽȋůȇŭȏ ŮȇǽȊůűȎȍ. 

Span/ PDI: ŭȋűȇŰűȍȇȑůȀ Űűȍ ŮůȀȈűȅ ɵȍȉȐŮȇŭŰɵȍȎǽȏ. ǣŰȍ ɵȇȍ ȊȇȈȎǿ ůȀȋŭȇ ȅ űȇȊǿ, 

űȖŰȍ ɵȇȍ Űűůȋǿ ůȀȋŭȇ ȅ ȈŭűŭȋȍȊǿ.  

ǵűȅȋ ŭȋǽȉȐŰȅ űȍȐ ȊůȃǾȆȍȐȏ űȓȋ ŰȓȊŭűȇŮȀȓȋ ȊǾŰȓ űȍȐ ɵȎȍȃȎǽȊȊŭűȍȏ ImageJ 

ȅ űȇȊǿ űȍȐ ŮůȀȈűȅ ɵȍȉȐŮȇŭŰɵȍȎǽȏ ȐɵȍȉȍȃȀȄůűŭȇ ȊǾŰȓ űȅȏ ŭȈȖȉȍȐȆȅȏ ŰȑǾŰȅȏ: 

 

ὖὈὍ 
Ὀὺ ȟπȢω Ὀὺ ȟπȢρ

Ὀὺ ȟπȢυ 

 

ǳůȇȎŭȊŭűȇȈǿ ŮȇŭŮȇȈŭŰȀŭ 

Ūȇŭ űȅȋ ŭȋǽȉȐŰȅ űȍȐ ȊǾŰȍȐ ȊůȃǾȆȍȐȏ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ ȉǿŲȆȅȈů ŮůȀȃȊŭ Ȋůűǽ 

űȍ űǾȉȍȏ ȈǽȆů ɵůȇȎǽȊŭűȍȏ Ȉŭȇ ɵȎȇȋ űȅȋ ŮȇǿȆȅŰȅ. Ƕȍ ŮůȀȃȊŭ ŭȋŭȉȗůűŭȇ ȊǾŰȍ űȍȐ 

ȍȎȃǽȋȍȐ Laser Malvern Mastersizer Micro 2000. ǵŭȋ ȊǾŰȅ ŮȇǽȊůűȎȍȏ űȍȐ 

ŮůȀȃȊŭűȍȏ ȆůȓȎůȀűŭȇ ȅ ŮȇǽȊůűȎȍȏ ȊǾŰȍȐ ȖȃȈȍȐ D[4,3]. 

ǭŭȆȘȏ ȐɵǿȎȌŭȋ ŲȍȎǾȏ ɵȍȐ Ůůȋ ǿűŭȋ ŮȐȋŭűǿ ȅ ɵȎȖŰȂŭŰȅ Űűȍ ȖȎȃŭȋȍ Laser 

Malvern Mastersizer Micro 2000 Űů Ȉǽɵȍȇŭ ŮůȀȃȊŭűŭ űȍ ȊǾŰȍ ȊǾȃůȆȍȏ Ȉǽɵȍȇȓȋ 

ŮůȇȃȊǽűȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ Ǿȑůȇ ȉȅŲȆůȀ ȊǾŰŭ ŭɵȖ ůɵůȌůȎȃŭŰȀŭ űȓȋ ůȇȈȖȋȓȋ űȍȐ 

ȍɵűȇȈȍȗ ȊȇȈȎȍŰȈȍɵȀȍȐ Ȉŭȇ űȍȐ ȊȇȈȎȍŰȈȍɵȀȍȐ ȅȉůȈűȎȍȋȇŭȈǿȏ ŰǽȎȓŰȅȏ ȊǾŰȓ űȍȐ 

ɵȎȍȃȎǽȊȊŭűȍȏ ImageJ. Ǻȏ űůȉȇȈȖ ȊǾŰȍ ȊǾȃůȆȍȏ űȍȐ ȈǽȆů ɵȉȅȆȐŰȊȍȗ ůɵȇȉǾȃůűŭȇ 

ȍ ȊǾŰȍȏ ȖȎȍȏ űȓȋ ŮȇŭȊǾűȎȓȋ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ ɵȍȐ ŲŭȀȋȍȋűŭȇ Űűȇȏ 

ŲȓűȍȃȎŭŲȀůȏ űȓȋ ȊȇȈȎȍŰȈȍɵȀȓȋ. Ūȇŭ ȈǽȆů ɵůȀȎŭȊŭ űȍ űůȉȇȈȖ ȊǾŰȍ ȊǾȃůȆȍȏ űȍȐ 

ɵȉȅȆȐŰȊȍȗ ȊȇȈȎȍȈŭȒȍȐȉȘȋ ůȌǿȑȆȅŰů Ȋůűǽ ŭɵȖ 150 ȊůűȎǿŰůȇȏ. 
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ǩȇȈȖȋŭ 3.11 ǣȎȃŭȋȍ Laser Malvern Mastersizer Micro 2000.  

 

3.4.4. ūůȎȊȍŰűŭȆȊȇȈǿ ŭȋǽȉȐŰȅ (Thermogravimetric Analysis - TGA). 

ǫ ȆůȎȊȍŰűŭȆȊȇȈǿ ŭȋǽȉȐŰȅ (Thermogravimetric analysis -  TGA) ůȀȋŭȇ Ȋȇŭ ɵȍȉȗ 

ŭȌȇȖɵȇŰűȅ űůȑȋȇȈǿ ɵȍȐ ȑȎȅŰȇȊȍɵȍȇůȀűŭȇ ȃȇŭ űȍȋ ɵȎȍŰŮȇȍȎȇŰȊȖ űȅȏ ȆůȎȊȇȈǿȏ 

ŮȇǽŰɵŭŰȅȏ Ȉŭȇ ŭɵȍȇȈȍŮȖȊȅŰȅȏ ůȋȖȏ ŮůȀȃȊŭűȍȏ, Ȋů ȂǽŰȅ űȇȏ ŭȉȉŭȃǾȏ Űűȅ ȊǽȄŭ 

űȍȐ, ȈŭȆȘȏ Ȉŭȇ ɵȍŰȍűȇȈǿȏ ŭȋǽȉȐŰȅȏ űȅȏ ŰȗȋȆůŰǿȏ űȍȐ ȊǾŰŭ ŭɵȖ ŭȐűȖ. ǩɵȀŰȅȏ 

ȊǾŰŭ ŭɵȖ ŭȐűǿ űȅ ŮȇŭŮȇȈŭŰȀŭ ůȀȋŭȇ ŮȐȋŭűȖȏ ȍ ɵȎȍŰŮȇȍȎȇŰȊȖȏ ɵȍŰȍŰűȘȋ 

ȐȃȎŭŰȀŭȏ ǿ ȐɵȍȉȍȇɵȖȊůȋȍȐ Ůȇŭȉȗűȅ Űűȍ ŮůȀȃȊŭ. Ƕŭ ɵůȇȎǽȊŭűŭ ɵȍȐ ȃȀȋȍȋűŭȇ 

ȊɵȍȎȍȗȋ ȋŭ ɵȎŭȃȊŭűȍɵȍȇȅȆȍȗȋ ůȀűů Űů ŰȐȋȆǿȈůȏ ȆǾȎȊŭȋŰȅȏ ȊǾȑȎȇ Ȋȇŭ 

ůɵȇȉůȃȊǾȋȅ űȇȊǿ ǿ ȇŰȍȆůȎȊȍȈȎŭŰȇŭȈǽ Űů ŰȐȋǽȎűȅŰȅ Ȋů űȍ ȑȎȖȋȍ.  

Ƕȍ ȖȎȃŭȋȍ ɵȍȐ ȑȎȅŰȇȊȍɵȍȇůȀűŭȇ ŮȇŭȆǾűůȇ Ǿȋŭȋ ŭȋŭȉȐűȇȈȖ ȄȐȃȖ ŭȈȎȇȂůȀŭȏ Ȉŭȇ 

Ǿȋŭȋ ŲȍȗȎȋȍ, ȍ ȍɵȍȀȍȏ ȆůȎȊŭȀȋůűŭȇ Ȉŭȇ Ȓȗȑůűŭȇ Ȉŭűǽ űȅȋ ŮȇǽȎȈůȇŭ űȅȏ ȊǾűȎȅŰȅȏ 

ŭȋǽȉȍȃŭ űȇȏ ůɵȇȆȐȊȅűǾȏ ŰȐȋȆǿȈůȏ, ůȋȘ Ǿȋŭ ȆůȎȊȍŰűȍȇȑůȀȍ ůȉǾȃȑůȇ ȉůɵűȍȊůȎȘȏ 

űȅȋ ȆůȎȊȍȈȎŭŰȀŭ ȊǾŰŭ Űűȍȋ ŲȍȗȎȋȍ. Ǡȋŭ ŰȗŰűȅȊŭ ŮȇŭȂȀȂŭŰȅȏ ŭůȎȀȍȐ (ŰȐȋǿȆȓȏ 

ŭȄȘűȍȐ) ŮȇŭűȅȎůȀ űȅȋ ŭűȊȖŰŲŭȇȎŭ Űűȍ ŲȍȗȎȋȍ ŭŮȎŭȋǿ ȅ ŮȎŭŰűȇȈǿ ŭȋǽȉȍȃŭ Ȋů 

űȍ ɵůȀȎŭȊŭ ɵȍȐ ɵȎŭȃȊŭűȍɵȍȇůȀűŭȇ.  
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ǷɵȍȉȍȃȇŰűȇȈȖ ɵȎȖȃȎŭȊȊŭ ůȉǾȃȑůȇ űȇȏ ŭȐȌȍȊůȇȘŰůȇȏ űȅȏ ȆůȎȊȍȈȎŭŰȀŭȏ űȍȐ 

ŲȍȗȎȋȍȐ, űȇȏ ȈŭűŭȃȎǽŲůȇ Ȉŭȇ űȇȏ ɵŭȎȍȐŰȇǽȄůȇ Űů ȃȎŭŲǿȊŭűŭ Űů ŰȐȋǽȎűȅŰȅ Ȋů 

űȅ ȊǽȄŭ. ǫ ȊȍȎŲǿ űȓȋ ȆůȎȊȍȃȎŭŲȅȊǽűȓȋ ŮȀȋůȇ ɵȉȅȎȍŲȍȎȀůȏ ȃȇŭ űȅȋ ȐɵȖ ȊůȉǾűȅ 

ŮȇůȎȃŭŰȀŭ. Ƕȍ ŮȇǽȃȎŭȊȊŭ űȅȏ ɵȎȘűȅȏ ɵŭȎŭȃȘȃȍȐ űȅȏ ȈŭȊɵȗȉȅȏ űȍȐ ȂǽȎȍȐȏ  

ȍȋȍȊǽȄůűŭȇ ŮȇŭŲȍȎȇȈȖ ȆůȎȊȍȃȎǽŲȅȊŭ (DTG) Ȉŭȇ Űűȅȋ ȍȐŰȀŭ ůȈŲȎǽȄůȇ űȍȋ ȎȐȆȊȖ 

ȊůűŭȂȍȉǿȏ űȍȐ ȂǽȎȍȐȏ Ȉŭűǽ űȅȋ ȆǾȎȊŭȋŰȅ. Ƕŭ ŮȇŭȃȎǽȊȊŭűŭ DTG ɵŭȀȄȍȐȋ ɵȍȉȗ 

ŰȅȊŭȋűȇȈȖ ȎȖȉȍ Űűȅȋ ůȎȊȅȋůȀŭ űȓȋ ŮȇŭȃȎŭȊȊǽűȓȋ TG ȈȐȎȀȓȏ Űűȅȋ ɵůȎȀɵűȓŰȅ 

ɵȍȐ ȃȀȋȍȋűŭȇ ɵȍȉȉǽ ŲŭȇȋȖȊůȋŭ űŭȐűȖȑȎȍȋŭ Ȉŭȇ ȐɵůȎȈŭȉȗɵűȍȋűŭȇ [74]. 

Ǡȋŭ űȐɵȇȈȖ ȆůȎȊȍȃȎǽŲȅȊŭ TG ɵŭȎȍȐŰȇǽȄůűŭȇ Űűȍ ɵŭȎŭȈǽűȓ ŰȑǿȊŭ. 

 

ǵȑǿȊŭ 3.2 ūůȎȊȍȃȎǽŲȅȊŭ ȆůȎȊȍŰűŭȆȊȇȈǿȏ ŭȋǽȉȐŰȅȏ. 

 

ǳůȇȎŭȊŭűȇȈǿ ŮȇŭŮȇȈŭŰȀŭ 

Ƕȍ ȖȎȃŭȋȍ ɵȍȐ ȑȎȅŰȇȊȍɵȍȇůȀűŭȇ ůȀȋŭȇ űȍ TGA/ DSC 1 STARe System űȅȏ Mettler  

Toledo. Ūȇŭ űȅȋ ȆůȎȊȍŰűŭȆȊȇȈǿ ŭȋǽȉȐŰȅ, ȊȇȈȎǿ ɵȍŰȖűȅűŭ ŮůȀȃȊŭűȍȏ (ɵȍȐ Ůůȋ 

ȌůɵůȎȋȍȗŰů űŭ 15mg) űȍɵȍȆůűůȀűŭȇ Űů ȈŭȒȀŮȇȍ ŭȉȍȐȊȀȋŭȏ (Al2O3)  Ȉŭȇ ȄȐȃȀȄůűŭȇ 

Űů ȄȐȃȖ ŭȈȎȇȂůȀŭȏ. ǫ ȊǾűȎȅŰȅ ȈŭűŭȃȎǽŲůűŭȇ Űűȍ ȐɵȍȉȍȃȇŰűȇȈȖ ɵȎȖȃȎŭȊȊŭ ɵȍȐ 

ůȉǾȃȑůȇ űȍ ȖȎȃŭȋȍ, Ȉŭȇ űȍ ȈŭȒȀŮȇȍ űȍɵȍȆůűůȀűŭȇ Űűȍ ȆůȎȊȍȄȐȃȖ. çȇŭȂȇȂǽȄůűŭȇ 

ǽȄȓűȍ ȓȏ ŲǾȎȍȋ ŭǾȎȇȍ Ȋů ŰȈȍɵȖ ŭŮȎŭȋȍɵȍȀȅŰȅȏ űȅȏ ŭűȊȖŰŲŭȇȎŭȏ, Ȉŭȇ ȅ 

ȆǾȎȊŭȋŰȅ ɵȎŭȃȊŭűȍɵȍȇůȀűŭȇ Űűȍ ůȗȎȍȏ űȓȋ ȆůȎȊȍȈȎŭŰȇȘȋ 30oC Ǿȓȏ 800 oC Ȋů 

ȆůȎȊȍȈȎŭŰȇŭȈȖ ȂǿȊŭ 10 oC /  min. ǯů űȍ ɵǾȎŭȏ űȅȏ ȆǾȎȊŭȋŰȅȏ űŭ ŮůŮȍȊǾȋŭ ɵȍȐ 
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Ǿȑůȇ ŭɵȍȆȅȈůȗŰůȇ űȍ ȖȎȃŭȋȍ, ůɵůȌůȎȃǽȄȍȋűŭȇ Űűȍȋ ȐɵȍȉȍȃȇŰűǿ Ȉŭȇ 

ŮȅȊȇȍȐȎȃůȀűŭȇ űȍ ȆůȎȊȍȃȎǽŲȅȊŭ Ȋů ȂǽŰȅ űȍ ȍɵȍȀȍ ůȉǾȃȑůűŭȇ ȅ ȆůȎȊȇȈǿ 

ŰűŭȆůȎȖűȅűŭ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ. 

 

 

ǩȇȈȖȋŭ 3.12 ǣȎȃŭȋȍ TGA/ DSC 1 STARe System. 

 

3.4.5. ŬŭŰȊŭűȍŰȈȍɵȀŭ ȐɵůȎȗȆȎȍȐ Ȋů ȊůűŭŰȑȅȊŭűȇŰȊȖ Fourier (Fourier 

Transform Infrared spectroscopy ð FTIR). 

ǭǽȆů ȐȉȇȈȖ ůȀȋŭȇ Ǿȋŭȏ ŮȇŭŲȍȎůűȇȈȖȏ ŰȐȋŮȐŭŰȊȖȏ ŭűȖȊȓȋ, Ȋů űȍ ŮȇȈȖ űȍȐ 

ȌůȑȓȎȇŰűȖ ŲǽŰȊŭ. Ƕȍ ȐɵǾȎȐȆȎȍ ŲǽŰȊŭ ŭɵȍűůȉůȀ ȍȐŰȇŭŰűȇȈǽ űȍ ŮŭȈűȐȉȇȈȖ 

ŭɵȍűȗɵȓȊŭ ůȋȖȏ ŮůȀȃȊŭűȍȏ, Ȋů űȇȏ ȈȍȎȐŲǾȏ űȍȐ ȋŭ ŭȋűȇŰűȍȇȑȍȗȋ Űűȇȏ 

ŰȐȑȋȖűȅűůȏ űȓȋ ŮȍȋǿŰůȓȋ ȊůűŭȌȗ űȓȋ ŮůŰȊȘȋ űȓȋ ŭűȖȊȓȋ ɵȍȐ ŰȐȋȆǾűȍȐȋ űȍ 

ȐɵȖ ůȌǾűŭŰȅ ŮůȀȃȊŭ. ǯǾŰȓ űȅȏ ŲŭŰȊŭűȍŰȈȍɵȀŭȏ ȐɵůȎȗȆȎȍȐ ŮȅȉŭŮǿ ůȀȋŭȇ 

ŮȐȋŭűǿ ȅ ɵȍȇȍűȇȈǿ ůȌŭȈȎȀȂȓŰȅ ȈǽȆů ɵȇȆŭȋȍȗ ŮůȀȃȊŭűȍȏ. ǩɵȀŰȅȏ ůɵȇűȐȃȑǽȋůűŭȇ 

Ȉŭȇ ɵȍŰȍűȇȈǿ ŭȋǽȉȐŰȅ űȓȋ ŰűȍȇȑůȀȓȋ ɵȍȐ ɵůȎȇǾȑůȇ ŭȋǽȉȍȃŭ Ȋů űȍ ȊǾȃůȆȍȏ űȓȋ 

ȈȍȎȐŲȘȋ. 

Ūȇŭ űȅȋ ůȌǾűŭŰȅ űȅȏ ȑȅȊȇȈǿȏ ŮȍȊǿȏ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ ŭȉȉǽ Ȉŭȇ űȅȋ 

űŭȐűȍɵȍȀȅŰȅ ǽȉȉȓȋ ůȋȘŰůȓȋ ɵȍȐ ȊɵȍȎůȀ ȋŭ ŰȑȅȊŭűȀŰűȅȈŭȋ ȑȎȅŰȇȊȍɵȍȇǿȆȅȈů 

ȅ ŲŭŰȊŭűȍŰȈȍɵȀŭ ȐɵůȎȗȆȎȍȐ Ȋů ȊůűŭŰȑȅȊŭűȇŰȊȖ Fourier. ǫ űůȑȋȇȈǿ ŭȐűǿ 

ůɵȇȉǾȃůűŭȇ, ȉȖȃȓ űȅȏ ŭȈȎȀȂůȇŭȏ , űȅȏ ůɵŭȋŭȉȅȒȇȊȖűȅűŭȏ, Ȉŭȇ űȅȏ ŭɵȉȖűȅűŭȏ űȅȏ 

Űů ŰȑǾŰȅ Ȋů ǽȉȉůȏ ɵŭȎȖȊȍȇůȏ űůȑȋȇȈǾȏ. ǩɵȀŰȅȏ ůȀȋŭȇ Ȋȇŭ Ȋȅ ȑȎȍȋȍȂȖȎŭ űůȑȋȇȈǿ 

ȈŭȆȘȏ Ȗȉůȏ ȍȇ ŰȐȑȋȖűȅűůȏ ȊůűȎȇȍȗȋűŭȇ űŭȐűȖȑȎȍȋŭ.  
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Ƕȍ ȖȎȃŭȋȍ űȅȏ ŲŭŰȊŭűȍŰȈȍɵȀŭȏ ȐɵůȎȗȆȎȍȐ Ȋů ȊůűŭŰȑȅȊŭűȇŰȊȖ Fourier, 

ɵůȎȇǾȑůȇ Ȋȇŭ ɵȅȃǿ ȐɵǾȎȐȆȎȅȏ ŭȈűȇȋȍȂȍȉȀŭȏ. ǫ ŮǾŰȊȅ ŮȇǾȎȑůűŭȇ ŭɵȖ Ǿȋŭ ǽȋȍȇȃȊŭ 

ɵȍȐ ůȉǾȃȑůȇ űȅȋ ɵȍŰȖűȅűŭ ůȋǾȎȃůȇŭȏ ɵȍȐ Ȇŭ ŮůȑűůȀ űȍ ŮůȀȃȊŭ Ȉŭȇ ǽȎŭ Ȉŭȇ ȍ 

ŭȋȇȑȋůȐűǿȏ. ǵűȅ ŰȐȋǾȑůȇŭ ůȇŰǾȎȑůűŭȇ Űűȍ ŰȐȊȂȍȉȖȊůűȎȍ, ȖɵȍȐ ȍȐŰȇŭŰűȇȈǽ ȅ 

ŮǾŰȊȅ ŮȇŭȇȎůȀűŭȇ Űů Ůȗȍ ȍɵűȇȈǾȏ ŮǾŰȊůȏ ȍȇ ȍɵȍȀůȏ ŭȋűŭȋŭȈȉȘȋűŭȇ Űů Ůȗȍ 

ȈŭȆȎǾŲűůȏ, Ǿȋŭȋ ŰűŭȆůȎȖ Ȉŭȇ Ǿȋŭȋ ɵȍȐ ȊůűŭȈȇȋůȀűŭȇ, ɵȎȍűȍȗ ůȋ űǾȉůȇ ůȋȓȆȍȗȋ 

ůȈ ȋǾȍȐ. Ƕȍ ŰǿȊŭ ɵȍȐ ůȌǾȎȑůűŭȇ ŭɵȖ űȍ ŰȐȊȂȍȉȖȊůűȎȍ, Ȉŭűŭȉǿȃůȇ Űűȍ ŮůȀȃȊŭ Ȉŭȇ 

ȊůűŭŮȀŮůűŭȇ Űűȍ ůŰȓűůȎȇȈȖ űȍȐ ǿ ŭȋűŭȋŭȈȉǽűŭȇ ŭɵȖ ŭȐűȖ. ǶůȉȇȈǽ ȅ ŮǾŰȊȅ 

Ȉŭűŭȉǿȃůȇ Űűȍȋ ŭȋȇȑȋůȐűǿ ȖɵȍȐ ŭȋŭȉȗůűŭȇ Ȉŭȇ ŮȅȊȇȍȐȎȃůȀűŭȇ űȍ 

ŰȐȊȂȍȉȖȃȎŭȊȊŭ. ǯǾŰȓ ȐɵȍȉȍȃȇŰűǿ űȍ ŰǿȊŭ ȒȅŲȇȍɵȍȇůȀűŭȇ Ȉŭȇ Ȋů űȅ ȑȎǿŰȅ űȍȐ 

ȊůűŭŰȑȅȊŭűȇŰȊȍȗ Fourier ȊůűŭűȎǾɵůűŭȇ Űűȍ űůȉȇȈȖ ŲǽŰȊŭ ŭɵȍȎȎȖŲȅŰȅȏ 

ȐɵůȎȗȆȎȍȐ Űů ŰȐȋǽȎűȅŰȅ Ȋů űȍȋ ȈȐȊȊŭűŭȎȇȆȊȖ [75]. 

 

 

ǩȇȈȖȋŭ 3.13 ǧȎȑǿ ȉůȇűȍȐȎȃȀŭȏ ŲŭŰȊŭűȖȊůűȎȍȐ ȐɵůȎȗȆȎȍȐ ŲȓűȖȏ Ȋů ȊůűŭŰȑȅȊŭűȇŰȊȖ 

Fourier  [76] . 
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ǳůȇȎŭȊŭűȇȈǿ ŮȇŭŮȇȈŭŰȀŭ 

ǵűȅȋ ŰȐȃȈůȈȎȇȊǾȋȅ ȊǾűȎȅŰȅ űȍ ȖȎȃŭȋȍ ɵȍȐ ȑȎȅŰȇȊȍɵȍȇůȀűŭȇ ůȀȋŭȇ űȍ ALPHA II 

űȅȏ ůűŭȇȎůȀŭȏ Bruker. ǫ ȊǾűȎȅŰȅ ɵȎŭȃȊŭűȍɵȍȇůȀűŭȇ Ȋů űȅȋ űůȑȋȇȈǿ űȅȏ 

ŭɵȍŰȂǾȋȍȐŰŭȏ ȍȉȇȈǿ ŭȋǽȈȉŭŰȅȏ (ATR) ȊǾŰȓ űȍȐ ůȌŭȎűǿȊŭűȍȏ űȍȐ ȍȎȃǽȋȍȐ 

PLATINUM ATR. ǭŭűǽ űȅȋ ȊǾȆȍŮȍ ŭȐűǿ űȍ ŮůȀȃȊŭ űȍɵȍȆůűůȀűŭȇ Űů ůɵŭŲǿ Ȋů 

Ȉǽɵȍȇȍ ȐȉȇȈȖ ɵȍȉȗ ȐȒȅȉȍȗ ŮůȀȈűȅ ŮȇǽȆȉŭŰȅȏ. ǫ ȐɵǾȎȐȆȎȅ ŭȈűȇȋȍȂȍȉȀŭ ȑűȐɵǽ 

Űűȍ ȐȉȇȈȖ ŭȐűȖ ȐŲȀŰűŭűŭȇ ȍȉȇȈǿ ŭȋǽȈȉŭŰȅ Ȉŭȇ Ǿɵůȇűŭ ůȇŰǾȎȑůűŭȇ Űűȍ ŮůȀȃȊŭ Űů 

ȊȇȈȎȖ ȂǽȆȍȏ. Ūȇŭ űȅȋ ȉǿȒȅ űȅȏ ȊǾűȎȅŰȅȏ, ɵȍȉȗ ȊȇȈȎǿ ɵȍŰȖűȅűŭ űȍȐ ŮůȀȃȊŭűȍȏ 

űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ (ŭŲȍȗ Ǿȑůȇ ůɵǾȉȆůȇ ȅ  ŮȇǿȆȅŰȅ Ȉŭȇ ȅ ȌǿȎŭȋŰȅ), űȍɵȍȆůűůȀűŭȇ 

Ȉǽűȓ ŭɵȖ űȍȋ ȈȎȗŰűŭȉȉȍ ŮȇŭȊŭȋűȇȍȗ űȍȐ ȍȎȃǽȋȍȐ Ȉŭȇ ȃȀȋůűŭȇ ŰǽȎȓŰȅ űȍȐ 16 

ŲȍȎǾȏ Űů ůȗȎȍȏ 400-4000 cm-1 Ȋů ůȐȈȎȀȋůȇŭ (resolution) 4 cm-1.  

 

 

ǩȇȈȖȋŭ 3.14 ǣȎȃŭȋȍ ALPHA II Ȉŭȇ űȍ ůȌǽȎűȅȊŭ PLATINUM  ATR. 
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3.4.6. ǧɵȖŮȍŰȅ ůȃȈȉůȇŰȊȍȗ ȐȉȇȈȍȗ űȍȐ ɵȐȎǿȋŭ (Encapsulation Efficiency ð E.E.). 

ǫ ȊůȉǾűȅ űȅȏ ŭɵȖŮȍŰȅȏ ůȃȈȉůȇŰȊȍȗ (Encapsulation Efficiency-EE) űȅȏ ȎȅűȀȋȅȏ 

Ǿȃȇȋů Ȋů űȅȋ ȊǾȆȍŮȍ űȅȏ ůȈȑȗȉȇŰȅȏ. ǧȎȑȇȈǽ ȄȐȃȀȄůűŭȇ ɵůȎȀɵȍȐ 1 g 

ȊȇȈȎȍȈŭȒȍȐȉȘȋ, űȍɵȍȆůűůȀűŭȇ Űů ȃȍȐŮȀ Ȉŭȇ ŮȇŭŰɵǽűŭȇ Ȋů ȃȍȐŮȍȑǾȎȇ. ǵűȅ 

ŰȐȋǾȑůȇŭ ŭȈȍȉȍȐȆůȀ ǾȈɵȉȐŰȅ Ȋů ůȌǽȋȇȍ Ȉŭȇ ŮȇǿȆȅŰȅ űȓȋ ȆȎȐȊȊŭűȇŰȊǾȋȓȋ 

ȊȇȈȎȍȈŭȒȍȐȉȘȋ ȘŰűů ȋŭ ŮȇŭȑȓȎȇŰűůȀ űȍ ȉȇɵŭȋűȇȈȖ Ǿȉŭȇȍ ŭɵȖ űȍ ȈǾȉȐŲȍȏ. Ƕŭ 

ȈůȉȗŲȅ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ, űŭ ȍɵȍȀŭ ǾȑȍȐȋ ɵŭȎŭȊůȀȋůȇ Űűȍ ǿŮȅ ɵȎȍȄȐȃȇŰȊǾȋȍ 

ŮȇȅȆȅűȇȈȖ ȑŭȎűȀ, ŭŲǿȋȍȋűŭȇ ȋŭ ȌȅȎŭȆȍȗȋ Űů ȆůȎȊȍȈȎŭŰȀŭ ɵůȎȇȂǽȉȉȍȋűȍȏ ȃȇŭ 24 

ȘȎůȏ. Ƕȍ ŮȇǿȆȅȊŭ, Űűȍ ȍɵȍȀȍ ȂȎȀŰȈůűŭȇ űȍ Ǿȉŭȇȍ, űȍɵȍȆůűůȀűŭȇ Űů ɵȎȍȄȐȃȇŰȊǾȋȍ 

ŮȇŰȈȀȍ Ȉŭȇ ŭŲǿȋůűŭȇ Űů ŭɵŭȃȓȃȖ ȃȇŭ Ůȗȍ ȊǾȎůȏ ȘŰűů ȋŭ ůȌŭűȊȇŰűůȀ Ȗȉȅ ȅ 

ɵȍŰȖűȅűŭ űȍȐ ůȌŭȋȀȍȐ. ǫ ŭɵȖŮȍŰȅ űȍȐ ůȈȃȉůȇŰȊȍȗ ȐɵȍȉȍȃȀȄůűŭȇ ȊǾŰȓ űȅȏ 

ůȌȀŰȓŰȅȏ (2): 

 

ɞɞ Ϸ  ρ   z ρππ           (2) 

ǣɵȍȐ: 

ǩǩ: űȍ ɵȍŰȍŰűȖ űȍȐ ɵȐȎǿȋŭ (ůȉŭȀȍȐ) Űűȇȏ ŭȎȑȇȈǾȏ ȊȇȈȎȍȈǽȒȍȐȉůȏ. 

mUF: ȅ ȊǽȄŭ űȍȐ ȈůȉȗŲȍȐȏ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ 

mȈŭȒ: ȅ ŭȎȑȇȈǿ ȊǽȄŭ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ. 
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ǩȇȈȖȋŭ 3.15 ūȎȐȊȊǽűȇŰȊŭ ȊȇȈȎȍȈŭȒȍȐȉȘȋ Űů ȃȍȐŮȀ. 

 

 

ǩȇȈȖȋŭ 3.16 ǶȎȇȂȉȀȍ ɵȍȐ ɵůȎȇǾȑůȇ űȍ Ǿȉŭȇȍ ŭɵȖ űȍ ůŰȓűůȎȇȈȖ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ. 

çȇȅȆȅűȇȈȖ ȑŭȎűȀ ɵȍȐ ɵůȎȇǾȑůȇ űŭ ȈǾȉȐŲȅ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ. 

 

 



çȇɵȉȓȊŭűȇȈǿ ǩȎȃŭŰȀŭ ǸŭȎǽȉŭȊɵȍȏ-ǳŭȋŭȃȇȘűȅȏ ǯɵȖűŰŭȏ 

ǭůŲǽȉŭȇȍ 4: ǧɵȍűůȉǾŰȊŭűŭ ð ǵȐȄǿűȅŰȅ: ǧȋǽɵűȐȌȅ ŮȇůȎȃŭŰȀŭȏ ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ. 

 

ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 58           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

ǭůŲǽȉŭȇȍ 4: ǧɵȍűůȉǾŰȊŭűŭ ð ǵȐȄǿűȅŰȅ: ǧȋǽɵűȐȌȅ ŮȇůȎȃŭŰȀŭȏ 

ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ Ȋů ŰűȖȑȍ űȍȋ ůȃȈȉůȇŰȊȖ 

ȉȇɵŭȋűȇȈȍȗ Űů PUF ȊȇȈȎȍȈǽȒȍȐȉůȏ. 

 

ǵűȍ ŰȐȃȈůȈȎȇȊǾȋȍ ȈůŲǽȉŭȇȍ ɵŭȎȍȐŰȇǽȄȍȋűŭȇ Ȉŭȇ ŭȋŭȉȗȍȋűŭȇ űŭ 

ŭɵȍűůȉǾŰȊŭűŭ Ȉŭȇ ȍȇ ȑŭȎŭȈűȅȎȇŰȊȍȀ Ȗȉȓȋ űȓȋ ɵůȇȎŭȊǽűȓȋ ɵȍȐ ůȈɵȍȋǿȆȅȈŭȋ 

Űűȍ ɵȉŭȀŰȇȍ űȅȏ ŮȇɵȉȓȊŭűȇȈǿȏ ůȎȃŭŰȀŭȏ. ǵȈȍɵȖȏ ǿűŭȋ ȅ ɵŭȎŭȃȓȃǿ 

ȊȇȈȎȍȈŭȒȍȐȉȘȋ ɵȍȉȐ(ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ) Ȋů ůȃȈȉůȇŰȊǾȋȍ Űűȍ ůŰȓűůȎȇȈȖ 

űȍȐȏ ȉȇɵŭȋűȇȈȖ Ǿȉŭȇȍ ȊǾŰȓ űȅȏ űůȑȋȇȈǿȏ űȍȐ ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ. ǭŭűǽ űȅȋ 

ŮȇůȌŭȃȓȃǿ űȓȋ ɵůȇȎŭȊǽűȓȋ ȊůȉůűǿȆȅȈů ȅ ůɵȀŮȎŭŰȅ ɵůȇȎŭȊŭűȇȈȘȋ ɵŭȎŭȊǾűȎȓȋ 

Ȗɵȓȏ ȍ ȎȐȆȊȖȏ ŭȋǽŮůȐŰȅȏ ǿ ȍ ȉȖȃȓ űȓȋ ȊŭȄȘȋ űȓȋ ȐȉȇȈȘȋ űȍȐ ɵȐȎǿȋŭ Ȉŭȇ 

űȍȐ ȈůȉȗŲȍȐȏ Űűȇȏ űůȉȇȈǾȏ ȇŮȇȖűȅűůȏ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ. 

4.1. ǧȋȇȑȋůȐűȇȈǽ ɵůȇȎǽȊŭűŭ ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ - ǯůȉǾűȅ 

űȍȐ ȎȐȆȊȍȗ ŭȋǽŮůȐŰȅȏ 

ǵűȅ ɵŭȎǽȃȎŭŲȍ ɵȍȐ ŭȈȍȉȍȐȆůȀ ɵŭȎȍȐŰȇǽȄůűŭȇ ȅ ɵȎȘűȅ ŭɵȖɵůȇȎŭ 

ɵŭȎŭȃȓȃǿȏ ȊȇȈȎȍȈŭȒȍȐȉȘȋ ɵȍȉȐ(ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ) Ȋů ůȃȈȉůȇŰȊǾȋȍ 

ȉȇɵŭȋűȇȈȖ ȊǾŰȍ, Ȉŭȇ ŰȐȃȈůȈȎȇȊǾȋŭ ȉȇɵŭȋűȇȈȖ Ǿȉŭȇȍ Ȋů űȅȋ űůȑȋȇȈǿ űȍȐ ůɵȀ űȖɵȍȐ 

ɵȍȉȐȊůȎȇŰȊȍȗ, ȈŭȆȘȏ Ȉŭȇ ȍȇ ȑŭȎŭȈűȅȎȇŰȊȍȀ űȍȐ ŰȐȃȈȎȇűȇȈǽ Ȋů űŭ ɵŭȎȆǾȋŭ 

ŮůȀȃȊŭűŭ ȉȇɵŭȋűȇȈȍȗ ůȉŭȀȍȐ Ȉŭȇ ɵȍȉȐ(ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ) (PUF) ȓȏ ŮůȀȃȊŭűŭ 

ŭȋŭŲȍȎǽȏ. 

ǵȐȃȈůȈȎȇȊǾȋŭ ŮȇůȋůȎȃǿȆȅȈů Ȋȇŭ ŰůȇȎǽ ɵůȇȎŭȊǽűȓȋ ȍȇ ŰȐȋȆǿȈůȏ ŮȇůȌŭȃȓȃǿȏ űȓȋ 

ȍɵȍȀȓȋ ůȌǿȑȆȅŰŭȋ ŭɵȖ űŭ ɵůȇȎǽȊŭűŭ ɵȍȐ ůȀȑŭȋ ȉǽȂůȇ ȑȘȎŭ Űűȍ ɵȉŭȀŰȇȍ 

ɵŭȉŭȇȖűůȎȓȋ ŮȇɵȉȓȊŭűȇȈȘȋ ůȎȃŭŰȇȘȋ ɵǽȋȓ Űů Ǿȋŭ ŮȇŭŲȍȎůűȇȈȖ ŰȗŰűȅȊŭ 

ůȃȈȉůȇŰȊȍȗ, ŰȐȃȈůȈȎȇȊǾȋŭ űȍ ŰȗŰűȅȊŭ ɵȍȉȐ(ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ) Ȋů ȐȉȇȈȖ űȍȐ 

ɵȐȎǿȋŭ űȅȋ ůɵȍȌůȇŮȇȈǿ ȎȅűȀȋȅ [48][77]. ǵűŭ ŰȐȃȈůȈȎȇȊǾȋŭ ɵůȇȎǽȊŭűŭ ȊůȉůűǿȆȅȈů 

ȅ ůɵȀŮȎŭŰȅ űȍȐ ȎȐȆȊȍȗ ŭȋǽŮůȐŰȅȏ Űűȇȏ ȇŮȇȖűȅűůȏ űȓȋ ɵȍȉȐȊůȎȇȈȘȋ 

ȊȇȈȎȍȈŭȒȍȐȉȘȋ. 

 

 



çȇɵȉȓȊŭűȇȈǿ ǩȎȃŭŰȀŭ ǸŭȎǽȉŭȊɵȍȏ-ǳŭȋŭȃȇȘűȅȏ ǯɵȖűŰŭȏ 

ǭůŲǽȉŭȇȍ 4: ǧɵȍűůȉǾŰȊŭűŭ ð ǵȐȄǿűȅŰȅ: ǧȋǽɵűȐȌȅ ŮȇůȎȃŭŰȀŭȏ ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ 

ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 59           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

 

ǳȀȋŭȈŭȏ 4.1 ǨȇȂȉȇȍȃȎŭŲȇȈǾȏ ɵůȇȎŭȊŭűȇȈǾȏ ŰȐȋȆǿȈůȏ Ȉŭȇ ŰȐȋȆǿȈůȏ ɵůȇȎŭȊǽűȓȋ 

ŮȇůȎůȗȋȅŰȅȏ ȉȖȃȍȐ ŭȋǽŮůȐŰȅȏ. 

 

ǯů ȂǽŰȅ űŭ ŰűȍȇȑůȀŭ Ȉŭȇ űŭ ɵůȇȎŭȊŭűȇȈǽ ŮůŮȍȊǾȋŭ ɵȍȐ ŭȋűȉǿȆȅȈŭȋ ŭɵȖ 

ɵȎȍȅȃȍȗȊůȋůȏ ŮȇɵȉȓȊŭűȇȈǾȏ ůȎȃŭŰȀůȏ ɵǽȋȓ Űűȍ ŰȗŰűȅȊŭ ůȃȈȉůȇŰȊȍȗ 

ůɵȍȌůȇŮȇȈǿȏ ȎȅűȀȋȅȏ Űűȍ ůŰȓűůȎȇȈȖ ȊȇȈȎȍȈŭȒȍȐȉȘȋ ɵȍȉȐ(ȍȐȎȀŭȏ-

ŲȍȎȊŭȉŮůȁŮȅȏ) Ǿȃȇȋů ȅ ůɵȇȉȍȃǿ űȍȐ ȎȐȆȊȍȗ ŭȋǽŮůȐŰȅȏ ȃȇŭ űȍ ȈǽȆů ɵůȀȎŭȊŭ, 

Űűȇȏ 600 (ǫ4), 800 (ǫ3) Ȉŭȇ 1000 (ǫ2) ɵůȎȇŰűȎȍŲǾȏ ŭȋǽ ȉůɵűȖ (revolutions per 

minute  ð rpm). ǣŰȍ ȊůȃŭȉȗűůȎȍȏ ůȀȋŭȇ ȍ ȎȐȆȊȖȏ ŭȋǽŮůȐŰȅȏ űȍȐ ȃŭȉŭȈűȘȊŭűȍȏ, 

űȖŰȍ ȊůȃŭȉȗűůȎůȏ ŮȇŭűȊȅűȇȈǾȏ űǽŰůȇȏ ŭŰȈȍȗȋűŭȇ Űűŭ ŰűŭȃȍȋȀŮȇŭ űȍȐ ȐȉȇȈȍȗ űȍȐ 

ɵȐȎǿȋŭ ȃůȃȍȋȖȏ ɵȍȐ ȍŮȅȃůȀ Űűȅȋ ŮȇǽŰɵŭŰǿ ŭȐűȘȋ Űů ŰűŭȃȍȋȀŮȇŭ ȊȇȈȎȖűůȎȍȐ 

ȊůȃǾȆȍȐȏ. ǧȐűȖ Ǿȑůȇ Űŭȋ ŭɵȍűǾȉůŰȊŭ űȍȋ ŰȑȅȊŭűȇŰȊȖ ȊȇȈȎȍȈŭȒȍȐȉȘȋ 

ȊȇȈȎȖűůȎȍȐ ȊůȃǾȆȍȐȏ Ȋů ɵȇȍ Űűůȋǿ ȈŭűŭȋȍȊǿ [78] [79].  

 

ǵȐŰűŭűȇȈǽ -  ǳŭȎǽȊůűȎȍȇ 

ǵȗŰűȅȊŭ 

PUF-

ǩɵȍȌůȇŮȇȈǿȏ 

ȎȅűȀȋȅȏ 

 

ǫ2 

 

ǫ3 

 

ǫ4 

ŪŭȉŭȈűȓȊŭűȍɵȍȇȅűǿȏ 

(%wt)  

0.5   

poly(EMA) 

0.5 

poly(EMA) 

0.5 

poly(EMA) 

0.5 

poly(EMA) 

ǲȐȎȀŭ (%wt)  2.5 2.5 2.5 2.5 

ŬȍȎȊŭȉŮůȁŮȅ(ǷŮ.Ůȇŭȉ.37

%) (%wt)  

6.35 6.35 6.35 6.35 

ǷȉȇȈȖ ɵȐȎǿȋŭ (%wt)  14.35 

ǩɵȍȌůȇŮȇȈǿ 

ȎȅűȀȋȅ  

14.6 

Shell Rimula 

Oil R3+ 30 

14.6 

Shell Rimula 

Oil R3+ 30 

14.6 

Shell Rimula 

Oil R3+ 30 

Core : Wall  3 3 3 3 

ǴůŰȍȎȈȇȋȖȉȅ (%wt)  0.25 0.25 0.25 0.25 

ǸȉȓȎȇȍȗȑȍ ŭȊȊȘȋȇȍ 

(%wt)  

0.25 0.25 0.25 0.25 

pH 3.5 3.5 3.5 3.5 

ūůȎȊȍȈȎŭŰȀŭ (oC) 55 55 55 55 

ǯȅȑŭȋȇȈǿ ŭȋǽŮůȐŰȅ 

(rpm)  

1000 1000 800 600 



çȇɵȉȓȊŭűȇȈǿ ǩȎȃŭŰȀŭ ǸŭȎǽȉŭȊɵȍȏ-ǳŭȋŭȃȇȘűȅȏ ǯɵȖűŰŭȏ 

ǭůŲǽȉŭȇȍ 4: ǧɵȍűůȉǾŰȊŭűŭ ð ǵȐȄǿűȅŰȅ: ǧȋǽɵűȐȌȅ ŮȇůȎȃŭŰȀŭȏ ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ 

ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 60           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

ǵűȇȏ ȊȇȈȎȍȈǽȒȍȐȉůȏ ɵȍȐ ɵŭȎǽȑȆȅȈŭȋ Ǿȃȇȋů ŰȗȃȈȎȇŰȅ űȓȋ ȇŮȇȍűǿűȓȋ űȍȐȏ űȖŰȍ 

ȊůűŭȌȗ űȍȐȏ ȖŰȍ Ȉŭȇ Ȋů űŭ ŮůȀȃȊŭűŭ ŭȋŭŲȍȎǽȏ űȍȐ ȉȇɵŭȋűȇȈȍȗ ůȉŭȀȍȐ Ȉŭȇ űȅȏ 

ɵȍȉȐ(ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ) ȘŰűů ȋŭ ůɵŭȉȅȆůȐȆůȀ Ȗűȇ ȍ ůȃȈȉůȇŰȊȖȏ űȍȐ ůȉŭȀȍȐ 

ǿűŭȋ ůɵȇűȐȑȅȊǾȋȍȏ. ǧɵȖ űȍ ȈǽȆů ɵůȀȎŭȊŭ űȍ ȃŭȉǽȈűȓȊŭ ɵŭȎŭȉǿŲȆȅȈů Ȉŭȇ ŭŲȍȗ 

ŭɵȍȊȍȋȘȆȅȈů ȊȇȈȎǿ ɵȍŰȖűȅűŭ ȃȇŭ űȅȋ ŭȋǽȉȐŰȅ űȍȐ ȍɵűȇȈȍȗ ȊȇȈȎȍŰȈȍɵȀȍȐ, 

ŮȇȅȆǿȆȅȈŭȋ ȐɵȖ ȈůȋȖ Ȉŭȇ ȌȅȎǽȆȅȈŭȋ. Ƕŭ űůȉȇȈǽ ɵȎȍȔȖȋűŭ ǿűŭȋ ȉůȐȈǾȏ ɵȍȗŮȎůȏ 

Űűȅȋ ɵůȎȀɵűȓŰȅ űȓȋ ŮůȇȃȊǽűȓȋ űȍȐ ǫ2 Ȉŭȇ űȍȐ ǫ3, ůȋȘ ȅ ɵȍȗŮȎŭ űȍȐ ǫ4 ůȀȑů 

Ǿȋŭȋ ɵȇȍ ȈȀűȎȇȋȍ űȖȋȍ Ȉŭȇ ǿűŭȋ ůȉŭŲȎȘȏ ɵȇȍ ȈȍȉȉȘŮȅȏ ɵȇȆŭȋȘȏ ȉȖȃȓ ȆȎŭȗŰȅȏ 

űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ Ȉŭȇ ǾȈȉȐŰȅȏ űȍȐ ȉȇɵŭȋűȇȈȍȗ ůȉŭȀȍȐ. ǵűȅ ŰȐȋǾȑůȇŭ 

ɵȎŭȃȊŭűȍɵȍȇǿȆȅȈŭȋ ȍȇ ȑŭȎŭȈűȅȎȇŰȊȍȀ űŭ ŭɵȍűůȉǾŰȊŭűŭ űȓȋ ȍɵȍȀȓȋ 

ɵŭȎŭűȀȆůȋűŭȇ ɵŭȎŭȈǽűȓ. 

4.1.1. ǲɵűȇȈȖ ǯȇȈȎȍŰȈȖɵȇȍ (Optical Microscope) 

ǵűȅȋ ůȇȈȖȋŭ 4.1 ɵŭȎȍȐŰȇǽȄůűŭȇ ȅ ůȇȈȖȋŭ űȍȐ ȍɵűȇȈȍȗ ȊȇȈȎȍŰȈȍɵȀȍȐ ȃȇŭ űȍ ŮůȀȃȊŭ 

ɵŭȎȆǾȋȍȐ PUF. ǣɵȓȏ ŲŭȀȋůűŭȇ űŭ ŰȓȊŭűȀŮȇŭ űȅȏ ɵȍȉȐ(ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ) 

ŮȅȊȇȍȐȎȃȍȗȋ  ɵȍȉȐȊůȎȇȈǽ ŰȐŰŰȓȊŭűȘȊŭűŭ. ǧȋűȀȆůűŭ Ȗɵȓȏ ŭɵȍűȐɵȘȋůűŭȇ Űűȅȋ 

ůȇȈȖȋŭ 4.2 űŭ ŰȓȊŭűȀŮȇŭ űȍȐ ȉȇɵŭȋűȇȈȍȗ ůȉŭȀȍȐ ŰȑȅȊŭűȀȄȍȐȋ ŰűŭȃȍȋȀŮȇŭ 

ŰŲŭȇȎȇȈȍȗ ȊůȃǾȆȍȐȏ ɵȍȇȈȀȉȓȋ ȊůȃůȆȘȋ. 

 

ǩȇȈȖȋŭ 4.2 ǩȇȈȖȋŭ ȍɵűȇȈȍȗ ȊȇȈȎȍŰȈȍɵȀȍȐ 

űȍȐ ŮůȀȃȊŭűȍȏ ŭȋŭŲȍȎǽȏ PUF ð ǩŰűȀŭŰȅ 

x10.  

ǩȇȈȖȋŭ 4.1 ǩȇȈȖȋŭ ȍɵűȇȈȍȗ 

ȊȇȈȎȍŰȈȍɵȀȍȐ ŮůȀȃȊŭűȍȏ ŭȋŭŲȍȎǽȏ 

ůȉŭȀȍȐ ð ǩŰűȀŭŰȅ x10. 
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ǵűȇȏ ŭȋűȀŰűȍȇȑůȏ ůȇȈȖȋůȏ ȃȇŭ űŭ ɵůȇȎǽȊŭűŭ ǫ3 (ǩȇȈȖȋŭ 4.3), ǫ2 (ǩȇȈȖȋŭ 4.4) Ȉŭȇ 

ǫ4 (ǩȇȈȖȋůȏ 4.5, 4.6) ůȀȋŭȇ ŲŭȋůȎȖȏ ȍ ŰȑȅȊŭűȇŰȊȖȏ ɵȍȉȐȊůȎȇȈȘȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ 

ůȋȘ ŰȅȊŭȋűȇȈǿ ůȀȋŭȇ Ȉŭȇ ȅ ɵŭȎȍȐŰȀŭ ŭȎȈůűȘȋ ůȉůȗȆůȎȓȋ ŰȓȊŭűȇŮȀȓȋ PUF ȃȗȎȓ 

ŭɵȖ űȇȏ ȊȇȈȎȍȈǽȒȍȐȉůȏ, ůȋȘ Űů Ȉǽɵȍȇŭ ŮůȀȃȊŭűŭ űŭ ŰȓȊŭűȀŮȇŭ ŭȐűǽ ǾȑȍȐȋ 

ůɵȇȈŭȆȀŰůȇ Űűȅȋ ůɵȇŲǽȋůȇŭ űȍȐ ȈůȉȗŲȍȐȏ űȍȐȏ Ȋů ŭɵȍűǾȉůŰȊŭ ȋŭ Ȋȅȋ ȌůȑȓȎȀȄȍȐȋ 

ůȗȈȍȉŭ űŭ ȖȎȇŭ ȈůȉȗŲȍȐȏ ð ɵȐȎǿȋŭ Űűȅȋ ȈǽȒȍȐȉŭ, ůȇŮȇȈǽ Űűȍ ɵůȀȎŭȊŭ ǫ2. 

ǩɵȀŰȅȏ ɵŭȎŭűȅȎůȀűŭȇ Ȗűȇ ȍȇ ȊȇȈȎȍȈǽȒȍȐȉůȏ űȍȐ ɵůȇȎǽȊŭűȍȏ ǫ4 ůȀȋŭȇ 

ȊůȃŭȉȗűůȎůȏ Űů ȊǾȃůȆȍȏ  ŭɵȖ ŭȐűǾȏ űȓȋ ȐɵȖȉȍȇɵȓȋ ɵůȇȎŭȊǽűȓȋ, ȃůȃȍȋȖȏ űȍ 

ȍɵȍȀȍ ǿűŭȋ ŭȋŭȊůȋȖȊůȋȍ ŮůŮȍȊǾȋȅȏ űȅȏ ȊȇȈȎȖűůȎȅȏ űȇȊǿȏ űȍȐ ȎȐȆȊȍȗ 

ŭȋǽŮůȐŰȅȏ. ǩɵȇɵȉǾȍȋ Ȉǽɵȍȇůȏ ŭɵȖ ŭȐűǾȏ ǾȑȍȐȋ ȐɵȍŰűůȀ ȎǿȌȅ Ȉŭȇ Ǿȑůȇ ůȈȉȐȆůȀ űȍ 

Ǿȉŭȇȍ ŭɵȖ űȍ ůŰȓűůȎȇȈȖ űȍȐȏ. 

Ǡȉŭȇȍ ɵȍȐ ůȈȉȗȆȅȈů 

ȉȖȃȓ ȎǿȌȅȏ űȅȏ 

ȈǽȒȍȐȉŭȏ 

ǩȇȈȖȋŭ 4.6 ǩȇȈȖȋŭ ȍɵűȇȈȍȗ ȊȇȈȎȍŰȈȍɵȀȍȐ 

ɵůȇȎǽȊŭűȍȏ ǫ3 ð ǩŰűȀŭŰȅ x10. 

ǩȇȈȖȋŭ 4.4 ǩȇȈȖȋŭ ȍɵűȇȈȍȗ ȊȇȈȎȍŰȈȍɵȀȍȐ 

ɵůȇȎǽȊŭűȍȏ ǫ2 ð ǩŰűȀŭŰȅ x10. 

ǩȇȈȖȋŭ 4.5 ǩȇȈȖȋŭ ȍɵűȇȈȍȗ ȊȇȈȎȍŰȈȍɵȀȍȐ 

ɵůȇȎǽȊŭűȍȏ ǫ4 ð ǩŰűȀŭŰȅ x10. 

ǩȇȈȖȋŭ 4.3 ǩȇȈȖȋŭ ȍɵűȇȈȍȗ ȊȇȈȎȍŰȈȍɵȀȍȐ 

ɵůȇȎǽȊŭűȍȏ ǫ4 ð ǩŰűȀŭŰȅ x5. 
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ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 62           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

4.1.2. ǧȋǽȉȐŰȅ ȊůȃǾȆȍȐȏ ŰȓȊŭűȇŮȀȓȋ Ȋů ŰȈǾŮŭŰȅ ŮǾŰȊȅȏ laser 

Ƕŭ ŭɵȍűůȉǾŰȊŭűŭ űȓȋ ůȇȈȖȋȓȋ űȍȐ ȍɵűȇȈȍȗ ȊȇȈȎȍŰȈȍɵȀȍȐ ŰȑůűȇȈǽ Ȋů űȍ ȊǾȃůȆȍȏ 

űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ űȍȐ ȈǽȆů ɵůȇȎǽȊŭűȍȏ ůɵŭȉȅȆůȗȍȋűŭȇ ȊǾŰŭ ŭɵȖ űȅȋ 

ŭȋǽȉȐŰȅ űȍȐ ȊůȃǾȆȍȐȏ űȓȋ ŰȓȊŭűȇŮȀȓȋ űȍȐ ɵȉȅȆȐŰȊȍȗ ȈǽȆů ŮůȀȃȊŭűȍȏ. 

ǵȐȃȈůȈȎȇȊǾȋŭ ůɵŭȉȅȆůȗůűŭȇ Ȗűȇ ȅ ůȉǽűűȓŰȅ űȍȐ ŭȎȇȆȊȍȗ űȓȋ ŰűȎȍŲȘȋ ŭȋǽ 

ȉůɵűȖ Ȉŭűǽ űȅȋ ŭȋǽŮůȐŰȅ Ǿȑůȇ ȓȏ ŭɵȍűǾȉůŰȊŭ űȍȋ ŰȑȅȊŭűȇŰȊȖ ȊȇȈȎȍȈŭȒȍȐȉȘȋ 

ȊůȃŭȉȗűůȎȍȐ ȊǾŰȍȐ ȊůȃǾȆȍȐȏ ɵȍȐ ȈŭűŭȋǾȊȍȋűŭȇ Űů ȊůȃŭȉȗűůȎȍ ůȗȎȍȏ űȇȊȘȋ, űȍ 

ȍɵȍȀȍ ŲŭȀȋůűŭȇ ŭɵȖ űȅȋ ŮȇŭŲȍȎǽ űȓȋ űȇȊȘȋ űȍȐ ȊǾŰȍȐ ȊůȃǾȆȍȐȏ űȓȋ 

ŰȓȊŭűȇŮȀȓȋ ȃȇŭ űŭ ɵůȇȎǽȊŭűŭ ǫ3 (56.6 Ȋm, 800 rpm) Ȉŭȇ ǫ4 (88 Ȋm, 600 rpm). 

ǵűȅȋ ɵůȎȀɵűȓŰȅ űȍȐ ɵůȇȎǽȊŭűȍȏ ǫ2 ȅ ŭȎȑǿ ŭȐűǿ Ůůȋ ůɵŭȉȅȆůȗůűŭȇ ȈŭȆȘȏ űȍ 

ȊǾŰȍ ȊǾȃůȆȍȏ Ůůȋ ȊůȇȘȆȅȈů Űů ŰȑǾŰȅ Ȋů űȍ ɵůȀȎŭȊŭ ǫ3 Ȗɵȓȏ ŭȋŭȊůȋȖűŭȋ Ȋů 

ȂǽŰȅ űȅ ȂȇȂȉȇȍȃȎŭŲȀŭ. ǯȀŭ ɵȇȆŭȋǿ ůȌǿȃȅŰȅ ȃȇŭ űȍ ŲŭȇȋȖȊůȋȍ ŭȐűȖ ůȀȋŭȇ ȅ 

ŰȐȃȈůȈȎȇȊǾȋȅ űȇȊǿ (æ55-60 Ȋm) ȋŭ ŭɵȍűůȉůȀ űȍ ȈŭűȘűŭűȍ ȖȎȇȍ ɵȍȐ ȊɵȍȎůȀ ȋŭ 

ɵǽȎůȇ űȍ ȊǾŰȍ ȊǾȃůȆȍȏ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ Űűȇȏ ŰȐȃȈůȈȎȇȊǾȋůȏ ɵůȇȎŭȊŭűȇȈǾȏ 

ŰȐȋȆǿȈůȏ Ȉŭȇ Ȋů űȍ ŰȐȃȈůȈȎȇȊǾȋȍ ŰȗŰűȅȊŭ ŭȋǽŮůȐŰȅȏ Ȋů ȊůűŭȉȉȇȈǿ ɵȎȍɵǾȉŭ. 

ǩɵȀŰȅȏ ȐɵǽȎȑůȇ ȅ ɵȇȆŭȋȖűȅűŭ  ȅ ɵȍŰȖűȅűŭ űȓȋ ůȉůȗȆůȎȓȋ ŰȓȊŭűȇŮȀȓȋ PUF ɵȍȐ 

ȂȎȀŰȈȍȋűŭȇ Űűȍ ȃŭȉǽȈűȓȊŭ ȋŭ ůɵȅȎůǽȄȍȐȋ űȅ űůȉȇȈǿ űȇȊǿ űȍȐ ȊǾŰȍȐ ȊůȃǾȆȍȐȏ 

űȍȐ ŮůȀȃȊŭűȍȏ [8]. 

ǳȀȋŭȈŭȏ 4.2 ǧɵȍűůȉǾŰȊŭűŭ ŭȋǽȉȐŰȅȏ ȊůȃǾȆȍȐȏ ŰȓȊŭűȇŮȀȓȋ Ȋů ŰȈǾŮŭŰȅ laser ȃȇŭ űŭ 

ɵůȇȎǽȊŭűŭ ǫ2, ǫ3, ǫ4. 

çůȀȃȊŭ D[4,3]  

 (Ȋm) 

D ( v , 0.1)  

(Ȋm) 

D ( v , 0.5)  

(Ȋm) 

D ( v , 0.9)  

(Ȋm) 

PDI 

H2 59 15.5 44.5 125 2.4 

H3 56.6 21.3 48 103.2 1.7 

H4 88 10.5 70.5 191.8 2.6 

 

4.1.3. ūůȎȊȍŰűŭȆȊȇȈǿ ŭȋǽȉȐŰȅ (Thermogravimetric Analysis - TGA) 

Ƕŭ ŭɵȍűůȉǾŰȊŭűŭ űȅȏ ȆůȎȊȍŰűŭȆȊȇȈǿȏ ŭȋǽȉȐŰȅȏ űȓȋ ɵůȇȎŭȊǽűȓȋ ǫ2,ǫ3, ǫ4 

űȍȐ ȉȇɵŭȋűȇȈȍȗ ůȉŭȀȍȐ (Shell R3)  Ȉŭȇ űȅȏ ɵȍȉȐ(ȍȐȎȀŭȏ ð ŲȍȎȊŭȉŮůȁŮȅȏ) (PUF) 

ŭɵȍűȐɵȘȋȍȋűŭȇ ŰȐȋŮȐŭŰűȇȈǽ Űűȍȋ ɵȀȋŭȈŭ 4.1 Ȉŭȇ Űűȍ ŰȑǿȊŭ 4.3. ǧɵȖ űȍȋ 

ɵȀȋŭȈŭ ȃȀȋůűŭȇ ŰŭŲǾȏ Ȗűȇ űŭ ŮůȀȃȊŭűŭ ŭȋŭŲȍȎǽȏ ŭɵȍȇȈȍŮȍȊȍȗȋűŭȇ ȆůȎȊȇȈǽ Űů 

Ǿȋŭ ŰűǽŮȇȍ, ůȋȘ ȅ ȀŮȇŭ ŮȇŭŮȇȈŭŰȀŭ ȃȇŭ űȇȏ ȊȇȈȎȍȈǽȒȍȐȉůȏ űȓȋ ɵůȇȎŭȊǽűȓȋ 

ŭɵȍűůȉůȀűŭȇ ŭɵȖ Ůȗȍ ŰűǽŮȇŭ. ǭŭűǽ űȍ ɵȎȘűȍ ŭɵȍȇȈȍŮȍȊůȀűŭȇ űȍ ȊůȃŭȉȗűůȎȍ 
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ȊǾȎȍȏ űȍȐ ɵȍȉȐȊůȎȇȈȍȗ ȈůȉȗŲȍȐȏ Ȉŭȇ ɵŭȎŭűȅȎůȀűŭȇ ȅ ŭȎȑǿ ŭɵȍȇȈȍŮȖȊȅŰȅȏ űȍȐ 

ȉȇɵŭȋűȇȈȍȗ ůȉŭȀȍȐ (Td5% = 275  oC)  Ȉŭȇ Ȉŭűǽ űȍ ŮůȗűůȎȍ ŰȐȋůȑȀȄůűŭȇ ȅ 

ŭɵȍȇȈȍŮȖȊȅŰȅ űȍȐ ȐȉȇȈȍȗ űȍȐ ɵȐȎǿȋŭ. ǵűȍ ŮůȀȃȊŭ űȍȐ ɵŭȎȆǾȋȍȐ PUF 

ɵŭȎŭűȅȎǿȆȅȈů ȊǾȃȇŰűȍȏ ȎȐȆȊȖȏ ŭɵȘȉůȇŭȏ ȊǽȄŭȏ (Td) ŰűȍȐȏ 267 oC ůȋȘ Űűȅȋ 

ȆůȎȊȍȈȎŭŰȇŭȈǿ ɵůȎȇȍȑǿ 100-120 oC ȅ ŭɵȘȉůȇŭ ȊǽȄŭȏ ɵȍȐ ŮȇŭȈȎȀȋůűŭȇ 

ŭɵȍŮȀŮůűŭȇ Űů ůȃȈȉůȇŰȊǾȋȍ ȋůȎȖ ǿ ȊȇȈȎǿ ɵȍŰȖűȅűŭ ŲȍȎȊŭȉŮůȁŮȅȏ ɵȍȐ Ůů ůȀȑů 

ŭȋűȇŮȎǽŰůȇ [8]. ǧȋűȀŰűȍȇȑŭ űȍ ŮůȀȃȊŭ ŭȋŭŲȍȎǽȏ űȍȐ ȉȇɵŭȋűȇȈȍȗ ɵŭȎȍȐŰȇǽȄůȇ 

ȊǾȃȇŰűȍ ȎȐȆȊȖ ŭɵȘȉůȇŭȏ ȊǽȄŭȏ (Td)  ŰűȍȐȏ 373oC. Ƕŭ ŮůȀȃȊŭűŭ ŭɵȖ űŭ 

ɵůȇȎǽȊŭűŭ, Ȗɵȓȏ ŭȋŭŲǾȎȆȅȈů ɵŭȎȍȐŰȇǽȄȍȐȋ Ůȗȍ ŰűǽŮȇŭ ŭɵȍȇȈȍŮȖȊȅŰȅȏ. ǫ 

ŭȎȑǿ űȅȏ ŭɵȍȇȈȍŮȖȊȅŰȅȏ űȍȐ ɵȍȉȐȊůȎȇȈȍȗ ȈůȉȗŲȍȐȏ (Td5%) ȖŰȍ Ȉŭȇ ȅ űȇȊǿ űȅȏ 

ȆůȎȊȍȈȎŭŰȀŭȏ Ȉŭűǽ űȅȋ ȊǾȃȇŰűȅ ŭɵȘȉůȇŭ ȊǽȄŭȏ (Td) ůȀȋŭȇ Ȉŭȇ ȃȇŭ űŭ űȎȀŭ 

ɵůȇȎǽȊŭűŭ ɵȍȉȗ ȐȒȅȉȖűůȎȅ Űů ŰȑǾŰȅ Ȋů ŭȐűǿȋ űȍȐ ŮůȀȃȊŭűȍȏ ŭȋŭŲȍȎǽȏ 

ȃůȃȍȋȖȏ ɵȍȐ ŭɵȍŮůȇȈȋȗůȇ űȍȋ ůɵȇűȐȑȅȊǾȋȍ ŰȑȅȊŭűȇŰȊȖ ůȋȖȏ Ǿȋűȍȋŭ 

ŮȇŭŰűŭȐȎȓȊǾȋȍȐ Ȉŭȇ ȐȒȅȉȍȗ ȊȍȎȇŭȈȍȗ ȂǽȎȍȐȏ ɵȍȉȐȊůȎȇȈȍȗ ȈůȉȗŲȍȐȏ ȃȗȎȓ 

ŭɵȖ űȍȋ ȐȃȎȖ ɵȐȎǿȋŭ. Ƕȍ ȀŮȇȍ ɵŭȎŭűȅȎůȀűŭȇ ŰȐȃȈȎȀȋȍȋűŭȏ űȅȋ űȇȊǿ űȅȏ 

ȆůȎȊȍȈȎŭŰȀŭȏ ŭɵȍȇȈȍŮȖȊȅŰȅȏ űȍȐ ɵŭȎȆǾȋȍȐ ŮůȀȃȊŭűȍȏ ůȉŭȀȍȐ (Td = 373  oC) Ȋů 

űȇȏ űȇȊǾȏ űȅȏ ȆůȎȊȍȈȎŭŰȀŭȏ  Ȉŭűǽ űȅȋ ȊůȃȇŰűȍɵȍȀȅŰȅ űȍȐ ȎȐȆȊȍȗ ŭɵȘȉůȇŭȏ 

ȊǽȄŭȏ Űűŭ ɵůȇȎǽȊŭűŭ Űűȍ űȍ ŮůȗűůȎȍ ŰűǽŮȇȍ űȅȏ ŭɵȍȇȈȍŮȖȊȅŰȅȏ űȓȋ 

ȊȇȈȎȍȈŭȒȍȐȉȘȋ (Td_ǫ3 = 437 oC, Td_ǫ2 = 426  oC Td_ǫ4 = 427  oC). ǫ ȗɵŭȎȌȅ űȍȐ 

ɵȍȉȐȊůȎȇȈȍȗ ȈůȉȗŲȍȐȏ ɵȎȍŰűŭűůȗůȇ űȍ ȉȇɵŭȋűȇȈȖ Ǿȉŭȇȍ ɵȍȐ ȂȎȀŰȈůűŭȇ 

ůȃȈȉůȇŰȊǾȋȍ Űűȍȋ ɵȐȎǿȋŭ Ȋů ŭɵȍűǾȉůŰȊŭ ȋŭ Ȋȅȋ ŭɵȍȇȈȍŮȍȊůȀűŭȇ Űűȇȏ ȀŮȇůȏ 

ȆůȎȊȍȈȎŭŰȀůȏ Ȋů űȍ ŮůȀȃȊŭ ŭȋŭŲȍȎǽȏ ŭȉȉǽ Űů ȐȒȅȉȖűůȎůȏ.  

ǧȋǽȊůŰŭ Űűŭ ŮůȀȃȊŭűŭ űȓȋ ɵůȇȎŭȊǽűȓȋ ȍȇ űȇȊǾȏ űȓȋ ǫ2 Ȉŭȇ ǫ3 Ůůȋ ŮȇŭŲǾȎȍȐȋ 

ȊůűŭȌȗ űȍȐȏ ŰȅȊŭȋűȇȈǽ, ǽȎŭ ȃȀȋůűŭȇ ȈŭȆȀŰűŭűŭȇ ŰŭŲǾȏ Ȗűȇ ȍ ȎȐȆȊȖȏ ŭȋǽŮůȐŰȅȏ 

Ůůȋ ůɵȅȎůǽȄůȇ űȇȏ ȆůȎȊȇȈǾȏ ȇŮȇȖűȅűůȏ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ. ǲȇ ŮȇŭŲȍȎǾȏ Űűȇȏ 

ȆůȎȊȍȈȎŭŰȇŭȈǾȏ űȇȊǾȏ űȅȏ ŭȋǽȉȐŰȅȏ űȍȐ ǫ4, ŰȐȃȈůȈȎȇȊǾȋŭ ȅ űȇȊǿ Td5%ǫ4 = 204  

oC ȖɵȍȐ Td5%ǫ2 =  Td5%ǫ3 = 213  oC Ȉŭȇ TdH4 = 312 oC Ȋů TdH3 = 322 oC  Ȉŭȇ TdH2 = 

321 oC   ŭɵȍŮȀŮȍȋűŭȇ Űűȅȋ ȗɵŭȎȌȅ ȍȉȇȃȍȊůȎȘȋ PUF Ȉŭȇ ůȉŭȀȍȐ ɵȍȐ Ůůȋ 

ůȃȈȉůȀŰűȅȈů.  
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ǳȀȋŭȈŭȏ 4.3 ǧɵȍűůȉǾŰȊŭűŭ ȆůȎȊȍŰűŭȆȊȇȈǿȏ ŭȋǽȉȐŰȅȏ űȓȋ ɵůȇȎŭȊǽűȓȋ ǫ2,ǫ3,ǫ4 Ȉŭȇ 

űȓȋ ŮůȇȃȊǽűȓȋ ŭȋŭŲȍȎǽȏ. 

 

 

 

ǵȑǿȊŭ 4.1 ūůȎȊȍȃȎŭŲǿȊŭűŭ űȓȋ ɵůȇȎŭȊǽűȓȋ ǫ2, ǫ3, ǫ4, Ȉŭȇ űȓȋ ŮůȇȃȊǽűȓȋ ŭȋŭŲȍȎǽȏ.  

 

 

çůȀȃȊŭ Td5% (oC) Td (oC) 

(ǭǾȉȐŲȍȏ) 

Td (oC) 

(ǳȐȎǿȋŭȏ) 

ǷɵȖȉůȇȊȊŭ ŰűȍȐȏ 

800oC (%) 

PUF 108 267 -  8.2 

Shell R3 275 -  373 1.3 

H2 213 321 426 3.1 

H3 213 322 437 0.8 

H4 204 312 427 4 
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4.1.4. ŬŭŰȊŭűȍŰȈȍɵȀŭ ȐɵůȎȗȆȎȍȐ Ȋů ȊůűŭŰȑȅȊŭűȇŰȊȖ Fourier (Fourier 

Transform Infrared spectroscopy ð FTIR) 

ǵűȍ ŰȑǿȊŭ 4.2 ɵŭȎȍȐŰȇǽȄȍȋűŭȇ űŭ ŭɵȍűůȉǾŰȊŭűŭ űȅȏ ŲŭŰȊŭűȍŰȈȍɵȇȈǿȏ 

ŭȋǽȉȐŰȅȏ ȐɵůȎȗȆȎȍȐ Ȋů ȊůűŭŰȑȅȊŭűȇŰȊȖ Fourier ȃȇŭ űŭ ɵůȇȎǽȊŭűŭ ǫ2,ǫ3,ǫ4 Ȉŭȇ 

ȃȇŭ űŭ ŮůȀȃȊŭűŭ ŭȋŭŲȍȎǽȏ űȍȐ ȉȇɵŭȋűȇȈȍȗ ůȉŭȀȍȐ (Shell R3) Ȉŭȇ űȅȏ 

ɵȍȉȐ(ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ) (PUF). ǯůȉůűȘȋűŭȏ űȍ ŲǽŰȊŭ ȃȇŭ űŭ ŮůȀȃȊŭűŭ 

ŭȋŭŲȍȎǽȏ ŮȇŭŲŭȀȋȍȋűŭȇ ȍȇ ȑŭȎŭȈűȅȎȇŰűȇȈǾȏ ȈȍȎȐŲǾȏ űȅȏ ȈǽȆů ȍȐŰȀŭȏ. 

ǵȐȃȈůȈȎȇȊǾȋŭ ȃȇŭ űȍ ȉȇɵŭȋűȇȈȖ Ǿȉŭȇȍ ȍȇ ȑŭȎŭȈűȅȎȇŰűȇȈǾȏ űȍȐ ȈȍȎȐŲǾȏ 

(ȊŭȎȈŭȎȇŰȊǾȋůȏ Ȋů ȈȖȈȈȇȋȍ) ůȊŲŭȋȀȄȍȋűŭȇ Űűŭ 2922 cm-1 Ȉŭȇ Űűŭ 2852 cm-1 ɵȍȐ 

ŭɵȍŮȀŮȍȋűŭȇ Űűȇȏ ůȈűǽŰůȇȏ ŮůŰȊȘȋ ŭȉȈŭȋȀȓȋ (-CH2),  Űűŭ 1459 cm-1 ȅ ȍɵȍȀŭ 

ȍŲůȀȉůűŭȇ Űűȇȏ ȈǽȊȒůȇȏ ŮůŰȊȘȋ (C-O), ůȋȘ ȅ ȈȍȎȐŲǿ Űűŭ 1377cm-1 ȍŲůȀȉůűŭȇ 

Űűȅȋ ȗɵŭȎȌȅ ȊůȆȐȉȀȓȋ  (-CH3) Űűȅȋ ȑȅȊȇȈǿ űȍȐ ŮȍȊǿ [80]. ǵȑůűȇȈǽ Ȋů űȍ ŲǽŰȊŭ 

űȍȐ PUF (ȊŭȎȈŭȎȇŰȊǾȋůȏ Ȋů Ȋɵȉů Űűȍ ŰȑǿȊŭ) ȍȇ ɵȇȍ ȑŭȎŭȈűȅȎȇŰűȇȈǾȏ ůȀȋŭȇ ȍȇ 

ȈȍȎȐŲǾȏ Űűȅȋ ɵůȎȇȍȑǿ űȓȋ 3707-3050 cm-1 ɵȍȐ ŭȋűȇŰűȍȇȑȍȗȋ Űűȇȏ ɵȎȓűȍűŭȃůȀȏ 

ǿ ŮůȐűůȎȍűŭȃůȀȏ ŭȊȀȋůȏ (-NH) Ȉŭȇ ŰűȍȐȏ ŮůŰȊȍȗȏ vO-H, Ȉŭȇ ȍȇ ȈȍȎȐŲǾȏ Űűŭ 1630 

cm-1 Ȉŭȇ 1550 cm-1 ɵȍȐ ŭȋűȇŰűȍȇȑȍȗȋ Űů ŭȊȇŮȇȈȍȗȏ ŮůŰȊȍȗȏ ðC=O-NH- 

ɵȎȓűȍűŭȃȘȋ ŭȊȇȋȘȋ. ǩɵȀŰȅȏ ȅ ůȈɵȍȊɵǿ Űűŭ 1028 cm-1 ŭȋűȇŰűȍȇȑůȀ Űů ŭȇȆůȎȇȈȖ 

ŮůŰȊȖ -C-O-C- ɵȍȐ ŰȑȅȊŭűȀȄůűŭȇ Űűȍ ŮůȗűůȎȍ ŰűǽŮȇȍ űȓȋ ŭȋűȇŮȎǽŰůȓȋ ȊůűŭȌȗ 

űȅȏ ȍȐȎȀŭȏ Ȉŭȇ űȅȏ ŲȍȎȊŭȉŮůȁŮȅȏ [8][81]. ǫ ȈȍȎȐŲǿ Űűŭ 3329 cm-1 ŮȀȋůȇ 

ɵȉȅȎȍŲȍȎȀůȏ ȃȇŭ űȍ ȈǾȉȐŲȍȏ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ. ǩȇŮȇȈȖűůȎŭ ȅ ǾȋűŭŰȅ űȅȏ 

ȈȍȎȐŲǿȏ ŰȐȋŮǾůűŭȇ Ȋů űȍȋ ȂŭȆȊȖ ŮȇŭŰűŭȗȎȓŰȅȏ űȓȋ ɵȍȉȐȊůȎȘȋ Űűȍ ȈǾȉȐŲȍȏ. 

ǷȒȅȉǿ űȇȊǿ ŭɵȍȎȎȖŲȅŰȅȏ Űů ŭȐűȍȗȏ űȍȐȏ ȈȐȊŭűŭȎȇȆȊȍȗȏ ŭɵȍűůȉůȀ ǾȋŮůȇȌȅ 

ȗɵŭȎȌȅȏ ɵȍȉȉȘȋ ȍȉȇȃȍȊůȎȘȋ PUF Űűȍ ŮůȀȃȊŭ, ȈŭȆȘȏ ŭɵȍűůȉȍȗȋűŭȇ ŭɵȖ 

ɵȎȓűȍűŭȃůȀȏ ŭȊȀȋůȏ, Ȉŭȇ ǽȎŭ ȊȇȈȎȖűůȎȍ ȂŭȆȊȖ ŮȇŭŰűŭȗȎȓŰȅȏ űȍȐ ȈůȉȗŲȍȐȏ, 

ȈŭȆȘȏ Ǿȋŭ ŮȇŭŰűŭȐȎȓȊǾȋȍ ɵȍȉȐȊůȎȇȈȖ ɵȉǾȃȊŭ ŭɵȍűůȉůȀűŭȇ ȈȐȎȀȓȏ ŭɵȖ 

űȎȇűȍűŭȃůȀȏ ŭȊȀȋůȏ. ǸŭȊȅȉǿ űȇȊǿ ŭɵȍȎȎȖŲȅŰȅȏ ȈŭűŭŮůȇȈȋȗůȇ űȅȋ ůɵŭȎȈǿ 

ŭȋűȀŮȎŭŰȅ ȊůűŭȌȗ űȓȋ ȊȍȋȍȊůȎȘȋ Ȉŭȇ űȅȋ ŮȅȊȇȍȐȎȃȀŭ ůȋȖȏ ŮȇŭŰűŭȐȎȓȊǾȋȍȐ 

ȈůȉȗŲȍȐȏ [48][77]. 

Ƕŭ ŲǽŰȊŭűŭ ŭɵȍȎȎȖŲȅŰȅȏ ȃȇŭ űŭ ɵůȇȎǽȊŭűŭ ǫ2, ǫ3, Ȉŭȇ ǫ4 ůɵȇȂůȂŭȇȘȋȍȐȋ űȅȋ 

ůȇȈȖȋŭ ɵȍȐ ŭɵȍűȐɵȘȆȅȈů ŭɵȖ űȍ ȍɵűȇȈȖ ȊȇȈȎȍŰȈȖɵȇȍ ȃȇŭ űȍ ȈǽȆů Ǿȋŭ ŭɵȖ ŭȐűǽ. 

Ƕȍ ɵůȀȎŭȊŭ ǫ2 Űűŭ 3329 cm-1 ɵŭȎȍȐŰȇǽȄůȇ ȐȒȅȉȖűůȎȅ űȇȊǿ ŭɵȍȎȎȖŲȅŰȅȏ Űů 
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ŰȑǾŰȅ Ȋů űŭ ȐɵȖȉȍȇɵŭ Ůȗȍ ɵůȇȎǽȊŭűŭ, ȃůȃȍȋȖȏ ɵȍȐ ȍŲůȀȉůűŭȇ Űűȅȋ Ȋůȃǽȉȅ 

ɵȍŰȖűȅűŭ ůȉůȗȆůȎȓȋ ŰȓȊŭűȇŮȀȓȋ PUF Űűȍ ŮůȀȃȊŭ. ǧȋŭŲȍȎȇȈǽ Ȋů űȍ ɵůȀȎŭȊŭ ǫ4 

ȍȇ ȑŭȎŭȈűȅȎȇŰűȇȈǾȏ ȈȍȎȐŲǾȏ űȍȐ ȉȇɵŭȋűȇȈȍȗ ůȉŭȀȍȐ ůȀȋŭȇ ɵȇȍ Ǿȋűȍȋůȏ Űů ŰȑǾŰȅ 

Ȋů űȇȏ ŭȋűȀŰűȍȇȑůȏ ȈȍȎȐŲǾȏ űȍȐ ȈůȉȗŲȍȐȏ (PUF) ŰȐȃȈȎȇűȇȈǽ Ȋů űŭ ǽȉȉŭ Ůȗȍ 

ɵůȇȎǽȊŭűŭ, ȃůȃȍȋȖȏ ɵȍȐ ȊɵȍȎůȀ ȋŭ ȍŲůȀȉůűŭȇ Űűȅȋ ǾȈȉȐŰȅ űȍȐ ȐȉȇȈȍȗ űȍȐ 

ɵȐȎǿȋŭ ŭɵȖ űȍ ůŰȓűůȎȇȈȖ Ȉǽɵȍȇȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ, Ȗɵȓȏ ŲǽȋȅȈů Ȉŭȇ ŭɵȖ űȇȏ 

ůȇȈȖȋůȏ űȍȐ ȍɵűȇȈȍȗ ȊȇȈȎȍŰȈȍɵȀȍȐ. Ūȇŭ űȍȋ ůɵŭȎȈǿ Ǿȉůȃȑȍ űȓȋ ŮůŮȍȊǾȋȓȋ űȍȐ 

ŮȇŭȃȎǽȊȊŭűȍȏ FTIR ȃȇŭ űŭ ɵůȇȎǽȊŭűŭ ǫ2,ǫ3 Ȉŭȇ ǫ4 ɵȎŭȃȊŭűȍɵȍȇǿȆȅȈů ȊůȉǾűȅ 

űȓȋ űȇȊȘȋ űȅȏ ŭɵȍȎȎȖŲȅŰȅȏ ȃȇŭ űȅȏ ȑŭȎŭȈűȅȎȇŰűȇȈǾȏ ȈȍȎȐŲǾȏ űȍȐ ȈůȉȗŲȍȐȏ 

(PUF) Űűŭ 3329 cm-1, 1630 cm-1  Ȉŭȇ 1550 cm-1 ȖɵȍȐ ůȌǿȑȆů űȍ ŰȐȊɵǾȎŭŰȊŭ Ȗűȇ 

űŭ ȈůȉȗŲȅ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ űȍȐ ŮůȀȃȊŭűȍȏ ǫ4 ɵŭȎȍȐŰȇǽȄȍȐȋ ȊůȃŭȉȗűůȎȍ 

ȂŭȆȊȖ ŮȇŭŰűŭȗȎȓŰȅȏ ŭɵȖ ŭȐűǽ űȍȐ ŮůȀȃȊŭűȍȏ űȍȐ ɵůȇȎǽȊŭűȍȏ ǫ3, ůȋȘ Űűȅȋ 

ɵůȎȀɵűȓŰȅ űȍȐ ɵůȇȎǽȊŭűȍȏ ǫ2 ȍȇ űȇȊǾȏ ŭɵȍȎȎȖŲȅŰȅȏ ǿűŭȋ ȐȒȅȉȖűůȎůȏ, 

ȍŮȅȃȘȋűŭȏ Űűȍ ɵȖȎȇŰȊŭ űȅȏ ȗɵŭȎȌȅȏ ɵůȎȇŰŰȖűůȎȓȋ ȍȉȇȃȍȊůȎȘȋ PUF Ȉŭȇ 

ȈůȉȐŲȘȋ ȉȇȃȖűůȎȍ ŮȇŭŰűŭȐȎȓȊǾȋȓȋ.  

 

 

ǵȑǿȊŭ 4.2 ŪȎǽŲȅȊŭ FTIR ȃȇŭ űŭ ɵůȇȎǽȊŭűŭ ǫ2, ǫ3, ǫ4 Ȉŭȇ űŭ ŮůȀȃȊŭűŭ ŭȋŭŲȍȎǽȏ. 
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4.1.5. ǯůȉǾűȅ ŭɵȖŮȍŰȅȏ ůȃȈȉůȇŰȊȍȗ ȉȇɵŭȋűȇȈȍȗ ůȉŭȀȍȐ (Encapsulation 

Efficiency) 

ǯů ȂǽŰȅ űŭ ŭɵȍűůȉǾŰȊŭűŭ űȍȐ ɵȀȋŭȈŭ 4.4 ŲŭȀȋůűŭȇ Ȗűȇ Ȉŭȇ Űűŭ űȎȀŭ ɵůȇȎǽȊŭűŭ 

ůɵůűůȗȑȆȅ ȍ ůȃȈȉůȇŰȊȖȏ űȍȐ ȉȇɵŭȋűȇȈȍȗ ůȉŭȀȍȐ Űűȍ ůŰȓűůȎȇȈȖ űȓȋ 

ȊȇȈȎȍȈŭȒȍȐȉȘȋ Űů Ǿȋŭ ŰȅȊŭȋűȇȈȖ ɵȍŰȍŰűȖ (Ô70%). ǵűȍ ɵůȀȎŭȊŭ ǫ4 ȅ 

ɵȍŰȍŰűȇŭȀŭ ɵűȘŰȅ  űȅȏ ŭɵȖŮȍŰȅȏ ůȃȈȉůȇŰȊȍȗ (79% - 70%) ȍŲůȀȉůűŭȇ Űűȍ 

ȃůȃȍȋȖȏ Ȗűȇ ɵȍȉȉǾȏ ȈǽȒȍȐȉůȏ ȐɵǾŰűȅŰŭȋ ȎǿȌȅ Ȋů ŭɵȍűǾȉůŰȊŭ űȅȋ ǾȈȉȐŰȅ űȍȐ 

ȐȃȎȍȗ ɵȐȎǿȋŭ Űűȍ ŮůȀȃȊŭ. Ƕȍ ȃůȃȍȋȖȏ ŭȐűȖ ǿűŭȋ ŭȋŭȊůȋȖȊůȋȍ űȖŰȍ ŭɵȖ űȇȏ 

ůȇȈȖȋůȏ űȍȐ ȍɵűȇȈȍȗ ȊȇȈȎȍŰȈȍɵȀȍȐ ȃȇŭ űȍ ŰȐȃȈůȈȎȇȊǾȋȍ ŮůȀȃȊŭ ȖŰȍ Ȉŭȇ ŭɵȖ űȅȋ 

ȊȍȎŲǿ űȍȐ ŮůȀȃȊŭűȍȏ Ȋůűǽ űȅȋ ŮȇǿȆȅŰȅ Ȉŭȇ űȅȋ ȌǿȎŭȋŰȅ.  

 

ǳȀȋŭȈŭȏ 4.4 ǧɵȍűůȉǾŰȊŭűŭ ŭɵȖŮȍŰȅȏ ůȃȈȉůȇŰȊȍȗ űȍȐ ůȉŭȀȍȐ ȃȇŭ űŭ ɵůȇȎǽȊŭűŭ ǫ2,ǫ3, 

ǫ4 

çůȀȃȊŭ ǧɵȖŮȍŰȅ ǩȃȈȉůȇŰȊȍȗ (%) 

H2 79 

H3 79 

H4 70 

 

4.1.6. ǫȉůȈűȎȍȋȇŭȈǿ ǯȇȈȎȍŰȈȍɵȀŭ ǵǽȎȓŰȅȏ (Scanning Electron Microscopy-

SEM) 

Ƕŭ ŭɵȍűůȉǾŰȊŭűŭ űȅȏ ȅȉůȈűȎȍȋȇŭȈǿȏ ȊȇȈȎȍŰȈȍɵȀŭȏ ŰǽȎȓŰȅȏ ȃȇŭ űȍ ɵůȀȎŭȊŭ ǫ3 

Ȉŭȇ űȍ ŮůȀȃȊŭ ŭȋŭŲȍȎǽȏ ɵŭȎȍȐŰȇǽȄȍȋűŭȇ ɵŭȎŭȈǽűȓ. 

ǵűȍ ŮůȀȃȊŭ ŭȋŭŲȍȎǽȏ, ŰȓȊŭűȀŮȇŭ PUF ǾȑȍȐȋ ŮȅȊȇȍȐȎȃǿŰůȇ ŰȐŰŰȓȊŭűȘȊŭűŭ 

ȍȉȇȃȍȊůȎȘȋ. ǧɵȖ űȇȏ ůȇȈȖȋůȏ ȃȇŭ űȍ ɵůȀȎŭȊŭ ǫ3 (ǩȇȈȖȋŭ 4.9, ǩȇȈȖȋŭ 4.10) ŲŭȀȋůűŭȇ 

ȍ ŰȑȅȊŭűȇŰȊȖȏ ŰŲŭȇȎȇȈȘȋ, ȉůȀȓȋ Űűȅȋ ɵȉůȇȍȒȅŲȀŭ űȍȐȏ ȈŭȒȍȐȉȘȋ Űűȍ ŮůȀȃȊŭ, 

ůȋȘ ɵŭȎŭűȅȎȍȗȋűŭȇ Ȉŭȇ ŮȇǽŰɵŭȎűŭ ȊȇȈȎǽ ŰȐŰŰȓȊŭűȘȊŭűŭ ɵȍȉȐ(ȍȐȎȀŭȏ 

ŲȍȎȊŭȉŮůȁŮȅȏ). Ƕȍ ŰȐȊɵǾȎŭŰȊŭ ɵȍȐ ɵȎȍȈȗɵűůȇ ŭɵȖ űȅȋ ŮȇŭŮȇȈŭŰȀŭ űȅȏ 

ȅȉůȈűȎȍȋȇŭȈǿȏ ȊȇȈȎȍŰȈȍɵȀŭȏ ŰǽȎȓŰȅȏ ůȀȋŭȇ ȅ ůɵŭȉǿȆůȐŰȅ űȓȋ ůȋŮůȀȌůȓȋ űȍȐ 

ȍɵűȇȈȍȗ ȊȇȈȎȍŰȈȍɵȀȍȐ, Ȗűȇ ŮȅȉŭŮǿ ȍ ůȃȈȉůȇŰȊȖȏ ǿűŭȋ ɵůűȐȑȅȊǾȋȍȏ Ȉŭȇ ȍȇ 

ȈǽȒȍȐȉůȏ ɵȍȐ ɵŭȎǽȑȆȅȈŭȋ ǿűŭȋ ǽȎűȇůȏ ŮȍȊȇȈǽ. 
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ǭůŲǽȉŭȇȍ 4: ǧɵȍűůȉǾŰȊŭűŭ ð ǵȐȄǿűȅŰȅ: ǧȋǽɵűȐȌȅ ŮȇůȎȃŭŰȀŭȏ ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ 

ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 68           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

 

    

   

  

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ǯů ȂǽŰȅ ȖȊȓȏ űŭ ŮůŮȍȊǾȋŭ ɵȍȐ ůȌǿȑȆȅŰŭȋ ŭɵȖ űȍ ȍɵűȇȈȖ ȊȇȈȎȍŰȈȖɵȇȍ ŰȑůűȇȈǽ 

Ȋů űȅȋ ɵȍȇȖűȅűŭ űȓȋ ȈŭȒȍȐȉȘȋ űȍȐ ȈǽȆů ŮůȀȃȊŭűȍȏ, űŭ ŰȐȊɵůȎǽŰȊŭűŭ ŭɵȖ űȅȋ 

ŭȋǽȉȐŰȅ űȍȐ ȊůȃǾȆȍȐȏ, Ȉŭȇ ȈȐȎȀȓȏ űŭ ŭɵȍűůȉǾŰȊŭűŭ űȅȏ ŲŭŰȊŭűȍŰȈȍɵȀŭȏ 

ȐɵůȎȗȆȎȍȐ Ȋů ȊůűŭŰȑȅȊŭűȇŰȊȖ Fourier ɵȍȐ ȐɵȍŮȅȉȘȋȍȐȋ űȅȋ ŰűůȎůȍȑȅȊȇȈǿ 

ŮȍȊǿ űȓȋ ŰȓȊŭűȇŮȀȓȋ ȈǽȆů ɵůȇȎǽȊŭűȍȏ, ůȀȋŭȇ ŮȖȈȇȊȍ ȋŭ ȆůȓȎȅȆůȀ Ȗűȇ űȍ 

ɵůȀȎŭȊŭ ǫ3 ȈȎȀȋůűŭȇ Ȋů ȊůȃŭȉȗűůȎȅ ůɵȇűȐȑȀŭ Űů ŰȑǾŰȅ Ȋů űŭ ɵůȇȎǽȊŭűŭ ǫ2 Ȉŭȇ 

ǫ4, ȍɵȖűů ȃȇŭ űŭ ŰȐȃȈůȈȎȇȊǾȋŭ ɵůȇȎǽȊŭűŭ Ůůȋ ɵȎŭȃȊŭűȍɵȍȇǿȆȅȈů ŭȋǽȉȐŰȅ Űűȍ 

ǩȇȈȖȋŭ 4.7 ǩȇȈȖȋŭ SEM űȍȐ ŮůȀȃȊŭűȍȏ 

ŭȋŭŲȍȎǽȏ PUF ðx100. 

ǩȇȈȖȋŭ 4.8 ǩȇȈȖȋŭ SEM űȍȐ ŮůȀȃȊŭűȍȏ 

ŭȋŭŲȍȎǽȏ PUF ðx500. 

ǩȇȈȖȋŭ 4.9 ǩȇȈȖȋŭ SEM ɵůȇȎǽȊŭűȍȏ ǫ3  

ðx50. 

ǩȇȈȖȋŭ 4.10 ǩȇȈȖȋŭ SEM ɵůȇȎǽȊŭűȍȏ ǫ3 

ðx100. 
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ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 69           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

ȊȇȈȎȍŰȈȖɵȇȍ ȅȉůȈűȎȍȋȇŭȈǿȏ ŰǽȎȓŰȅȏ. Ƕȍ ɵůȀȎŭȊŭ ǫ2 ůȌŭȇűȀŭȏ űȅȏ ŰȅȊŭȋűȇȈǿȏ 

ɵȍŰȖűȅűŭȏ ůȉůȗȆůȎȅȏ ɵȍȉȐ(ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ) Űűȍ ŮůȀȃȊŭ Ůůȋ Ȇŭ ŭɵǾŮȇŮů 

Ǿȋŭ ȈŭȉȖ ŭɵȍűǾȉůŰȊŭ, ȈŭȆȘȏ ȍȇ ȊȇȈȎȍȈǽȒȍȐȉůȏ ɵȇȆŭȋȘȏ ȋŭ ůȀȑŭȋ ȈŭȉȐŲȆůȀ ŭɵȖ 

űŭ ŰȐŰŰȓȊŭűȘȊŭűŭ PUF. ǳŭȎǽȉȉȅȉŭ ȍȇ ȊȇȈȎȍȈǽȒȍȐȉůȏ űȍȐ ɵůȇȎǽȊŭűȍȏ ǫ4 ůȋȘ 

ŲŭȀȋůűŭȇ ɵȓȏ ŮȇǾȆůűŭȋ ȈŭȉǾȏ ȆůȎȊȇȈǾȏ ȇŮȇȖűȅűůȏ, Ȉŭȇ ȃȗȎȓ ŭɵȖ űȍ Ǿȉŭȇȍ ůȀȑů 

ŰȑȅȊŭűȇŰűůȀ Ǿȋŭ ɵȐȈȋȖ ɵȍȉȐȊůȎȇȈȖ ȈǾȉȐŲȍȏ Ȉǽɵȍȇůȏ ŭɵȖ ŭȐűǾȏ, ȐɵǾŰűȅŰŭȋ 

ȎǿȌȅ. ǵűȇȏ ůȇȈȖȋůȏ Ȇŭ ǿűŭȋ ůȊŲŭȋǿ űŭ  ŮůȀȃȊŭűŭ ȉȇɵŭȋűȇȈȍȗ ůȉŭȀȍȐ ȊŭȄȀ Ȋů űŭ  

ůȉůȗȆůȎŭ ŰȐŰŰȓȊŭűȘȊŭűŭ PUF. Ƕŭ ŭɵȍűůȉǾŰȊŭűŭ űȍȐ SEM ȀŰȓȏ Űů 

ȊůȊȍȋȓȊǾȋůȏ ȈǽȒȍȐȉůȏ ȋŭ ǿűŭȋ ůɵȇűȐȑǿ ŭȉȉǽ ȅ ȃůȋȇȈǿ ůȇȈȖȋŭ ɵȇȆŭȋȖűŭűŭ Ůůȋ 

Ȇŭ ŰȐȊȂǽŮȇȄů Ȋů ŭȐűǽ.  

4.2. ǳůȇȎǽȊŭűŭ ůɵŭȋŭȉȅȒȇȊȖűȅűŭȏ ɵůȇȎǽȊŭűȍȏ ǫ3  

Ƕŭ ŭɵȍűůȉǾŰȊŭűŭ űȍȐ ɵůȇȎǽȊŭűȍȏ ǫ3 ȈȎȀȆȅȈŭȋ űŭ ɵȇȍ ȇȈŭȋȍɵȍȇȅűȇȈǽ ŭɵȖ 

Ȗȉȅ űȅȋ ɵůȇȎŭȊŭűȇȈǿ ŰůȇȎǽ. ǩɵŭȉȅȆůȗȆȅȈů Ȗűȇ Ǿȑůȇ ůɵȇűůȐȑȆůȀ ȅ ŮȅȊȇȍȐȎȃȀŭ 

ȈŭȉȍŰȑȅȊŭűȇŰȊǾȋȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ Ȋů ŲŭȋůȎǽ ůȃȈȉůȇŰȊǾȋȍ űȍ ȉȇɵŭȋűȇȈȖ Ǿȉŭȇȍ 

Űűȍȋ ɵȐȎǿȋŭ űȍȐȏ. ǲȇ ȈǽȒȍȐȉǾȏ ŭȐűǾȏ ŮȇŭȆǾűȍȐȋ ȈŭȉǾȏ ȆůȎȊȇȈǾȏ ȇŮȇȖűȅűůȏ Ȉŭȇ 

űȍ ŮȇŭŰűŭȐȎȓȊǾȋȍ ɵȍȉȐȊůȎȇȈȖ ȈǾȉȐŲȍȏ ɵȎȍŰűŭűůȗůȇ űȍȋ ȐȃȎȖ ɵȐȎǿȋŭ ȊǾȑȎȇ 

Ǿȋŭ ŰȅȊŭȋűȇȈȖ ȆůȎȊȍȈȎŭŰȇŭȈȖ ŰȅȊůȀȍ, ŰȐȃȈůȈȎȇȊǾȋŭ ȊǾȑȎȇ űȍȐȏ 322 oC. ǩɵȀŰȅȏ 

ȍ ɵȉȅȆȐŰȊȖȏ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ űȍȐ ŮůȀȃȊŭűȍȏ ȈȐȊŭȀȋůűŭȇ Űů ȇȈŭȋȍɵȍȇȅűȇȈǽ 

ůɵȀɵůŮŭ, Ȋů űȍ ȊǾŰȍ ȊǾȃůȆȍȏ ȋŭ ȐɵȍȉȍȃȀȄůűŭȇ Űűŭ 56.5 Ȋm. Ƕȍ ŲŭȇȋȍȊůȋȇȈǽ 

ůɵȇűȐȑȅȊǾȋȍ ŭȐűȖ ŭɵȍűǾȉůŰȊŭ ȖȊȓȏ ɵȎǾɵůȇ ȋŭ ŭɵȍŮůȇȑȆůȀ Ȗűȇ ȊɵȍȎůȀ ȋŭ 

ůɵŭȋŭȉȅŲȆůȀ Ȉŭȇ Űů ȊůȉȉȍȋűȇȈǽ ɵůȇȎǽȊŭűŭ. Ūȇŭ űȍȋ ȉȖȃȍ ŭȐűȖ 

ɵȎŭȃȊŭűȍɵȍȇǿȆȅȈŭȋ űŭ ɵůȇȎǽȊŭűŭ ŭȋŭɵŭȎŭȃȓȃǿȏ űȍȐ ɵȎȘűȍȐ ɵůȇȎǽȊŭűȍȏ, 

ǫ3_1, ǫ3_2 Ȉŭȇ ǫ3_3, űŭ ŭɵȍűůȉǾŰȊŭűŭ űȓȋ ȍɵȍȀȓȋ Űűȅ ŰȐȋǾȑůȇŭ ŰȐȃȈȎȀȆȅȈŭȋ 

Ȋů ŭȐűǽ űȍȐ ŭȎȑȇȈȍȗ ɵůȇȎǽȊŭűȍȏ ǫ3. 

4.2.1. ǲɵűȇȈȖ ǯȇȈȎȍŰȈȖɵȇȍ (Optical Microscope) 

Ƕŭ ŭɵȍűůȉǾŰȊŭűŭ űȍȐ ȍɵűȇȈȍȗ ȊȇȈȎȍŰȈȍɵȀȍȐ ȃȇŭ űȅȋ ŰůȇȎǽ űȓȋ ůɵŭȋŭȉȅɵűȇȈȘȋ 

ɵůȇȎŭȊǽűȓȋ ůȊŲŭȋȀȄȍȐȋ űŭ ȀŮȇŭ ɵȎȍȂȉǿȊŭűŭ ɵȍȐ ŭȋűȇȊůűȓɵȀŰűȅȈŭȋ Ȉŭȇ Űűȍ 

ŭȎȑȇȈȖ ɵůȀȎŭȊŭ ǫ2. ǣɵȓȏ ŲŭȀȋůűŭȇ Ȉŭȇ ŭɵȖ űȇȏ ɵŭȎŭȈǽűȓ ůȇȈȖȋůȏ Ȉŭȇ Űűŭ űȎȀŭ 

ŮůȀȃȊŭűŭ ŮȇŭȈȎȀȋůűŭȇ ɵȍŰȖűȅűŭ ůȉůȗȆůȎȓȋ ŰȓȊŭűȇŮȀȓȋ ɵȍȉȐ(ȍȐȎȀŭȏ-

ŲȍȎȊŭȉŮůȁŮȅȏ). ǵűȍ ŮůȀȃȊŭ űȍȐ ɵůȇȎǽȊŭűȍȏ ǫ3_2 (ůȇȈȖȋŭ 4.13) ůȊŲŭȋȀȄȍȋűŭȇ 

ɵůȎȇŰŰȖűůȎŭ Űů ŰȑǾŰȅ Ȋů űŭ ŮůȀȃȊŭűŭ űȓȋ ǫ3_1 Ȉŭȇ ǫ3_3. Ƕŭ ŰȓȊŭűȀŮȇŭ ŭȐűǽ 
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ŰȐŰŰȓȊŭűȘȋȍȋűŭȇ ȊůűŭȌȗ űȍȐȏ ǿ ůɵȇȈǽȆȍȋűŭȇ Űűȅȋ ůɵȇŲǽȋůȇŭ űȓȋ 

ȊȇȈȎȍȈŭȒȍȐȉȘȋ Ȋů ŭɵȍűǾȉůŰȊŭ ȋŭ űȇȏ ȈŭȉȗɵűȍȐȋ Ȉŭȇ ȋŭ Ȋȅȋ ŭɵȍŮȀŮůűŭȇ Ǿȋŭ 

ȌůȈǽȆŭȎȍ ŭɵȍűǾȉůŰȊŭ űȍȐ ɵůȇȎǽȊŭűȍȏ Űűȍ ȊȇȈȎȍŰȈȖɵȇȍ. ǳŭȎǽ űȅȋ ȗɵŭȎȌȅ 

ȖȊȓȏ ȍȉȇȃȍȊůȎȘȋ PUF ɵȍȐ Ůůȋ ɵǿȎŭȋ ȊǾȎȍȏ Űűȅȋ ŭȋűȀŮȎŭŰȅ ŰȑȅȊŭűȇŰȊȍȗ űȍȐ 

ɵȍȉȐȊůȎȇȈȍȗ ɵȉǾȃȊŭűȍȏ űȓȋ ȈůȉȐŲȘȋ, ůȀȋŭȇ ȌůȈǽȆŭȎȅ ȅ ŮȅȊȇȍȐȎȃȀŭ 

ȊȇȈȎȍȈŭȒȍȐȉȘȋ Űů Ȗȉŭ űŭ ŮůȀȃȊŭűŭ. 

 

        

 

 

 

 

 

 

 

 

ǩȇȈȖȋŭ 4.11 ǩȇȈȖȋŭ ȍɵűȇȈȍȗ 

ȊȇȈȎȍŰȈȍɵȀȍȐ ɵůȇȎǽȊŭűȍȏ ǫ3 ð 

ǩŰűȀŭŰȅ x10.  

ǩȇȈȖȋŭ 4.14 ǩȇȈȖȋŭ ȍɵűȇȈȍȗ 

ȊȇȈȎȍŰȈȍɵȀȍȐ ɵůȇȎǽȊŭűȍȏ ǫ3_1 ð 

ǩŰűȀŭŰȅ x10. 

ǩȇȈȖȋŭ 4.13 ǩȇȈȖȋŭ ȍɵűȇȈȍȗ 

ȊȇȈȎȍŰȈȍɵȀȍȐ ɵůȇȎǽȊŭűȍȏ ǫ3_2 ð 

ǩŰűȀŭŰȅ x10. 

ǩȇȈȖȋŭ 4.12 ǩȇȈȖȋŭ ȍɵűȇȈȍȗ 

ȊȇȈȎȍŰȈȍɵȀȍȐ ɵůȇȎǽȊŭűȍȏ ǫ3_3 ð 

ǩŰűȀŭŰȅ x10. 



çȇɵȉȓȊŭűȇȈǿ ǩȎȃŭŰȀŭ ǸŭȎǽȉŭȊɵȍȏ-ǳŭȋŭȃȇȘűȅȏ ǯɵȖűŰŭȏ 

ǭůŲǽȉŭȇȍ 4: ǧɵȍűůȉǾŰȊŭűŭ ð ǵȐȄǿűȅŰȅ: ǧȋǽɵűȐȌȅ ŮȇůȎȃŭŰȀŭȏ ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ 

ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 71           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

4.2.2. ǫȉůȈűȎȍȋȇŭȈǿ ǯȇȈȎȍŰȈȍɵȀŭ ǵǽȎȓŰȅȏ (Scanning Electron Microscopy-

SEM) 

ǫ ŭȋǽȉȐŰȅ űȍȐ ȊȇȈȎȍŰȈȍɵȀȍȐ ȅȉůȈűȎȍȋȇŭȈǿȏ ŰǽȎȓŰȅȏ ŭɵȍűůȉůȀ ȊȀŭ ŭɵȖ űȇȏ 

ŰȅȊŭȋűȇȈȖűůȎůȏ ůȋŮůȀȌůȇȏ ůɵȇűȐȑȀŭȏ ůȋȖȏ ɵůȇȎǽȊŭűȍȏ ȈŭȆȘȏ ȊǾŰŭ ŭɵȖ ŭȐűȖ 

ŮȀȋȍȋűŭȇ ɵȉȅȎȍŲȍȎȀůȏ ȃȇŭ űȅȋ ŮȍȊǿ Ȉŭȇ űȅȋ ȊȍȎŲȍȉȍȃȀŭ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ. 

ǲȇ ůȇȈȖȋůȏ (ǩȇȈȖȋŭ 4.15, ǩȇȈȖȋŭ 4.16) ȃȇŭ űȍ ŮůȀȃȊŭ űȍȐ ɵůȇȎǽȊŭűȍȏ ǫ3_2 

ŮȇŭŲǾȎȍȐȋ Űů ɵȍȉȗ Ȋůȃǽȉȍ ȂŭȆȊȖ Ȋů űȇȏ ŭȋűȀŰűȍȇȑůȏ ȃȇŭ űȍ ɵůȀȎŭȊŭ ǫ3. ǫ 

ůɵȇŲǽȋůȇŭ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ ȑŭȎŭȈűȅȎȀȄůűŭȇ ŭɵȖ űȎŭȑȗűȅűŭ ůȋȘ Űů Ȉǽɵȍȇŭ 

ŰȅȊůȀŭ ŲŭȀȋůűŭȇ ȋŭ ǾȑȍȐȋ ɵŭȎŭȊȍȎŲȓȆůȀ, ɵȇȆŭȋȘȏ ȉȖȃȓ űȅȏ ɵȀůŰȅȏ Ȉŭűǽ űȅȋ 

ŮȇŭŮȇȈŭŰȀŭ űȅȏ ŮȇǿȆȅŰȅȏ ȃůȃȍȋȖȏ ɵȍȐ ȐɵȍŮůȇȈȋȗůȇ Ȋȅ ůɵŭȎȈǿ ȊȅȑŭȋȇȈǿ 

ŰűŭȆůȎȖűȅűŭ. Ƕȍ ɵȇȍ ŰȅȊŭȋűȇȈȖ ɵȎȖȂȉȅȊŭ ȖȊȓȏ ůȋűȍɵȀȄůűŭȇ Űűȅȋ Ǿȋűȍȋȅ 

ɵŭȎȍȐŰȀŭ ŰȐŰŰȓȊŭűȓȊǽűȓȋ ɵȍȉȐ(ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ) ȃȗȎȓ ŭɵȖ űȇȏ 

ȊȇȈȎȍȈǽȒȍȐȉůȏ ůȋȘ ŰȓȊŭűȀŮȇŭ PUF ǾȑȍȐȋ ůɵȇȈŭȆȀŰůȇ Űűȅȋ ůɵȇŲǽȋůȇŭ űȍȐȏ. 

 

    

 

 

 

ǩȇȈȖȋŭ 4.16 ǩȇȈȖȋŭ SEM űȍȐ ɵůȇȎǽȊŭűȍȏ 

ǫ3_2 ðx150(i).  

ǩȇȈȖȋŭ 4.15 ǩȇȈȖȋŭ SEM űȍȐ ɵůȇȎǽȊŭűȍȏ 

ǫ3_2 ðx150(i i ). 



çȇɵȉȓȊŭűȇȈǿ ǩȎȃŭŰȀŭ ǸŭȎǽȉŭȊɵȍȏ-ǳŭȋŭȃȇȘűȅȏ ǯɵȖűŰŭȏ 

ǭůŲǽȉŭȇȍ 4: ǧɵȍűůȉǾŰȊŭűŭ ð ǵȐȄǿűȅŰȅ: ǧȋǽɵűȐȌȅ ŮȇůȎȃŭŰȀŭȏ ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ 

ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 72           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

 

4.2.3. ǧȋǽȉȐŰȅ ȊůȃǾȆȍȐȏ ŰȓȊŭűȇŮȀȓȋ Ȋů ŰȈǾŮŭŰȅ ŮǾŰȊȅȏ laser 

ǧɵȖ űȅȋ ŭȋǽȉȐŰȅ űȍȐ ȊůȃǾȆȍȐȏ űȓȋ ŰȓȊŭűȇŮȀȓȋ űȓȋ ůɵŭȋŭȉȅɵűȇȈȘȋ 

ɵůȇȎŭȊǽűȓȋ űŭ ŮůŮȍȊǾȋŭ ɵȍȐ ɵŭȎŭȉǿŲȆȅȈŭȋ ɵŭȎȍȐŰȇǽȄȍȋűŭȇ Űűȍȋ ɵȀȋŭȈŭ 4.5. 

Ƕȍ ȊǾŰȍ ȊǾȃůȆȍȏ Ȉŭȇ ȃȇŭ űŭ űȎȀŭ ůɵŭȋŭȉȅɵűȇȈǽ ɵůȇȎǽȊŭűŭ ůȀȋŭȇ ȊȇȈȎȖűůȎȍ ŭɵȖ 

űȍ ȊǾŰȍ ȊǾȃůȆȍȏ űȓȋ ŰȓȊŭűȇŮȀȓȋ űȍȐ ŭȎȑȇȈȍȗ ɵůȇȎǽȊŭűȍȏ ǫ3, ɵŭȎǽ űȍ ȃůȃȍȋȖȏ 

Ȗűȇ ǾȉŭȂŭȋ ȑȘȎŭ ȐɵȖ űȇȏ ȀŮȇůȏ ŭȈȎȇȂȘȏ ŰȐȋȆǿȈůȏ.  

 

ǳȀȋŭȈŭȏ 4.5 ǧɵȍűůȉǾŰȊŭűŭ ŭȋǽȉȐŰȅȏ ȊůȃǾȆȍȐȏ ŰȓȊŭűȇŮȀȓȋ Ȋů ŰȈǾŮŭŰȅ laser ȃȇŭ űŭ 

ɵůȇȎǽȊŭűŭ ǫ3, ǫ3_1, ǫ3_2, ǫ3_3. 

çůȀȃȊŭ D[4,3]  

(Ȋm) 

D ( v , 0.1) 

(Ȋm) 

D ( v , 0.5) 

(Ȋm) 

D ( v , 0.9) 

(Ȋm) 

PDI 

H3 56.6 21.3 48 103.2 1.7 

H3_1 33.1 18.5 30.5 51.9 1.1 

H3_2 36.5 20.4 32.7 54.5 1.0 

H3_3 36.2 17.8 30.5 55.5 1.25 

 

4.2.4. ūůȎȊȍŰűŭȆȊȇȈǿ ŭȋǽȉȐŰȅ (Thermogravimetric Analysis - TGA) 

ǫ ȆůȎȊȍŰűŭȆȊȇȈǿ ŭȋǽȉȐŰȅ űȓȋ  ɵůȇȎŭȊǽűȓȋ ǫ3_1, ǫ3_2 Ȉŭȇ ǫ3_3 ůȋȀŰȑȐŰů 

Ȉǽɵȍȇŭ ŰȅȊŭȋűȇȈǽ ůȎȓűǿȊŭűŭ ŰȑůűȇȈǽ Ȋů űȅȋ ůɵȇűȐȑȀŭ űȅȏ ŮȇŭŮȇȈŭŰȀŭȏ 

ůɵŭȋŭȉȅȒȇȊȖűȅűŭȏ űȍȐ ɵůȇȎǽȊŭűȍȏ ǫ3. ǣɵȓȏ ɵŭȎȍȐŰȇǽȄůűŭȇ Űűȍȋ ɵȀȋŭȈŭ 4.6 

ȈŭȋǾȋŭ ŭɵȖ űŭ ůɵŭȋŭȉȅɵűȇȈǽ ɵůȇȎǽȊŭűŭ Ůůȋ űŭȐűȀȄůűŭȇ ȆůȎȊȍȈȎŭŰȇŭȈǽ Ȉŭűǽ 

űȅȋ ŭɵȍȇȈȍŮȖȊȅŰȅ űȍȐ Ȋů űȍ ŭȎȑȇȈȖ ɵůȀȎŭȊŭ. Ƕȍ ŮůȀȃȊŭ űȍȐ ɵůȇȎǽȊŭűȍȏ  ǫ3_2 

ŰȐȃȈůȈȎȇȊǾȋŭ ůȊŲŭȋȀȄůȇ Ȋůȃǽȉȅ ɵűȘŰȅ Űů ŰȑǾŰȅ Ȋů űȍ ɵůȀȎŭȊŭ ǫ3 űȖŰȍ Űűȇȏ 

űȇȊǾȏ űȅȏ ȆůȎȊȍȈȎŭŰȀŭȏ ȖɵȍȐ ȌůȈȇȋǽůȇ ȅ ŭɵȍȇȈȍŮȖȊȅŰȅ űȍȐ ȐȉȇȈȍȗ (Td5%), ȖŰȍ 

Ȉŭȇ ȃȇŭ Űűȇȏ űȇȊǾȏ ŭɵȍȇȈȍŮȖȊȅŰȅȏ űȍȐ ȐȉȇȈȍȗ űȍȐ ȈůȉȗŲȍȐȏ Ȉŭȇ űȍȐ ɵȐȎǿȋŭ. ǫ 

Ȋůȃǽȉȅ ŮȇŭŲȍȎǽ Űűȇȏ űȇȊǾȏ ŭȐűǾȏ (Td5%H3 = 213  oC , Td5%H3_2 = 181  oC) ŭɵȍűůȉůȀ 

ǾȋŮůȇȌȅ ůȋȖȏ ȑŭȊȅȉȖűůȎȍȐ ȂŭȆȊȍȗ ŮȇŭŰűŭȗȎȓŰȅȏ űȍȐ ɵȍȉȐȊůȎȇȈȍȗ ȈůȉȗŲȍȐȏ ȅ 

ȍɵȍȀŭ ůɵȇȂůȂŭȇȘȋůűŭȇ ŭɵȖ űȅȋ Ǿȋűȍȋȅ ɵŭȎȍȐŰȀŭ ȍȉȇȃȍȊůȎȘȋ PUF Űűȍ ŮůȀȃȊŭ űŭ 

ȍɵȍȀŭ ŭɵȍȇȈȍŮȍȊȍȗȋűŭȇ Űů ȑŭȊȅȉȖűůȎȅ ȆůȎȊȍȈȎŭŰȀŭ ŭɵȖ űȍ ŮȇŭŰűŭȐȎȓȊǾȋȍ 

PUF ȊůȃŭȉȗűůȎȍȐ ȊȍȎȇŭȈȍȗ ȂǽȎȍȐȏ ɵȍȐ ŰȑȅȊŭűȀȄůȇ űȍ ȈǾȉȐŲȍȏ űȓȋ 

ȊȇȈȎȍȈŭȒȍȐȉȘȋ. ǲȇ ůȇȈȖȋůȏ űȍȐ ȍɵűȇȈȍȗ ȊȇȈȎȍŰȈȍɵȀȍȐ ȃȇŭ űȍ ɵůȀȎŭȊŭ 



çȇɵȉȓȊŭűȇȈǿ ǩȎȃŭŰȀŭ ǸŭȎǽȉŭȊɵȍȏ-ǳŭȋŭȃȇȘűȅȏ ǯɵȖűŰŭȏ 

ǭůŲǽȉŭȇȍ 4: ǧɵȍűůȉǾŰȊŭűŭ ð ǵȐȄǿűȅŰȅ: ǧȋǽɵűȐȌȅ ŮȇůȎȃŭŰȀŭȏ ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ 

ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 73           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

ůɵȇȈȐȎȘȋȍȐȋ űŭ ŭɵȍűůȉǾŰȊŭűŭ űȍȐ ȆůȎȊȍȃȎŭŲǿȊŭűȍȏ.  ǯů ŮůŮȍȊǾȋȍ Ȗűȇ Ȉŭȇ űȍ 

ȐɵȖȉůȇȊȊŭ űȍȐ ŮůȀȃȊŭűȍȏ ŰűȍȐȏ 800 oC Ǿȑůȇ ŭȎȋȅűȇȈǿ űȇȊǿ, ȊɵȍȎůȀ ȋŭ ȆůȓȎȅȆůȀ 

Ȗűȇ ɵȇȆŭȋȖȋ ŰȐȋǾȂȅ Ȉǽɵȍȇŭ ŭŰűȍȑȀŭ Ȉŭűǽ űȅȋ ɵŭȎŭȃȓȃǿ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ  

ǿ Ȉŭűǽ űȅȋ ȆůȎȊȍŰűŭȆȊȇȈǿ ŭȋǽȉȐŰȅ űȍȐ ŮůȀȃȊŭűȍȏ. Ƕŭ ɵůȇȎǽȊŭűŭ ǫ3_1 Ȉŭȇ ǫ3_3 

ůɵȀŰȅȏ ŮȇŭŲǾȎȍȐȋ Űűȇȏ ȆůȎȊȍȈȎŭŰȇŭȈǾȏ űȇȊǾȏ Ȋů űȍ ɵůȀȎŭȊŭ ǫ3 (ǶdH3 = 322 oC,  

ǶdH3_1 = 343  oC, ǶdH3_3 = 341  oC) ůȋȘ ȍȇ űȇȊǾȏ űȍȐȏ ůȀȋŭȇ ŰȑůŮȖȋ ɵŭȎůȊŲůȎůȀȏ 

ȊůűŭȌȗ űȍȐȏ [8]. ǧȋűȀȆůűŭ Ȋů űŭ ŭɵȍűůȉǾŰȊŭűŭ űȍȐ ɵůȇȎǽȊŭűȍȏ ǫ2_3, ȅ ŭȗȌȅŰȅ 

űȓȋ ȆůȎȊȍȈȎŭŰȇȘȋ ŭɵȍȇȈȍŮȖȊȅŰȅȏ ȃȇŭ űŭ ǽȉȉŭ Ůȗȍ ɵůȇȎǽȊŭűŭ ȈŭűŭŮůȇȈȋȗůȇ űȍ 

ȃůȃȍȋȖȏ Ȗűȇ űȍ ɵȍȉȐȊůȎȇȈȖ ȈǾȉȐŲȍȏ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ űȍȐȏ ȑŭȎŭȈűȅȎȀȄůűŭȇ 

ŭɵȖ Ǿȋŭ ɵȉǾȃȊŭ ɵůȎȇŰŰȖűůȎȍ ŮȇŭŰűŭȐȎȓȊǾȋȍ Ȉŭȇ ǽȎŭ ɵȇȍ ŭȋȆůȈűȇȈȖ, Ȋů 

ȊůȃŭȉȗűůȎȅ ŭȋűȍȑǿ Űűȅ ȆůȎȊȖűȅűŭ ɵȍȐ ɵȎȍŰűŭűůȗůȇ ȈŭȉȗűůȎŭ űȍ ȉȇɵŭȋűȇȈȖ 

Ǿȉŭȇȍ Űűȍȋ ɵȐȎǿȋŭ. Ƕŭ ŭɵȍűůȉǾŰȊŭűŭ ŭȐűǽ ŰȐȋǽŮȍȐȋ Ȉŭȇ Ȋů űȅȋ ůȇȈȖȋŭ űȓȋ 

ɵůȇȎŭȊǽűȓȋ Űűȍ ȍɵűȇȈȖ ȊȇȈȎȍŰȈȖɵȇȍ ȖɵȍȐ ɵŭȎŭűȅȎǿȆȅȈŭȋ ȉȇȃȖűůȎŭ ȍȉȇȃȍȊůȎǿ 

PUF Űů ŰȑǾŰȅ Ȋů űȍ ɵůȀȎŭȊŭ ŭȋŭŲȍȎǽȏ (ǫ3).  

 

ǳȀȋŭȈŭȏ 4.6 ǧɵȍűůȉǾŰȊŭűŭ ȆůȎȊȍŰűŭȆȊȇȈǿȏ ŭȋǽȉȐŰȅȏ űȓȋ ɵůȇȎŭȊǽűȓȋ ǫ3,ǫ3_1,ǫ3_2 

Ȉŭȇ ǫ3_3. 

 

 

 

 

 

 

çůȀȃȊŭ Td5% (oC) Td (oC) 

(ǭǾȉȐŲȍȏ) 

Td (oC) 

(ǳȐȎǿȋŭȏ) 

ǷɵȖȉůȇȊȊŭ 

ŰűȍȐȏ 800oC 

(%) 

H3 213 322 437 0.78 

H3_1 228 343 428 1.63 

H3_2 181 311 409 0.0 

ǫ3_3 234 341 434 0.0 



çȇɵȉȓȊŭűȇȈǿ ǩȎȃŭŰȀŭ ǸŭȎǽȉŭȊɵȍȏ-ǳŭȋŭȃȇȘűȅȏ ǯɵȖűŰŭȏ 

ǭůŲǽȉŭȇȍ 4: ǧɵȍűůȉǾŰȊŭűŭ ð ǵȐȄǿűȅŰȅ: ǧȋǽɵűȐȌȅ ŮȇůȎȃŭŰȀŭȏ ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ 

ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 74           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

 

ǵȑǿȊŭ 4.3 ūůȎȊȍȃȎŭŲǿȊŭűŭ űȓȋ ɵůȇȎŭȊǽűȓȋ ǫ3, ǫ3_1, ǫ3_2, ǫ3_3. 

 

4.2.5. ŬŭŰȊŭűȍŰȈȍɵȀŭ ȐɵůȎȗȆȎȍȐ Ȋů ȊůűŭŰȑȅȊŭűȇŰȊȖ Fourier (Fourier 

Transform Infrared spectroscopy ð FTIR) 

ǧɵȖ űȍ ŰȑǿȊŭ 4.4 ŮȇŭŲŭȀȋůűŭȇ ȍ ůɵȇűȐȑȅȊǾȋȍȏ ŰȑȅȊŭűȇŰȊȖȏ ȊȇȈȎȍȈŭȒȍȐȉȘȋ Ȋů 

ȐȉȇȈȖ ůȃȈȉůȇŰȊǾȋȍ Űűȍȋ ɵȐȎǿȋŭ űȍȐȏ Ȉŭȇ Űűŭ űȎȀŭ ůɵŭȋŭȉȅɵűȇȈǽ ɵůȇȎǽȊŭűŭ. ǫ 

ȑȅȊȇȈǿ ŮȍȊǿ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ űȓȋ ɵůȇȎŭȊǽűȓȋ ǫ3_1, ǫ3_2, ǫ3_3 

ɵŭȎȍȐŰȇǽȄůűŭȇ ůȉŭŲȎȘȏ ȈŭȉȗűůȎȅ ŰȐȃȈȎȇűȇȈǽ Ȋů űȍ ŮůȀȃȊŭ űȍȐ ɵůȇȎǽȊŭűȍȏ ǫ3, 

ȈȐȎȀȓȏ ȃȇŭ űȍ ɵůȀȎŭȊŭ ǫ3_3 Űűȍ ȍɵȍȀȍ ȅ űȇȊǿ űȅȏ ŭɵȍȎȎȖŲȅŰȅȏ Űűȅȋ ȈȍȎȐŲǿ 

űȓȋ 3354 cm-1 ůȀȋŭȇ ȑŭȊȅȉȖűůȎȅ Űů ŰȑǾŰȅ Ȋů űȍ ɵȎȓűŭȎȑȇȈȖ ɵůȀȎŭȊŭ. ǟȎŭ 

ŭȋȇȑȋůȗȆȅȈŭȋ ȊȇȈȎȖűůȎůȏ ɵȍŰȖűȅűůȏ ŮůŰȊȘȋ ɵȎȓűȍűŭȃȘȋ Ȉŭȇ ŮůȐűůȎȍűŭȃȘȋ 

ŭȊȇȋȘȋ. çȇŭŲȍȎǽ ɵŭȎŭűȅȎůȀűŭȇ Ȉŭȇ Űűŭ ǽȉȉŭ Ůȗȍ ɵůȇȎǽȊŭűŭ Űűȅȋ ȀŮȇŭ ȈȍȎȐŲǿ 

ŭȋ Ȉŭȇ Űů ȊȇȈȎȖűůȎȍ ȖȊȓȏ ȂŭȆȊȖ. ǫ ȊůȀȓŰȅȏ űȅȏ ǾȋűŭŰȅȏ űȅȏ ȈȍȎȐŲǿȏ ŭȐűǿȏ 

ȈŭȆȘȏ Ȉŭȇ űȓȋ ȈȍȎȐŲȘȋ Űűŭ 1630 cm-1 Ȉŭȇ 1550 cm-1  ŭɵȍűůȉůȀ ǾȋŮůȇȌȅ Ȗűȇ ȍȇ 

ȊȇȈȎȍȈǽȒȍȐȉůȏ ɵȍȐ ɵŭȎǽȑȆȅȈŭȋ Űűȇȏ ůɵŭȋŭȉȅɵűȇȈǾȏ ŮȍȈȇȊǾȏ ŮȇǾȆůűŭȋ ȈǾȉȐŲȍȏ 

Ȋů  Ǿȋŭ ŰȑůűȇȈǽ ɵȇȍ ŮȇŭŰűŭȐȎȓȊǾȋȍ ɵȍȉȐȊůȎȇȈȖ ɵȉǾȃȊŭ Ȋů ȂǽŰȅ ŭȐűȖ űȓȋ 

ŮůȇȃȊǽűȓȋ űȍȐ ɵůȇȎǽȊŭűȍȏ ǫ3. Ƕŭ ŲǽŰȊŭűŭ ŭɵȍȎȎȖŲȅŰȅȏ ȉȍȇɵȖȋ űȓȋ 



çȇɵȉȓȊŭűȇȈǿ ǩȎȃŭŰȀŭ ǸŭȎǽȉŭȊɵȍȏ-ǳŭȋŭȃȇȘűȅȏ ǯɵȖűŰŭȏ 

ǭůŲǽȉŭȇȍ 4: ǧɵȍűůȉǾŰȊŭűŭ ð ǵȐȄǿűȅŰȅ: ǧȋǽɵűȐȌȅ ŮȇůȎȃŭŰȀŭȏ ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ 

ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 75           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

ůɵŭȋŭȉȅɵűȇȈȘȋ ɵůȇȎŭȊǽűȓȋ ůɵŭȉȅȆůȗȍȐȋ űȅȋ ůȇȈȖȋŭ ɵȍȐ ɵŭȎȍȐŰȀŭŰů űȍ 

ȍɵűȇȈȖ ȊȇȈȎȍŰȈȖɵȇȍ ŰȑůűȇȈǽ Ȋů űȍȐȏ ɵȉȅȆȐŰȊȍȗȏ ȊȇȈȎȍȈŭȒȍȐȉȘȋ űȍȐ ȈŭȆůȋȖȏ 

ůȌ õŭȐűȘȋ. Ƕŭ űůȉȇȈǽ ɵȎȍȔȖȋűŭ űȍȐ ɵůȇȎǽȊŭűȍȏ ǫ3_2 ůȀȋŭȇ ŭȐűǽ ɵȍȐ ɵȉȅŰȇǽȄȍȐȋ 

ɵůȎȇŰŰȖűůȎȍ űȅȋ ůȇȈȖȋŭ űȓȋ ŭȎȑȇȈȘȋ ŮůȇȃȊǽűȓȋ. ǧȋűȀȆůűŭ ȍȇ ȊȇȈȎȍȈǽȒȍȐȉůȏ 

űȓȋ ɵůȇȎŭȊǽűȓȋ ǫ3_1 Ȉŭȇ ǫ3_3 ŭɵȍȈȉȀȋȍȐȋ ůȉŭŲȎȘȏ ŭɵȖ űȅȋ ůȊŲǽȋȇŰȅ Ȉŭȇ űȅ 

ȑȅȊȇȈǿ ŮȍȊǿ űȓȋ ŭȎȑȇȈȘȋ, ŭɵȍŮȀŮȍȐȋ ȖȊȓȏ ȊȀŭ ȈŭȉȗűůȎȅ ůȇȈȖȋŭ ȍɵűȇȈǽ Ȉŭȇ ȍȇ 

ȈǽȒȍȐȉůȏ ŮȇǾȆůűŭȋ ŲŭȇȋȍȊůȋȇȈǽ ɵȇȍ ŭȋȆůȈűȇȈǿ ŮȍȊǿ. 

 

ǵȑǿȊŭ 4.4 ŪȎǽŲȅȊŭ FTIR ȃȇŭ űŭ ɵůȇȎǽȊŭűŭ ǫ3, ǫ3_1, ǫ3_2 Ȉŭȇ ǫ3_3. 

 

4.2.6. ǯůȉǾűȅ ŭɵȖŮȍŰȅȏ ůȃȈȉůȇŰȊȍȗ ȉȇɵŭȋűȇȈȍȗ ůȉŭȀȍȐ (Encapsulation 

Efficiency) 

ǲȇ ŭɵȍŮȖŰůȇȏ ůȃȈȉůȇŰȊȍȗ ȃȇŭ űŭ ůɵŭȋŭȉȅɵűȇȈǽ ɵůȇȎǽȊŭűŭ ȐɵȍȉȍȃȀŰűȅȈŭȋ ȊǾŰȓ 

űȅȏ ŮȇŭŮȇȈŭŰȀŭȏ ȆȎŭȗŰȅȏ ȊȇȈȎǿȏ ɵȍŰȖűȅűŭȏ (1 mg) ȊȇȈȎȍȈŭȒȍȐȉȘȋ Űů ȃȍȐŮȀ Ȉŭȇ 

Űűȅ ŰȐȋǾȑůȇ ǾȈɵȉȐŰȅ Ȋů ůȌǽȋȇȍ, ȌǿȎŭȋŰȅ Ȉŭȇ ȄȗȃȇŰȅ űȓȋ ɵȍŰȍűǿűȓȋ ȐȉȇȈȍȗ 

ȈůȉȗŲȍȐȏ Ȉŭȇ ɵȐȎǿȋŭ ŭȋűȀŰűȍȇȑŭ. ǳŭȎŭűȅȎůȀűŭȇ Ȗűȇ ȅ ŭɵȖŮȍŰȅ ůȃȈȉůȇŰȊȍȗ Űűŭ 

ůɵŭȋŭȉȅɵűȇȈǽ ɵůȇȎǽȊŭűŭ ǫ3_1 Ȉŭȇ ǫ3_2 ůȀȋŭȇ ɵŭȎůȊŲůȎǿȏ Ȋů űȍ ŭȎȑȇȈȖ 

ɵůȀȎŭȊŭ. ǳŭȎǽ ŮȅȉŭŮǿ űȇȏ ŮȇŭŲȍȎǾȏ ȊůűŭȌȗ űȍȐȏ ŰűȍȐȏ ȐɵȖȉȍȇɵȍȐȏ 



çȇɵȉȓȊŭűȇȈǿ ǩȎȃŭŰȀŭ ǸŭȎǽȉŭȊɵȍȏ-ǳŭȋŭȃȇȘűȅȏ ǯɵȖűŰŭȏ 

ǭůŲǽȉŭȇȍ 4: ǧɵȍűůȉǾŰȊŭűŭ ð ǵȐȄǿűȅŰȅ: ǧȋǽɵűȐȌȅ ŮȇůȎȃŭŰȀŭȏ ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ 

ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 76           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

ȑŭȎŭȈűȅȎȇŰȊȍȗȏ ůɵȇȂůȂŭȇȘȋůűŭȇ Ȉŭȇ ŭɵȖ ŭȐűǿ űȅȋ ȊůȉǾűȅ űȍ ȃůȃȍȋȖȏ Ȗűȇ Űűȇȏ 

ȈǽȒȍȐȉůȏ ɵȍȐ ŰȑȅȊŭűȀŰűȅȈŭȋ űȍ ȉȇɵŭȋűȇȈȖ Ǿȉŭȇȍ ůȃȈȉůȀŰűȅȈů Ȋů ůɵȇűȐȑȀŭ Űűȍ 

ůŰȓűůȎȇȈȖ űȍȐ. ǣŰȍ ŭȋŭŲȍȎǽ űȍ ɵůȀȎŭȊŭ ǫ3_3, Ȋů ȂǽŰȅ űȇȏ ŭɵȍȈȉȀŰůȇȏ Űů ŰȑǾŰȅ 

Ȋů űȍ ŭȎȑȇȈȖ ɵůȀȎŭȊŭ ɵȍȐ ɵŭȎŭűȅȎǿȆȅȈŭȋ ȊǾŰȓ űȓȋ ȑŭȎŭȈűȅȎȇŰȊȘȋ űȍȐ, Ůůȋ 

ɵȎŭȃȊŭűȍɵȍȇǿȆȅȈů ɵůȇȎŭȊŭűȇȈǽ ɵȎȍŰŮȇȍȎȇŰȊȖȏ űȅȏ ŭɵȖŮȍŰȅȏ ůȃȈȉůȇŰȊȍȗ űȍȐ 

ȉȇɵŭȋűȇȈȍȗ ůȉŭȀȍȐ. 

ǳȀȋŭȈŭȏ 4.7 ǧɵȍűůȉǾŰȊŭűŭ ŭɵȖŮȍŰȅȏ ůȃȈȉůȇŰȊȍȗ űȍȐ ůȉŭȀȍȐ ȃȇŭ űŭ ɵůȇȎǽȊŭűŭ ǫ3,ǫ3_1, 

ǫ3_2, ǫ3_3. 

çůȀȃȊŭ ǧɵȖŮȍŰȅ ǩȃȈȉůȇŰȊȍȗ (%) 

H3 79 

H3_1 77 

H3_2 79 

ǫ3_3 * 

*çůȋ Ǿȑůȇ ɵȎȍŰŮȇȍȎȇŰűůȀ ɵůȇȎŭȊŭűȇȈǽ 

ǯů ȂǽŰȅ ȖȉȍȐȏ űȍȐȏ ȑŭȎŭȈűȅȎȇŰȊȍȗȏ ɵȍȐ ɵȎŭȃȊŭűȍɵȍȇǿȆȅȈŭȋ ȃȇŭ űŭ 

ůɵŭȋŭȉȅɵűȇȈǽ ɵůȇȎǽȊŭűŭ ǫ3_1, ǫ3_2 Ȉŭȇ ǫ3_3 ɵŭȎŭűȅȎǿȆȅȈŭȋ ŰȅȊŭȋűȇȈǾȏ 

ŭɵȍȈȉȀŰůȇȏ Ȋů űŭ ŭɵȍűůȉǾŰȊŭűŭ űȍȐ ŭȎȑȇȈȍȗ ɵůȇȎǽȊŭűȍȏ ǫ3. ǲȇ ɵȇȍ ŰȅȊŭȋűȇȈǾȏ 

ŭɵȖ ŭȐűǾȏ ŰȅȊůȇȘȆȅȈŭȋ Űűȇȏ ůȇȈȖȋůȏ űȍȐ ȊȇȈȎȍŰȈȍɵȀȍȐ ȅȉůȈűȎȍȋȇŭȈǿȏ ŰǽȎȓŰȅȏ 

Ȉŭȇ Űűȅȋ ŭȋǽȉȐŰȅ űȍȐ ȊůȃǾȆȍȐȏ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ. ǣɵȓȏ ɵŭȎȍȐŰȇǽŰűȅȈů 

ŭɵȖ űȇȏ ůȇȈȖȋůȏ űȍȐ SEM, ȍȇ ȊȇȈȎȍȈǽȒȍȐȉůȏ ůȀȑŭȋ ɵȇȍ űȎŭȑȇǽ ůɵȇŲǽȋůȇŭ ȅ ȍɵȍȀŭ 

ŲǽȋȅȈů ȋŭ Ǿȑůȇ ȈŭűŭɵȍȋȅȆůȀ ůȋȘ ŮȇŭɵȇŰűȘȆȅȈů ȅ ȗɵŭȎȌȅ ȊůȃǽȉȍȐ ŭȎȇȆȊȍȗ 

ȍȉȇȃȍȊůȎȘȋ ɵȍȉȐ(ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ) ɵȍȐ ůȀȑŭȋ ůɵȇȈŭȆȀŰůȇ Űűȅȋ ůɵȇŲǽȋůȇŭ 

űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ ȅ Űűȅȋ ȊȍȎŲǿ ůȉůȗȆůȎȓȋ ŰȐŰŰȓȊŭűȓȊǽűȓȋ. Ƕȅȋ ŮȇŭŲȍȎǽ 

Űűȍ ȊǾŰȍ ȊǾȃůȆȍȏ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ ŭȋǽȊůŰŭ Űűȍ ŭȎȑȇȈȖ ɵůȀȎŭȊŭ Ȉŭȇ űȇȏ 

ůɵŭȋŭȉǿȒůȇȏ űȍȐ ɵȎȍȈǽȉůŰů ȅ ȉŭȋȆŭŰȊǾȋȅ ȂŭȆȊȍȋȖȊȅŰȅ űȍȐ ɵůȑŭȊǾűȎȍȐ ɵȎȇȋ 

ŭɵȖ űȅȋ ȎȗȆȊȇŰȅ űȍȐ pH űȍȐ ŮȇŭȉȗȊŭűȍȏ. ǧȐűȖ ůȀȑů Űŭȋ ŭɵȍűǾȉůŰȊŭ űȅȋ 

ŮȅȊȇȍȐȎȃȀŭ ɵȇȍ ȖȌȇȋȓȋ ŰȐȋȆȅȈȘȋ Űů ŰȑǾŰȅ Ȋů űȇȏ ȇŮŭȋȇȈǾȏ ɵůȇȎŭȊŭűȇȈǾȏ (pH = 

3.5) Ȉŭȇ űůȉȇȈǽ űȅȋ ŮȅȊȇȍȐȎȃȀŭ ȊȇȈȎȍȈŭȒȍȐȉȘȋ ȊȇȈȎȖűůȎȍȐ ȊůȃǾȆȍȐȏ. ǵů ȖȌȇȋȍ 

ɵůȎȇȂǽȉȉȍȋ Ȉŭűŭȉȗůűŭȇ ȅ ŭȋűȀŮȎŭŰȅ ŰȐȊɵȗȈȋȓŰȅȏ ȊůűŭȌȗ űȓȋ ȍȉȇȃȍȊůȎȘȋ Ȉŭȇ 

ŭȎȑȀȄȍȐȋ ȋŭ ŰȑȅȊŭűȀȄȍȋűŭȇ ȊůȃŭȉȗűůȎȍȐ ȊȍȎȇŭȈȍȗ ȂǽȎȍȐȏ ɵȍȉȐȊůȎǿ űŭ ȍɵȍȀŭ 

Ȇŭ ŮȇŭŰűŭȐȎȓȆȍȗȋ ŰȑȅȊŭűȀȄȍȋűŭȏ űȍ ɵȍȉȐȊůȎȇȈȖ ɵȉǾȃȊŭ űȍȐ ȈůȉȗŲȍȐȏ. ǧȋ űȍ 

pH ůȀȋŭȇ ȑŭȊȅȉȖűůȎȍ, ȅ ŭȋűȇŮȎǽŰůȇȏ ŰȐȊɵȗȈȋȓŰȅȏ ȉŭȊȂǽȋȍȐȋ ȑȘȎŭ Ȋů 

ȊůȃŭȉȗűůȎȅ ůȐȈȍȉȀŭ Ȉŭȇ űŭȑȗűȅűŭ Ȋů ŭɵȍűǾȉůŰȊŭ ȋŭ ŭȐȌǽȋůűŭȇ ȅ ɵȍŰȖűȅűŭ 



çȇɵȉȓȊŭűȇȈǿ ǩȎȃŭŰȀŭ ǸŭȎǽȉŭȊɵȍȏ-ǳŭȋŭȃȇȘűȅȏ ǯɵȖűŰŭȏ 

ǭůŲǽȉŭȇȍ 4: ǧɵȍűůȉǾŰȊŭűŭ ð ǵȐȄǿűȅŰȅ: ǧȋǽɵűȐȌȅ ŮȇůȎȃŭŰȀŭȏ ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ 

ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 77           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

ŰȓȊŭűȇŮȀȓȋ ɵȍȉȐ(ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ) ȊȇȈȎȍȗ ȊȍȎȇŭȈȍȗ ȂǽȎȍȐȏ űŭ ȍɵȍȀŭ 

Ůůȋ ŰȐȊɵȐȈȋȘȋȍȋűŭȇ ɵůȎŭȇűǾȎȓ Ȉŭȇ Ůůȋ ɵŭȀȎȋȍȐȋ ȊǾȎȍȏ Űűȍȋ ŰȑȅȊŭűȇŰȊȖ űȍȐ 

ȈůȉȗŲȍȐȏ. ǧȋűȀȆůűŭ ůɵȇȈǽȆȍȋűŭȇ Űűȅȋ ůɵȇŲǽȋůȇŭ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ. ǩɵȀŰȅȏ 

Űů ȑŭȊȅȉȖűůȎȍ pH űŭ ȊȖȎȇŭ űȍȐ ȃŭȉŭȈűȓȊŭűȍɵȍȇȅűǿ ȃȀȋȍȋűŭȇ ɵůȎȇŰŰȖűůȎȍ 

ȐŮȎȖŲȍȂŭ Ȉŭȇ ȐɵǽȎȑůȇ ȈȀȋŮȐȋȍȏ ŮȇǽŰɵŭŰȅȏ űȍȐ ŰűȎȘȊŭűȍȏ ɵȍȐ ǾȑȍȐȋ 

ŰȑȅȊŭűȀŰůȇ ȃȗȎȓ ŭɵȖ űŭ ŰűŭȃȍȋȀŮȇŭ űȍȐ ȐȉȇȈȍȗ űȍȐ ɵȐȎǿȋŭ, Ȉŭȇ ɵȇȆŭȋǿȏ 

ŮȇŭȎȎȍǿȏ Űűȅȋ ȐŮŭűȇȈǿ ŲǽŰȅ, Ȋȅ ȈŭȆȇŰűȘȋűŭȏ ŮȐȋŭűȖ űȍȋ ůȃȈȉůȇŰȊȖ. ǟȎŭ ůȀȋŭȇ 

ɵȇȆŭȋǿ Ȉŭȇ ȅ ɵűȘŰȅ űȅȏ ŭɵȖŮȍŰȅȏ ůȃȈȉůȇŰȊȍȗ űȅȏ ŭȋűȀŮȎŭŰȅȏ [82]. Ǡɵůȇűŭ ŭɵȖ 

ŭȐűȖ űȍ ŰȐȊȂǽȋ ɵȎȇȋ ŭɵȖ ȈǽȆů ɵůȀȎŭȊŭ ɵȎŭȃȊŭűȍɵȍȇǿȆȅȈů ɵŭȎŭȃȓȃǿ ȋǾȍȐ 

ŮȇŭȉȗȊŭűȍȏ ȐŮȎȍȌůȇŮȀȍȐ űȍȐ ȋŭűȎȀȍȐ Ȉŭȇ ȂŭȆȊȍȋȖȊȅŰȅ űȍȐ ɵůȑŭȊǾűȎȍȐ. ǯů 

ȃȋȘȊȍȋŭ űȇȏ ŰȅȊŭȋűȇȈǾȏ ŭȐűǾȏ ŭɵȍȈȉȀŰůȇȏ Ȋů űȍ ŭȎȑȇȈȖ ɵůȀȎŭȊŭ ȅ ɵȎȍŰɵǽȆůȇŭ 

ůɵŭȋǽȉȅȒȅȏ űȓȋ ŭɵȍűůȉůŰȊǽűȓȋ űȍȐ ȊǾŰȓ űȓȋ ɵůȇȎŭȊǽűȓȋ ǫ3_1, ǫ3_2 Ȉŭȇ 

ǫ3_3 ȈȎȀȆȅȈů ŭɵȍűȐȑȅȊǾȋȅ. 

 

4.3. ǯůȉǾűȅ ůɵŭȋŭȉȅȒȇȊȖűȅűŭȏ ŮȇůȎȃŭŰȀŭȏ Űů ŰȗŰűȅȊŭ 

ȊȇȈȎȍȈŭȒȍȐȉȘȋ ŭȐűȍǦŭŰȅȏ. 

Ƕŭ ŭɵȍűůȉǾŰȊŭűŭ űȓȋ ɵůȇȎŭȊǽűȓȋ űȅȏ ɵŭȎŭȃȓȃǿȏ ȊȇȈȎȍȈŭȒȍȐȉȘȋ 

ɵȍȉȐ(ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ) ɵȍȐ ɵůȎȇǾȑȍȐȋ Űűȍ ůŰȓűůȎȇȈȖ űȍȐȏ ȉȇɵŭȋűȇȈȖ 

Ǿȉŭȇȍ (Shell Rimula R3+ 30) ȊǾŰȓ űȅȏ űůȑȋȇȈǿȏ űȍȐ ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ 

ȍŮǿȃȅŰŭȋ Űűȍ ůȌǿȏ ŰȐȊɵǾȎŭŰȊŭ. ǳŭȎǽ űȍ ȃůȃȍȋȖȏ Ȗűȇ ŰȑȅȊŭűȀȄȍȋűŭȋ 

ȊȇȈȎȍȈǽȒȍȐȉůȏ Űűȍ ȃŭȉǽȈűȓȊŭ, Űů ȈǽȆů ŮůȀȃȊŭ ɵŭȎŭűȅȎǿȆȅȈů ɵȍŰȖűȅűŭ 

ůȉůȐȆǾȎȓȋ ŰȓȊŭűȇŮȀȓȋ PUF ȑŭȊȅȉȍȗ ȊȍȎȇŭȈȍȗ ȂǽȎȍȐȏ ɵȍȐ Ůůȋ ůȀȑů ɵǽȎůȇ ȊǾȎȍȏ 

Űűȍȋ ŰȑȅȊŭűȇŰȊȖ űȍȐ ɵȍȉȐȊůȎȇȈȍȗ ɵȉǾȃȊŭűȍȏ űȍȐ ȈůȉȗŲȍȐȏ. Ƕŭ ŰȓȊŭűȀŮȇŭ ŭȐűǽ 

ůɵȅȎůǽȄȍȐȋ űȅȋ ŮȍȊǿ űȅȏ ůɵȇŲǽȋůȇŭȏ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ ȈŭȆȘȏ ůɵȇȈǽȆȍȋűŭȇ 

Űů ŭȐűǾȏ. ǩɵȀŰȅȏ ůɵȅȎůǽȄȍȐȋ űȇȏ ȆůȎȊȇȈǾȏ ȇŮȇȖűȅűůȏ űȍȐ űůȉȇȈȍȗ ɵȎȍȔȖȋűȍȏ ŮȇȖűȇ 

ȅ ȆůȎȊȍȈȎŭŰȀŭ ŭɵȍȇȈȍŮȖȊȅŰȅȏ űȍȐȏ ůȀȋŭȇ ȑŭȊȅȉȖűůȎȅ ŭɵȖ ŭȐűǿ űȍȐ 

ŮȇŭŰűŭȐȎȓȊǾȋȍȐ Ȉŭȇ ȊůȃŭȉȗűůȎȍȐ ȊȍȎȇŭȈȍȗ ȂǽȎȍȐȏ ɵȍȉȐȊůȎȇȈȍȗ ȈůȉȗŲȍȐȏ. 

ǳŭȎǽ űȍ ȃůȃȍȋȖȏ Ȗűȇ űȍ ɵůȀȎŭȊŭ ǫ2 ůȊŲǽȋȇŰů ȆůűȇȈǽ ŭɵȍűůȉǾŰȊŭűŭ Ȉŭȇ Ȗȉȍȇ ȍȇ 

ȑŭȎŭȈűȅȎȇŰȊȍȀ űȍȐ ǿűŭȋ ůȋȆŭȎȎȐȋűȇȈȍȀ ȈŭȊȀŭ ŭɵȖ űȇȏ  ɵȎȍŰɵǽȆůȇůȏ 

ůɵŭȋǽȉȅȒȅȏ űȍȐ Ůůȋ ŮȇǾȆůűů ŭȎȈůűǾȏ ȍȊȍȇȖűȅűůȏ ŰűȍȐȏ ȑŭȎŭȈűȅȎȇŰȊȍȗȏ űȅȏ Ȋů 

űȍ ŭȎȑȇȈȖ ɵůȀȎŭȊŭ ȍɵȖűů Ȉŭȇ Ůůȋ   ȈȎȀȆȅȈŭȋ ůɵȇűȐȑȅȊǾȋůȏ. ǠűŰȇ ŭɵȍŲŭŰȀŰűȅȈů 

ȋŭ ȊůȉůűȅȆůȀ ůȈűůȋȘȏ űȍ ŰȗŰűȅȊŭ ůȃȈȉůȇŰȊȍȗ ɵȍȉȐ(ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ) ð 



çȇɵȉȓȊŭűȇȈǿ ǩȎȃŭŰȀŭ ǸŭȎǽȉŭȊɵȍȏ-ǳŭȋŭȃȇȘűȅȏ ǯɵȖűŰŭȏ 

ǭůŲǽȉŭȇȍ 4: ǧɵȍűůȉǾŰȊŭűŭ ð ǵȐȄǿűȅŰȅ: ǧȋǽɵűȐȌȅ ŮȇůȎȃŭŰȀŭȏ ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ 

ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 78           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

ůɵȍȌůȇŮȇȈǿȏ ȎȅűȀȋȅȏ ŮȇȃȈȉȐȈȇŮȐȉŭȇȆǾȎŭ ŮȇŰŲŭȇȋȖȉȅȏ ǧ (DGEBA). Ūȇŭ űȍ ŰȗŰűȅȊŭ 

ŭȐűȖ ȐɵǽȎȑůȇ ȊůȃŭȉȗűůȎȍ ȂȇȂȉȇȍȃȎŭŲȇȈȖ ȐɵȖȂŭȆȎȍ ȈŭȆȘȏ Ǿȑůȇ ŭȋŭȉȐȆůȀ 

ȉůɵűȍȊůȎȘȏ ůȎȃŭŰűȅȎȇŭȈǽ Űűŭ ɵȉŭȀŰȇŭ ɵȎȍȅȃȍȗȊůȋȓȋ ŮȇɵȉȓȊŭűȇȈȘȋ 

ůȎȃŭŰȇȘȋ Ȋů ŰȈȍɵȖ űȅȋ ůȋŰȓȊǽűȓŰȅ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ ɵȍȐ ɵůȎȇǾȑȍȐȋ 

ůɵȍȌůȇŮȇȈǿ ȎȅűȀȋȅ Űů ůɵȇȈŭȉȗȒůȇȏ ȃȇŭ ůŲŭȎȊȍȃǾȏ ŭȐűȍȀŭŰȅȏ [48] [77]. 

4.3.1. çȇůȌŭȃȓȃǿ ɵůȇȎǽȊŭűȍȏ Ȋů ȃȋȓŰűǾȏ ŰȐȋȆǿȈůȏ 

ǯů ŰȈȍɵȖ űȅȋ ȊůȉǾűȅ űȓȋ ŰȐȋȆȅȈȘȋ ɵȍȉȐȊůȎȇŰȊȍȗ Űů Ǿȋŭ ȃȋȓŰűȖ ŰȗŰűȅȊŭ 

ɵȎŭȃȊŭűȍɵȍȇǿȆȅȈů űȍ ɵůȀȎŭȊŭ MC18 ȍȇ ɵůȇȎŭȊŭűȇȈǾȏ ŰȐȋȆǿȈůȏ űȍȐ ȍɵȍȀȍȐ 

ǿűŭȋ ȖȊȍȇůȏ Ȋů űȍ ȂǾȉűȇŰűȍ ɵůȀȎŭȊŭ ɵȎȍȅȃȍȗȊůȋȅȏ ŮȇɵȉȓȊŭűȇȈǿȏ ůȎȃŭŰȀŭȏ.  

ǳȀȋŭȈŭȏ 4.8 ǳůȇȎŭȊŭűȇȈǾȏ ŰȐȋȆǿȈůȏ ȃȇŭ űȍ ɵůȀȎŭȊŭ MC18. 

ǵȐŰűŭűȇȈǽ -  ǳŭȎǽȊůűȎȍȇ MC18 

ŪŭȉŭȈűȓȊŭűȍɵȍȇȅűǿȏ (%wt)  0.5 

ǲȐȎȀŭ (%wt)  2.5 

ŬȍȎȊŭȉŮůȁŮȅ(ǷŮ.Ůȇŭȉ.37%) (%wt)  5.12 

ǩɵȍȌůȇŮȇȈǿ ȎȅűȀȋȅ (DGEBA) (%wt)  6.5 

Core : Wall  2 

ǴůŰȍȎȈȇȋȖȉȅ (%wt)  0.25 

ǸȉȓȎȇȍȗȑȍ ŭȊȊȘȋȇȍ (%wt)  0.25 

ūůȎȊȍȈȎŭŰȀŭ (oC) 55 

ǯȅȑŭȋȇȈǿ ŭȋǽŮůȐŰȅ (rpm)  1000 

 

4.3.1.1. ǲɵűȇȈȖ ǯȇȈȎȍŰȈȖɵȇȍ (Optical Microscope) 

ǲȇ ůȇȈȖȋůȏ űȍȐ ȍɵűȇȈȍȗ ȊȇȈȎȍŰȈȍɵȀȍȐ ȃȇŭ űȍ ɵůȀȎŭȊŭ MC18 ŭɵȍŮůȇȈȋȗȍȐȋ űȍȋ 

ŰȑȅȊŭűȇŰȊȖ ŰŲŭȇȎȇȈȘȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ Ȋů Ǿȋŭ ȈǾȉȐŲȍȏ ȇȈŭȋȍɵȍȇȅűȇȈȍȗ ɵǽȑȍȐȏ  

Ȉŭȇ űȅȋ ůɵȍȌůȇŮȇȈǿ ȎȅűȀȋȅ ůȊŲŭȋȘȏ ůɵȇűȐȑȅȊǾȋŭ ůȃȈȉůȇŰȊǾȋȅ Űűȍȋ ɵȐȎǿȋŭ űȍȐȏ. 

ǨǾȂŭȇŭ ɵŭȎŭűȅȎȍȗȋűŭȇ Űűȍ ŮůȀȃȊŭ Ȉŭȇ ȍȉȇȃȍȊůȎǿ PUF ŭȋǽȊůŰŭ Űűȇȏ 

ȊȇȈȎȍȈǽȒȍȐȉůȏ, ȅ ɵȍŰȖűȅűŭ űȍȐȏ ȖȊȓȏ ůȀȋŭȇ ɵȍȉȗ ȊȇȈȎȖűůȎȅ ŭɵȖ ɵȎȍȅȃȍȗȊůȋŭ 

ɵůȇȎǽȊŭűŭ.  

 



çȇɵȉȓȊŭűȇȈǿ ǩȎȃŭŰȀŭ ǸŭȎǽȉŭȊɵȍȏ-ǳŭȋŭȃȇȘűȅȏ ǯɵȖűŰŭȏ 

ǭůŲǽȉŭȇȍ 4: ǧɵȍűůȉǾŰȊŭűŭ ð ǵȐȄǿűȅŰȅ: ǧȋǽɵűȐȌȅ ŮȇůȎȃŭŰȀŭȏ ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ 

ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 79           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3.1.2. ǫȉůȈűȎȍȋȇŭȈǿ ǯȇȈȎȍŰȈȍɵȀŭ ǵǽȎȓŰȅȏ (Scanning Electron Microscopy-

SEM) 

ǲȇ ůȇȈȖȋůȏ űȍȐ ȅȉůȈűȎȍȋȇŭȈȍȗ ȊȇȈȎȍŰȈȍɵȀȍȐ ŰǽȎȓŰȅȏ ŰȐȋǽŮȍȐȋ ŭɵȖȉȐűŭ Ȋů űȇȏ 

ůȇȈȖȋůȏ űȍȐ ȍɵűȇȈȍȗ ȊȇȈȎȍŰȈȍɵȀȍȐ. ŬŭȀȋůűŭȇ ȌůȈǽȆŭȎŭ Ȗűȇ űȍ ŮůȀȃȊŭ ŮȇŭȆǾűůȇ 

Ǿȋŭȋ Ȋůȃǽȉȍ Űů ŭȎȇȆȊȖ ɵȉȅȆȐŰȊȖ Ȉŭȇ Ȗȉůȏ ȍȇ ȈǽȒȍȐȉůȏ ǾȑȍȐȋ ŰŲŭȇȎȇȈȖ ŰȑǿȊŭ. 

ǩɵȀŰȅȏ ɵŭȎŭűȅȎȍȗȋűŭȇ űŭ ȍȉȇȃȍȊůȎǿ PUF, űŭ ȍɵȍȀŭ ǾȑȍȐȋ ůɵȇȈŭȆȀŰůȇ Űűȅȋ 

ůɵȇŲǽȋůȇŭ Ȉǽɵȍȇȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ, ȑȓȎȀȏ ȖȊȓȏ űȍ ȃůȃȍȋȖȏ ŭȐűȖ ȋŭ ůɵȅȎůǽȄůȇ 

űȅȋ ȍȉȇȈǿ ůȇȈȖȋŭ űȍȐ ŮůȀȃȊŭűȍȏ. 

ǩȇȈȖȋŭ 4.17 ǩȇȈȖȋŭ ȍɵűȇȈȍȗ 

ȊȇȈȎȍŰȈȍɵȀȍȐ ŮůȀȃȊŭ ŭȋŭŲȍȎǽȏ PUF-

ůŰűȀŭŰȅ x10. 

ǩȇȈȖȋŭ 4.18 ǩȇȈȖȋŭ ȍɵűȇȈȍȗ 

ȊȇȈȎȍŰȈȍɵȀȍȐ ŮůȀȃȊŭ ŭȋŭŲȍȎǽȏ 

ȎȅűȀȋȅȏ-ůŰűȀŭŰȅ x10. 

ǩȇȈȖȋŭ 4.19 ǩȇȈȖȋŭ ȍɵűȇȈȍȗ 

ȊȇȈȎȍŰȈȍɵȀȍȐ ɵůȀȎŭȊŭ MC18 -  ůŰűȀŭŰȅ 

x5. 

ǩȇȈȖȋŭ 4.20 ǩȇȈȖȋŭ ȍɵűȇȈȍȗ 

ȊȇȈȎȍŰȈȍɵȀȍȐ ɵůȀȎŭȊŭ MC18 -ůŰűȀŭŰȅ 

x10.  
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ǭůŲǽȉŭȇȍ 4: ǧɵȍűůȉǾŰȊŭűŭ ð ǵȐȄǿűȅŰȅ: ǧȋǽɵűȐȌȅ ŮȇůȎȃŭŰȀŭȏ ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ 

ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 80           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

 

    

    

 

4.3.1.3. ǧȋǽȉȐŰȅ ȊůȃǾȆȍȐȏ ŰȓȊŭűȇŮȀȓȋ Ȋů ŰȈǾŮŭŰȅ ŮǾŰȊȅȏ laser 

ǳŭȎŭűȅȎůȀűŭȇ Ȗűȇ ůȋȘ Űűȍ ɵůȀȎŭȊŭ ȍ ȎȐȆȊȖȏ ŭȋǽŮůȐŰȅȏ ǿűŭȋ ȐȒȅȉȖȏ, 

ŰȐȃȈůȈȎȇȊǾȋŭ 1000 rpm, űȍ ȊǾŰȍ ȊǾȃůȆȍȏ űȍȐ ɵȉȅȆȐŰȊȍȗ űȍȐ ŮůȀȃȊŭűȍȏ 

ȐɵȍȉȍȃȀŰűȅȈů Űűŭ 68 Ȋm.  

ǳȀȋŭȈŭȏ 4.9 ǧɵȍűůȉǾŰȊŭűŭ ŭȋǽȉȐŰȅȏ ȊůȃǾȆȍȐȏ ŰȓȊŭűȇŮȀȓȋ Ȋů ŰȈǾŮŭŰȅ laser ȃȇŭ űȍ 

ɵůȀȎŭȊŭ MC18. 

çůȀȃȊŭ D [4,3]  (Ȋm)  D (v, 0.1)  (Ȋm)  D (v, 0.5)  (Ȋm)  D (v, 0.9)  (Ȋm)  PDI 

MC18 68 32 62 117 1.36 

 

ǩȇȈȖȋŭ 4.21 ǩȇȈȖȋŭ SEM űȍȐ ɵůȇȎǽȊŭűȍȏ 

MC18 ð x30. 

ǩȇȈȖȋŭ 4.22 ǩȇȈȖȋŭ SEM űȍȐ ɵůȇȎǽȊŭűȍȏ 

MC18 ð x100. 

ǩȇȈȖȋŭ 4.24 ǩȇȈȖȋŭ SEM űȍȐ ɵůȇȎǽȊŭűȍȏ 

MC18 ð x200. 

ǩȇȈȖȋŭ 4.23 ǩȇȈȖȋŭ SEM űȍȐ ɵůȇȎǽȊŭűȍȏ 

MC18 ð x850. 



çȇɵȉȓȊŭűȇȈǿ ǩȎȃŭŰȀŭ ǸŭȎǽȉŭȊɵȍȏ-ǳŭȋŭȃȇȘűȅȏ ǯɵȖűŰŭȏ 

ǭůŲǽȉŭȇȍ 4: ǧɵȍűůȉǾŰȊŭűŭ ð ǵȐȄǿűȅŰȅ: ǧȋǽɵűȐȌȅ ŮȇůȎȃŭŰȀŭȏ ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ 

ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 81           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

 

4.3.1.4. ūůȎȊȍŰűŭȆȊȇȈǿ ŭȋǽȉȐŰȅ (Thermogravimetric Analysis - TGA) 

ǫ ɵȎȘűȅ ɵŭȎŭűǿȎȅŰȅ ɵȍȐ ȃȀȋůűŭȇ ŰȑůűȇȈǽ Ȋů űŭ ŭɵȍűůȉǾŰȊŭűŭ űȅȏ 

ȆůȎȊȍŰűŭȆȊȇȈǿȏ ŭȋǽȉȐŰȅȏ ůȀȋŭȇ Ȗűȇ űŭ ȐȉȇȈǽ ŭȋŭŲȍȎǽȏ ɵŭȎȍȐŰȇǽȄȍȐȋ ȆůȎȊȇȈǿ 

ŭɵȍȇȈȍŮȖȊȅŰȅ ůȋȖȏ ŰűŭŮȀȍȐ. ǩȇŮȇȈȖűůȎŭ ȅ ŭɵȍȇȈȍŮȖȊȅŰȅ űȅȏ ɵȍȉȐ(ȍȐȎȀŭȏ-

ŲȍȎȊŭȉŮůȁŮȅȏ) ȌůȈȇȋǽůȇ (Td5%) ŰűȍȐȏ 108 oC Ȉŭȇ  ȎȐȆȊȖȏ ŭɵȘȉůȇŭȏ ȊǽȄŭȏ űȅȏ 

ȊůȃȇŰűȍɵȍȇůȀűŭȇ (Td) ŰűȍȐȏ 267 oC. ǲȊȍȀȓȏ ȃȇŭ űȅȋ ůɵȍȌůȇŮȇȈǿ ȎȅűȀȋȅ ȍȇ 

ȆůȎȊȍȈȎŭŰȀůȏ ŭȐűǾȏ ɵȎȍŰŮȇȍȎȀŰűȅȈŭȋ ŰűȍȐȏ 283 oC (Td5%)  Ȉŭȇ 371 oC (Td) 

ŭȋűȀŰűȍȇȑŭ. ǧȋűȀȆůűŭ űȍ ŮůȀȃȊŭ űȍȐ ɵůȇȎǽȊŭűȍȏ MC18 ɵŭȎȍȐŰȇǽȄůȇ 

ŭɵȍȇȈȍŮȖȊȅŰȅ űȎȇȘȋ ŰűŭŮȀȓȋ. ǩȀȋŭȇ ŭȌȇȍŰȅȊůȀȓűȍ ȖȊȓȏ Ȗűȇ ȅ ǾȋŭȎȌȅ űȅȏ 

ŭɵȍȇȈȍŮȖȊȅŰȅȏ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ (Td5%)  ɵȎŭȃȊŭűȍɵȍȇůȀűŭȇ ŰűȍȐȏ 222 oC Ȉŭȇ 

ŰȑůŮȖȋ Űűȅȋ ȀŮȇŭ ȆůȎȊȍȈȎŭŰȀŭ ɵŭȎŭűȅȎůȀűŭȇ űŭȐűȖȑȎȍȋȅ ŭɵȘȉůȇŭ ȊǽȄŭȏ. ǧɵȖ 

ŭȐűǽ űŭ ŮůŮȍȊǾȋŭ ůȈŲǾȎůűŭȇ űȍ ŰȐȊɵǾȎŭŰȊŭ Ȗűȇ ŰűȍȐȏ 222 oC ɵȇȆŭȋȖűŭűŭ 

ŭɵȍȇȈȍŮȍȊůȀűŭȇ Ȗȉȅ ȅ ɵȍŰȖűȅűŭ űȓȋ ȍȉȇȃȍȊůȎȘȋ PUF ɵȍȐ ȐɵǽȎȑȍȐȋ Űűȍ ŮůȀȃȊŭ 

ůȀűů ůȉůȗȆůȎŭ ǿ ůɵȇȈŭȆǿȊůȋŭ Űűȅȋ ůɵȇŲǽȋůȇŭ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ. ǧɵȖ űȇȏ 

ŭȋŭȉȗŰůȇȏ űȖŰȍ űȍȐ ȍɵűȇȈȍȗ ȊȇȈȎȍŰȈȍɵȀȍȐ ȖŰȍ Ȉŭȇ űȍȐ ȊȇȈȎȍŰȈȍɵȀȍȐ 

ȅȉůȈűȎȍȋȇŭȈǿȏ ŰǽȎȓŰȅȏ Ǿȑůȇ ɵŭȎŭűȅȎȅȆůȀ ȅ ɵŭȎȍȐŰȀŭ ŭȎȈůűȘȋ űǾűȍȇȓȋ 

ȍȉȇȃȍȊůȎȘȋ Űűȍ űůȉȇȈȖ ɵȎȍȔȖȋ űȍȐ ɵůȇȎǽȊŭűȍȏ. ǩɵȀŰȅȏ ȅ ŭɵȘȉůȇŭ ȊǽȄŭȏ Űů ŭȐűȖ 

űȍ ȆůȎȊȍȈȎŭŰȇŭȈȖ ůȗȎȍȏ ȍŲůȀȉůűŭȇ Ȉŭȇ Űűȅȋ ŭȎȑǿ űȅȏ ŭɵȍȇȈȍŮȖȊȅŰȅȏ űȓȋ 

ȊȇȈȎȍȈŭȒȍȐȉȘȋ Ȉŭȇ űȅȋ ŰűŭŮȇŭȈǿ ǾȈȉȐŰȅ űȍȐ ȐȉȇȈȍȗ űȍȐ ɵȐȎǿȋŭ ŭɵȖ űȍ 

ůŰȓűůȎȇȈȖ űȍȐ [83]. Ƕȍ ŮůȗűůȎȍ ŰűǽŮȇȍ ɵȍȐ ɵŭȎŭűȅȎůȀűŭȇ ůȀȋŭȇ Ȉŭȇ Űűȅȋ 

ɵȎŭȃȊŭűȇȈȖűȅűŭ űȍ ɵȎȘűȍ ȃȇŭ űȇȏ ɵȍȉȐȊůȎȇȈǾȏ ȊȇȈȎȍȈǽȒȍȐȉůȏ ȈŭȆȘȏ űȖűů 

ǾȑȍȐȊů űȅȋ ȍȉȇȈǿ ȆůȎȊȇȈǿ ŭɵȍȇȈȍŮȖȊȅŰȅ űȍȐ ɵȍȉȐȊůȎȇȈȍȗ ȈůȉȗŲȍȐȏ ŰűȍȐȏ 297 

oC. ǫ ȆůȎȊȍȈȎŭŰȀŭ űȅȏ ŭɵȍȇȈȍŮȖȊȅŰȅȏ űȅȏ ɵȍȉȐ(ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ) 

ŭȋǾȂȅȈů Űů ŰȑǾŰȅ Ȋů ŭȐűǿ űȍȐ ŮůȀȃȊŭűȍȏ ŭȋŭŲȍȎǽȏ (TdPUF = 267 oC, TdMC18 = 297 

oC) ȈŭȆȘȏ Ǿȑůȇ ŭȐȌȅȆůȀ ȅ ȆůȎȊȇȈǿ űȅȏ ŭȋűȍȑǿ ůŲȖŰȍȋ ȂȎȀŰȈůűŭȇ Űűȅ ȊȍȎŲǿ 

ɵȍȉȐȊůȎȇȈȘȋ ŭȉȐŰȀŮȓȋ ȊůȃŭȉȗűůȎȍȐ ȊȍȎȇŭȈȍȗ ȂǽȎȍȐȏ ɵȍȐ ŮȇŭŰűŭȐȎȘȋȍȋűŭȇ 

ȊůűŭȌȗ űȍȐȏ ŰȑȅȊŭűȀȄȍȋűŭȏ Ǿȋŭ ŰȈȉȅȎȖ ɵȉǾȃȊŭ. ǵűȍ űůȉůȐűŭȀȍ ŰűǽŮȇȍ 

ŭɵȍȇȈȍŮȖȊȅŰȅȏ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ ȍ ȎȐȆȊȖȏ ŭɵȘȉůȇŭȏ ȊǽȄŭȏ űȍȐ ŮůȀȃȊŭűȍȏ 

Ųűǽȋůȇ űȅȋ ȊǾȃȇŰűȅ űȇȊǿ űȍȐ (Td)  ŰűȍȐȏ 401 oC. ǫ ȆůȎȊȍȈȎŭŰȀŭ ŭȐűǿ ŰȑůűȀȄůűŭȇ 

Ȋů űȅȋ ŭɵȍȇȈȍŮȖȊȅŰȅ űȅȏ ůɵȍȌůȇŮȇȈǿȏ ȎȅűȀȋȅȏ ȅ ȍɵȍȀŭ ůɵȇŮůȇȈȋȗůȇ ůɵȀŰȅȏ 

ȈŭȉȗűůȎȅ ŭȋűȍȑǿ Űűȅȋ ŭȗȌȅŰȅ űȅȏ ȆůȎȊȍȈȎŭŰȀŭȏ Űů ŰȑǾŰȅ Ȋů űȍ ŮůȀȃȊŭ 

ŭȋŭŲȍȎǽȏ (Td = 371 oC). ǫ ŭȗȌȅŰȅ űȅȏ ȆůȎȊȍȈȎŭŰȀŭȏ Űűȅȋ ȍɵȍȀŭ ɵȎȍŰŮȇȍȎȀȄůűŭȇ 



çȇɵȉȓȊŭűȇȈǿ ǩȎȃŭŰȀŭ ǸŭȎǽȉŭȊɵȍȏ-ǳŭȋŭȃȇȘűȅȏ ǯɵȖűŰŭȏ 

ǭůŲǽȉŭȇȍ 4: ǧɵȍűůȉǾŰȊŭűŭ ð ǵȐȄǿűȅŰȅ: ǧȋǽɵűȐȌȅ ŮȇůȎȃŭŰȀŭȏ ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ 

ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 82           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

ȅ ŭɵȍȇȈȍŮȖȊȅŰȅȏ űȅȏ ȎȅűȀȋȅȏ ȍŲůȀȉůűŭȇ Űűȅȋ ɵŭȎȍȐŰȀŭ űȍȐ ɵȍȉȐȊůȎȇȈȖ 

ȈůȉȗŲȍȐȏ ɵȍȐ űȅȋ ɵůȎȇȂǽȉȉůȇ. ǲȇ ȊȇȈȎȍȈǽȒȍȐȉůȏ ȉȍȇɵȖȋ ɵȍȐ ɵŭȎǽȑȆȅȈŭȋ Ȉŭűǽ 

űȍȋ ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȖ Űűŭ ɵȉŭȀŰȇŭ űȍȐ ɵůȇȎǽȊŭűȍȏ MC18 ŮȇŭȆǾűȍȐȋ ɵȍȉȗ 

ȈŭȉǾȏ ȆůȎȊȇȈǾȏ ȇŮȇȖűȅűůȏ Ȉŭȇ ɵȎȍŰűŭűůȗȍȐȋ űȍ ȐȉȇȈȖ űȍȐ ɵȐȎǿȋŭ ŭɵȖ űȅȋ 

ȆůȎȊȇȈǿ ŭɵȍȇȈȍŮȖȊȅŰȅ.  

ǳȀȋŭȈŭȏ 4.10 ǧɵȍűůȉǾŰȊŭűŭ ȆůȎȊȍŰűŭȆȊȇȈǿȏ ŭȋǽȉȐŰȅȏ űȍȐ ɵůȇȎǽȊŭűȍȏ MC18 Ȉŭȇ űȓȋ 

ŮůȇȃȊǽűȓȋ ŭȋŭŲȍȎǽȏ. 

çůȀȃȊŭ Td5% (oC) Td (oC) 

 

Td (oC) 

 

Td (oC) 

 

ǷɵȖȉůȇȊȊŭ 

ŰűȍȐȏ 600oC 

(%) 

PUF 108 -  267 -  22.0 

DGEBA 283 -  -  371 4.3 

MC18 222 221 297 401 11.4 

 

 

 

ǵȑǿȊŭ 4.5 ūůȎȊȍȃȎŭŲǿȊŭűŭ ɵůȇȎǽȊŭűȍȏ MC18 Ȉŭȇ ŮůȇȃȊǽűȓȋ ŭȋŭŲȍȎǽȏ. 



çȇɵȉȓȊŭűȇȈǿ ǩȎȃŭŰȀŭ ǸŭȎǽȉŭȊɵȍȏ-ǳŭȋŭȃȇȘűȅȏ ǯɵȖűŰŭȏ 

ǭůŲǽȉŭȇȍ 4: ǧɵȍűůȉǾŰȊŭűŭ ð ǵȐȄǿűȅŰȅ: ǧȋǽɵűȐȌȅ ŮȇůȎȃŭŰȀŭȏ ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ 

ǩȎȃŭŰűǿȎȇȍ ǶůȑȋȍȉȍȃȀŭȏ ǳȍȉȐȊůȎȘȋ 83           ǵȑȍȉǿ ǸȅȊȇȈȘȋ ǯȅȑŭȋȇȈȘȋ ǩǯǳ 

 

4.3.1.5. ŬŭŰȊŭűȍŰȈȍɵȀŭ ȐɵůȎȗȆȎȍȐ Ȋů ȊůűŭŰȑȅȊŭűȇŰȊȖ Fourier (Fourier 

Transform Infrared spectroscopy ð FTIR) 

ǵűȍ ŰȑǿȊŭ 4.6 ɵŭȎȍȐŰȇǽȄȍȋűŭȇ űŭ ŲǽŰȊŭűŭ ŭɵȍȎȎȖŲȅŰȅȏ ȃȇŭ űȍ ŮůȀȃȊŭ űȍȐ 

ɵůȇȎǽȊŭűȍȏ MC18 Ȉŭȇ űȓȋ ŮůȇȃȊǽűȓȋ ŭȋŭŲȍȎǽȏ űȅȏ ɵȍȉȐ(ȍȐȎȀŭȏ-

ŲȍȎȊŭȉŮůȁŮȅȏ) (PUF) Ȉŭȇ űȅȏ ůɵȍȌůȇŮȇȈǿȏ ȎȅűȀȋȅȏ (DGEBA). ǲȇ ɵůȎȇŰŰȖűůȎůȏ 

ȑŭȎŭȈűȅȎȇŰűȇȈǾȏ ȈȍȎȐŲǾȏ űȍȐ PUF (Ȋɵȉů ȑȎȘȊŭ) ůɵȇȈŭȉȗɵűȍȋűŭȇ Ȋů ŭȐűǾȏ űȅȏ 

ȎȅűȀȋȅȏ (ȈȖȈȈȇȋȍ ȑȎȘȊŭ) ȍɵȖűů ȍȇ ȊȍȋŭŮȇȈǾȏ ȈȍȎȐŲǾȏ ɵȍȐ Ȋŭȏ ŮȀȋȍȐȋ 

ɵȉȅȎȍŲȍȎȀůȏ ȃȇŭ ŭȐűȖ ůȀȋŭȇ ȅ ȈȍȎȐŲǿ Űűŭ 3365 cm-1 Ȉŭȇ ŭȐűǿ Űűŭ 1555 cm-1. ǫ 

ɵȎȘűȅ ȈȍȎȐŲǿ ŭȋűȇŰűȍȇȑůȀ Űűȇȏ ɵȎȓűȍűŭȃůȀȏ Ȉŭȇ ŮůȐűůȎȍűŭȃůȀȏ ŭȊȀȋůȏ. ǫ 

ǾȋűŭŰȅ űȅȏ ȈȍȎȐŲǿȏ Űűȍ ɵůȀȎŭȊŭ MC18 ůȀȋŭȇ ȑŭȊȅȉǿ, ɵȍȐ ŰȅȊŭȀȋůȇ Ȗűȇ Ůůȋ 

ŭȋȇȑȋůȗȆȅȈŭȋ ɵȍȉȉȍȀ ŮůŰȊȍȀ ɵȎȓűȍűŭȃȘȋ Ȉŭȇ ŮůȐűůȎȍűŭȃȘȋ ŭȊȇȋȘȋ, ȍȇ ȍɵȍȀȍȇ 

ůȀȋŭȇ ȑŭȎŭȈűȅȎȇŰűȇȈȖ űȓȋ ȍȉȇȃȍȊůȎȘȋ ɵȍȉȐ(ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ). ǫ ǾȋűŭŰȅ 

űȅȏ ȈȍȎȐŲǿȏ ŭȐűǿ ȉȍȇɵȖȋ ŭȋŭŮůȇȈȋȗůȇ űȍȋ ŰȑȅȊŭűȇŰȊȖ ůȋȖȏ ŮȇŭŰűŭȐȎȓȊǾȋȍȐ 

ɵȍȉȐȊůȎȇȈȍȗ ȈůȉȗŲȍȐȏ ȃȗȎȓ ŭɵȖ űȍȋ ɵȐȎǿȋŭ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ. ǲȇ 

ȑŭȎŭȈűȅȎȇŰűȇȈǾȏ ȈȍȎȐŲǾȏ űȅȏ ȎȅűȀȋȅȏ Űűŭ 3057 cm-1 Ȉŭȇ 2966 cm-1 ŭȋűȇŰűȍȇȑȍȗȋ 

Űűȇȏ ŮȍȋǿŰůȇȏ ǾȈűŭŰȅȏ űȓȋ ŮůŰȊȘȋ =CH. ǳȍȉȗ ŰȅȊŭȋűȇȈǾȏ ůȀȋŭȇ ȍȇ ȈȍȎȐŲǾȏ ȍȇ 

ȍɵȍȀůȏ ȍŲůȀȉȍȋűŭȇ Űűȇȏ ŮȍȋǿŰůȇȏ ǾȈűŭŰȅȏ űȓȋ ŮůŰȊȘȋ űȍȐ ŭȎȓȊŭűȇȈȍȗ 

ŮŭȈűȐȉȀȍȐ. ǵȐȃȈůȈȎȇȊǾȋŭ ȅ ȈȍȎȐŲǿ Űűŭ 1607 cm-1 ŭȋűȇŰűȍȇȑůȀ ŰűȍȐȏ ŮůŰȊȍȗȏ  

VC=C Ȉŭȇ ŭȐűǾȏ Űűŭ   1510 cm-1 Ȉŭȇ 1235 cm-1  ŭȋűȇŰűȍȇȑȍȗȋ Űů ŮůŰȊȍȗȏ -C-O-C-

. ǶǾȉȍȏ ȅ ȈȍȎȐŲǾȏ Űűŭ 913 cm-1 Ȉŭȇ 827 cm-1 ȍŲůȀȉȍȋűŭȇ Űűȅȋ ǾȈűŭŰȅ űȓȋ 

ŭȇȆůȎȇȈȘȋ ŮůŰȊȘȋ űȍȐ ůɵȍȌůȇŮȇȈȍȗ ŮŭȈűȐȉȀȍȐ ȍȇ ȍɵȍȀȍȇ ŭɵȍŮůȇȈȋȗȍȐȋ űȍȋ 

ůɵȇűȐȑȅȊǾȋȍ ůȃȈȉůȇŰȊȖ űȅȏ ůɵȍȌůȇŮȇȈǿȏ ȎȅűȀȋȅȏ Űűȍ ůŰȓűůȎȇȈȖ űȍȐ ɵȍȉȐȊůȎȇȈȍȗ 

ȈůȉȗŲȍȐȏ [8] [81] [84]. 
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ǵȑǿȊŭ 4.6 ŪȎǽŲȅȊŭ FTIR ȃȇŭ űȍ ɵůȇȀȎŭȊŭ MC18 Ȉŭȇ űŭ ŮůȀȃȊŭűŭ ŭȋŭŲȍȎǽȏ. 

 

4.3.1.6. ǯůȉǾűȅ ŭɵȖŮȍŰȅȏ ůȃȈȉůȇŰȊȍȗ ȎȅűȀȋȅȏ (Encapsulation Efficiency) 

ǯǾŰȓ űȅȏ ȊůȆȖŮȍȐ űȅȏ ůȈȑȗȉȇŰȅȏ ɵȎȍŰŮȇȍȎȀŰűȅȈů ȅ ŭɵȖŮȍŰȅ ůȃȈȉůȇŰȊȍȗ ȃȇŭ űȍ 

ɵůȀȎŭȊŭ MC18. ǯȇȈȎǿ ɵȍŰȖűȅűŭ ȊȇȈȎȍȈŭȒȍȐȉȘȋ (1,0052 g) ȈȍȋȇȍȎűȍɵȍȇǿȆȅȈů 

Űů ȃȍȐŮȀ ȘŰűů ȋŭ ůɵȇűůȐȑȆůȀ ȆȎŭȗŰȅ űȓȋ ȈŭȒȍȐȉȘȋ Ȉŭȇ ȋŭ ůȈȉȐȆůȀ ŭɵȖ űȍ 

ůŰȓűůȎȇȈȖ űȍȐȏ ȅ ůɵȍȌůȇŮȇȈǿ ȎȅűȀȋȅ. ǵűȅ ŰȐȋǾȑůȇŭ Ǿȃȇȋů ǾȈɵȉȐŰȅ űȍȐ ŮůȀȃȊŭűȍȏ 

Ȋů ŭȈůűȖȋȅ ɵȍȐ ŮȎŭ ȓȏ Ůȇŭȉȗűȅȏ ȃȇŭ űȅȋ ȎȅűȀȋȅ ȘŰűů ȋŭ ŮȇŭȑȓȎȇŰűůȀ Ȋů űȅȋ 

ɵȍȉȐ(ȍȐȎȀŭ-ŲȍȎȊŭȉŮůȁŮȅ) Ȉŭȇ űŭ ȆȎŭȗŰȊŭűŭ űȓȋ ȈůȉȐŲȘȋ űȓȋ 

ȊȇȈȎȍȈŭȒȍȐȉȘȋ ȖŰȍ Ȉŭȇ  ŭŲǾȆȅȈŭȋ ɵȎȍȏ ȌǿȎŭȋŰȅ. ǫ ɵȍŰȖűȅűŭ űůȉȇȈǽ 

ȄȐȃȀŰűȅȈů Ȉŭȇ ȐɵȍȉȍȃȀŰűȅȈů ɵȓȏ űȍ 13% űȍȐ ŰȐȋȍȉȇȈȍȗ ȂǽȎȍȐȏ űȍȐ ŮůȀȃȊŭűȍȏ 

ɵȍȐ űȍɵȍȆůűǿȆȅȈů Űűȍ ȃȍȐŮȀ ŭɵȍŮȀŮůűŭȇ Űűŭ ȈůȉȗŲȅ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ [85]. 

ǵűȍ ɵůȀȎŭȊŭ MC18 ȅ ŭɵȖŮȍŰȅ ůȃȈȉůȇŰȊȍȗ ȐɵȍȉȍȃȀŰűȅȈů Űűȍ ɵȍŰȍŰűȖ 87%, Ǿȋŭ 

ɵȍȉȗ ȐȒȅȉȖ ȋȍȗȊůȎȍ ɵȍȐ ůɵȇȈȗȎȓŰů űȅȋ ůɵȇűȐȑȀŭ űȍȐ ŰȐȃȈůȈȎȇȊǾȋȍȐ 

ɵůȇȎǽȊŭűȍȏ. 
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4.3.2. ǯůȉǾűȅ ůɵŭȋŭȉȅȒȇȊȖűȅűŭȏ  ɵůȇȎǽȊŭűȍȏ MC18 

Ƕŭ ŭɵȍűůȉǾŰȊŭűŭ űȍȐ ɵůȇȎǽȊŭűȍȏ MC18 ȈȎȀȆȅȈŭȋ Ȋů ȂǽŰȅ űȅȋ ŮȇŭŮȇȈŭŰȀŭ űȓȋ 

ȑŭȎŭȈűȅȎȇŰȊȘȋ ǽȈȎȓȏ ȇȈŭȋȍɵȍȇȅűȇȈǽ. ǧɵȖ űȇȏ ůȇȈȖȋůȏ űȍȐ ȍɵűȇȈȍȗ 

ȊȇȈȎȍŰȈȍɵȀȍȐ Ȉŭȇ űȍȐ ȊȇȈȎȍŰȈȍɵȀȍȐ ȅȉůȈűȎȍȋȇŭȈǿȏ ŰǽȎȓŰȅȏ ůȀȋŭȇ ȌůȈǽȆŭȎȍȏ ȍ 

ŰȑȅȊŭűȇŰȊȖȏ ŰűȎȍȃȃȐȉȘȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ Ȋů ŭȋȆůȈűȇȈǿ ůɵȇŲǽȋůȇŭ Űűȇȏ ȍɵȍȀůȏ 

ɵůȎȇǾȑůűŭȇ ůɵȍȌůȇŮȇȈǿ ȎȅűȀȋȅ. ǳŭȎǽȉȉȅȉŭ ȅ ɵŭȎȍȐŰȀŭ ȍȉȇȃȍȊůȎȘȋ ŰȓȊŭűȇŮȀȓȋ 

ɵȍȉȐ(ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ) Ůůȋ ůȀȋŭȇ űȖŰȍ Ǿȋűȍȋȅ Űů ŰȑǾŰȅ Ȋů ɵȎȍȅȃȍȗȊůȋŭ 

ɵůȇȎǽȊŭűŭ ůɵȀ űȖɵȍȐ ɵȍȉȐȊůȎȇŰȊȍȗ. ǭȎȀȆȅȈů ȉȍȇɵȖȋ ŰȈȖɵȇȊȅ ȅ ȊůȉǾűȅ űȅȏ 

ůɵŭȋŭȉȅȒȇȊȖűȅűŭȏ űȓȋ ŭɵȍűůȉůŰȊǽűȓȋ ŭȐűȘȋ. ǳȎŭȃȊŭűȍɵȍȇǿȆȅȈŭȋ Űűȇȏ ȀŮȇůȏ 

ŰȐȋȆǿȈůȏ Ȋů űȍ ɵůȀȎŭȊŭ MC18 űŭ ůɵŭȋŭȉȅɵűȇȈǽ ɵůȇȎǽȊŭűŭ MC18_1 Ȉŭȇ MC18_2 

űŭ ŭɵȍűůȉǾŰȊŭűŭ űȓȋ ȍɵȍȀȓȋ ŰȐȃȈȎȀȆȅȈŭȋ Ȋů ŭȐűǽ űȍȐ ŭȎȑȇȈȍȗ ɵůȇȎǽȊŭűȍȏ. 

ǳȎȇȋ ŭɵȖ ȈǽȆů ɵůȀȎŭȊŭ ɵȎŭȃȊŭűȍɵȍȇǿȆȅȈů ůȋŮůȉůȑǿȏ ȂŭȆȊȍȋȖȊȅŰȅ űȍȐ 

ɵůȑŭȊǾűȎȍȐ Ȋů ȎȐȆȊȇŰűȇȈȖ ŮȇǽȉȐȊŭ ůȋȘ ůȀȑů ůȉůȃȑȆůȀ Ȉŭȇ űȍ pH űȍȐ 

ŭɵȇȍȋȇŰȊǾȋȍȐ ȋůȎȍȗ. 

4.3.2.1. ǲɵűȇȈȖ ǯȇȈȎȍŰȈȖɵȇȍ (Optical Microscope) 

ǵűȇȏ ůȇȈȖȋůȏ ɵȍȐ ɵŭȎŭȉǿŲȆȅȈŭȋ ŭɵȖ űȍ ȍɵűȇȈȖ ȊȇȈȎȍŰȈȖɵȇȍ ȃȇŭ űŭ ɵůȇȎǽȊŭűŭ 

MC18_1 (ǩȇȈȖȋŭ 4.26) Ȉŭȇ MC18_2 (ǩȇȈȖȋŭ 4.27) ůȀȋŭȇ ȌůȈǽȆŭȎȅ ȅ ȗɵŭȎȌȅ 

ȊȇȈȎȍȈŭȒȍȐȉȘȋ Ȉŭȇ Űűŭ Ůȗȍ ŮůȀȃȊŭűŭ. ǧȐűȖ ůȀȋŭȇ Ȉŭȇ űȍ ɵȎȘűȍ ŮůŮȍȊǾȋȍ ɵȍȐ 

ȇŰȑȐȎȍɵȍȇůȀ űȅȋ ůɵȇűȐȑȅȊǾȋȅ ǾȈȂŭŰȅ űȅȏ ŭȋűȀŮȎŭŰȅȏ űȍȐ ůɵȀ űȖɵȍȐ 

ɵȍȉȐȊůȎȇŰȊȍȗ Ȉŭȇ Űűȇȏ Ůȗȍ ɵůȇȎŭȊŭűȇȈǾȏ ŮȇŭŮȇȈŭŰȀůȏ. ǣɵȓȏ Ȉŭȇ Űűȍ ŭȎȑȇȈȖ 

ɵůȀȎŭȊŭ MC18, ȍȇ ȊȇȈȎȍȈǽȒȍȐȉůȏ ɵȍȐ ǾȑȍȐȋ ŰȑȅȊŭűȇŰűůȀ ǾȑȍȐȋ űȍ ůɵȇȆȐȊȅűȖ 

ŰŲŭȇȎȇȈȖ ŰȑǿȊŭ Ȉŭȇ ŮȇŭȆǾűȍȐȋ Ǿȋŭ ɵȍȉȐȊůȎȇȈȖ ȈǾȉȐŲȍȏ Ȋů ȇȈŭȋȍɵȍȇȅűȇȈȖ 

ɵǽȑȍȏ, ɵȍȐ ȊůűŭŲȎǽȄůűŭȇ Űů Ȉŭȉǿ ȊȅȑŭȋȇȈǿ ŭȋűȍȑǿ ŭȐűȍȗ. çůȋ ɵŭȎŭűȅȎůȀűŭȇ Űů 

ȈŭȋǾȋŭ ŮůȀȃȊŭ ůȉůȗȆůȎȅ ůɵȍȌůȇŮȇȈǿ ȎȅűȀȋȅ. ǳŭȎŭűȅȎůȀűŭȇ ȖȊȓȏ ȊȇȈȎǿ ɵȍŰȖűȅűŭ 

ůȉůȗȆůȎȓȋ ŰȓȊŭűȇŮȀȓȋ PUF, ɵůȎȇŰŰȖűůȎŭ Űűȍ ɵůȀȎŭȊŭ MC18_2, űŭ ȍɵȍȀŭ ȖȊȓȏ 

ůȀȑŭȋ ɵŭȎŭűȅȎȅȆůȀ ůɵȀŰȅȏ Űů ȊȇȈȎǿ ɵȍŰȖűȅűŭ Ȉŭȇ Űűȍ ŭȎȑȇȈȖ ɵůȀȎŭȊŭ. ǶǾȉȍȏ, űȍ 

ȊǾȃůȆȍȏ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ űȓȋ ɵůȇȎŭȊǽűȓȋ MC18_1 Ȉŭȇ MC18_2 ůȊŲŭȋȀȄůűŭȇ 

ȊȇȈȎȖűůȎȍ Űů ŰȑǾŰȅ Ȋů űȍ ŮůȀȃȊŭ űȍȐ ŭȎȑȇȈȍȗ ɵůȇȎǽȊŭűȍȏ Ůȗȍ ɵůȇȎǽȊŭűŭ. 
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4.3.2.2. ǫȉůȈűȎȍȋȇŭȈǿ ǯȇȈȎȍŰȈȍɵȀŭ ǵǽȎȓŰȅȏ (Scanning Electron Microscopy-

SEM) 

ǫ Ȉŭȉǿ ůȇȈȖȋŭ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ űȓȋ ɵůȇȎŭȊǽűȓȋ MC18_1 (ǩȇȈȖȋŭ 4.30)   Ȉŭȇ 

MC18_2 (ǩȇȈȖȋŭ 4.29) Űűȍ ȍɵűȇȈȖ ȊȇȈȎȍŰȈȖɵȇȍ ůɵȇȈȐȎȘȆȅȈů Ȋůűǽ űȅȋ ŭȋǽȉȐŰȅ 

űȍȐȏ Űűȍ ȊȇȈȎȍŰȈȖɵȇȍ ȅȉůȈűȎȍȋȇŭȈǿȏ ŰǽȎȓŰȅȏ. ǩȇŮȇȈȖűůȎŭ, űŭ ŭɵȍűůȉǾŰȊŭűŭ 

űȅȏ ȊůȆȖŮȍȐ ǾŮȓŰŭȋ ŰŭŲǿ ůȇȈȖȋŭ ȃȇŭ űȅȋ ȊȍȎŲǿ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ űȓȋ 

ůɵŭȋŭȉȅɵűȇȈȘȋ ɵůȇȎŭȊǽűȓȋ. ǭŭȇ Űűȇȏ Ůȗȍ ɵȎȍŰɵǽȆůȇůȏ ȍȇ ȊȇȈȎȍȈǽȒȍȐȉůȏ ɵȍȐ 

ǾȑȍȐȋ ŮȅȊȇȍȐȎȃȅȆůȀ ŮȇŭȆǾűȍȐȋ Ȋůȃǽȉȍ ȊǾȃůȆȍȏ ɵȉȅȆȐŰȊȍȗ Ȉŭȇ űȍ ůɵȇȆȐȊȅűȖ 

ŰȑǿȊŭ ůɵȇȂůȂŭȇȘȋȍȋűŭȏ űȇȏ ɵůȇȎŭȊŭűȇȈǾȏ ŰȐȋȆǿȈůȏ űȍȐ ɵůȇȎǽȊŭűȍȏ MC18 űȍ 

ŭɵȍűǾȉůŰȊŭ űȍȐ ȍɵȍȀȍȐ ǿűŭȋ ůȌȀŰȍȐ ɵȍȉȗ ȆůűȇȈȖ ŰȑůűȇȈǽ Ȋů űȅȋ ȊȍȎŲȍȉȍȃȀŭ 

ǩȇȈȖȋŭ 4.25 ǩȇȈȖȋŭ ȍɵűȇȈȍȗ 

ȊȇȈȎȍŰȈȍɵȀȍȐ ɵůȇȎǽȊŭűȍȏ MC18  -

ůŰűȀŭŰȅ x10. 

ǩȇȈȖȋŭ 4.26 ǩȇȈȖȋŭ ȍɵűȇȈȍȗ 

ȊȇȈȎȍŰȈȍɵȀȍȐ ɵůȇȎǽȊŭűȍȏ MC18_1  -

ůŰűȀŭŰȅ x10. 

ǩȇȈȖȋŭ 4.27 ǩȇȈȖȋŭ ȍɵűȇȈȍȗ 

ȊȇȈȎȍŰȈȍɵȀȍȐ ɵůȇȎǽȊŭűȍȏ MC18_2  -

ůŰűȀŭŰȅ x10. 
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űȓȋ ȈŭȒȍȐȉȘȋ. ǵűŭ ȋǾŭ ŮůȀȃȊŭűŭ Ȗɵȓȏ Ȉŭȇ Űűȍ ŭȎȑȇȈȖ ůȊŲŭȋȀȄȍȋűŭȇ 

ŰȐŰŰȓȊŭűȘȊŭűŭ ȍȉȇȃȍȊůȎȘȋ ɵȍȉȐ(ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ), űŭ ȍɵȍȀŭ ȖȊȓȏ Ůůȋ 

ȐɵůȎȈŭȉȗɵűȍȐȋ űȇȏ ȊȇȈȎȍȈǽȒȍȐȉůȏ. ǳŭȎŭűȅȎůȀűŭȇ Ůů Ȗűȇ ůȌŭȇȎůűȇȈǽ ȊȇȈȎȖȏ 

ŭȎȇȆȊȖȏ ȊȇȈȎȘȋ ŮȇŭŰűǽŰůȓȋ ȍȉȇȃȍȊůȎȘȋ Ǿȑůȇ ůɵȇȈŭȆȀŰůȇ Űűȅȋ ůɵȇŲǽȋůȇŭ űȓȋ 

ȊȇȈȎȍȈŭȒȍȐȉȘȋ, ȑȓȎȀȏ ȖȊȓȏ ȋŭ ůɵȅȎůǽȄůȇ űȇȏ ȇŮȇȖűȅűůȏ űȅȏ. ǩɵȀŰȅȏ ȅ ůɵȇŲǽȋůȇŭ 

űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ ŮȇŭŲŭȀȋůűŭȇ ůȉŭŲȎȘȏ ɵȇȍ űȎŭȑȇǽ ůɵȇŲǽȋůȇŭ. ǵů ȃůȋȇȈǿ 

ůȇȈȖȋŭ űŭ ůɵŭȋŭȉȅɵűȇȈǽ ɵůȇȎǽȊŭűŭ ŰȑůűȇȈǽ Ȋů űȅȋ ȊȍȎŲȍȉȍȃȀŭ űȓȋ 

ȊȇȈȎȍȈŭȒȍȐȉȘȋ ȈȎȀȆȅȈŭȋ ŭɵȍȉȗűȓȏ ůɵȇűȐȑȅȊǾȋŭ. Ūȇŭ ȋŭ ůɵȇȂůȂŭȇȓȆůȀ ɵȉǿȎȓȏ 

ȍ ůɵȇűȐȑȅȊǾȋȍȏ ŰȑȅȊŭűȇŰȊȖȏ ȊȇȈȎȍȈŭȒȍȐȉȘȋ, ŮůȀȃȊŭ űȍȐ ɵůȇȎǽȊŭűȍȏ MC18_1 

Ȋůűǽ ŭɵȖ ŭɵȍȆǿȈůȐŰȅ ȃȇŭ Ǿȋŭ Ȋǿȋŭ Űů ŰȐȋȆǿȈůȏ ɵůȎȇȂǽȉȉȍȋűȍȏ, űȍɵȍȆůűǿȆȅȈů 

Űűȍ ȊȇȈȎȍŰȈȖɵȇȍ ȅȉůȈűȎȍȋȇŭȈǿȏ ŰǽȎȓŰȅȏ (ůȇȈȖȋŭ 4.31). Ƕŭ ŭɵȍűůȉǾŰȊŭűŭ ǿűŭȋ 

ůȌȀŰȍȐ ůȋȆŭȎȎȐȋűȇȈǽ ȈŭȆȘȏ ȅ ŮȍȊǿ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ ůȀȑů ɵŭȎŭȊůȀȋůȇ 

ŭȋŭȉȉȍȀȓűȅ Ȉŭȇ Ůůȋ ɵŭȎŭűȅȎǿȆȅȈů ȈŭȋůȋȖȏ ůȀŮȍȏ ȐɵȍȂǽȆȊȇŰȅ űȅȏ ɵȍȉȐȊůȎȇȈǿȏ 

ůɵȇŲǽȋůȇŭȏ, ȎȓȃȊǿ, ȆȎŭȗŰȅ ǿ ǾȈȉȐŰȅ ȐȉȇȈȍȗ űȍȐ ɵȐȎǿȋŭ. 

ǩȇȈȖȋŭ 4.31 ǩȇȈȖȋŭ SEM ɵůȇȎǽȊŭűȍȏ 

MC18 ðx400. 

ǩȇȈȖȋŭ 4.30 ǩȇȈȖȋŭ SEM ɵůȇȎǽȊŭűȍȏ 

MC18_2 ðx400. 

ǩȇȈȖȋŭ 4.29 ǩȇȈȖȋŭ SEM ɵůȇȎǽȊŭűȍȏ 

MC18_1 ðx400. 

ǩȇȈȖȋŭ 4.28 ǩȇȈȖȋŭ SEM ɵůȇȎǽȊŭűȍȏ 

MC18_1 (1 Ȋǿȋŭȏ) ðx300. 
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4.3.2.3. ǧȋǽȉȐŰȅ ȊůȃǾȆȍȐȏ ŰȓȊŭűȇŮȀȓȋ Ȋů ŰȈǾŮŭŰȅ ŮǾŰȊȅȏ laser 

ǵȐȃȈȎȇűȇȈǽ Ȋů űŭ ŭɵȍűůȉǾŰȊŭűŭ űȍȐ ɵůȇȎǽȊŭűȍȏ MC18 űȍ ȊǾŰȍ ȊǾȃůȆȍȏ űȓȋ 

ŰȓȊŭűȇŮȀȓȋ űȓȋ ůɵŭȋŭȉȅɵűȇȈȘȋ ɵůȇȎŭȊǽűȓȋ ɵȍȐ ȐɵȍȉȍȃȀŰűȅȈů, Ůůȋ ŮȇǾŲůȎŭȋ 

Űů ŰȅȊŭȋűȇȈȖ ȂŭȆȊȖ, Ȗɵȓȏ ɵŭȎȍȐŰȇǽȄůűŭȇ Űűȍȋ ɵȀȋŭȈŭ 4.11.  

ǳȀȋŭȈŭȏ 4.11 ǧɵȍűůȉǾŰȊŭűŭ ŭȋǽȉȐŰȅȏ ȊůȃǾȆȍȐȏ ŰȓȊŭűȇŮȀȓȋ Ȋů ŰȈǾŮŭŰȅ laser ȃȇŭ űŭ 

ɵůȇȎǽȊŭűŭ MC18, MC18_1, MC18_2. 

çůȀȃȊŭ D [4,3] (Ȋm) D (v, 0.1) (Ȋm) D (v, 0.5) (Ȋm) D (v, 0.9) (Ȋm) PDI 

MC18 68 32 62 117 1.4 

MC18_1 54 21 50 100 1.6 

MC18_2 60 20 53 108 1.7 

 

4.3.2.4. ūůȎȊȍŰűŭȆȊȇȈǿ ŭȋǽȉȐŰȅ (Thermogravimetric Analysis - TGA) 

ǯů ȂǽŰȅ űŭ ȆůȎȊȍȃȎŭŲǿȊŭűŭ (ŰȑǿȊŭ 4.7) űȍȐ ŭȎȑȇȈȍȗ ɵůȇȎǽȊŭűȍȏ Ȉŭȇ űȓȋ 

ůɵŭȋŭȉǿȒůȓȋ űȍȐ Ȉŭȇ űȍȋ ɵȀȋŭȈŭ 4.12 ɵȍȐ ȈŭűŭȃȎǽŲȍȋűŭȇ ȍȇ ȆůȎȊȍȈȎŭŰȀůȏ 

ŭɵȍȇȈȍŮȖȊȅŰȅȏ űȓȋ ŰȓȊŭűȇŮȀȓȋ ůȌǽȃůűŭȇ űȍ ŰȐȊɵǾȎŭŰȊŭ Ȗűȇ ȍȇ ȊȇȈȎȍȈǽȒȍȐȉůȏ 

űȓȋ ɵůȇȎŭȊǽűȓȋ MC18_1 Ȉŭȇ MC18_2 ŮȇŭȆǾűȍȐȋ ůȌȀŰȍȐ ȈŭȉǾȏ ȆůȎȊȇȈǾȏ ȇŮȇȖűȅűůȏ 

Ȋů ŭȐűǾȏ űȍȐ ɵůȇȎǽȊŭűȍȏ MC18. ǲȇ ŮȇŭŲȍȎǾȏ Űűȇȏ ȆůȎȊȍȈȎŭŰȀůȏ ŭɵȍȇȈȍŮȖȊȅŰȅȏ 

Űűȅȋ ɵůȎȀɵűȓŰȅ űȍȐ ȈůȉȗŲȍȐȏ (TdMC18 = 297  oC, TdMC18_1 = 302  oC, TdMC18_2 = 285  

oC) Űűȅȋ ɵůȎȀɵűȓŰȅ űȍȐ ɵůȇȎǽȊŭűȍȏ MC18_2 ȍŲůȀȉȍȋűŭȇ Űűȅȋ ȗɵŭȎȌȅ űȓȋ 

ȍȉȇȃȍȊůȎȘȋ ɵȍȉȐ(ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ).  

ǳȀȋŭȈŭȏ 4.12 ǧɵȍűůȉǾŰȊŭűŭ ȆůȎȊȍŰűŭȆȊȇȈǿȏ ŭȋǽȉȐŰȅȏ ɵůȇȎŭȊǽűȓȋ MC18, MC18_1, 

MC18_2. 

çůȀȃȊŭ Td5% (oC) Td (oC) 

 

Td (oC) 

 

Td (oC) 

 

ǷɵȖȉůȇȊȊŭ 

ŰűȍȐȏ 800oC (%) 

MC18 222 221 297 401 10.2 

MC18_1 221 221 302 394 8.3 

MC18_2 218 218 285 390 7.8 
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ǵȑǿȊŭ 4.7 ūůȎȊȍȃȎŭŲǿȊŭűŭ ɵůȇȎŭȊǽűȓȋ MC18, MC18_1, MC18_2. 

 

4.3.2.5. ŬŭŰȊŭűȍŰȈȍɵȀŭ ȐɵůȎȗȆȎȍȐ Ȋů ȊůűŭŰȑȅȊŭűȇŰȊȖ Fourier (Fourier 

Transform Infrared spectroscopy ð FTIR) 

Ƕȍ ŮȇǽȃȎŭȊȊŭ FTIR ȃȇŭ űȍ ɵůȀȎŭȊŭ MC18 Ȉŭȇ űȇȏ ůɵŭȋŭȉǿȒůȇȏ űȍȐ ŮȇŭȆǾűůȇ 

ɵȍȉȉǾȏ ȍȊȍȇȖűȅűůȏ. ǭŭȇ Űűŭ űȎȀŭ ɵůȇȎǽȊŭűŭ ůȀȋŭȇ ŲŭȋůȎȖ ŭɵȖ űȅȋ ȑŭȊȅȉǿ 

ǾȈűŭŰȅ űȅȏ ȑŭȎŭȈűȅȎȇŰűȇȈǿȏ ȈȍȎȐŲǿȏ űȅȏ ɵȍȉȐ(ȍȐȎȀŭȏ-ŲȍȎȊŭȉŮůȁŮȅȏ) Űűŭ 

3365 cm-1 Ȗűȇ Ůůȋ ŭȋȇȑȋůȗȆȅȈŭȋ ɵȍȉȉǾȏ ɵȎȓűȍűŭȃůȀȏ ŭȊȀȋůȏ, ȑŭȎŭȈűȅȎȇŰűȇȈȖ 

űȓȋ ȍȉȇȃȍȊůȎȘȋ PUF, ǽȎŭ űŭ ȊȍȋȍȊůȎǿ ǾȑȍȐȋ ŭȋűȇŮȎǽŰůȇ Ȋů ůɵǽȎȈůȇŭ Ȉŭȇ Ǿȑůȇ 

ŰȑȅȊŭűȇŰűůȀ ɵȍȉȐȊůȎȇȈȖ ɵȉǾȃȊŭ Ȋů Ǿȋűȍȋůȏ ŮȇŭŰűŭȐȎȘŰůȇȏ. ǩɵȀŰȅȏ ȍȇ ȈȍȎȐŲǾȏ 

Űűŭ 1607 cm-1, 1510 cm-1, 913 cm-1 Ȉŭȇ 827 cm-1 ůɵȇȂůȂŭȇȘȋȍȐȋ Ȗűȇ ȅ ůɵȍȌůȇŮȇȈǿ 

ȎȅűȀȋȅ Ǿȑůȇ ůȃȈȉůȇŰűůȀ Ȋů ůɵȇűȐȑȀŭ Űűȍ ůŰȓűůȎȇȈȖ űȍȐ ɵȍȉȐȊůȎȇȈȍȗ ȈůȉȗŲȍȐȏ.  
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ǵȑǿȊŭ 4.8 ŪȎǽŲȅȊŭ FTIR ȃȇŭ űŭ ɵůȇȎǽȊŭűŭ MC18, MC18_1, MC18_2.  

 

4.3.2.6. ǯůȉǾűȅ ŭɵȖŮȍŰȅȏ ůȃȈȉůȇŰȊȍȗ ȎȅűȀȋȅȏ (Encapsulation Efficiency) 

ǭŭȇ Űűŭ Ůȗȍ ůɵŭȋŭȉȅɵűȇȈǽ ɵůȇȎǽȊŭűŭ ɵŭȎŭűȅȎůȀűŭȇ ɵűȘŰȅ űȍȐ ɵȍŰȍŰűȍȗ 

ůȃȈȉůȇŰȊȍȗ űȅȏ ůɵȍȌůȇŮȇȈǿȏ ȎȅűȀȋȅȏ Űűȍ ůŰȓűůȎȇȈȖ űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ, ȖȊȓȏ 

űȍ ŰȐȋȍȉȇȈȖ ɵȍŰȍŰűȖ ůȃȈȉůȇŰȊȍȗ ɵŭȎŭȊǾȋůȇ ȐȒȅȉȖ. ǫ ŭɵȖŮȍŰȅ ůȃȈȉůȇŰȊȍȗ Űűȍ 

ɵȎȘűȍ ɵůȀȎŭȊŭ ǿűŭȋ ůȌŭȇȎůűȇȈǽ ȐȒȅȉǿ Ȉŭȇ Ůůȋ Ȇŭ ǿűŭȋ ůȗȈȍȉȅ ȅ ůɵȀűůȐȌȅ ůȋȖȏ 

ůȃȈȉůȇŰȊȍȗ Űűȍȋ ȀŮȇȍ ȂŭȆȊȖ. ǵűȅȋ ɵůȎȀɵűȓŰȅ űȍȐ ɵůȇȎǽȊŭűȍȏ MC18_1 ȍ 

ɵȇȆŭȋȖűůȎȍȏ ȉȖȃȍȏ űȅȏ űȇȊǿȏ ŭȐűǿȏ (Enc.Eff.MC18_1 = 82%)  ůȀȋŭȇ ȅ ůȉȉȇɵǿȏ ȆȎŭȗŰȅ 

űȓȋ ȊȇȈȎȍȈŭȒȍȐȉȘȋ Űűȍ ȃȍȐŮȀ Ȋů ŭɵȍűǾȉůŰȊŭ ȋŭ Ȋȅȋ ůȈȉȗȆȅȈů ůɵŭȎȈȘȏ ȅ 

ȎȅűȀȋȅ ŭɵȖ ŭȐűǾȏ Ȉŭȇ ȅ űůȉȇȈǿ ȄȗȃȇŰȅ ȋŭ ɵůȎȇǾȉŭȂů Ȉŭȇ ɵȍŰȖűȅűŭ ȎȅűȀȋȅȏ ůȈűȖȏ 

ŭɵȖ ŭȊȇȃȘȏ ȆȎŭȗŰȊŭűŭ ȈůȉȐŲȘȋ. 

 

 

  




























































