
CHAPTER II 
LITERATURE REVIEW

2.1 Electrical Behavior

2.1.1 Dipole Moment and Polarization
Dipole moment (p) is a measure of electrostatic effect in a pair of 

separated opposite charge. If there are more than one pair of separated opposite 
charges, they will be polarization (p ) that is,

p  = np . (1)

2.1.2 Dielectric Constant, Dielectric Loss, and Piezoelectric Coefficient 
Dielectric constant or relative permittivity (e) shows the ability of

material to store the electric potential energy under the influence of an alternative 
electric field (Sui, G. e t a h , 2008). It is the ratio of the capacitance of a capacitor 
filled with the given material to the capacitance o f an identical capacitor in a vacuum 
without the dielectric material. Low 8 materials are known as insulators while high 8 
materials are used as capacitors. Dielectric constant relates to polarization as 
equation (2).

p  =  8o£(e-l) (2)

Dielectric loss or tan Ô o f a polymer is one of the key electrical 
properties. When some of the energy of an applied electric field is lost due to the 
internal motions of the material, dissipation occurs. The lossy component of the 
response of a material to an electric field is expressed in terms o f the imaginary 
component of the complex quantity ร* as equation (3).

ร* =  ๔-is" (3)
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where £"quanties the energy lost due to the internal motions. The real component é  
of £* has the same significance as the ordinary dielectric constant ร, which is a 
measure of the polarization of the medium between two charges when this medium is 
subjected to an electric field, d  quantifies the energy from the applied alternating 
electric field that is elastically stored in the material during each cycle, to be returned 
to the electric field at the end of the cycle. The dissipation factor tan (5 is defined as 
equation (4).

tan Ô — ^-r , (4)' -

The dissipation factor tan Ô of a polymer is the function of frequency, 
temperature, and material properties (Yu, X. e t a l ,  2008). The loss tangent o f polar 
polymers are generally much greater than nonpolar polymers (Das-Gupta, D. K., 
1994). ’ ;

Piezoelectric coefficient (d) is the ability to converse mechanical ' 
stress to electric charges which is direct piezoelectric effect. Conversely, it can 
convert an electric field to mechanical strain which is converse piezoelectric effect as; 
Figure 2.1. Piezoelectric coefficient relates to dielectric constant as equation (5).

d - z v i E (5)
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Figure 2.1 Direct and converse piezoelectric effects (บeberschlag, p., 2001).

T h ese are the direct and con verse  p iezoe lectric  e ffec ts  w h ich  can be
exp ressed  in tensor notation:

P i =  djjk Tjk Direct effect 
Sij =  djjk Ek Converse effect

(6 )
(7)
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where Pi is the polarization generated along the /'-axis (Kohpaiboon, K., and 
Manuspiya, H. 2007) under the action of stresses, T (Bauer, ร., 2004) and djjk (C/N) 
is a third-rank tensor o f piezoelectric coefficients (Damjanovic, D., 1998). For the 
converse effect, Sjj is the strain generated in a particular orientation o f the crystal on 
the application of the electric field Ej, along the /-axis (Kohpaiboon, K., and 
Manuspiya, H. 2007). The units of the converse piezoelectric coefficients are m /v 
(Damjanovic, D., 1998).

The piezoelectric coefficients d  for the direct and converse 
piezoelectric effects are thermodynamically identical. The sign of the polarization Pi 
and strain Sjj depends on the direction of the mechanical and electric fields, 
respectively. The piezoelectric coefficient d  can be either positive or negative. It is 
common to call a piezoelectric coefficient measured in the direction of applied field 
the longitudinal coefficient and that measured in the direction perpendicular to the 
field the transverse coefficient. Other piezoelectric coefficients are known as shear 
coefficients (Damjanovic, D., 1998).

The d  coefficients are obtained by measuring the electrical charge 
density (Coulomb/m2), which appears at the surface of the film when a mechanical 
stress of 1 Newton/m2 is applied. The value is then given in C/N. These constants 
also correspond to the mechanical strain of the element (m/m) compared with the 
electrical field applied (V/m). They are then also given in m /v (Ueberschlag, p., 
2001). The equation of d coefficients is expressed as:

Q  i /
d,j (C/N) = electrical charëe density = /A ;

applied stress F j /
A /

where Ax is area according to axis X, F is force, Q is charge and

dij (โทโพ) - strain
applied electric field (9 )

where Lx is length according to axis X, V is voltage (Ueberschlag, p., 2001).
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The axes of the material are numbered 1 to 3. Number 1 corresponds to the 
machine direction, 2 to the perpendicular planar direction, and 3 to the thickness of 
the element which is shown in Figure 2.2. According to this, a 31 index will 
characterize an electrical value considered between the two sides of the film 
(according to axis number 3), associated with the mechanical stress applied along 
axis number 1 (Ueberschlag, p., 2001).

Figure 2.2 Axis definition o f piezo elements (Ueberschlag, p., 2001).

2.2 Ferroelectrets

Ferroelectrets are a new class of polymers that consist of non-polar space- 
charge electrets with cellular foam structures. As most o f voids are closed, cellular 
ferroelectrets may be described as 0-3 void-polymer composites in the connectivity 
notation (Mellinger, A. et al., 2006). An electret is a material which can exhibit an 
internal polarization due to trapped charges in non-polar space-charge electrets. In 
ferroelectrets charge separation exists, effectively creating upper and lower void 
surfaces that are oppositely charged. This is the origin of the breakdown of 
symmetry, which is required for piezoelectric characteristics to emerge. Each void 
can be considered as a macroscopic dipole. An applied mechanical stress leads to the 
decrease of void size accompanied by the generation of an electrical signal. 
Therefore, piezoelectricity in ferroelectrets results from changes of dipole sizes 
(Wilson, S.A. et al., 2007). Because the materials do not contain molecular dipoles, 
their behavior is sometimes called quasi-piezoelectric, quasi-pyroelectric or quasi- 
ferroelectric (Altafim, R.A.C. et al., 2006).
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2.2.1 Pvro- and Piezolectricity
The pyroelectric vector of ferroelectrets consists of one element P 3 , 

oriented along the poling axis, since the macroscopic dipoles are perfectly orient 
along the 3-axis. The piezoelectric tensor of cellular space-charge electrets is similar 
to that of ferroelectric polymers and consists of the shear coefficients ๔!ร and ๔24, the 
longitudinal piezoelectric coefficients ๔31 and ๔32, and the transverse piezoelectric 
coefficient ๔33. Due to the extremely large anisotropy of the investigated systems, ๔33 

is the dominant piezoelectric coefficient (Bauer, ร. e t  a l ., 2002). Ferroelectrets 
display piezo- and pyroelectric properties that are significantly different in 
mechanism from traditional ferroelectric polymers (Bauer, ร. e t  a l . ,  2003).

The piezoelectric coefficients of cellular polymers have the same sign 
as those of typical ferroelectric ceramics, like lead zirconate titanate (PZT) (Bauer, ร. 
e t  a l . ,  2003). The different sign is observed when compare with ferroelectric 
polymers which are shown in Table 2.1.

Table 2.1 The sign of the piezoelectric coefficients, d  (Bauer, ร. e t  a l . ,  2003)

Material ๔3. ๔3 2 ๔33
Ferroelectric polymers positive positive negative
Cellular Polymers and Ferroelectric ceramics negative negative positive

In applications, a high ๔33 coefficient is essential since the 
performance of piezoelectric devices generally increases with its value (Zhang, X. et 
al., 2007). Some properties including ๔33 coefficients of some polymers are shown in 
Table 2.2.
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Table 2.2 Electrical properties in polymer materials (Lushcheïkin, G.A., 2006)

Polymer Permittivity, e Elastic
modulus

(GPa)
Oefror Po 
(mC/m2) (pC/N)

Nonpolar polymers 
[polytétrafluoroéthy­
lène), polypropylene), 
poly(ethylene), 
rubbers]

2 .0-2.5 1-3 aeff< 6 o .l- l .o

Polar polymers 
[polycarbonate resin, 
poly(vinyl chloride)]

3-10- 2.3-3.5 Po<63 0.1-3.0
Ferroelectric polymers 
[poly(vinylidene 
fluoride), vinylidene 
fluoride- 
trifluoroethylene 
copolymer C]

<12: 1.5-2.2 Po<220 20-40

0-3 and 1-3 
composites 1 0 -2 0 0 3-50 - <400
Porous polypropylene) 
and polytétrafluoro­
éthylène)

1 -2 6 x 10'6-  
1X1 O'3 oef f< 2000 <300

The piezoelectric modulus d33 is determined by the surface charges 
and the Young’s modulus Ey o f the polymer that is,

d 33 = ( 1 0 )

Piezoelectric polymer materials based on electrets prepared from 
porous polymers, such as poly(propylene) and poly(tetrafluoroethylene) have a low 
Young’s modulus of approximately 0.006 MPa, which ensures high values of the 
piezoelectric modulus (Lushcheïkin, G.A., 2006). Bauer, ร. et al. (2003) showed that 
ferroelectrets offer very high d 33 transducer coefficients, comparable with 
ferroelectric ceramics and typically 20 times larger than that o f ferroelectric 
polymers like PVDF. Orders of magnitude can be gained in material properties by
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foam ing. D ue to their lo w  density  and sm all Y ou n g m od u lu s, ferroelectrets provide
extrem ely  ligh tw eigh t and soft transducer m aterials as indicated  in F igure 2 .3 .
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Figure 2.3 Density and elastic modulus o f solid materials and foams (Bauer, ร. e t  
a l ,  2003).

2.2.2 Ferroelectric-like Properties
Ferroelectrets exhibit hysteresis in dielectric displacement versus 

applied voltage (Figure 2.2). Polarization switching is achieved by destroying and 
recreating the macrodipole by means o f dielectric barrier microdischarges at 
atmospheric pressure (Bauer, ร. e t a l., 2003). The figure shows only one void with its 
top and bottom charge layers o f opposite polarity. In contrast to the Figure 2.4 
(idealized figure), real polymer-foam electrets seem to have narrower hysteresis 
curves which is to be expected because o f  the large variation o f  void sizes and shapes 
in a real cellular film (Gerhard-Multhaupt, R., 2002).

Figure 2.4 Schematic hysteresis in dielectric displacement versus applied voltage 
(Gerhard-Multhaupt, R., 2002).
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2 .2 .3  F o a m  P r e p a r a t io n s
D if f e r e n t  f o a m in g  p r o c e d u r e s  w i th  s e p a r a te  p r e p a r a t io n  s te p s  w e re  

d e v e lo p e d  in  o r d e r  to  o b ta in  o p t im iz e d  c e l lu la r  s t r u c tu r e s .  T h e  f i r s t  s te p  is  th e  in it ia l  
f o a m in g  o b ta in e d  e i t h e r  b y  e x t r u s io n  o f  f i l l e r  lo a d e d  p o ly m e r s  o r  b y  t r e a tm e n t  in  
g a s e s  o r  s u p e r c r i t ic a l  f lu id s  (S C F ) .  T h e  e x t r u s io n  m e th o d  o f te n  le a d s  to  c r a c k s  a n d  
v o id  f o r m a t io n  d u r in g  th e  m a n u f a c tu r in g  p r o c e s s .  T h e  la t te r  t r e a tm e n t  u t i l i z in g  
g a s e s ,  e .g . in  c a r b o n  d io x id e  o r  s u p e rc r i t ic a l  c a r b o n  d io x id e ,  d u r in g  o r  a f te r  th e  
e x t r u s io n  le a d s  to  d i f f u s io n  o f  th e  g a s  in to  th e  p o ly m e r .  W h e n  th e  p r e s s u r e  is  
s u d d e n ly  r e le a s e d ,  th e  g a s  e x p a n d s  v io le n t ly ,  w h ic h  le a d s  to  a  v o id e d  s t r u c tu r e .  T h is  
p r o c e s s  is  s u p p o r te d  b y  a  h e a t  t r e a tm e n t  ( W il s o n ,  S .A . e t a l.,  2 0 0 7 ) .

F o r  p p  f e r r o e le c t r e t s ,  th e  o p t im iz e d  v o id  le n g th  a n d  h e ig h t  r a t io  is  
a p p r o x im a te ly  4 - 5 ,  w h ic h  c o r r e s p o n d s  to  le n s - l ik e  v o id s  a s  s h o w n  in  F ig u r e  2 .5  
( W il s o n ,  S .A . e t al.y 2 0 0 7 ) .  W e g n e r ,  M . e t a l. ( 2 0 0 5 )  f o u n d  f ro m  e x p e r im e n ts  o n  
v o id e d  p p  f i lm s  th a t  le n s - l ik e  v o id s  w ith  a /b  r a t io s  (a : v o id  w id th ,  b : v o id  h e ig h t )  in  
th e  r a n g e  b e tw e e n  a b o u t  2  a n d  6  a r e  r e q u i r e d  f o r  h ig h  p i e z o e le c t r i c  a c t iv i ty .  N e a r ly  
s p h e r ic a l  v o id s  w i th  a n  a /b  r a t io  o f  le s s  th a n  1 .5  a r e  u s u a l ly  to o  s t i f f  to  a l lo w  
d e f o r m a t io n  a n d  d o  th e r e f o r e  d o  n o t  s h o w  s ig n i f ic a n t  p ie z o e le c t r ic i ty .

density
F ig u re  2 .5  Schem atic sketch and experim ental data (obtained  on  p p  ferroelectrets)
o f  p iezoe lec tric  d a  co e ffic ien t and elastic  stiffn ess C a  as function  o f  the foam  density
(W egner, M . e t a l., 2 0 0 5 ).
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2 .2 .4  A p p l ic a t io n s  o f  F e r r o e le c t r e t
A  n u m b e r  o f  a p p l ic a t io n s  h a v e  b e e n  d e v e lo p e d  a n d  c o m m e r c ia l i z e d  

s u c h  a s  p u s h  b u t to n s  f o r  k e y b o a rd s ,  k e y p a d s  a n d  c o n t r o l  p a n e ls  w i th  s m a ll  a r e a s .  I t 
c a n  a ls o  b e  u s e d  a s  a  f a l l  s e n s o r .  V a r io u s  ty p e s  o f  m ic r o p h o n e s  a n d  m u s ic a l  p ic k u p s  
c a n  b e  c o n s tr u c te d .  O th e r  a p p l ic a t io n s  in c lu d e  o r th o p e d ic  d i a g n o s t ic s ,  s p o r ts  s tu d ie s ,  
p r e s s u r e  d i s t r ib u t io n s  b e tw e e n  v o c a l  c h o r d s  ( L a n g ,  S .B .,  a n d  M u e n s i t ,  ร . ,  2 0 0 6 ) .  
F e r r o e le c t r e ts  a r e  th u s  p r o m is in g  a s  a c t iv e  m a te r ia ls  fo r  n u m e r o u s  t r a n s d u c e r  
a p p l ic a t io n s ,  in  p a r t i c u la r  in  h e a d p h o n e s  a n d  lo u d s p e a k e r s  ( W e g e n e r ,  M . e t a l., 
2 0 0 4 ) .  S o m e  e x a m p le s  o f  a p p l ic a t io n s  a r e  q u a s i - s ta t i c  s e n s o r s  f o r  m o t io n  d e te c t io n  
u s e d  in  f a c to r y  b u i ld in g s  fo r  s a fe ty  r e a s o n s ,  as. w e l l  a s  f o r  t r a f f ic  c o n t r o l  o f  c a r s  a n d  
o th e r  v e h ic l e s  ( W il s o n ,  S .A . e t a l.,  2 0 0 7 ) .  B e c a u s e  o f  th e i r  lo w  m a s s  a n d  a lm o s t  
a r b i t r a r y  s h a p e ,  p o ly m e r - f o a m  e le c t r e t  t r a n s d u c e r s  a r e  v e r y  s u i ta b le  f o r  m e a s u r in g  
m o v e m e n t  in  b io m e d ic a l  a p p l ic a t io n .  F o r  e x a m p le ,  b r e a th in g  m o v e m e n t  o f  
la b o r a to r y  a n im a ls .  A  r e s p i r a t io n  d e te c to r  th a t  c a n  b e  p la c e d  b e tw e e n  th e  p a t ie n t  a n d  
th e  s u p p o r t in g  m a t t r e s s s  ( G e r h a r d - M a l th a u p t ,  R ., 2 0 0 2 ) .

2.3 Polyethylene, Polypropylene and PoIy(vinyl chloride)

2 .3 .1  G e n e ra l  D e s c r ip t io n
H ig h  d e n s i ty  p o ly e th y le n e  ( H D P E )  h a s  - (C H 2)n- r e p e a t  u n it .  I t  is  

c h e m ic a l ly  th e  c lo s e t  in  s t r u c tu r e  to  p u r e  p o ly e th y le n e .  I t  c o n s i s t  p r im a r i ly  u n ­
b r a n c h e d  m o le c u le s  w i th  v e r y  f e w  f la w s  to  m a r  i ts  l in e a r i ty .  D u e  to  i t s  v e r y  lo w  le v e l  
o f  b r a n c h in g ,  H D P E  is  s o m e t im e s  r e f e r r e d  to  a s  l in e a r  p o ly e th y le n e  ( L P E )  ( P e a c o c k ,  
A .J . ,  2 0 0 0 ) .  T h e  d e n s i ty  a n d  m e c h a n ic a l  p r o p e r t ie s  o f  H D P E  s h o w  th e  h ig h e r  
v a lu e s  w h e n  c o m p a r e  w i th  lo w  d e n s i ty  p o ly e th y le n e  ( L D P E )  a n d  l in e r  lo w  d e n s i ty  
p o ly e th y le n e  ( L L D P E ) .

P o ly p r o p y le n e  (P P )  h a s  - ( C H 2- C H ( C H 3))n- r e p e a t  u n it .  T h e r e  a r e  
th r e e  m a in  ty p e s  o f  s te r ic  i s o m e r  o f  P P  w h ic h  a re  i s o ta c t i c ,  s y n d io ta c t ic  a n d  a ta c t ic  
P P . I s o ta c t ic  P P  ( i -P P )  is  a  s e m i- c r y s ta l l in e  s o l id  w i th  g o o d  p h y s ic a l ,  m e c h a n ic a l  a n d  
th e rm a l  p r o p e r t ie s .  A ta c t i c  P P  ( a -P P )  p r o d u c e d  in  m u c h  lo w e r  v o lu m e s  a s  a  b y  
p r o d u c t  o f  s e m i- c r y s t a l l in e  P P  a n d  h a v e  v e r y  p o o r  m e c h a n ic a l  a n d  th e rm a l  p r o p e r t ie s  
(K a r ia n ,  H .G .,  1 9 9 9 ).
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P o ly ( v in y l  c h lo r id e )  (P V C )  h a s  - ( C H 2- C H C l ) n -  r e p e a t in g  u n i t s .  P V C  
h a s  h ig h e r  h a r d n e s s  a n d  s t i f f n e s s  w h e n  c o m p a r e  w i th  P E . I t  a ls o  h a s  m o r e  p o la r i ty  
th a n  P E  a n d  p p  b e c a u s e  o f  C - C l  d ip o le  ( B r y d s o n ,  J .A . ,  1 9 9 5 ) . T h e  p o la r i ty  o f  th e  
s id e  g r o u p  m a k e s  th e  c h a in  s ti f f . F o r  P V C , th e  e f f e c t  o f  s id e  g r o u p  is  s t r o n g  s o  th e  
r ig id i ty  a f f e c ts  th e  p i e z o e le c t r ic  p r o p e r t ie s  o f  P V C  (K o c h a ry a n ,  N .M .,  a n d  
P a c h a d z h y a n ,  K h .B . ,  1 9 6 8 ).

P E  a n d  p p  a re  s e m ic r y s ta l l in e  p o ly m e r s  w h i l e  P V C  is  a m o r p h o u s  o r  
s l ig h t ly  c r y s ta l l in e  p o ly m e r . S o m e  p r in c ip a l  p r o p e r t ie s  o f  H D P E , p p  a n d  P V C  a re  
s h o w n  in  T a b le  2 .3 .

Table 2.3 P r in c ip a l  p r o p e r t ie s  o f  d i f f e r e n t  ty p e s  o f  p o ly m e r s  ( P e a c o c k ,  A .J . ,  2 0 0 0 )

P ro p e r ty H D P E P P P V C
( u n p la s t i c iz e d )

P V C
( p la s t ic iz e d )

D e n s i ty  
(g /c m  ๆ 0 .9 4 - 0 .9 7 0 .9 0 - 0 .9 1 1 .3 0 - 1 .5 8 1 .1 6 - 1 .3 5
M e l t in g
te m p e r a tu r e
( ๐๑

1 2 5 - 1 3 2 1 6 0 - 1 7 5 7 5 - 1 0 5 * 7 5 - 1 0 5 *

F le x u r a l  
m o d u lu s  
(p s i  a t  7 3  °F )

1 4 5 ,0 0 0 -2 2 5 ,0 0 0 1 7 0 ,0 0 0 -2 5 0 ,0 0 0 3 0 0 ,0 0 0 -5 0 0 ,0 0 0 -

T e n s i le
m o d u lu s
(p s i)

1 5 5 ,0 0 0 -2 0 0 ,0 0 0 1 6 5 ,0 0 0 -2 2 5 ,0 0 0 3 5 0 ,0 0 0 -6 0 0 ,0 0 0 -

T e n s i le  
s t r e n g th  
a t  b r e a k
( p s i)

3 ,2 0 0 - 4 ,5 0 0 4 ,5 0 0 - 6 ,0 0 0 5 ,9 0 0 - 7 ,5 0 0 1 ,5 0 0 -3 ,5 0 0

T e n s i le  
e lo n g a t io n  
a t  b r e a k  (% )

1 0 - 1 ,5 0 0 1 0 0 - 6 0 0 4 0 - 8 0 2 0 0 - 4 5 0

* G la s s  t r a n s i t io n  t e m p e ra tu re

2 .3 .2  E le c t r ic a l  P r o p e r t ie s
T h e  p r in c ip a l  e le c t r i c a l  c h a r a c te r i s t ic s  c a n  b e  d e f in e d  in  t e r m s  o f  its  

r e s i s t iv i ty ,  p e r m i t t iv i ty ,  d is s ip a t io n  f a c to r ,  d i e le c t r i c  s t r e n g th  a n d  a r c  r e s i s ta n c e .  T h e
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f i r s t  th r e e  c h a r a c te r i s t ic s  a re  im p o r t a n t  a t  lo w  e le c t r i c a l  s t r e s s ,  w h i l e  th e  la t te r  tw o  
a re  m o r e  im p o r ta n t  a t  e le c t r i c a l  s t r e s s  ( P e a c o c k ,  A .J . ,  2 0 0 0 ) .

R e s i s t iv i ty  m a y  b e  d e f in e d  in  te r m  o f  th e  b u lk  o r  s u r f a c e  c o n d u c t io n  
o f  c u r r e n t .  In  b o th  c a s e s  it  is  a  m e a s u r e  o f  th e  r e s i s ta n c e  to  e le c t r i c a l  f lo w  e x e r te d  b y  
th e  m a te r ia l .  B u lk  r e s i s ta n c e  d e p e n d s  o n  th ic k n e s s  a n d  is  in v e r s e ly  p r o p o r t io n a l  to  
c r o s s -  s e c t io n a l  a r e a .  I t is  d e f in e d  in  te r m  o f  v o lu m e  r e s i s t iv i ty ,  w h ic h  is  th e  
r e s i s ta n c e  o f  a  c u b e  o f  a  m a te r ia l ,  ty p ic a l ly  1 c m  o r  1 m  p e r  s id e , q u o te d  in  te r m  o f  
o h m s  p e r  c u b ic  c e n t im e te r  o r  o h m s  p e r  c u b ic  m e te r .  S u r fa c e  r e s i s t iv i ty  is  d e f in e d  a s  
th e  r e s i s ta n c e  b e tw e e n  tw o  e le c t r o d e s  th a t  f o rm  o p p o s i te  s id e s  o f  a  s q u a r e  a n d  is  
q u o te d  in  u n i t s  o f  o h m s  p e r  s q u a re .  T h e  v o lu m e  r e s i s t iv i t i e s  o f  H D P E , p p  a n d  P V C  
a re  g iv e n  in  T a b le  2 .4  ( P e a c o c k ,  A .J . ,  2 0 0 0 ) .

Table 2.4 V o lu m e  r e s i s t iv i t i e s  o f  v a r io u s  ty p e s  o f  p o ly m e r s  ( P e a c o c k ,  A .J . ,  2 0 0 0 )

M a te r ia l
V o lu m e  r e s i s t iv i ty  

( o h m - c m  a t  5 0 %  r e la t iv e  
h u m id i ty  a n d  2 3 ° C )

H ig h  d e n s i ty  p o ly e th y le n e > 1 0 16
P o ly p r o p y le n e  ( i s o ta c t ic ) 1 0  16
P o ly ( v in y l  c h lo r id e )  ( u n p la s t i c iz e d ) 1 0  15

T h e  d i e le c t r ic  c o n s ta n t  (K ) , a l s o  k n o w n  a s  th e  ( r e la t iv e )  e le c t r i c  
p e r m i t t iv i ty  o r  th e  e le c t r i c  in d u c t iv e  c a p a c i ty ,  is  a  m e a s u r e  o f  th e  e le c t r i c a l  in e r tn e s s  
o f  a  m a te r ia l  to  a n  a p p l i e d  e le c t r i c  f ie ld . I t  s t r o n g ly  d e p e n d s  o n  th e  p o la r iz a b i l i ty  o f  
th e  d ie le c t r ic  m a te r ia l ;  th e  lo w e r  th e  p o la r iz a b i l i ty  o f  th e  c o n s t i t u e n t  b o n d s ,  th e  lo w e r  
th e  p e r m i t t iv i ty .  T h e  d i e le c t r i c  c o n s ta n t  o f  th e  m a te r ia l  is  d e f in e d  a s  th e  r a t io  o f  th e  
c a p a c i ta n c e  o f  a  c a p a c i to r  in  w h ic h  th e  in s u la to r  is  r e p la c e d  b y  a  v a c u u m . T h e  
d i e le c t r i c  c o n s ta n t  o f  p o ly m e r s  is  a p p r o x im a te ly  in v e r s e ly  p r o p o r t io n a l  to  th e  
lo g a r i th m  o f  th e  v o lu m e  r e s i s t iv i ty .  T h e  d ie le c t r ic  c o n s ta n t s  o f  H D P E , p p  a n d  P V C  
a re  g iv e n  in  T a b le  2 .5  ( P e a c o c k ,  A .J . ,  2 0 0 0 ) .
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Table 2 .5  D ie le c t r ic  c o n s ta n t s  o f  v a r io u s  ty p e s  o f  p o ly m e r s  ( P e a c o c k ,  A .J . ,  2 0 0 0 )

M a te r ia l D ie le c t r ic  c o n s ta n t  
( a t  1 M H z )

H ig h  d e n s i ty  p o ly e th y le n e 2 .3 - 2 .3 5
P o ly p r o p y le n e  ( is o ta c t ic ) 2 2 - 2 6
P o ly ( v in y l  c h lo r id e )  ( u n p la s t i c iz e d ) 2 .8 - 3 .1

T h e  d i s s ip a t io n  f a c to r  (D , D F ) , a ls o  k n o w n , a s  ta n  d  o r  ta n  5  ( lo s s  
ta n g e n t)  u s u a l ly  e x p re s s :

ta n  6 =  ^-r , (1 1 )

w h e re  e" is  d i e le c t r ic  lo s s  f a c to r ,  ๙  is  a c  c a p a c i t iv i ty  ( J o h n s o n ,  G .L . ,  2 0 0 8 ) .
L o w  v a lu e s  a r e  d e s i r a b le  i .e . lo w  p o w e r  lo s s e s  d u e  to  c o n v e r s io n  o f  

e le c t r ic  e n e r g y  to  h e a t ,  a n d  a re  p a r t i c u la r ly  im p o r t a n t  a t  h ig h  f r e q u e n c ie s .  T h e  
d i s s ip a t io n  f a c to r  h a s  b e e n  s h o w n  to  d e c r e a s e  a s  a '  f u n c t io n  o f  in c r e a s in g  
c r y s ta l l in i ty .  T h e  d i e le c t r i c  c o n s ta n ts  o f  H D P E , p p  a n d  P V C  a re  g iv e n  in  T a b le  2 .6  
(P e a c o c k ,  A .J . ,  2 0 0 0 ) .

Table 2 .6  D i s s ip a t io n  f a c to r s  o f  v a r io u s  ty p e s  o f  p o ly m e r s  ( P e a c o c k ,  A .J . ,  2 0 0 0 )

M a te r ia l D i s s ip a t io n  f a c to r  
( a t  1 M H z )

H ig h  d e n s i ty  p o ly e th y le n e >  0 .0 0 0 5
P o ly p r o p y le n e  ( is o ta c t ic ) 0 .0 0 0 5 - 0 .0 0 1 8
P o ly ( v in y l  c h lo r id e )  ( u n p la s t i c iz e d ) 0 .0 0 6 - 0 .0 1 9

A s  th e  v o l ta g e  a p p l ie d  i s  in c re a s e d ,  th e r e  c o m e s  a  p o in t  a t  w h ic h  a  
c a ta s t r o p h ic  b r e a k d o w n  o f  e le c t r i c a l  r e s i s ta n c e  o c c u r s .  T h e  v o l t a g e  a t  w h ic h  a  
b r e a k d o w n  o c c u r s  is  k n o w n  a s  th e  d ie le c t r ic  s t r e n g th  o r  b r e a k d o w n  v o l ta g e .  I t  is  
n o rm a l ly  q u o te d  a s  a  v o l t a g e  g r a d ie n t ,  e .g . ,  v o l t s  p e r  m il  ( P e a c o c k ,  A .J . ,  2 0 0 0 ) ,  
w h e re  1 m il  =  0 .0 0 1  in c h  ( J o h n s o n ,  G .L . ,  2 0 0 8 ) .  T h e  d ie le c t r ic  s t r e n g th  is  in f lu e n c e
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b y  th e  p r e s e n c e  o f  c o n ta m in a n t s  s u c h  a s  c a ta ly s t  r e s id u e s ,  m o i s tu r e  a n d  d i r t ,  b y  v o id s  
a n d  b y  p o la r iz a b le  s p e c ie s  ( P e a c o c k ,  A .J . ,  2 0 0 0 ) .

T h e  a rc  r e s i s ta n c e  o f  a  m a te r ia l  is  th e  le n g th  o f  t im e  i t s  s u r f a c e  c a n  b e  
s u b je c te d  to  a n  e le c t r i c  a r c  ( d is c h a rg e )  b e f o r e  it  b r e a k s  d o w n  a n d  c o n d u c ts  c u r r e n t .  
A r c  r e s is ta n c e  is  n o r m a l ly  m e a s u r e d  in  s e c o n d s . T h e r e  is  n o  c o r r e la t io n  b e tw e e n  th e  
a r c  r e s i s ta n c e  o f  a  p o ly m e r  a n d  its  c h e m ic a l  c o m p o s i t io n .  T h e  a rc  r e s i s ta n c e s  o f  p p  
a n d  P V C  a re  g iv e n  in  T a b le  2 .7  (P e a c o c k ,  A .J . ,  2 0 0 0 ) .

Table 2.7 A rc  r e s i s ta n c e s  o f  v a r io u s  ty p e s  o f  p o ly m e r s  ( P e a c o c k ,  A .J . ,  2 0 0 0 )

M a te r ia l A r c  r e s i s ta n c e  
( s e c )

P o ly p r o p y le n e  ( is o ta c t ic ) 1 3 6 -1 .8 5
P o ly (v in y I  c h lo r id e )  ( u n p la s t i c iz e d ) 6 0 - 8 0

2.4 Preparation of Voided Films

2 .4 .1  B lo w in g  A g e n t  C o m p r e s s io n  M o ld in g
N o w a d a y s ,  th e  u s in g  o f  f o a m - e n h a n c in g  a d d i t iv e s  o r  b lo w in g  a g e n ts  

to  p r o d u c e  f o a m e d  o r  c e l lu la r  p la s t ic s  a r e  g r o w in g  in  a p p l i c a t io n s .  S m a ll  a m o u n t  o f  
b lo w in g  a g e n t  c a n  p r o d u c e  th e  b u b b le s  in  a  w id e  r a n g e  o f  p o ly m e r s .  S o  a n o th e r  
in te r e s t in g  m e th o d  to  m a k e  p o r o u s  f i lm s  is  m ix in g  b lo w in g  a g e n t  w i th  p o ly m e r s  b y  
c o m p r e s s io n  m o ld in g .

In  th is  r e s e a r c h ,  a z o d ic a r b o n a m id e  ( A C A , A Z D C )  w a s  u s e d  a s  
c h e m ic a l  b lo w in g  a g e n t . I t  e n jo y s  th e  m o s t  w id e s p r e a d  u s e  in  c o m m e r c ia l  p o ly o le f in  
a n d  P V C  fo a m  p r o d u c t io n .  It d e c o m p o s e s  in  a  n a r r o w  t e m p e r a tu r e  r a n g e  
( a p p r o x im a te ly  2 0 0 - 2 1 0 ° C ) . T h e  e v o lv e d  g a s  is  6 5 %  n i t r o g e n ,  3 2 %  c a r b o n  
m o n o x id e  a n d  3 %  o th e r  g a s e s ,  in c lu d in g  a m m o n ia  a n d  c a r b o n  d io x id e  ( Q u in n ,  ร . ,  
2 0 0 1 ) .
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2 .4 .1 .1  E ffect o f  A m ou n t o f  B lo w in g  A g en t
M e c h ra o u i ,  A . e t al. (2008) p r o d u c e d  p o ly p r o p y le n e  f o a m s  

u s in g  1.5, 2, 2.5 a n d  3% o f  a z o d ic a r b o n a m id e  b y  c o m p r e s s io n  m o ld in g .  T h e y  f o u n d  
th a t  m e c h a n ic a l  p r o p e r t i e s ,  c e l l  d e n s i ty ,  s k in  th ic k n e s s  a n d  f o a m  d e n s i ty  d e c r e a s e d ,  
w h i le  c e l l  s iz e  in c r e a s e d  w i th  in c r e a s in g  a m o u n t  o f  b lo w in g  a g e n t .  S im i la r  to  th e  
e x p e r im e n t  f ro m  K le m p n e r ,  D . a n d  F r i s h ,  K.c. ( 1 9 9 1 ) ,  th e y  s h o w e d  th a t  th e  d e n s i ty  
o f  fo a m  is  c o n t r o l l e d  b y  th e  b lo w in g  a g e n t  le v e l .  F o a m  d e n s i ty  is  a p p r o x im a te ly  
in v e r s e ly  p r o p o r t io n a l  to  th e  b lo w in g  a g e n t  le v e l .  S a h a g ü n ,  c .z . e t a l. (2006) fo u n d  
th a t  th e  f o a m s  m a in ly  h a v e  a  c lo s e d  c e ll  s t r u c tu r e  d u e  to  th e  lo w  a m o u n t  o f  
a z o d ic a r b o n a m id e  u s e d .

N o t  o n ly  th e  a m o u n t  o f  a z o d ic a r b o n a m id e  th a t  c a n  a f f e c t  th e  
s t r u c tu r e  o f  th e  c e l l ,  b u t  a ls o  th e  p r e s s u r e  o f  th e  p r o c e s s in g .  T h e r e f o r e ,  f o a m e d  
p o ly m e r s  c a n  b e  m a d e  a s  e i th e r  a  c lo s e d - c e l l  o r  a n  o p e n - c e l l  p r o d u c t .  In  th e  f o r m e r  
c a s e  b u b b le s  o f  g a s  e x p a n d  to  a  l im i te d  e x te n t  w i th in  a  m o l te n  p o ly m e r  c o n s t r a in e d  
b y  p r e s s u r e .  T h e  p r o d u c t  c o m p r is e s  c e l l s  c o m p le te ly  b o u n d e d  b y  s o l id i f i e d  p o ly m e r  
w a l ls .  O p e n - c e l l  p r o d u c t s  fo rm  w h e n  b u b b le s  a r e  a l lo w e d  to  e x p a n d  in  a  r e la t iv e ly  
u n c o n s t r a in e d  m a n n e r .  T h e  c e l l  s o  f o r m e d  h a v e  o n ly  p a r t i a l  w a l l s  a n d  a r e  th u s  
in te r c o n n e c te d  l ik e  th o s e  o f  s p o n g e  ( P e a c o c k ,  A .J . ,  2 0 0 0 ) .  T h e r e f o r e ,  th e  c lo s e d - c e l l  
c a n  b e  p r o d u c e d  f ro m  th e  c o m p r e s s io n  m o ld in g  te c h n iq u e .

2 .4 .2  P h a s e  S e p a r a t io n  T e c h n iq u e
P h a s e  s e p a r a t io n  p r o c e s s e s  s o m e t im e s  c a l l e d  p h a s e  in v e r s io n  o r  th e  

p o ly m e r  p r e c ip i ta t io n  p r o c e s s  ( B a k e r ,  R .W .,  2 0 0 4 ) .  I t c a n  b e  d iv id e d  in to  f o u r  m a in  
te c h n iq u e s — th e r m a l ly  in d u c e d  p h a s e  s e p a r a t io n  ( T I P S ) ,  a i r - c a s t in g  o f  a  p o ly m e r  
s o lu t io n ,  p r e c ip i ta t io n  f ro m  th e  v a p o u r  p h a s e  a n d  im m e r s io n  p r e c ip i ta t io n .  I n  th is  
r e s e a rc h ,  th e  im m e r s io n  p r e c ip i ta t io n  w a s  u s e d . A  p o ly m e r  s o lu t io n  w a s  c a s te d  a s  a  
th in  f i lm  o n  a  s u p p o r t  a n d  w a s  s u b s e q u e n t ly  im m e r s e d  in  a  n o n - s o lv e n t  b a th . 
P re c ip i t a t io n  c o u ld  o c c u r  b e c a u s e  th e  g o o d  s o lv e n t  in  th e  p o ly m e r  s o lu t io n  w a s  
e x c h a n g e d  f o r  n o n - s o lv e n t .  A  s c h e m a t ic  r e p r e s e n ta t io n  o f  m e m b r a n e  f o r m a t io n  b y  
th is  te c h n iq u e  is  p r e s e n te d  in  F ig u r e  2 .6  ( v a n  d e  W i t te ,  P . e t a i ,  1 9 9 6 ).
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F i g u r e  2 .6  Schematic depiction of the immersion precipitation process: p, polymer; 
ร, solvent; NS, nonsolvent (van de Witte, P. e t  a l . ,  1996).

The variation of porous films was controlled by polymer 
concentration and types of solvent.

2 . 4 . 2 . 1  E f f e c t  o f  P o l y m e r  C o n c e n t r a t i o n

The amount o f liquid used should allow', the resulting
microporous structure to have sufficient minimum handling strength to avoid 
collapse of the micro porous or cellular structure. Moreover, the amount of polymer
use should not be so great as to result in closing off the cells or other areas of micro 
porosity (Castro, A.J., 1981). van de Witte, P. e t  a l .  (1996) found that the polymer 
concentration of the casting solution determined which morphology was obtained. 
Increasing polymer concentration will decrease the porosity of the membrane and the 
interconnectivity of the pores. Nunes, S.P., and Peinemann, K.v. (2001) found that 
the sponge-like or a macro void structure is favored by increasing the polymer 
concentration of the casting solution.

2 . 4 . 2 . 2  E f f e c t  o f  T y p e s  o f  S o l v e n t

Poly(vinyl chloride) (PVC) membranes were prepared from 
different solvents which were N,N-dimethylacetamide (DMAc), Dimethylfomamide 
(DMF) and Tetrahydrofuran (THF). It was found that the morphology of the PVC 
membrane was significantly affected by the character of the casting solution 
(Okuno, H. e t  a l . ,  1993).
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