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ǮȄȐŬȊȆȇǾ ǥȊǼȈȏůȄ 

ǱȆ ŭȖȌ ȁŬůȆȇǽȎ ȇŬŰȄȂȌȍǿŮȎ ȉȄȐŬȊȆȇǾȎ ŬȊǼȈȏůȄȎ ŮǿȊŬȆ:  

ÅǪ ŪŮȍȉȌȉȄȐŬȊȆȇǾ ǥȊǼȈȏůȄ ( thermomechanical  analysis  ï  
TMA) .  ǴŰȄȊ ǵǮǥ ŮȋǽŰŬůȄ ȇŬŰŬȂȍǼűŮŰŬȆ Ȅ ɸŬȍŬȉȕȍűȒůȄ ŰȌȏ  
ȏȈȆȇȌȖ ȏɸȕ ůŰŬȅŮȍȕ űȌȍŰǿȌ (ŰǼůȄ Ǿ ɸŬȍŬȉȕȍűȒůȄ) ȒȎ  
ůȏȊǼȍŰȄůȄ ŰȄȎ ȅŮȍȉȌȇȍŬůǿŬȎ Ǿ ŰȌȏ ȐȍȕȊȌȏ.    

Å Ǫ ǧȏȊŬȉȆȇǾ ǮȄȐŬȊȆȇǾ ǥȊǼȈȏůȄ (dynamic  mechanical  
analysis  ï DMA) .  ǬŬŰǼ ŰȄȊ DMA ŮȋǽŰŬůȄ ŬůȇŮǿŰŬȆ ůŰȌ ȏȈȆȇȕ ȉǿŬ 
ȄȉȆŰȌȊŮȆŭǾȎ ŰǼůȄ, Ȅ ȌɸȌǿŬ ɸŬȍǼȂŮȆ ȉǿŬ ȉŮŰŬȁŬȈȈȕȉŮȊȄ 
ɸŬȍŬȉȕȍűȒůȄ ɸȌȏ ȇŬȅȏůŰŮȍŮǿ ȒȎ ɸȍȌȎ ŰȄȊ ŬȍȐȆȇǾ ŭȆǽȂŮȍůȄ.   Ǫ 
ŭȆŬűȌȍǼ űǼůŮȒȎ ɸȌȏ ŮȉűŬȊǿȃŮŰŬȆ ůȐŮŰǿȃŮŰŬȆ ȉŮ ŰȄȊ ŭȌȉǾ ŰȌȏ 
ȏȈȆȇȌȖ.   

ǬŬȆ ůŰȆȎ ŭȖȌ ŰŮȐȊȆȇǽȎ ŮűŬȍȉȕȃŮŰŬȆ ȉǿŬ ŮȈŮȂȐȕȉŮȊȄ ȉŮŰŬȁȌȈǾ ŰȄȎ 
ȅŮȍȉȌȇȍŬůǿŬȎ.   Ǫ ŭȆǼȇȍȆůȄ ȉŮŰŬȋȖ ŰȒȊ ŰŮȐȊȆȇȗȊ TMA ȇŬȆ DMA 
ǽȐŮȆ ůȐŮŭȕȊ ŮȋŬȈŮȆűȅŮǿ ůŰȆȎ ȉǽȍŮȎ ȉŬȎ, ȇŬȅȗȎ ȌȆ ůȖȂȐȍȌȊǽȎ 
ŭȆŬŰǼȋŮȆȎ ůȏȊŭȏǼȃȌȏȊ ȇŬȆ ŰȆȎ ŭȖȌ ȈŮȆŰȌȏȍȂǿŮȎ (DMTA) .   
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Å Ǫ ŪŮȍȉȆȇǾ ǥȊǼȈȏůȄ ŬȊŬűǽȍŮŰŬȆ ůŰȄȊ ȉǽŰȍȄůȄ ȇǼɸȌȆȒȊ 
ȐŬȍŬȇŰȄȍȆůŰȆȇȗȊ Ǿ ȆŭȆȌŰǾŰȒȊ ŮȊȕȎ ȏȈȆȇȌȖ ȒȎ ůȏȊǼȍŰȄůȄ ŰȄȎ 
ȅŮȍȉȌȇȍŬůǿŬȎ Ǿ ŰȌȏ ȐȍȕȊȌȏ.   

 

Å Ǫ ǳŮȌȈȌȂǿŬ ȉŮȈŮŰǼ ŰȄȊ ȍȌǾ ȇŬȆ ŰȄȊ ɸŬȍŬȉȕȍűȒůȄ 
ȌȍȆůȉǽȊȒȊ ȏȈȆȇȗȊ.  

 

Å Ǫ ŰŮȐȊȆȇǾ DMA  ɸŬȍŬȉȌȍűȗȊŮȆ ȉȄȐŬȊȆȇǼ ǽȊŬ ŭȌȇǿȉȆȌ ȇŬȆ 
ȉŮŰȍǼ ŰȄȊ ŬɸȕȇȍȆůǾ ŰȌȏ.  Ǫ ɸŬȍŬȉȕȍűȒůȄ ȉɸȌȍŮǿ ȊŬ 
ŮűŬȍȉȌůȅŮǿ ȄȉȆŰȌȊȌŮȆŭȗȎ,  ȉŮ ůŰŬȅŮȍǼ ȁǾȉŬŰŬ Ǿ ȉŮ ŭŮŭȌȉǽȊȌ 
ȍȏȅȉȕ.  Ǫ ŬɸȕȇȍȆůȄ ŰȌȏ ŭȌȇȆȉǿȌȏ ȇŬŰŬȂȍǼűŮŰŬȆ ȒȎ 
ůȏȊǼȍŰȄůȄ ŰȄȎ ȅŮȍȉȌȇȍŬůǿŬȎ Ǿ ŰȌȏ ȐȍȕȊȌȏ.  
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Å ǱȆ ȉȄȐŬȊȆȇǽȎ ȆŭȆȕŰȄŰŮȎ ŰȒȊ ɸȌȈȏȉŮȍȗȊ ȇŬȈȖɸŰȌȏȊ ǽȊŬ ɸȌȈȖ 
ȉŮȂǼȈȌ ŮȖȍȌȎ Ŭɸȕ ŭȆŬűȌȍŮŰȆȇǽȎ ůȏȉɸŮȍȆűȌȍǽȎ:  

ÅǲȌȈȖ ůȇȈȄȍǼ ȇŬȆ ǼȇŬȉɸŰŬ 

ÅǧȖůȇŬȉɸŰŬ ǽȒȎ ǮŬȈŬȇǼ ŮȈŬůŰȌȉŮȍǾ 

ÅǫȋȒŭȌŮȈŬůŰȆȇǼ ȍŮȏůŰǼ  

 

Å Ǫ ȉȄȐŬȊȆȇǾ ůȏȉɸŮȍȆűȌȍǼ ŰȒȊ ɸȌȈȏȉŮȍȗȊ ůȐŮŰǿȃŮŰŬȆ ȉŮ:  

ÅǵȄȊ ǷȄȉȆȇǾ ǴȖȊȅŮůȄ ŰȌȏ ɸȌȈȏȉŮȍȌȖȎ 

ÅǵȄȊ ǮȌȍȆŬȇǾ ǧȌȉǾ ŰȌȏ ɸȌȈȏȉŮȍȌȖȎ 
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ǨűŬȍȉȌȂǽȎ ŰȄȎ ŰŮȐȊȆȇǾȎ DMA ï ȐŬȍŬȇŰȄȍȆůȉȕȎ 
ŭȌȉǾȎ/ȆŭȆȌŰǾŰȒȊ 

Å ǥȊǿȐȊŮȏůȄ ȉŮŰŬȁǼůŮȒȊ ɸȌȏ ɸȍȌǽȍȐȌȊŰŬȆ Ŭɸȕ ȉȌȍȆŬȇǽȎ ȇȆȊǾůŮȆȎ 

Å ǲȍȌůŭȆȌȍȆůȉȕȎ ȉȄȐŬȊȆȇȗȊ ȆŭȆȌŰǾŰȒȊ (ȉǽŰȍȌ ŬɸȌȅǾȇŮȏůȄȎ, 
ůȏȊŰŮȈŮůŰǾȎ ŬɸȕůȁŮůȄȎ ŭȌȊǾůŮȒȊ) űǼůȉŬ ȐȍȕȊȌȏ (Ǿ ůȏȐȊȕŰȄŰŬȎ) 
ȇŬȆ ȅŮȍȉȌȇȍŬůǿŬȎ 

Å ǮŮȈǽŰȄ ůȐǽůŮȒȊ ŭȌȉǾȎ-ȆŭȆȌŰǾŰȒȊ-ȉȌȍűȌȈȌȂǿŬȎ 

Å ǶŬȈȗŭȄȎ ȉŮŰǼɸŰȒůȄ, ŭŮȏŰŮȍŮȖȌȏůŮȎ ȉŮŰŬȁǼůŮȆȎ 

Å ǬȍȏůŰŬȈȈȆȇȕŰȄŰŬ 

Å ǧȆŬȐȒȍȆůȉȕȎ űǼůŮȒȊ (ɸȌȈȏȉŮȍȆȇǼ ȉŮǿȂȉŬŰŬ, ůȏȉɸȌȈȏȉŮȍǾ)  

Å ǴȖȊȅŮŰŬ  

Å ũǾȍŬȊůȄ (űȏůȆȇǾ Ǿ ȐȄȉȆȇǾ) 

Å ǲȍȌůŬȊŬŰȌȈȆůȉȕȎ  

Å ǨɸǿŭȍŬůȄ ŰȒȊ ɸȍȌůȅŮŰȆȇȗȊ (ɸȈŬůŰȆȇȌɸȌȆȄŰǽȎ, ȏȂȍŬůǿŬ) 
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ūǼůȉŬ ǫȋȒŭȌŮȈŬůŰȆȇȕŰȄŰŬȎ ǷŬȍŬȇŰȄȍȆůŰȆȇȌȖ 
ǝȉȌȍűȌȏ ǲȌȈȏȉŮȍȌȖȎ 

Terminal Region 

Rubbery 

Plateau 

Region 

Transition 

Region 

Glassy Region 

Loss Modulus (E" or G") 
Storage Modulus (E' or 

G') 

Very hard and  

rigid solid 

Stiff to Soft rubber 

Viscoelastic  

liquid 

Temperature 
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ǲŬȍŬȉȕȍűȒůȄ ŰȒȊ ǴŰŮȍŮȗȊ 

Å ǡȈŬ ŰŬ ȏȈȆȇǼ ȉŮŰŬȁǼȈȈȌȏȊ ŰȆȎ ŭȆŬůŰǼůŮȆȎ ŰȌȏȎ (ŰȌ ůȐǾȉŬ, 
ŰȌȊ ȕȂȇȌ ŰȌȏȎ Ǿ ȇŬȆ ŰŬ ŭȖȌ) ȇǼŰȒ Ŭɸȕ ŰȄȊ ŮɸǿŭȍŬůȄ 
ȉȄȐŬȊȆȇǾȎ ŰǼůŮȒȎ.   

Å ǵȌ ȉǽŰȍȌ ŮȈŬůŰȆȇȕŰȄŰȌȎ ŮȇűȍǼȃŮȆ ŰȄȊ ŬȊŰǿůŰŬůȄ ŰȌȏ 
ȏȈȆȇȌȖ ůŰȄȊ ɸŬȍŬȉȕȍűȒůȄ ɸȌȏ ɸȍȌȇŬȈŮǿ Ȅ ŮűŬȍȉȌȂǾ 
ŮȋȒŰŮȍȆȇǾȎ ŭȏȊǼȉŮȒȎ.   
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R. P. Chartoff , J. D. Menczel , S. H. 
Dillamn , Dynamic Mechanical Analysis 
(DMA) in J. D. Menczel , R. B. Prime, 
edts , Thermal Analysis of Polymers, p. 
387 - 495, Wiley, 2009 . 
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ǫŭŬȊȆȇǼ ǳŮȏůŰǼ 

0A

F
=t

Ǫ ɸŬȍŬȉȕȍűȒůȄ ȉŮŰŬȁǼȈȈŮŰŬȆ ȉŮ ŰȌȊ ȐȍȕȊȌ ȇŬȅȗȎ ȌȆ ɸȈǼȇŮȎ 
ȉŮŰŬȇȆȊȌȖȊŰŬȆ Ȅ ȉǿŬ ȒȎ ɸȍȌȎ ŰȄȊ ǼȈȈȄ.   

dy

dv

dt

d x==
¶ g
g

¶

= ght

R. P. Chartoff , J. D. Menczel , S. H. 
Dillamn , Dynamic Mechanical Analysis 
(DMA) in J. D. Menczel , R. B. Prime, 
edts , Thermal Analysis of Polymers, p. 
387 - 495, Wiley, 2009 . 



ǫȋȒŭȌŮȈŬůŰȆȇȕŰȄŰŬ 

ǨȖȍȌȎ ǴȏȉɸŮȍȆűȌȍǼȎ ŰȒȊ ǶȈȆȇȗȊ  
 

ǴŰŮȍŮȕ ǴȗȉŬ  ----------  ǳŮȏůŰȕ  
ǫŭŬȊȆȇȕ ǴŰŮȍŮȕ -----  ǴȏȊǾȅȄ ǶȈȆȇǼ ----- ǫŭŬȊȆȇȕ ǳŮȏůŰȕ  

ǲȈǾȍȒȎ ǨȈŬůŰȆȇǾ -----  ǫȋȒŭȌŮȈŬůŰȆȇǾ -----  ǲȈǾȍȒȎ ǫȋȗŭȄȎ  
 

ǫȋȒŭȌŮȈŬůŰȆȇȕŰȄŰŬ:  Ǫ ůȏȉɸŮȍȆűȌȍǼ ȇŬŰǼ ŰȄȊ ȌɸȌǿŬ 
ɸŬȍŬŰȄȍȌȖȊŰŬȆ ŰŬȏŰȕȐȍȌȊŬ ȆȋȗŭŮȆȎ ȇŬȆ ŮȈŬůŰȆȇǽȎ ȆŭȆȕŰȄŰŮȎ.   
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ǶɸǼȍȐȌȏȊ ŰȍŮȆȎ ȅŮȉŮȈŮȆȗŭŮȆȎ ȉǽȅȌŭȌȆ ȂȆŬ ŰȄȊ ȉŮȈǽŰȄ ŰȄȎ 
ȆȋȒŭȌŮȈŬůŰȆȇǾȎ ůȏȉɸŮȍȆűȌȍǼȎ ŰȒȊ ɸȌȈȏȉŮȍȗȊ:  
 
Å Ǳ ŮȍɸȏůȉȕȎ (creep ),  
Å Ǫ ȐŬȈǼȍȒůȄ ŰǼůȄȎ (stress  relaxation )  ȇŬȆ 
Å Ǫ ŭȏȊŬȉȆȇǾ ȉȄȐŬȊȆȇǾ ŬȊǼȈȏůȄ (dynamic mechanical  

analysis ).  
 

ǫȋȒŭȌŮȈŬůŰȆȇǾ ǴȏȉɸŮȍȆűȌȍǼ 
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ǴŮ ȉǿŬ ŭȌȇȆȉǾ ŮȍɸȏůȉȌȖ ŰȌ ŭȌȇȆȉȆȌ ŰǿȅŮŰŬȆ ȏɸȕ ŰȄȊ 
ŮɸǿŭȍŬůȄ ůŰŬȅŮȍǾȎ ŰǼůȄȎ ȇŬȆ ȇŬŰŬȂȍǼűŮŰŬȆ Ȅ 
ɸȍȌȇȖɸŰȌȏůŬ ɸŬȍŬȉȕȍűȒůȄ ůȏȊŬȍŰǾůŮȆ ŰȌȏ ȐȍȕȊȌȏ.    
 
ǞȊŬ ȆŭŬȊȆȇȕ ŮȈŬůŰȆȇȕ ůŰŮȍŮȕ ŮɸȆŭŮȆȇȊȖŮȆ ŬȇŬȍȆŬǿŬ 
ɸŬȍŬȉȕȍűȒůȄ ůȖȉűȒȊŬ ȉŮ ŰȌȊ ȊȕȉȌ ŰȌȏ Hooke .  
 
ǴŮ ǽȊŬ ȆŭŬȊȆȇȕ ȍŮȏůŰȕ ŭŮȊ ȏűǿůŰŬŰŬȆ ŬȍȐȆȇǾ ŮȈŬůŰȆȇǾ 
ɸŬȍŬȉȕȍűȒůȄ ȇŬȆ Ȅ ɸŬȍŬȉȕȍűȒůȄ ŬȏȋǼȊŮȆ ůȏȊŮȐȗȎ ȉŮ 
ȇȈǿůȄ ŬȊŰȆůŰȍȕűȒȎ ŬȊǼȈȌȂȄ ŰȌȏ ȆȋȗŭȌȏȎ ŰȌȏ.  Ǳ ȍȏȅȉȕȎ 
ɸŬȍŬȉȕȍűȒůȄȎ ɸŬȍŬȉǽȊŮȆ ůŰŬȅŮȍȕȎ.  ǥűŬǿȍŮůȄ ŰȄȎ ŰǼůȄȎ 
ŭŮȊ ŮɸȆűǽȍŮȆ ŬȊǼȇŰȄůȄ ŰȄȎ ŮȈŬůŰȆȇǾȎ ɸŬȍŬȉȕȍűȒůȄȎ.  ǵȌ 
ȍŮȏůŰȕ ůŰŬȉŬŰǼ ȊŬ ȍǽŮȆ, ŭȄȈŬŭǾ Ȍ ȍȏȅȉȕȎ 
ɸŬȍŬȉȕȍűȒůȄȎ ȉȄŭŮȊǿȃŮŰŬȆ.   

ǧȌȇȆȉǾ ǨȍɸȏůȉȌȖ 
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ǵŬ ȆȋȒŭȌŮȈŬůŰȆȇǼ ȏȈȆȇǼ ŮɸȆŭŮȆȇȊȖȌȏȊ ŮȊŭȆǼȉŮůȄ ůȏȉɸŮȍȆűȌȍǼ. Ǫ 
ůȏȊǼȍŰȄůȄ ŰȄȎ ɸŬȍŬȉȕȍűȒůȄȎ ȉŮ ŰȌȊ ȐȍȕȊȌ ɸŬȍȌȏůȆǼȃŮȆ ŰǽůůŮȍŮȆȎ 
ŭȆŬȇȍȆŰǽȎ ɸŮȍȆȌȐǽȎ:  ŰȄȊ ɸŮȍȆȌȐǾ ŮȈŬůŰȆȇǾȎ ŬɸȕȇȍȆůȄȎ,  ŰȄȊ 
ɸŮȍȆȌȐǾ ȉŮŰǼȁŬůȄȎ (dŮ/dt < 0) , ŰȄȊ ɸŮȍȆȌȐǾ ȆůȌȍȍȌɸǿŬȎ 
(dŮ/dt=ůŰŬȅ.)  ȇŬȆ ŰȄȊ ɸŮȍȆȌȐǾ ŬȊǼȇŰȄůȄȎ Ǿ ŬɸȌȇŬŰǼůŰŬůȄȎ,  
ɸȌȏ ȐŬȍŬȇŰȄȍǿȃŮŰŬȆ Ŭɸȕ ŬȊǼȇŰȄůȄ ŰȄȎ ŬȍȐȆȇǾȎ ŮȈŬůŰȆȇǾȎ 
ɸŬȍŬȉȕȍűȒůȄȎ ȇŬȆ ŮȇȅŮŰȆȇǾ ȉŮǿȒůȄ ŰȄȎ ɸŬȍŬȉȕȍűȒůȄȎ ŰŮǿȊȌȊŰŬȎ 
ůŮ ȉǿŬ ůŰŬȅŮȍǾ ȉȄ-ȉȄŭŮȊȆȇǾ ŰȆȉǾ.  
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R. P. Chartoff , J. D. Menczel , S. H. 
Dillamn , Dynamic Mechanical Analysis 
(DMA) in J. D. Menczel , R. B. Prime, 
edts , Thermal Analysis of Polymers, p. 
387 - 495, Wiley, 2009 . 



ǨɸŮȆŭǾ Ȅ ɸŬȍŬȉȕȍűȒůȄ ůŰȆȎ ŭȌȇȆȉǽȎ ŮȍɸȏůȉȌȖ ŮǿȊŬȆ 
ȐȍȌȊȆȇǼ ŮȋŬȍŰȗȉŮȊȄ, ŮȊȗ Ȅ ŰǼůȄ ɸŬȍŬȉǽȊŮȆ ůŰŬȅŮȍǾ, 
ȐȍȄůȆȉȌɸȌȆŮǿŰŬȆ ůȏȊǾȅȒȎ, ȂȆŬ ŰȄȊ ɸŮȍȆȂȍŬűǾ ŰȒȊ 
ŭŮŭȌȉǽȊȒȊ, ŰȌ ȉǽŰȍȌ ǽȊŭȌůȄȎ (compliance) :  

s

e )(
)(

t
tJ =

E
J

1)0(
)0( ==
s

e
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ǴŮ ȉǿŬ ŭȌȇȆȉǾ ȐŬȈǼȍȒůȄȎ ŰǼůȄȎ ŰȌ ŭȌȇǿȉȆȌ ŰǿȅŮŰŬȆ 
ȏɸȕ ůŰŬȅŮȍǾ ɸŬȍŬȉȕȍűȒůȄ ȇŬȆ ȄɸȍȌȇȖɸŰȌȏůŬ 
ŰǼůȄ ȇŬŰŬȂȍǼűŮŰŬȆ ȒȎ ůȏȊǼȍŰȄůȄ ŰȌȏ ȐȍȕȊȌȏ.   
Ǫ ŬɸȕȇȍȆůȄ ŮȊȕȎ ȆŭŬȊȆȇȌȖ ŮȈŬůŰȆȇȌȖ ůŰŮȍŮȌȖ ȅŬ 
ŮǿȊŬȆ ȉǿŬ ŰǼůȄ ůŰŬȅŮȍǾ ŬȊŮȋǼȍŰȄŰȄ Ŭɸȕ ŰȌȊ ȐȍȕȊȌ.   
ǨȊȗ ǽȊŬ ȆŭŬȊȆȇȕ ȍŮȏůŰȕ ŬɸȌȇȍǿȊŮŰŬȆ ȉŮ ȉȄŭŮȊȆůȉȕ 
ŰȄȎ ŰǼůȄȎ ȉȕȈȆȎ ŮűŬȍȉȌůŰŮǿ ɸŬȍŬȉȕȍűȒůȄ.   
ǵŬ ȆȋȒŭȌŮȈŬůŰȆȇǼ ȏȈȆȇǼ ŮɸȆŭŮȆȇȊȖȌȏȊ ŰǼůȄ ɸȌȏ 
ȉŮȆȗȊŮŰŬȆ ȉŮ ŰȌȊ ȐȍȕȊȌ.   

ǷŬȈǼȍȒůȄ ǵǼůȄȎ 

e

s )(
)(

t
tE =
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ǵȌ ŮȋŮŰŬȃȕȉŮȊȌ ŭȌȇǿȉȆȌ ŰȌɸȌȅŮŰŮǿŰŬȆ ůŰȆȎ ȇŬŰǼȈȈȄȈŮȎ ŬȍɸǼȂŮȎ ȇŬȆ 
ůŮ ŬȏŰȕ ŬůȇŮǿŰŬȆ ȉŮŰŬȁŬȈȈȕȉŮȊȄ ŰǼůȄ ŰȄȎ ȉȌȍűǾȎ:  

 

 

Ǫ ŬɸȕȇȍȆůȄ ŰȌȏ ŭȌȇȆȉǿȌȏ ŭǿȊŮȆ ȉǿŬ ȉŮŰŬȁŬȈȈȕȉŮȊȄ ɸŬȍŬȉȕȍűȒůȄ 
ɸȌȏ ȉɸȌȍŮǿ ȊŬ ŮȇűȍŬůȅŮǿ ȉǽůȒ ŰȄȎ ůȐǽůŮȒȎ:  

 

 

ǱȆ ŭȖȌ ɸȌůȕŰȄŰŮȎ ůȏȊŭǽȌȊŰŬȆ ȉŮ ŰȄȊ ůȐǽůȄ:  

 

ǧȏȊŬȉȆȇǾ ǮȄȐŬȊȆȇǾ ǥȊǼȈȏůȄ 

)sin()( 0 dwss += tt

)sin()( 0 tt wgg =

)()()( tEt gws Ö= *

)()()(* www EiEE ¡¡+¡=
E

E

¡

¡¡
=dtan
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)()()(* www EiEE ¡¡+¡=

E

E

¡

¡¡
=dtan

ǱȆ ȕȍȌȆ Ǩô(Ȓ) ȇŬȆ Ǩôô(Ȓ) ŬȊŬűǽȍȌȊŰŬȆ ȒȎ ŰȌ (ŭȏȊŬȉȆȇȕ) ȉǽŰȍȌ 
ŬɸȌȅǾȇŮȏůȄȎ ȇŬȆ ŰȌ (ŭȏȊŬȉȆȇȕ) ȉǽŰȍȌ ŬɸȒȈŮȆȗȊ ŬȊŰǿůŰȌȆȐŬ.   
ũȆŬ ǽȊŬ ȆȋȒŭȌŮȈŬůŰȆȇȕ ɸȌȈȏȉŮȍǽȎ ŰȌ Ǩô ȐŬȍŬȇŰȄȍǿȃŮȆ ŰȄȊ 
ȆȇŬȊȕŰȄŰŬ ŰȌȏ ɸȌȈȏȉŮȍȌȖȎ ȊŬ ŬɸȌȅȄȇŮȖŮȆ ŮȊǽȍȂŮȆŬ (ŮȈŬůŰȆȇǾ 
ůȏȉɸŮȍȆűȌȍǼ), ŮȊȗ ŰȌ Ǩôô ŮȇűȍǼȃŮȆ ŰȄȊ ŰǼůȄ ŰȌȏ ȏȈȆȇȌȖ ȊŬ 
ŭȆŬȐǽŮȆ ŮȊǽȍȂŮȆŬ (ȆȋȗŭȄȎ ůȏȉɸŮȍȆűȌȍǼ).   
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ȹɘɏɔŮɟůɖ 

ȷˊɧəɟɘůɖ 

ǧȆŬűȌȍǼ űǼůŮȒȎ ŭ 

¸ǨűŬȍȉȕȃŮŰŬȆ ȉǿŬ ȐȍȌȊȆȇǼ 
ȉŮŰŬȁŬȈȈȕȉŮȊȄ (ȄȉȆŰȌȊȌŮȆŭǾȎ) 
ŭȆǽȂŮȍůȄ (ŰǼůȄ Ǿ ɸŬȍŬȉȕȍűȒůȄ) 
ůŰȌ ŭŮǿȂȉŬ.  

 
 
¸ǮŮŰȍǼŰŬȆ Ȅ ŬɸȕȇȍȆůȄ (ŰǼůȄ Ǿ 
ɸŬȍŬȉȕȍűȒůȄ) ŰȌȏ ȏȈȆȇȌȖ. 

  
 
¸ǮŮŰȍǼŰŬȆ Ȅ ŭȆŬűȌȍǼ űǼůŮȒȎ ŭ, 
ȉŮŰŬȋȖ ŭȆǽȂŮȍůȄȎ ȇŬȆ ŬɸȕȇȍȆůȄȎ.  

ǧȌȇȆȉǽȎ ǧȏȊŬȉȆȇǾȎ ǮȄȐŬȊȆȇǾȎ ǥȊǼȈȏůȄȎ 
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d = 0Á 

Stress 

Strain 

d = 90Á 

ǲȈǾȍȒȎ ǨȈŬůŰȆȇǾ ǥɸȕȇȍȆůȄ 
(Hookean  Solid)  

ǲȈǾȍȒȎ ǫȋȗŭȄȎ 
ǥɸȕȇȍȆůȄ 

(Newtonian Liquid ) 

Stress 

Strain 

ǥɸȕȇȍȆůȄ ůŰȆȎ ŭȖȌ ǱȍȆŬȇǽȎ ǴȏȊȅǾȇŮȎ 
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Phase angle 0Á < d < 90Á 

  

Strain 

 

Stress 

ǫȋȒŭȌŮȈŬůŰȆȇǾ ǥɸȕȇȍȆůȄ 
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ǫȋȒŭȌŮȈŬůŰȆȇȌǿ ǲŬȍǼȉŮŰȍȌȆ 

Åȼ ŰɎůɖ ůŮ ɏɜŬ ŭɡɜŬɛɘəɧ ˊŮɑɟŬɛŬ ŮɑɜŬɘ ɛɘɔŬŭɘəɐ ˊɞůɧŰɖŰŬ  s*, 

 

Strain, e 

Complex Stress, s* 

Phase angle d 

s* = s' + is" 

Åȼ ɛɘɔŬŭɘəɐ ŰɎůɖ ɢɤɟɑɕŮŰŬɘ ůŮ ˊɟŬɔɛŬŰɘəɧ əŬɘ űŬɜŰŬůŰɘəɧ ɛɏɟɞɠ: 

   1) ȼ ŮɚŬůŰɘəɐ ŰɎůɖ ˊɞɡ ɓɟɑůəŮŰŬɘ ůŮ űɎůɖ ɛŮ Űɖɜ ˊŬɟŬɛɧɟűɤůɖ. 

 s' = s0cosd    

 ɧˊɞɡ ɞ ɧɟɞɠ s' ŮəűɟɎɕŮɘ Űɞɜ ɓŬɗɛɧ əŬŰɎ Űɞɜ ɞˊɞɑɞ Űɞ ɡɚɘəɧ 

ůɡɛˊŮɟɘűɏɟŮŰŬɘ ɤɠ ŰɏɚŮɘɞ ŮɚŬůŰɘəɧ ůɩɛŬ.   

  

   2) ɀɑŬ ɘɝɩŭɖ ŰɎůɖ ůŮ űɎůɖ ɛŮ Űɞɜ ɟɡɗɛɧ ˊŬɟŬɛɧɟűɤůɖɠ. 

                                                     s"=s0sind                                                                                                    

ɧˊɞɡ ɞ ɧɟɞɠ s" ŮəűɟɎɕŮɘ Űɞɜ ɓŬɗɛɧ əŬŰɎ Űɞɜ ɞˊɞɑɞ Űɞ ɡɚɘəɧ 

ůɡɛˊŮɟɘűɏɟŮŰŬɘ ɤɠ ɘŭŬɜɘəɧ ɟŮɡůŰɧ . 
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ǵȌ ȉȆȂŬŭȆȇȕ ȉǽŰȍȌ ŮǿȊŬȆ ȐŬȍŬȇŰȄȍȆůŰȆȇǾ ȆŭȆȕŰȄŰŬ ŰȒȊ ȏȈȆȇȗȊ.  
ǴŮ ůȏȊȅǾȇŮȎ ŮɸȆȁȌȈǾȎ ȉȆȇȍȗȊ ɸŬȍŬȉȌȍűȗůŮȒȊ ŮǿȊŬȆ ůȏȊǼȍŰȄůȄ ŰȌȏ 
ȐȍȕȊȌȏ ȇŬȆ Ȅ ŬɸȕȇȍȆůȄ ŰȒȊ ȏȈȆȇȗȊ ȁȍǿůȇŮŰŬȆ ůŰȄȊ ȂȍŬȉȉȆȇǾ 
ȆȋȒŭȌŮȈŬůŰȆȇǾ ɸŮȍȆȌȐǾ.  ǧȄȈŬŭǾ, ŰŬ ȉŮȂǽȅȄ ŰȄȎ ŰǼůȄȎ ȇŬȆ ŰȄȎ 
ɸŬȍŬȉȕȍűȒůȄȎ ůȏȊŭǽȌȊŰŬȆ ȂȍŬȉȉȆȇǼ.   

ǮȆȂŬŭȆȇȕ ǮǽŰȍȌ 

d
e

s

d
e

s

sin

cos

0

0

0

0

*

=¡¡

=¡

¡¡+¡=

E

E

EiEE
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DMA ǫȋȒŭȌŮȈŬůŰȆȇȌǿ ǲŬȍǼȉŮŰȍȌȆ 

ǵȌ ǮǽŰȍȌ ǥɸȌȅǾȇŮȏůȄȎ 
(ǨȈŬůŰȆȇȕ):   ǨȇűȍǼȃŮȆ (ȉŮŰȍǼ) 
ŰȄȊ ŮȈŬůŰȆȇȕŰȄŰŬ ŰȌȏ ȏȈȆȇȌȖ ȇŬȆ 
ŰȄȊ ȆȇŬȊȕŰȄŰǼ ŰȌȏ ȊŬ ŬɸȌȅȄȇŮȖŮȆ 
ŮȊǽȍȂŮȆŬ.  

Ⱥ ' (Gó) = (stress/strain)cosd 

E " (Gñ) = (stress/strain)sind 
ǵȌ ǮǽŰȍȌ ǥɸȒȈŮȆȗȊ (ȆȋȗŭŮȎ):    
 ǨȇűȍǼȃŮȆ ŰȄȊ ȆȇŬȊȕŰȄŰŬ ŰȌȏ 
ȏȈȆȇȌȖ ȊŬ ŭȆŬȐǽŮȆ ŮȊǽȍȂŮȆŬ.  Ǫ 
ŮȊǽȍȂŮȆŬ çȐǼȊŮŰŬȆè ȒȎ 
ȅŮȍȉȕŰȄŰŬ. 

ǵȌ ǮȆȂŬŭȆȇȕ ǮǽŰȍȌ:   ǨȇűȍǼȃŮȆ 
ŰȄȊ ůȏȊȌȈȆȇǾ ŬȊŰǿůŰŬůȄ ŰȌȏ 
ȏȈȆȇȌȖ ůŰȄȊ ɸŬȍŬȉȕȍűȒůȄ.  

Ⱥ* (G*) = Stress/Strain 

Tan d = E"/E' (G"/G') 
ǨűŬɸŰȌȉǽȊȄ ŰȒȊ ǥɸȒȈŮȆȗȊ:    
ǨȇűȍǼȃŮȆ (ȉŮŰȍǼ) ŰȄȊ ȆȇŬȊȕŰȄŰŬ 
ŬɸȕůȁŮůȄȎ ŭȌȊǾůŮȒȊ ŰȌȏ ȏȈȆȇȌȖ.  

lab-atms
C

Smart mat erials &                
nanodielectrics - lab   

smatlab.upatras.gr  



ǴǼȍȒůȄ ǴȏȐȊȌŰǾŰȒȊ: ǥɸȕȇȍȆůȄ ŰȌȏ ǶȈȆȇȌȖ  

Storage Modulus (E' or G') 

Loss Modulus (E" or G") 

Terminal 

Region 

Rubbery 

Plateau 

Region 

Transition 

Region 

Glassy Region 

1 
2 

log Frequency (rad/s or Hz) 
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ǮŮŰŬȁȌȈǾ ŰȄȎ ŪŮȍȉȌȇȍŬůǿŬȎ: ǥɸȕȇȍȆůȄ ŰȌȏ ǶȈȆȇȌȖ 

Temperature 

Terminal Region 

Rubbery Plateau 

Region 

Transition 

Region 

Glassy Region 

Loss Modulus (E" or G") 

Storage Modulus (E' or G') 
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ǵȌ ǫȋȒŭȌŮȈŬůŰȆȇȕ ūǼůȉŬ 

(E" or G") 

 (E' or G') 

(E" or G") 

 (E' or G') 

log Frequency Temperature 

log Time log Time 

lab-atms
C

Smart mat erials &                
nanodielectrics - lab   

smatlab.upatras.gr  



ǥȍɸǼȂŮȎ 

S/D Cantilever 

3-Point Bending 

Tension-Film 

Tension-Fiber 

Shear-Sandwich 

Compression 

Submersible 

Compression 

Submersible 

Tension 
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DMA : Dual Cantilever Mode  

Sample 

Stationary  

Clamp 

Movable  

clamp 
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DMA : Single Cantilever Mode  

Stationary  

Clamp 

Sample 

Movable  

clamp 
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DMA : ǬǼȉȑȄ ǵȍȆȗȊ ǴȄȉŮǿȒȊ  

Moveable 

Clamp 
Force 

Sample 

Stationary Fulcrum 
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DMA : ǥȍɸǼȂŮȎ ǨűŮȈȇȏůȉȌȖ 

Movable clamp 

Sample 

(film, fiber,or thin sheet) 

Stationary 

 Clamp 
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DMA : ǥȍɸǼȂŮȎ ŪȈǿȑŮȒȎ 

Stationary clamp 

Sample 

Movable Clamp 
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ǮȌȍȆŬȇǽȎ ǬȆȊǾůŮȆȎ/ ǮŮŰŬȁǼůŮȆȎ/ ǷŬȈŬȍȗůŮȆȎ 

Reference: Turi,  Edith, A, Thermal Characterization of Polymeric Materials, Second 

Edition, Volume I., Academic Press, Brooklyn, New York, P. 486. 

ÅũŮȊȆȇǼ, ȌȆ ȉŮŰŬȁǼůŮȆȎ ůȐŮŰǿȃȌȊŰŬȆ ȉŮ ŭȆŬűȌȍŮŰȆȇǽȎ ȇȆȊǾůŮȆȎ 
ȉȌȍȆŬȇȗȊ ŰȉȄȉǼŰȒȊ,  ɸȌȏ ȉɸȌȍȌȖȊ ȊŬ ůȏȊŮȍȂǼȃȌȊŰŬȆ ȉŮŰŬȋȖ 
ŰȌȏȎ ȇŬȆ ɸȌȏ ŮǿȊŬȆ ŮȊŰȌɸȆůȉǽȊŮȎ ŰȌɸȆȇǼ Ǿ ŮȇŰŮǿȊȌȊŰŬȆ ůŮ ȉǽůȌ Ǿ 
ȉŮȂŬȈȖŰŮȍȌ ŮȖȍȌȎ.   
 
ÅǥȏŰǽȎ ȌȆ ȇȆȊǾůŮȆȎ ŬȊŬűǽȍȌȊŰŬȆ ȇŬȆ ȒȎ ȐŬȈŬȍȗůŮȆȎ. 
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ǴȄȉŮǿŬ ȉŮȂǼȈȌȏ ŮȊŭȆŬűǽȍȌȊŰȌȎ ȂȆŬ ŰȌȊ ȐŬȍŬȇŰȄȍȆůȉȕ ŭȆŮȍȂŬůȆȗȊ 
ȐŬȈǼȍȒůȄȎ:  (Ŭ) ɸȍȌůŭȆȌȍȆůȉȕȎ ŰȄȎ űǼůȄȎ ůŰȄȊ ȌɸȌǿŬ ŮȇȇȆȊȌȖȊ, (ȁ) 
ɸŮȍȆȂȍŬűǾ ŰȒȊ ȏɸȌȇŮǿȉŮȊȒȊ ȉȌȍȆŬȇȗȊ ŭȆŮȍȂŬůȆȗȊ, (Ȃ) ůȖȊŭŮůȄ ŰȄȎ 
ůȏȉɸŮȍȆűȌȍǼȎ ȐŬȈǼȍȒůȄȎ ȉŮ ŰŮȐȊȆȇǽȎ ȆŭȆȕŰȄŰŮȎ ȇŬȆ ɸȍŬȇŰȆȇǽȎ 
ŮűŬȍȉȌȂǽȎ.    

R. P. Chartoff , J. D. Menczel , S. H. 
Dillamn , Dynamic Mechanical Analysis 
(DMA) in J. D. Menczel , R. B. Prime, 
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Tg,  Ȅ ȇȌȍȏűǾ ŰȌȏ Ǩôô, ñthe onset  pointò, ǽȊŬȍȋȄ ŰȄȎ ȉŮŰǼȁŬůȄȎ.  
Tg,  Ȅ ȇȌȍȏűǾ ŰȌȏ tanŭ, ñthe softening  pointò, ȇȌȊŰǼ ůŰȌ ȉǽůȌȊ ŰȌȏ 
ȅŮȍȉȌȇȍŬůȆŬȇȌȖ ŮȖȍȌȏȎ ȉŮŰǼȁŬůȄȎ ȇŬȆ ŰȌȏ ůȄȉŮǿȌȏ ȇŬȉɸǾȎ, Ȅ 
ȉŮŰǼȁŬůȄ ǽȐŮȆ ůȐŮŭȕȊ ȌȈȌȇȈȄȍȒȅŮǿ.  
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ǨɸǿŭȍŬůȄ ŰȄȎ ȇȍȏůŰŬȈȈȆȇȕŰȄŰŬȎ ůŰȌ Tg  

R. P. Chartoff , J. D. Menczel , S. H. 
Dillamn , Dynamic Mechanical Analysis 
(DMA) in J. D. Menczel , R. B. Prime, 
edts , Thermal Analysis of Polymers, p. 
387 - 495, Wiley, 2009 . 
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ǬȌȇȇȗŭȄ ǴȖȊȅŮŰŬ ǶȈȆȇǼ ǲȌȈȏȉŮȍȆȇǾȎ ǮǾŰȍŬȎ 

R. P. Chartoff , J. D. Menczel , S. H. 
Dillamn , Dynamic Mechanical Analysis 
(DMA) in J. D. Menczel , R. B. Prime, 
edts , Thermal Analysis of Polymers, p. 
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LDPE: ǷŬȈŬȍȗůŮȆȎ Ŭ ȇŬȆ ȁ ŰǼȋŮȒȎ (Ŭô, ȁô) 
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Temperature (ÁC)

Sample: Polyethylene in Tension
Size:   8.4740 x 5.7500 x 1.0000 mm

Comment: 15 microns, 120% Autostrain, -150ÁC to 100ÁC

DMA
File: F:...\DMADATA\Peten.tr1
Operator: RRU
Run Date: 18-Jan-99 16:10

Universal V2.5D TA Instruments

Tm 

Large scale cooperative Motion:  

Disruption of crystalline structure 

b -Relaxation 

An amorphous phase relaxation 

A local-mode, simple, non-cooperative  

relaxation process 

a -Relaxation 

Originates in amorphous phase  

Related to glass transition 

lab-atms
C

Smart mat erials &                
nanodielectrics - lab   

smatlab.upatras.gr  



ǷŬȈŬȍȗůŮȆȎ Ŭ ȇŬȆ ȁ ŰǼȋŮȒȎ (ŬǛ, ȁǛ) 

l l
l

l
l

l l
l

l

l

l

l

p

p

p p

p

p

p

p

p

p

p

p

p

Í

Í

Í

Í

Í

Í
Í

Í

Í

Í

Í

Í

Í

Í

Í

Í

Í

119.44ÁC

-55.49ÁC
0.05

0.10

0.15

[ 
  
 ]
 T

a
n
 D

e
lt
a

Í

10

100

1000

10000

[ 
  
 ]
 L

o
s
s
 M

o
d
u
lu

s
 (

M
P

a
)

p

10

100

1000

10000

[ 
  
 ]
 S

to
ra

g
e
 M

o
d
u
lu

s
 (

M
P

a
)

l

-150 -100 -50 0 50 100 150 200 250

Temperature (ÁC)

Sample: PET Film in Machine Direction
Size:   8.1880 x 5.5000 x 0.0200 mm
Method: 3ÁC/min  ramp
Comment: 1Hz;  3ÁC/min from  -140Á to 150ÁC, 15 microns,

DMA
File: A:\Petmd.001
Operator: RRU
Run Date: 27-Jan-99 13:56

Universal V2.5D TA Instruments
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Zytel  -  Nylon in Torsion  

Temperature Ramp at 3 ÁC/min.  

Frequency = 1 Hz  
Strain = 0.025%  Gô 

Gò 

tan  d 

g-  transition  
 -140.3 ÁC 

a-  transition  
Tg = 81.6 ÁC 

250.0-200.0-150.0-100.0-50.0050.0100.0150.0200.0

temperature (Deg C)
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Melt Peak  

210ÁC 

b-  transition  
 -70.8 ÁC 

Degradation  
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ǧȌȉǾ ǲȌȈȏȉŮȍȗȊ ï ǫŭȆȕŰȄŰŮȎ ǷŬȍŬȇŰȄȍȆůȉȕȎ 

Ā ǶŬȈȗŭȄȎ ǮŮŰǼɸŰȒůȄ 

Ā ǮŮŰŬȁǼůŮȆȎ ȁǛŰǼȋŮȒȎ (ȁǛȐŬȈŬȍȗůŮȆȎ) 
Ā ǬȍȏůŰŬȈȈȆȇȕŰȄŰŬ  
Ā ǮȌȍȆŬȇȕ ȁǼȍȌȎ/ůŰŬȏȍȌŭŮůȉȌǿ 
Ā ǧȆŬȐȒȍȆůȉȕȎ űǼůŮȒȊ (ɸȌȈȏȉŮȍȆȇǼ ȉŮǿȂȉŬŰŬ, 
ůȏȉɸȌȈȏȉŮȍǾ,...)  
Ā ǴȖȊȅŮŰŬ  
Ā ũǾȍŬȊůȄ 
Ā ǴȇȈǾȍȏȊůȄ (curing ) ŭȆȇŰȖȒȊ 
Ā ǲȍȌůŬȊŬŰȌȈȆůȉȕȎ 
Ā ǨɸǿŭȍŬůȄ ɸȍȌůȅŮŰȆȇȗȊ  

Reference :  Turi ,  Edith,  A,  Thermal  Characterization  of  Polymeric  Materials,  
Second  Edition,  Volume  I ., Academic  Press,  Brooklyn,  New  York,  P. 489 . 
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ǴȖȊȅŮŰȌ ǫȊȗȊ ǦȆȊȏȈŮůŰǽȍŬ ï ȁǛȐŬȈǼȍȒůȄ 
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