
0 6 b e A H H e H ~ b l i i  
HHCTHTYT 
RAePHblX 

n c t n e A o e a H n i i  

THE DEFORMATION MECHANISMS 

OF A POROUS STRUCTURE 

OF THE POLY (ETHYLENE TEREPHTHALATE) 

NUCLEAR TRACK MEMBRANE* 

Submitted to "Journal o f  Membrane Science" 

*This paper is based on the author's Ph.D.thesis 



I. I n t r o d u c t i o n  

For a  l a r g e  number of t h e  p r e s e n t l y  known porous membranes, 

t h e  membranes produced by nuc lea r -phys ica l  methods a r e  of s p e c i a l  

i n t e r e s t .  Th i s  t y p e  of f i l t r a t i o n  m a t e r i a l s  h a s  appeared owing t o  

t h e  p o s s i b i l i t y  of r e v e a l i n g  l a t e n t  t r a c k s  i n  t h e  d i f f e r e n t  poly- 

mer ic  m a t e r i a l s  i r r a d i a t e d  by heavy i o n s  p ,q o r  by f i s s i o n  f r ag -  

ments [3], and t h e n  t r e a t e d  chemioal ly .  The DO-odled nuolear traok 

membranes have a h igh  u n i f o r m i t y  of porous  s t r u c t u r e  ( t h e  s i z e  

and shape of p o r e s )  and ,  t h e r e f o r e ,  p rov ide  a  h igh  s e p a r a t i o n  

s e l e c t i v i t y  of v a r i o u s  d i s p e r s i v e  media. 

To s o l v e  a v a r i e t y  of problems t h e  n u c l e a r  t r a c k  membranes 

a r e  g e n e r a l l y  used i n  i n s t a l l a t i o n s  des igned  f o r  long  o p e r a t i o n  

under normal c o n d i t i o n s  and a t  h i g h  t empera tu ree .  I n  t h e  l a t t e r  

c a s e  one should  n o t e  t h e  manufacture  of screen-vacuuq i n s u l a t i o n  

( t h e r m a l  d e p o s i t i o n  of m e t a l l i c  l a y e r s  o n t o  t h e  s u r f g c e  of a  

membrane) [4] , p e r i o d i c a l  s t e r i l i z a t i o n  by a u t o c l a v i n g  i n  medic ine  

and food i n d u s t r y  [5,6] a s  w e l l  a s  o t h e r  p r o c e s s e s  t h a t  occur  

at t e m p e r a t u r e s  above t h e  room one. I n  t h i s  c a s e  t h e  n u c l e a r  t r a c k  

membranes should  have s t a b l e  o p e r a t i n g  c h a r a c t e r i s t i c s .  

I t  i s  known t h a t  polymeric  membranes can change t h e i r  f i l t r a -  

t i o n  p r o d u c t i v i t y  and s e l e c t i v i t y  spon taneous ly ,  f o r  example,  i n  

t h e  p r o c e s s  of f i l t e r i n g  l i q u i d  media 173. T h i s  happens,  p r i m a r i l y ,  

because  of t h e  deformat ion changes  by t h e  d i s c o n t i n u o u s  change of 

t h e  h y d r o s t a t i c  p r e s s u r e  on t h e  high-curved s u r f a o e  of channe l s .  

The s m a l l e r  t h e  r a d i u s  of t h e  channe l ,  t h e  g r e a t e r  t h e  magnitude 

of t h e  s t r e s s  appea r ing  on t h e  po re  s u r f a c e .  Other  causes  can a l s o  

l e a d  t o  p o r o s i t y  changes .  The n u c l e a r  t r a c k  membranes a r e  n o t  an 



e x c e p t i o n  b u t  r a t h e r  a  model porous  medium t h a t  i s  conven ien t  f o r  

i n v e s t i g a t i o n  and c o n t r o l .  

I n  t h e  p r e s e n t  i n v e a t i g a t i o n  t h e  t i m e  dependences  of t h e  po re  

r a d i u s  of t h e  n u c l e a r  t r a c k  membrane from po ly (e thy1ene  t e r e p h t h a l a t e )  

(PET) i n  t h e  wide t e m p e r a t u r e  r ange  (333-473 K) a r e  p l o t t e d  by t h e  

e x p e r i m e n t a l  way and t h e  t h e o r e t i c a l  e s t i m a t e s  of t h e  exper iment  

a r e  made. 

The samplee of n u c l e a r  t r a c k  membranes were produced on t h e  

b a s i s  of p a r t i a l l y - o r y s t a l l i n e  ( t h e  c r y s t a l l i n i t y  r a t e  i s  ove r  

50%) PET f i l m ,  which is  u s u a l l y  used i n  c a p a s i t o r e ,  w i t h  b i o x i a l  

o r i e n t a t i o n  ( t h e  e x t r u s i o n  r a t i o  i a  1  :3 and 1  : 3 ) ,  thtoknsaa i s  

3  1 0  pm, a v e r a g e  d e n s i t y  l a  1 , 4  g/cm , a v e r a g e  molecu la r  weight  i s  

abou t  31000 and t h e  modulus of e l a s t i c i t y  i s  3500-4000 MPa. The 

f i l m  waa i r r a d i a t e d  by a  heavy i o n  beam and t h e n  t r e a t e d  i n  t h e  

c o n v e n t i o n a l  manner [I ,2]. The p o r o s i t y  of t h e  membranes d i d  n o t  

exceed  1 5 ,  which pe rmi t ed  t h e  p o r e s  a v a i l a b l e  i n  t h e  membrane m a t e r i a l  

t o  be  c o n a i d e r e d  p r a c t i c a l l y  i s o l a t e d  one from a n o t h e r .  The measured.  

e f f e c t i v e  po re  r a d i u s  o f  t h e  smnples l i e s  i n  t h e  r a n g e  from 4 . 5  t o  

170 nm. 

3. Expe r imen ta l  p rooedure  

The e f f e o t i v e  po re  r a d i u s  of t h e  membranes w a s  measured w i t h  

tar mumay of  abou t  2-35 i n  a  aet-up dea igned  f o r  gas-dynamics1 

c o n t r o l  a t  room t e m p e r a t u r e  [a. The samples  were g lued  upon t h e  

m e t a l l i c  base  of a  f i l t e r  h o l d i r  having a  c a l i b r a t e d  h o l e  w i t h  a 

d i a m e t e r  o f  (3.0020.05) mm. Thi s  a l l owed  one t o  avo id  a d d i t i o n a l  

m a n i p u l a t i o n s  d u r i n g  t h e  proceaa  o f  t he rma l  t r e a t m e n t  and c o n t r o l .  

of t h e  samples .  

The s t u d y  of t h e  de fo rma t ion  meohanisms of t h e  PET n u c l e a r  

t r a o k  membrane s t r u c t u r e  was c a r r i e d  o u t  i n  t h e  t e m p e r a t u r e  r ange  

from 333 t o  473 K .  The samples were kep t  i n  a  vacuum-mer of SP?-200- 

*).PO under a  r a r e f a c t i o n  of up t o  10  Pa f o r  a  p r e s o r i b e d  t ime .  

To reduce  t h e  p r o c e s s e s  of t h e  t he rma l -ox ida t ive  destruction of 

t h e  polymer,  a f t e r  each exper iment  a rgon  was f e d  i n t o  t h e  vacuum 

d r y e r  and t h e n  t h e  t e m p e r a t u r e  was reduced t o  room one and t h e  

samples  were'removed f o r  c o n t r o l .  

4. Expe r imen ta l  r e s u l t s  

The expe r imen ta l  t i m e  dependences of t h e  gas-dynamical p o r e  

r a d i u s  were o b t a i n e d  a t  v a r i o u s  t empera tu re8  of t h e  h e a t  t r e a t -  

ment. They a r e  shown i n  F igs .  I ( a , b , c ) ,  2  ( a , b )  and 3  ( a , b ) .  

As a  r e s u l t  of  some d i s p e r s i o n  of t h e  po re  shape  and number, t h e  

i n i t i a l  po re  r a d i i  R o  of t h e  membranes i n  d i f f e r e n t  samples  can 

v a r y  w i t h i n  '10%. 

The a n a l y s i s  of t h e  dependences found r e f l e c t s  a t  l e a s t  t h r e e  

e x i s t i n g  forme of changes  of t h e  gas-dynamical po re  r a d i u s :  t h e  

h e a l i n g ,  a  s m a l l  growth w i t h  t h e  subsequen t  dec reaee  t o  p r a c t i c a l l y  

i n i t i a l  po re  magnitude and a  v e r y  v i s i b l e  po re  growth [9,10]. 

Cor reypond ing ly ,  i f  t h e  h e a l i n g  i s  obse rved  i n  t h e  whole t e m p e r a t u r e  

r a n g e ,  t h a t  i r r e v e r s i b l e  po re  growth i s  t y p i c a l l y  c h a r a c t e r i z e d  by 

a  p o r e  s i z e  of  60  nm on ly  a t  t e m p e r a t u r e s  of 453 and 473 K .  The 

behav iou r  a e a o c i a t e d  w i t h  a  s m a l l  po re  growth i s  n o t i c e d  i n  

p r a c t i c a l l y  a l l  t e e t s  w i t h  po re  r a d i i  above 20 nm. 

A s  ha s  been shown e a r l i e r  by us  193 ,  t h e  h e a l i n g  of t h e  p o r e s  

i s  connec ted ,  i n  t h e  f i r s t  p l a n e ,  w i t h  t h e  Laplace  p r e s s u r e  on t h e  

pore  s u r f a c e  l e a d i n g ,  a s  t h e  compl iance  i n c r e a s e s  ( w i t h  t empera tu re  

g rowth ) ,  t o  t h e  more pronounced e f f e c t  of t h e  p o r o s i t y  l o s s .  The 

po re  growth a t  h i g h  t e m p e r a t u r e s  w a s  connected  w i t h  t h e  p r o c e s s  of 

t h e  polymer mass t r a n s f e r  t o  c r y s t a l l i z a t i o n  c e n t r e s  when t h e  

deg ree  of t h e  PET c r y s t a l l i n i t y  i n c r e a s e d .  Thia was conf i rmed i n  

expe r imen t s  of measur ing t h e  we igh t -pe rcen t  c r y s t a l l i n i t y  r a t i o  
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e f f e c t i v e  pore r a d i u s  

change on t ime.  

I I a ) T = 3 3 3 K . 0 , b s 0 , 0  f o r  

b) T=343 K. h , v , 0  ,0 f o r  

Ro=(3.60'o.15); (13.5'0.5); 

I 1 (24.0'0.7); (35.011 . I )  nm. 

f o r  f?, =(3.15'0.15); 
A 

n h L - (4.85'0.15); (16.1'0.4); 

0 
0 2 0  1 0 t,h (22.7'0.7); ( 3 2 . 0 ~ 4 . 0 )  nm. 

Uk of t h e  PET nuc lea r  t r a c k  membrane with an e f f e c t i v e  pore r a d i u s  

of 25 nm ( t h e  t rea tment  condi t ions  a r e  t h e  same) - Fig.  4 193. 

The amorphous phase (and some p a r t  of t h e  c r y s t a l l i n e  one) i s  removed 

i n t o  t h e  s o l v e n t  - t h e  mixture of phenol and d ich lore thane  i n  

r e l a t i o n  of 40-60 vo1.X f o r  a time of 30 min a t  a temperature  of 

358'3 K ( t h e  regime was.chosen experimental ly) .  The c o e f f i c i e n t s  

of t h e  c r y s t a l l i z a t i o n  r a t e  K and t h e  exponent n ob ta ined  on t h e  

Pig.  2. The same a s  i n  f i g . 1 . f o r  a )  T=383 K ; V , A , A , ~ . O ~ ~ . O ~ *  

f o r  Ro=(5.90'~.23); (8.3520.25); (14.620.4); (19.420.6); 

(32.7'1 . I ) ;  (44.421.5); (56.3'1.2); (64.8'2.1) nm; 

b) T=403 K; v, 0 , b 9 , l , , 0 for%=(4.15+0.15); 

(6.60'0.23); (11.7'0.4); (14.6'0.4); (23.0'0.7); (44.3'1.4); 

(60.2'1.9) nm. 
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Fig.3. The same a8 in fig.1, 

for a) T=423 K ; V,A,A ,V,0.. 
for Ro =(5.75'0.23); (10.3'0.3); .* 
(13.1'0.4); (19.8'0.5); (32.6'1 .o); 
(47.2'1.5) nm. b) T=453 K. A,A 

Vl0,.10,O 
for Ro=(9.820.3); (15.1'0.4); 

(18.5'0.5); (30.6'1 .o); (43.6'1.9); 

(73.7'2.4); (80.0'2.5) nm. 

C) T=473 K; A ,O,. ,O 9 .  0 
for Ro =(10.2'0.4); (28.9f0.9); 

(31.821 .O); (45.7'1.5); (64.7'2.1); 

(70.0'2.3); (90'3) nm. 

basis of the Avrami equation for secondary crystallization are 

shown in Table I. 

It should be noted that the exponent values of n lie in the 

range from I to 2 and correspond to the values obtained for the 

Fig. 4. Dependence of the weight-percent crystallinity ratio 

of the PET on time. 0 , 0 , 0 , 8 , 8 , .  for temperatures 

343, 363, 403, 423# 433 and 453 K. 

Table 1 

The parameters of the Avrami equation for a PET membrane 



crystallization process in non-oriented PET [ll]. The crystalliza- 

tion rate conetant, naturally, is increaeed as the temperature 

increases in particular, from 433 to 453 K it ie increased by a 

factor of 6 . Just at thoee temperature8 the irreversible pore 
growth is observed. The approximative curves are plotted in Fig.4 

on the basis of the obtained coefficiente. From the ehapes of these 

curves it can be proposed that near 373 K there lies the transition 

region from the glasey state to high-elasticity one of the PET, and 

this corresponds to known results for oriented polymers [12, I 33. 

For pore radii Ro above 15-20 nm the Laplace pressure ie 

negligible (it ie vieible only at temperatures over 473 K) and 

other processee begin to prevail in the deformation of the porous 

structure. Indeed, as known, the inner tension8 exist in oriented 

polymere and, particularly, in the PET they are not relieved even 

after the technological heat setting of films [14]. Then any 

increaee in the polymer temperature leads to some streee C(T) 
which can cause a emall pore growth relaxing in time. 

5. Theoretical estimates 

5.1. Pore healing 

The known solution to define the healing rate of the isolated 

pore into the eolid medium can to be written as [14]: 

ic = -dl2 
Q I  

(1 

where o(. ie the coefficient of surface tension on the bound between 

the eolid medium and the gas; 7 is the d,ynamic viscoeity. 

However the real polymer materiale are characterized by the 

relaxation mechaniem of deformation which manifests itself in the 

presence of the wide set of relaxation times (the spectrum) or in 

the appeai-ance of the dependence of viscosity on time t. If we 

use the Alfrey mechanical model with the eet of Kelvin-Foihgt-Heyer 

elements h63 then the rate of the relative deformation of a polymer 
can to be written as 183: 

where , el are the dynamic viscosity and lag time of the ith 

Kelvin-Foihgt-Meyer element. 

It is easy to show that the eum in the brackets is inversely 

proportional to the effective dynamic viscosity, i.e. 

Then, on the basis or aqa.(l) and (2) the following expression 

can be derived: 

After integrating it has the form 

where Ji is the compliance of ith Kelvin-Foight-MeyeT element. 

In eq.(5) one can consider the two extreme cases: 

a) when t << oi 
K 

b) when t ei 

which are the equations of the straight lines. 

5.2. Relaxation of the internal stresses 

The temperature grovth inoreases the mobility of polymer 

maaromolecular segments whioh are expeoted to tend to an equilibrium 



s t a t e  w i t h  g r e a t e r  s p e e d .  The p r o c e s s  c a n  be  c o n n e c t e d  w i t h  t h e  

a p p e a r a n c e  o f  t h e  i n t e r n a l  s t r e s s  < ( T I  o f  w h i c h  t h e  r e l a x a t i o n  

c a n  be  d e s o r i b e d  o n  t h e  b a s i s  o f  t h e  Uhel m e c h a n i c a l  model  w i t h  

t h e  s e t  o f  t h e  l t h  e l e m e n t s :  

However, t h e  r e l a x a t i o n  o f  c e r t a i n  po lymer  c h a i n s  c a u s e 6  

d e f o r m a t i o n  i n  o t h e r s  a n d  t h i s  l e a d s  t o  t h e  a p p e a r a n c e  o f  new 

i n t e r n s 1  s t r e s s e s .  D e f o r m a t i o n  o f  t h i s  m a c r o m o l e c u l e s  c a n  be  

m o d e l l e d  as a s e t  o f  mth e l e m e n t s  i n  t h e  A l f r e y  model ,  i n  which  

t h e  main r o l e  s h o u l d  b e  p l a y e d  by t h e  r e l a x a t i o n  t i m e s  f o r  s t a b i l i -  

z a t i o n  o f  t h e  s y s t e m  as a whole .  Then,  on t h e  b a s i s  of oq.(8)it i s  , 

p o s s i b l e  t o  p a s s  t o  t h e  e q u a t i o n  f o r  po lymer  d e f o r m a t i o n  1163: 

where  r i s  t h e  " c u r r e n t "  t i m e .  A f t e r  i n t e g r a t i n g  e q . ( 9 )  we o b t a i n :  

L e t  u s  assume t h a t  t h e  f r a c t i o n a l  c h a n g e  i n  d e f o r m a t i o n  of  a 

polymer  i s  p r o p o r t i o n a l  t o  t h a t  i n  t h e  a r e a  o f  t h e  n u c l e a r  t r a c k  
2 

membrane p o r e s  r = ~ n ~ ( F f - R ~ )  ( h e r e  no i s  t h e  p o r e  d e n s i t y  i n  

t h e  membrane, w h e r e a s  f o r  a small c h a n g e  i n  R : 

The e q u a t i o n  o b t a i n e d  d e s c r i b e s  t h e  d e p e n d e n c e  w i t h  a pronounced  

maximum i f  t h e  m a g n i t u d e  of  t h e  c h a n g e  i n  R w i l l  d e c r e a s e  w i t h  

i n c r e a s i n g  no a n d  R, a n d  i n c r e a s e  w i t h  J . 
5.3. P o r e  g r o w t h  i n  t h e  c r y s t a l l i z a t i o n  p r o c e s s  o f  t h e  po lymer  

The p o r e  g r o w t h  e f f e c t  d u e  t o  t h e  po lymer  mass t r a n s f e r  

boCh Che c r y s t a l l i z a t i o n  a n d  t h e  r e l a x a t i o n  o f  i n t e r n a l  s t r e s s e s  

c a n  be e s t i m a t e d  q u a n t i t a t i v e l y .  I n d e e d ,  t h e  c r y s t a l l i z a t i o n  p r o c e s s  

i s  accompanied  by i n c r e a s i n g  polymer  d e n s i t y  when t h e  po lymer  

volume d e c r e a s e s .  We s u p p o s e  t h a t  p a r t  o f  t h e  r e l e a s e d  volume i s  

s p e n t  on  t h e  p o r e  s i z e  g r o w t h .  I n  t h i s  c a s e  t h e  f r a c t i o n a l  c h a n g e  

i n  p o r e  r a d i u s  i s  e x p e c t e d  t o  be  p r o p o r t i o n a l  t o  t h e  f r a c t i o n a l  

2 2 c h a n g e  i n  t h e  sample  volume. i . e .  I =  a ( p + - j O ) / ~ = d ~ ( R  - Ro)  
(where  ~ = ~ , U ) , + ~ ( 1 - d , ) i s  t h e  i n i t i a l  PET d e n s i t y :  q=Pd +9(1-0+) 

K t s  
i s  t h e  PET d e n s i t y  a t  t h e  moment t ;  QK,pa a r e  t h e  d e n s i t i e s  o f  

t h e  c r y s t a l l i n e  and  amorphous p h a s e s ; d O ,  dt a r e  t h e  dogsas  of 

t h e  PET volume c r y s t a l l i n i t y  ( t h e  i n i t i a l  and  t h a t  a t  moment t ) ;  

a i s  a c o e f f i c i e n t ) .  Then ,  on  t h e  b a s i s  o f  t h e  Avrami e q u a t i o n  

f o r  t h e  w e i g h t  c r y s t a l l i n i t y  r a t i o  o f ' t h e  polymer t h e  p o r e  r a d i u s  

c a n  be w r i t t e n  i n  t h e  f i r s t  a p p r o x i m a t i o n  as 

From e q . ( l 2 )  i t  f o l l o w s  t h a t  t h e  p o r o s i t y  g r o w t h  o f  t h e  membrane 

i s  t h e  h i g h e r ,  t h e  l a r g e r  t h e  p a r t  of t h e  amorphous p h a s e  i n  t h e  

o r i g i n a l  PET f i l m .  

6 .  I n t e r p r e t a t i o n  o f  e x p e r i m e n t a l  r e s u l t s  a n d  d i s c u s s i o n  

To d e s c r i b e  t h e  whole  s e t  of  t h e  e x p e r i m e n t a l  d a t a  i t  i s  

n e c e s s a r y  t o  t a k e  i n t o  a c c o u n t  t h e  t h r e e  i n d e p e n d e n t  d e f o r m a t i o n  

mechanisms of  t h e  membrane p o r o u s  s t r u c t u r e .  From e q s . ( 5 ) ,  ( 1 1 )  a n d  

( 1 2 )  o n e  c a n  o b t a i n :  








