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Abst rac t .  - We have measured i n t e r n a l  f r i c t i o n  of  polycarbonate 
i n  t o r s i o n ,  during i )  a  cons tan t  s t r a i n - r a t e  t e n s i l e  t e s t  ; 
i i )  a  d i f f e r e n t i a l  s t r a i n - r a t e  t e s t  ; iii) s e v e r a l  r e l a x a t i o n  
t e s t s .  We show t h a t  i n t e r n a l  f r i c t i o n  is  s t r o n g l y  dependent on 
s t r a i n  r a t e  , bu t  independant on s t r a i n  and s t r e s s .  

Polycarbonate behaviour shows some ana log ie s  wi th  meta ls  : 
t he re fo re  i n t e r p r e t a t i o n  of t he  r e s u l t s  is  based upon t h e  as-  
sumption t h a t  deformation i n  due t o  d e f e c t s  motions. I n  t h i s  
view, i n t e r n a l  f r i c t i o n  can provide means f o r  e s t ima t ing  i n t e r -  
n a l  s t r e s s .  

1. Experiment. - Measurements of i n t e r n a l  f r i c t i o n  were performed du- 

r i n g  t e n s i l e  t e s t s ,  a t  about 1 Hz, on a t o r s i o n a l  pendulum s e t  a long 

t h e  v e r t i c a l  a x i s  of a  t e n s i l e  machine. 

The sample, took from a "Makrolon" s h e e t ,  p r e s e n t s  an i n i t i a l  

s e c t i o n  of 3  X 4 mm2 and t h e  i n i t i a l  l e n g t h  a c t u a l l y  s t r a i n e d  (be t -  

ween heads)  is  L. - 38 mm.  It  is  f i x e d  between t h e  cross-head of  t h e  

t e n s i l e  machine a t  i ts  lower p a r t ,  and t h e  i n e r t i a  b a r  of  t h e  pendu- 

lum a t  i t s  top .  The i n e r t i a  b a r  i s  hanged t o  t h e  load-ce l l  by a  
2 s t r i p - i r o n ,  t h e  s e c t i o n  of which i s  30 x0.3 mm . 

Torsion motion is recorded by an o p t i c a l  device and damping i s  

measured by a f r e e  decay method : 

I n t e r n a l  f r i c t i o n  of t he  sample, A , i s  deduced from A1 by the  

r e l a t i o n  / l /  : 

where A~ i s  the  s t r i p - i r o n  damping, measured by r ep l ac ing  t h e  sample 

by a  t h i n  s t r i p - i r o n ,  t h e  torque  r i g i d i t y  of  which is n e g l i g i b l e  ; 

W and W1 a r e  t o r s i o n a l  e l a s t i c  ene rg i e s  r e s p e c t i v e l y  s t o r e d  i n  
2 

t h e  upper s t r i p - i r o n  and i n  t h e  whole system dur ing  an o s c i l l a t i o n ;  

i t  can be seen t h a t  W2/W1 = ( f  / f  12 ,  f l  being t h e  measured frequen- 
2 1 
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cy of t he  whole system, and f 2  t he  frequency measured i n  t h e  same 

cond i t i ons  a s  b 2  ; f 2  and A 2  a r e  load-dependent. 

2. Resu l t s .  

2.1. - Constant s t r a i n - r a t e  t e n s i l e  t e s t .  - Fig.  1 shows t h e  s t r e s s  

curve U = F/S ve r sus  t ime ,  f o r  an e longa t ion  r a t e  dL/dt = 0 . 5  mm/mn 

( t h a t  is ; = :/Lo . dL/dt  = 0 . 2 2 . 1 0 - ~  S-'). 

There a r e  t r e e  p a r t s  i n  t h i s  s t r e s s  curve.  The f i r s t  p a r t  (OA) 

corresponds t o  a  recoverab le  and homogeneous deformation : i n t e r n a l  
- 3 f r i c t i o n  i n c r e a s e s  from A = 30.10 before  l oad ing ,  t o  A A  = 120. I O - ~ .  

The second p a r t  ( A  B )  i s  a  Piobert-Luders p l a t e a u  w i th  

a L  P 50 MPa. P l a s t i c  s t r a i n i n g  ( e  = 55 %) is l o c a l i z e d  on one o r  
L 

two f r o n t s  which move along t h e  sample. This  he t e rogene i ty  of t h e  de- 

formation makes d i f f i c u l t  t he  a n a l y s i s  o f  i n t e r n a l  f r i c t i o n  measure- 

ments i n  t h i s  p a r t  o f  t he  t e n s i l e  curve .  

The t h i r d  p a r t  o f  t he  curve ( B  C )  corresponds t o  a  homogeneous 

deformation up t o  t h e  rup tu re  which occurs  by crack-propagat ion 

( e R  = 93 % ) .  I n t e r n a l  f r i c t i o n  i n c r e a s e s  from A = 110 .10 -~  t o  B 
= 200 .10 -~ .  

2.2. D i f f e r e n t i a l  s t r a i n - r a t e  t e n s i l e  t e s t .  - The curve s t r e s s  v s  ti- 

me of t he  f i g ,  2a has  been obta ined  by t a k i n g  t u r n s  wi th  two s t r a i n  

r a t e s  : 0 . 5  and 0.05 mm/mn. The p a r t  B C o f  t h e  curve shows s t r e s s  

Fig.l m 
a)  Tensile curve.: s t ress  vs time Influence of strain-rate 

(Strain-rate L = 0.5 m/m) a)  on the stress 
b) Internal friction b) on the internal friction. 



drops 6 0  = 8 .3  MPa. F ig .  2b shows the  drops of i n t e r n a l  f r i c t i o n  cor-  

responding wi th  s t r a i n - r a t e  decreases .  Theses drops a r e  important  i n  

t h e  B C p a r t  of t he  s t r e s s  curve ( 6 8  = 1 0 0 . 1 0 - ~  f o r  t h e  f i r s t  of 

them) ; they a l s o  e x i s t  i n  t h e  OA p a r t .  

When the  s t r a i n  r a t e  i s  increased  aga in ,  t h e  s t ress -curve  shows 

a t r a n s i e n t  i nc rease  6 5  a s  i n  meta ls  s u b j e c t  t o  aging e f f e c t s .  Then 

i n - t e r n a l  f r i c t i o n  does not  immediately reach the  s t eady - s t a t e  value 

a s  measured i n  t he  i n i t i a l  cons t an t  s t r a i n - r a t e  condi t ions .  

2 . 3 .  S t ress -Relaxa t ion  t e s t s .  - The t e n s i l e  s t r a i n i n g  t e s t  i s  sudden- 

l y  stopped a t  t he  s t r e s s  o o  ( =  58 MPa), corresponding t o  a deforma- 

t i o n  eo ( =  66 % ) .  There a r e  t h r e e  p o s s i b i l i t i e s .  

i )  The cross-head is kept  immobile. Under t h e  a c t i o n  o f  t he  

s t r e s s  o o  t h e  specimen cont inues  t o  e longate  very  s lowly,  and the  

s t r e s s  decreases  fo l lowing  a  logar i thmic  func t ion  of time : t h a t  is  

the  r e l a x a t i o n  ( F i g .  3 a ) .  During t h e  decrease  of o , t h e  i n t e r n a l  

f r i c t i o n  decreases  a l s o  and tends  towards a  l i m i t  c l o s e  t o  i t s  i n i -  

t i a l  va lue  measured on the  s t r a i n e d  ma te r i a l  (F ig .  3 b ) .  

i i)  The cross-head i s  r a p i d l y  moved back and is  stopped as t h e  

s t r e s s  i s  ze ro .  Then t h e  specimen c o n t r a c t s  wi th  a  decreas ing  s t r a i n  

r a t e  and t h e  s t r e s s  i n c r e a s e s ,  6 > 0  : t h a t  is  t h e  an t i - r e l axa t ion  

(F ig .  4 a ) .  The i n t e r n a l  f r i c t i o n  i s  immediatly reduced,  then i t  de- 

c r e a s e s  with time a s  ;r , t ending  aga in  towards i t s  i n i t i a l  va lue  

(F ig .  4 b ) .  

Fig.3 

Evolution of the Internal Friction (b) 
during stress-relaxation (a) .  

v:F/So MPa 
C l  - 

Fig.4 

Evolution of the Internal Friction (b) 
during antirelaxation after total. un- 
loading (a ) .  
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i i i )  The t h i r d  p o s s i b i l i t y  i s  t o  move back t h e  cross-head and 

s t o p  i t  a f t e r  a  p a r t i a l  un load ing  a t  a  s t r e s s  d < U . For t h e  upper  
0 0 

v a l u e s  of U;, 'O i s  n e g a t i v e  ; f o r  t h e  lower  v a l u e s  o f  U' 6 i s  p o s i t i -  
0 '  

ve  ( f i g .  5 a ) .  There is  a  v a l u e  o f u '  f o r  which 6  i s  z e r o ,  t h i s  
0 

s t r e s s  i s  u s u a l l y  cons idered  a s  t h e  i n t e r n a l  s t r e s s .  

J u s t  a f t e r  t h i s  p a r t i a l  un load ing  t h e  v a l u e  o f  i n t e r n a l  f r i c t i o n  

i s  reduced ( F i g .  5 b ) .  The i n s t a n t a n e o u s  v a l u e s  o f  i n t e r n a l  f r i c t i o n  

a r e  p l o t t e d  v e r s u s  U '  i n  f i g u r e  6 .  From t h i s  f i g u r e  it is  c l e a r  t h a t  
0 

i )  t h e  i n s t a n t a n e o u s  v a l u e  o f  A i s  always h i g h e r  t h a n  i t s  v a l u e  be- 

f o r e  s t r a i n i n g ,  30. I O - ~  ; i i )  t h e  curve  shows a minimum of A f o r  t h e  

s t r e s s  a ' =  20 MPa, t h i s  s t r e s s  i s  s m a l l e r  t h a n  t h e  s t r e s s  f o r  which 

6  i s  z e r o  : 45 MPa. 

Discuss ion .  - I n t e r n a l  f r i c t i o n  of t h e  unloaded specimen, A =  30.103, 

cor responds  t o  t h e  background between t h e  two t r a n s i t i o n s  or and B of  

t h e  po lycarbona te  which a r e  r e s p e c t i v e l y  a t  150 O C  and -100 O C  f o r  

1 Hz / 2 / .  The i n c r e a s e  of i n t e r n a l  f r i c t i o n  observed  d u r i n g  s t r a i n  

o=F/So MPa 

L 

Fig. 5 

a)  Beginning of the relaxation after 
par t i a l  unloading 

b) Correspondent values of the Inter- 
nal Friction. 

Fig.G 

Internal Friction vs stress im- 
mediately a f te r  par t ia l  unloa- 
ding. 



does  no t  seem t o  be r e l a t e d  t o  t he se  t r a n s i t i o n s  bu t  more l i k e l y  i t  

i s  connected t o  t h e  s t r a i n  r a t e  i . This  i s  c l e a r l y  observed on t he  

d i f f e r e n t i a l  s t r a i n  r a t e  t e s t  ( F i g .  2 )  and on t h e  r e l a x a t i o n  and an- 

t i - r e l a x a t i o n  t e s t s  : each time A d ec r ea se s  wi th  t . I n  t h e  re laxa-  

t i o n  and a n t i r e l a x a t i o n  t e s t s ,  t h e  same time i s  necessary  f o r  

being c l o s e  t o  zero  and f o r  A r each ing  aga in  i t s  i n i t i a l  va lue .  The 

same r e s u l t  h a s  been obta ined  on a  specimen s t r a i n e d  up t o  rup tu re  

and kept  a t  room temperature f o r  48 H : i t  shows t h e  same damping 

spectrum a s  undeformed m a t e r i a l  from 77 t o  370 K .  

I t  can be seen from the  p r e sen t  r e s u l t s  t h a t  t h e  s t r a i n  beha- 

v i o u r  of polycarbonate  shows s e v e r a l  ana log i e s  wi th  meta l s  : s t r a i n -  

r a t e  s e n s i t i v i t y ,  e x i s t e n c e  of  an i n t e r n a l  s t r e s s  and ex i s t ence  of 
O 3 an a c t i v a t i o n  volume which has  been c a l c u l a t e d  ( P 1000 A ) both from 

d i f f e r e n t i a l  s t r a i n - r a t e  t e s t s  and from r e l a x a t i o n  t e s t s .  

Those ana log i e s  sugges t  two assumptions.  F i r s t l y ,  t h e  p l a s t i c  

s t r a i n i n g  of g l a s sy - s t a t e  polycarbonate  is  made pos s ib l e  by c r e a t i o n  

and motion of d e f e c t s  /3/. Secondly, when those  d e f e c t s  a r e  moving 

under t h e  a c t i o n  of  t h e  t e n s i l e  s t r e s s ,  t h e i r  motion can be modified 

by a  smal l  to rque  : t h i s  mod i f i ca t i on  i s  d i s s i p a t i n g  energy,  s o  t h a t  

i t  produces i n t e r n a l  f r i c t i o n  when t h e  to rque  i s  s i n u s o i d a l .  

Using those  two assumptions,  a  coheren t  i n t e r p r e t a t i o n  of t he  

r e s u l t s  can  be g iven .  I n  a l l  t h e  t e s t s ,  a s t r a i n - r a t e  decrease  i s  r e -  

l a t e d  t o  an i n t e r n a l  f r i c t i o n  decrease  (F ig .  2 , 3 , 4 )  : so  t he  number 

of t h e  mobile d e f e c t s  a l s o  dec rea se s .  

The motion of each de fec t  i n  t h e  m a t e r i a l  i s  opposed by t he  in -  

t e r n a l  s t r e s s e s .  So, t he  e f f e c t i v e  s t r e s s  a c t i n g  on a  de fec t  i s  : 

U = a - oiwhere o i s  t he  e x t e r n a l  app l i ed  s t r e s s ,  and 0. i s  t h e  in -  

t e r n a l  s t ress .Consequent ly  when apply ing  an e x t e r n a l  s t r e s s  = o 
i ' 

t he  e f f e c t i v e  s t r e s s  oe becomes ze ro  and t he  p l a s t i c  s t r a i n - r a t e  

i s  a l s o  ze ro .  

I n  t h e  r e l a x a t i o n  t e s t ,  d e f e c t s  cont inue  t o  move a s  long a s  

a e  > 0 ,  bu t  because t h e  sample l eng th  i n c r e a s e s ,  t h e  s t r e s s  dec rea se s  

and t he  p l a s t i c  s t r a i n  r a t e  Z p  a l s o  ; a s  t he  d e f e c t s  a r e  l e s s  and 

l e s s  mobile ,  t h e  i n t e r n a l  f r i c t i o n  a l s o  decreases  (F ig .  3 ) .  I n  t he  

a n t i r e l a x a t i o n  t e s t ,  f o r  G =  0 ,  t he  e f f e c t i v e  s t r e s s  i s  o e  = - a .  - 
1 ' 

t h a t  s t r e s s  induces t he  backward motion of some d e f e c t s  and macrosco- 

p i c a l l y ,  t h e  s t r a i n  r a t e  GB is nega t ive  ; t he  i n t e r n a l  f r i c t i o n  A i s  

no t  s e n s i t i v e  t o  t h e  d i r e c t i o n  of t he  displacement  of t h e  d e f e c t s ,  

and decreases  w i th  EB . 
I n  t he  p a r t i a l  unloading t e s t ,  those  two e f f e c t s  a r e  i n  competi- . . 

t i o n  : t h e  whole s t r a i n - r a t e  i s  E = E~ + E ~ .  AS schemat ica l ly  shown 

i n  f i g .  7a, Q p  and :B a r e  respectively func t i on  of t he  s t r e s s  U; ap- 
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p l i e d  a f t e r  un load ing .  When a p p l y i n g  a  s t r e s s  do = U .  t h e  p l a s t i c  
1' 

s t r a i n  Qp becomes z e r o  and t h e  t o t a l  s t r a i n  r a t e  ; i s  i = k < 0 .  But B 
t h e  i n t e r n a l  f r i c t i o n  A v a r i e s  a s  'cp + I C B  I : c o n s e q u e n t l y ,  it pas- 

s e s  th rough  a  minimum when C p  becomes z e r o  ( F i g .  7b)  and t h e  c o r r e s -  

ponding v a l u e  o f  t h e  a p p l i e d  s t r e s s  ( F i g .  6 )  i s  t h e  macroscopic va- 

l u e  o f  t h e  i n t e r n a l  s t r e s s  o i .  That v a l u e  is  l e s s  than  t h e  s t r e s s  

f o r  which Er = 0 ,  cor responding  t o  a  t r a n s i e n t  e q u i l i b r i u m  between 

t h e  p l a s t i c  s t r a i n - r a t e  and t h e  backward s t r a i n - r a t e  : + = 0 B 
(sample 2  on f i g .  5 a ) .  

a )  Schematic drawing of c p  and 

v s  t h e  s t r e s s  immediately a f t e r  
un load ing  

b )  L P  + l  tgl 

r 
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