
C H A P T E R  III
EXPERIMENTAL

3.1 Materials

/7-Aminobenzoic acid (p-ABA) (Fluka) was used as the monomer. It was 
dried for 1 h at 110°c under vacuum. l-Methyl-2-pyrrolidone (NMP) (Lab-Scan) 
and dimethylacetamide (DMAc) (Lab-Scan) were used as the solvent. Anhydrous 
lithium chloride (LiCl) (AnalaR) and calcium chloride (CaCl2) (Scharlau) were 
used to improve the dissolution power of the solvent. They were dried at 325°c 
for 12 h. Triphenyl phosphite (TPP) (Fluka) was used as the phosphorous 
compound. Pyridine (Py) (CarLo Erba Reagent) was used as the acid acceptor 
and reaction acceptor. Methanol (CarLo Erba Reagent) was used to precipitate 
and clean the synthesized PBA.Concentrated sulfuric acid (96% H2S 0 4) (Merck) 
was used as the solvent for UV-VIS characterization and weight average 
molecular weight (Mw) determination. Silicone oil, used as a medium for 
preparing ER fluid samples, was supplied by Dow Corning (Thailand) Ltd. and 
used as received. The kinematic viscosity is 100 cSt and the specific gravity is 
0.960 at 25°c.

3.2 Methodology

3.2.1 Synthesis of Poly(p-benzamide) (PBA)
PBA was synthesized by the direct polycondenzation of 

/7-aminobenzoic acid (p-ABA) (Rivas et a i ,  1996 and Yamazaki et a i ,  1975). A 
three-neck conical flask was used to contain l-methyl-2-pyrrolidone (NMP) or
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d im e t h y l  a c e t a m id e ( D M A c ) ,  p y r id in e  ( P y ) .  L iC l o r  C a C l2, a n d  /a - a m in o b e n z o ic  

a c id  (p-ABA). T h e  m ix tu r e  w a s  s t ir r e d  u n til c o m p le t e  d i s s o lu t io n  o f  th e  s o l id s  

o c c u r r e d , a n d  t r ip h e n y l p h o s p h it e  ( T P P )  w a s  th e n  a d d e d  in to  th e  f la s k . T h e  

r e s u l t in g  s o lu t io n  w a s  s t ir r e d  at 1 0 0 ° c  u n d e r  n it r o g e n . T h e  r e a c t io n  m ix tu r e  w a s  

p o u r e d  in to  m e t h a n o l .  T h e  p r o d u c t  w a s  f i l t e r e d  u n d e r  v a c u u m  a n d  th e n  w a s h e d  

w ith  m e t h a n o l  to  o b ta in  p u r if ie d  P B A . T h e  s y n t h e s i s  p r o c e d u r e  o f  poly(jE>- 
b e n z a m id e )  ( P B A )  is  s h o w n  in  S c h e m e  1. T h e  m o le c u la r  w e ig h t  w a s  v a r ie d  b y  

c h a n g in g  th e  t y p e  o f  s o lv e n t  a n d  m e t a l  h a l id e ;  th e  a m o u n t  o f  s o lv e n t ;  th e  r e a c t io n  

t im e ;  a n d  th e  a m o u n t  o f  p h o s p h o r u s  c o m p o u n d . T h e  s y n t h e s i z e d  P B A  w a s  

c h a r a c te r iz e d  b y  F T I R , U V - V I S  a n d  l3C - N M R . W e ig h t  a v e r a g e  m o le c u la r  w e ig h t  

( M w) w a s  d e t e r m in e d  b y  v i s c o m e t r y  at 25°c in 9 6 %  H 2S 0 4 . T h e r m a l b e h a v io r  

w a s  d e t e r m in e d  b y  D S C  a n d  'P G A .

NMP or DMAc/l.iCI or CaCl,
/J-ABA PBA

Scheme 1. S y n t h e s i s  p r o c e d u r e  o f  p o ly ( /> b e n z a m id e )  ( P B A ) .

3 .3 .2  P r e p a r a tio n  o f  P B A  S o lu t io n  fo r  L C  F o r m a tio n
P B A  s o lu t io n  w a s  p r e p a r e d  b y  d ir e c t ly  m ix in g  a w e ig h t e d  a m o u n t  

o f  d r ie d  P B A  in  s u i t a b le  s o lv e n t  a s  s h o w n  in  T a b le  3 .1 ,  th e n  b y  s t ir r in g  th e  

m ix tu r e  o v e r n ig h t  at r o o m  te m p e r a tu r e .
3 .3 .3  P r e p a r a tio n  o f  P B A  D is p e r s io n  S y s t e m  fo r  E R  F lu id

E R  f lu id  b a s e d  o n  P B A  p a r t ic le s  w a s  p r e p a r e d  b y  d is p e r s in g  P B A  

p a r t ic le s  in s i l i c o n e  o i l  b y  10 w t%  a s  s h o w n  in  T a b le  3 .2 .  T h e  s a m p le  w a s  

p r e p a r e d  b y  a d i s p e r s io n  w ith  an  u l t r a s o n ic a to r  fo r  3 0  m in u t e s  at 2 5 ° c .  T h e
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p r e p a r e d  E R  f lu id  w a s  k e p t  in  a d e s c ic a t o r  p io r  to  u s e ,  a n d  r e d is p e r s e d  b e fo r e  

e a c ï i  e x p e r im e n t .

Table 3.1 P r e p a r a tio n  o f  P B A  s o lu t io n  fo r  L C  f o r m a t io n

M o le c u la r  w e ig h t S o lv e n t C o n c e n tr a t io n
( g /m o l ) (wt%)

3 ,9 0 0 4 %  L iC l in  D M A c 4 - 1 5
4 %  F iC l  in  N M P

1 1 ,0 0 0 4 %  L iC l in  D M A c 1-8
4 %  L iC l  in  N M P

Table 3 .2  P r e p a r a tio n  o f  P B A  d is p e r s io n  E R  f lu id

P a r t ic le  ty p e C o n c e n tr a t io n  (w t% ) M e d iu m
P B A -1 10 S i l i c o n e  o i l

3.3 Characterization

3 .3 .1  S p e c t r o s c o p ic  C h a r a c te r iz a t io n
3 .3 .1 .1  Fourier Transform Infrared Spectrometer (FTIR)

F T I R  s p e c tr a  w e r e  o b t a in e d  fr o m  a  F T - I R  s p e c t r o m e t e r  

( B r u k e r , m o d e l  E q u in o x  5 5 /F R A  1 0 6 5 ) ,  in  o r d e r  to  id e n t i f y  im p o r ta n t  f u n c t io n a l  

g r o u p s  o f  th e  s y n t h e s i z e d  P B A . T h e  F T I R  e x p e r im e n t s  w e r e  d o n e  in  a 

t r a n s m is s io n  m o d e  w i th  3 2  s c a n s  at a r e s o lu t io n  o f  ±  4  c m " 1. T h e  w a v e  n u m b e r  

r a n g e  w a s  4 0 0 0 - 4 0 0  c m ' 1, u s in g  a d e u te r a te d  t r ig ly c in e  s u l f a t e  d e t e c t o r  ( D T G S )
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w it h  a  s p e c i f i c  d e t e c t iv i t y  (D * )  o f  l x i o 4 c m H z l/2พ ' 1. O p t ic a l  g r a d e  K B r  (C a r lo  

E r b a  R e a g e n t )  w a s  u s e d  a s  th e  b a c k g r o u n d  m a te r ia l . T h e  d r ie d  K B r  w a s  p r e s s e d  

h y d r a u l ic a l ly  in to  a p e l le t  a n d  q u ic k ly  ta k e n  to  th e  F T IR  c h a m b e r . T h e  K B r  

s p e c tr a  b a c k g r o u n d  w a s  c o l l e c t e d  w i t h  3 2  s c a n s  a n d  a r e s o lu t io n  o f  ±  4  c m ’ 1. 
A f t e r  o b t a in in g  th e  b a c k g r o u n d  s p e c tr a , th e  s y n t h e s i z e d  P B A  w a s  th e n  m ix e d  

w it h  d r ie d  K B r  at an  a p p r o x im a te  r a t io  o f  th e  s y n t h e s i z e d  P B A : K B r  =  1:2 0 . th e n  

g r o u n d  a n d  tr a n s fe r r e d  to  a s a m p le  h o ld e r  u s in g  th e  s a m e  p r o c e d u r e  a s  m e n t io n e d  

a b o v e .
3 .3 .1 .2  U ltr a v io le t -V is ib le  S p e c tr o m e te r  (U V -V IS )

U V - V I S  s p e c tr a  w e r e  r e c o r d e d  w i t h  an  U V - V I S  

s p e c t r o m e t e r  ( P e r k in - E lm e r ,  m o d e l  T a m b d a  1 1 0 ) , in  o r d e r  to  o b s e r v e  th e  

a b s o r p t io n  w a v e l e n g t h s  o f  th e  c a r b o n y l  g r o u p  a n d  b e n z e n e  r in g . T h e  e x p e r im e n t s  

w e r e  d o n e  w ith  a  s c a n  s p e e d  o f  2 4 0 .0 0  n m /m in  a n d  w i t h  t h e  s l i t  w id t h  o f  2 .0 0  

n m . A  d e u te r iu m  la m p  w a s  u s e d  a s  th e  l ig h t  s o u r c e .  T h e  s y n t h e s i z e d  P B A  w a s  

d is s o l v e d  b y  3 %  L iC l in  D M A c  a n d  9 6 %  H 2S 0 4. It w a s  p u t in to  a g la s s  c e l l .  T h e  

P B A  s o lu t io n  w a s  v i e w e d  m ic r o s c o p ic a l ly  fo r  c e n t e r in g  a n d  a p e r tu r in g  to  a 

c h a m b e r ;  th e  t r a n s m is s io n  lig h t  w a s  p a s s e d  t h o u g h  th e  s a m p le  to  r e c o r d  th e  l ig h t  

t r a n s m is s io n  a s  a f u n c t io n  o f  w a v e l e n g t h  in  th e  r a n g e  b e t w e e n  1 9 0 - 5 0 0  n m .
3 .3 .1 .3  ,3C -N e u c le a r  M a g n e tic  R e s o n a n c e  ( l3C -N M R )

13C - N M R  s p e c tr a  w e r e  u s e d  to  id e n t i f y  c a r b o n  o f  c a r b o n y l  

g r o u p  a n d  b e n z e n e  r in g . I3C - N M R  s p e c tr a  in  s o lu t io n  s ta te  w e r e  r e c o r d e d  a t r o o m  

te m p e r a tu r e  u s in g  a 5 0 0  M H z  J E O L  s p e c tr o m e te r  at t h e  S c i e n t i f i c  a n d  

I n s tr u m e n ta l  R e s e a r c h  E q u ip m e n t  C e n te r , C h u la lo n g k o r n  U n iv e r s i t y .  T h e  

e x p e r im e n t  w a s  d o n e  at 9 0 6 5  H z  u s in g  4 ,0 0 0  s c a n s ,  a p u ls e  w id t h  o f  4 .7 5  s e c ,  a 

p lu s e  d e la y  o f  2 .5  s e c  a n d  a  s w e e p  w id th  o f  2 0 ,0 0 0  H z . D e u t e r o  s u l f u r ic  a c id  ( 9 8  

w t%  D 2S 0 4 in  D 20 )  ( A ld r ic h  C h e m ic a l  C o m p a n y ,  I n c .)  a n d  t e t r a m e t h y l s i la n e  

( T M S )  w e r e  u s e d  a s  s ta n d a r d  s o lv e n t  a n d  s ta n d a r d  in te r n a l r e f e r e n c e .
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r e s p e c t iv e ly .  I3C - N M R  s p e c tr a  in  s o l id  s ta te  w e r e  r e c o r d e d  a t 2 3  ±  l ° c  w ith  c r o s s  

p o la r iz a t io n  (C P )  a n d  m a g ic  a n g le  s p in n in g  ( M A S )  u s in g  a n  A d v a n c e  3 0 0  M H z  

D ig i t a l  N M R  s p e c t r o m e t e r  (B r u k e r , m o d e l  D P X - 3 0 0 )  at t h e  N a t io n a l  M e ta l  a n d  

M a te r ia ls  T e c h n o l o g y  C e n te r .

3 .3 .2  T h e r m a l A n a ly s i s

3 .3 .2 .1  Differential Scanning Calorimetry (DSC)
In o r d e r  to  d e te r m in e  th e  d e c o m p o s i t i o n  t e m p e r a tu r e  o f

P B A . d if f e r e n t ia l  s c a n n in g  c a lo r im e tr y  ( P e r k in s  E lm e r ,  m o d e l  D S C 7 ) ,  w a s  

c a r r ie d  o u t . P B A  o f  1 0 -2 0  m g  w a s  p a c k e d  in  a a lu m in u m  p a n . a n d  h e a le d  u n d e r  

N 2 f lo w in g  in  th e  D S C  c h a m b e r  fr o m  2 5 ° c  to  6 0 0 ° c  at a ra te  o f  1 0 ° c /m in .

3 .3 .2 .2  Thermogravimetric Analyzer (TGA)
In o r d e r  to  d e te r m in e  th e  th e r m a l s t a b i l i t y  o f  P B A .

t h e r m o g r a v im e t r ic  a n a ly z e r  ( P e r k in s  E lm e r , m o d e l  T G A 7 ) ,  w a s  c a r r ie d  o u t . 5 - 1 0  

m g  o f  e a c h  P B A  w a s  lo a d e d  in to  a P t p a n  a n d  h e a te d  fr o m  2 5 ° c  to  6 5 0 ° c  a t a 

h e a t in g  ra te  o f  1 0 ° c / m i n  u n d e r  N 2 u s in g  a f lo w  ra te  o f  2 0  m l /m in .

3 .3 .3  V i s c o s i t y  M e a s u r e m e n t

F o r  th e  d e te r m in a t io n  o f  v i s c o s i t y  v a lu e s ,  th r e e  v i s c o m e t e r s  w e r e  

u s e d . T h e  f ir s t  a n d  s e c o n d  a re  th e  k in e m a t ic  v i s c o m e t e r  n u m b e r  4 6 4 6 0  ( C 2 9 )  s i z e  

2 0 0  a n d  n u m b e r  4 6 4 6 0  ( C 4 0 )  s i z e  2 0 0 ,  r e s p e c t iv e ly .  T h e ir  v i s c o m e t e r  c o n s t a n t s  

w e r e  c a l ib r a te d  b y  8 0 %  a q u e o u s  g ly c e r o l  s o lu t io n  at 2 5 ° c  a s  s h o w n  in A p p e n d ix  

A . T h e ir  m e a s u r e m e n t  r a n g e  is  2 0 - 1 0 0  c e n t iS t o k e s .  T h e  th ir d  is  th e  u b b e lo h d e  

v i s c o m e t e r  n u m b e r  B 9 4 1  s i z e  1 0 0  w ith  th e  v i s c o m e t e r  c o n s t a n t  o f  0 .0 1 6 3  

c e n t i S t o k e s / s e c  ( q u o t e d  fr o m  c o m p a n y ) .  T h e  m e a s u r e m e n t  r a n g e  is  3 - 1 5  

c e n t iS t o k e s .
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3 . 3 . 3 . 1  Definition o f  Terms

T h e  k in e m e t i c  v i s c o s i t y  is  o b t a in e d  fr o m  t h e  m e a s u r e d  f l o w  

t im e  m u lt ip l ie d  b y  th e  v i s c o m e t e r  c o n s t a n t  (K ):

ง  = Kt ( 3 .1 )

w h e r e  บ is  k in e n e t i c  v i s c o s i t y  ( c e n t iS t o k e  o r  m m 2/s e c ) ,  K  is  v i s c o m e t e r  c o n s t a n t  

( c e n t iS t o k e / s e c )  a n d  t is  f l o w  t im e  ( s e c ) .

T h e  d y n a m ic  v i s c o s i t y  is  c a lc u la t e d  f r o m  th e  k in e m e t ic  

v i s c o s i t y  a n d  th e  d e n s i t y  o f  t h e  s o lv e n t :

r | = u p  ( 3 .2 )

w h e r e  ๆ  is  d y n a m ic  v i s c o s i t y  ( c e n t iP o i s e  o r  m P a - s e c )  a n d  p  is  t h e  d e n s i t y  o f  th e  

s o l v e n t  ( g / c m 3).

T h e  d y n a m ic  v i s c o s i t y  o f  th e  p o ly m e r  s o lu t io n  a n d  th e

s o l v e n t  a re  ๆ p  a n d  r|o, r e s p e c t i v e l y .  T h e  r e la t iv e  v i s c o s i t y  ( ๆ  1.) is  th e  r a t io  o f  th e  

t w o  a n d  th e  q u a n t ity  is  la r g e r  th a n  u n ity .

ๆ  r =  ๆ  p/ๆร  ( 3 . 3 )

T h e  s p e c i f i c  v i s c o s i t y  ( ๆ Sp) is  t h e  r e la t iv e  in c r e m e n t  in  

v i s c o s i t y  o f  th e  s o lu t io n  o v e r  th a t  o f  th e  s o lv e n t :

รๆp = (Pp-ๆร)/ รๆ = ๆr-1 (3.4)
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T h e  in tr in s ic  v i s c o s i t y  ( [ ๆ ] )  o f  a n e u tr a l p o ly m e r  c a n  b e  

d e te r m in e d  b y  e x t r a p o la t io n  o f  H u g g in s  a n d  th e  K r a e m e r  e q u a t io n s  to  z e r o  

c o n c e n t r a t io n  ( C a m p b e l l  et al.1 1 9 8 9 ) .

H u g g in s  e q u a t io n  : ๆ  sp /c  =  ๆ  R =  [ ๆ ]  +  L 'เท ] 2C ( 3 .5 )

K r a e m e r  e q u a t io n  : ( In  ๆ ,.) /c  =  [ ๆ ]  +  k"  [ ๆ ]2C ( 3 .6 )

w h e r e  ๆ R is  th e  r e d u c e d  v i s c o s i t y ,  c  is  th e  p o ly m e r  c o n c e n t r a t io n ,  k' is  1 i u g g i n ' s  

c o e f f i c i e n t ,  a n d  k "  is  K r a e m e r ’s  c o e f f i c i e n t .

3 .3 .3 .2  Weight Average Molecular Weight (Mw) Determination

W e ig h t  A v e r a g e  M o le c u la r  w e ig h t  ( M w) o f  P B A  w e r e  

e s t im a t e d  fr o m  in tr in s ic  v i s c o s i t y  d e te r m in a t io n s  in  9 6 %  H 2S 0 4 at 2 5 ° c  u s in g  th e  

M a r k - H o u w in k  r e la t io n  ( Z h o u  et al.. 19 9 7 ) :

[ ๆ ]  =  ( 1 . 9 x l ( r 7 d l /g ) M w 17 ( 3 .7 )

3 .3 .4  F o r m a t io n  o f  L iq u id  C r y s ta l l in e  ( L C )  P h a s e

T h e  f o r m a t io n  o f  l iq u id  c r y s t a l l in e  ( L C )  p h a s e  o f  P B A  s o lu t io n  w a s  

d e t e r m in e d  b y  m e a s u r in g  th e  z e r o - s h e a r  ra te  s o lu t io n  v i s c o s i t y .  ๆ 0, ( p o i s e )  v e r s u s  

P B A  c o n c e n t r a t io n  ( พ t% ) a n d  v i s u a l  o b s e r v a t io n  th r o u g h  a n  o p t ic a l  p o la r iz in g  

m ic r o s c o p e .

O p t ic a l  P o la r iz in g  M ic r o s c o p e

A n  o p t ic a l  m ic r o s c o p e  ( L e ic a ,  m o d e l  D M R X E , X e  7 5  la m p  

p o la r iz e r ) ,  c o n n e c t in g  w i t h  12  V  1 0 0 W  tr a n s m it te d  l ig h t  la m p , w a s  u s e d  to  

o b s e r v e  th e  L C  p h a s e  m o r p h o lo g y  o f  P B A  s o lu t io n .  T h e r e  a re  2 m o v a b le  e y e
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le n s :  10  a n d  16 m a g n i f i c a t io n s .  It c o n s i s t s  o f  5 o b j e c t iv e  le n s  ( 1 0 ,  2 0 ,  4 0 ,  5 0  an d  

1 0 0  m a g n i f i c a t io n s )  in  w h ic h  th e  le n s  o f  5 0  a n d  1 0 0  a re  o i l  o b j e c t iv e  le n s . S o  th e  

m a g n i f i c a t io n  o f  t h is  m ic r o s c o p e  c a n  v a r y  fr o m  1 0 0  to  1 ,6 0 0  t im e s .  T h e  p o la r iz e r  

w a s  s e t  s u c h  th a t th e  p la n e  o f  p o la r iz a t io n  w a s  at 9 0  d e g r e e s  to  th e  v e r t ic a l  a x is  

a n d  a p r o m in e n t  a x is  o f  th e  s p e c im e n  w a s  s e t  p a l le l  to  th e  v e r t ic a l  d ir e c t io n .

3 .3 .5  C h a r a c t e r iz a t io n  fo r  Ë R  F lu id s

3 .3 .5 .1  Particle Size Analyzer

P a r t ic le  s i z e  d is t r ib u t io n  o f  P B A  p a r t ic le s  w e r e  d e t e r m in e d  

b y  t h e  p a r t ic le  s i z e  a n a ly z e r  ( M a lv e r n ,  M a s te r s iz e r  X ) .  T h e  a p p r o p r ia te  

c o n c e n t r a t io n  w a s  a d j u s t e d  b y  a d d in g  th e  p a r t ic le s  s l o w l y ,  l i t t le  a t a t im e ,  
a l lo w in g  t im e  fo r  th e  s a m p le  to  m ix  to  th r o u g h  th e  s y s t e m ,  a n d  th e n  o b s e r v in g  

f r o m  th e  o b s c u r a t io n  v a lu e  ( 1 0 - 4 0  % ). A  s u it a b le  m e a s u r e m e n t  t im e  w a s  b e t w e e n  

10  to  3 0  s e c o n d s  d e p e n d in g  o n  th e  s i z e  d is t r ib u t io n .

3 .3 .5 .2  Scanning Electron Microscope (SEM)

S c a n n in g  e le c t r o n  m ic r o g r a p h s  w e r e  ta k e n  o u t  to  d e t e r m in e  

t h e  m o r p h o lo g y  o f  P B A  p a r t ic le s .  S E M  d ig i t i z e d  p h o t o g r a p h s  w e r e  o b t a in e d  fr o m  

S c a n n in g  E le c tr o n  M ic r o s c o p e  (J O E L )  at th e  S c ie n t i f i c  a n d  I n s tr u m e n ta l  

R e s e a r c h  E q u ip m e n t  C e n te r , C h u la lo n g k o r n  U n iv e r s i t y ,  w i t h  a m a g n i f i c a t io n  

r a n g e  o f  3 5 - 1 0 0 ,0 0 0 .  E a c h  s a m p le  w a s  s t ic k le d  o n  a b r a s s - s tu b  b y  u s in g  an  

a d h e s iv e  ta p e  a n d  th e  s u r fa c e  o f  th e  s a m p le  w a s  c o a t e d  w i t h  a th in  A u  f i lm ,  
p r o d u c e d  b y  a  v a c u u m  e v a p o r a t io n .  T h e  s a m p le  w a s  p la c e d  in to  th e  s p e c im e n  
s t a g e  in s id e  th e  m ic r o s c o p e  th e n  th e  p ic tu r e s  w e r e  c o l l e c t e d  b y  u s in g  a c c e le r a t io n  

v o l t a g e  15 k V  w ith  th e  m a g n i f i c a t io n  o f  1 5 ,0 0 0  t im e s .
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A  f lu id  r h e o m e t e r  ( R h e o m e t r ic  S c ie n t i f i c  I n c ., m o d e l  A R E S ) ,  w a s  u s e d  to  

m e a s u r e  r h e o lo g ic a l  p r o p e r t ie s  o f  th e  E R  f lu id s  in  s o s c i l l a t o r y  m o d e s .  It is  a  s tr a in  

c o n t r o l le d  in s tr u m e n t;  th e  b a s e  s y s t e m  c o n s i s t s  o f  a t e s t  s ta t io n ,  th e  p o w e r  

c h a s s i s ,  a n d  th e  h o s t  c o m p u t e r . In th is  w o r k , a m o d i f ie d  c o n e  a n d  p la te  f ix tu r e  (a s  

s h o w n  in  A p p e n d ix  D )  w a s  d e s ig n e d  a n d  fa b r ic a te d ;  it h a s  a  d ia m e te r  o f  5 0  m m . a 

c o n e  a n g le  o f  0 .0 3 9 6 °  a n d  th e  g a p  s i z e  o f  0 .0 6 3  ±  1 m m . T h is  a p p a r a tu s  c o n s i s t s  

o f  2  c ir c u la r  d is k s ,  a s ta t io n a r y  u p p e r  p la te  a n d  o s c i l l a t i n g  lo w e r  p la te  w e r e  m a d e  

f r o m  c o p p e r  a n d  c o n n e c t e d  to  a D C  v o l t a g e  g e n e r a to r . E a c h  s a m p le  w a s  p la te d  

b e t w e e n  t h e s e  2  p la te s .  T h e  b o t to m  p la te  w a s  o s c i l l a t e d  at a f r e q u e n c y  w i t h  a 

s p e c i f i e d  s tr a in  w h i l e  th e  to p  p la te  w a s  h e ld  s ta t io n a r y  a n d  th e  to r q u e  w a s  

m e a s u r e d  b y  a t r a n s d u c e r . T o r q u e  c a n  b e  c o n v e r t e d  to  s h e a r  s t r e s s  a n d  o th e r  

v i s c o e la s t i c  p r o p e r t ie s  s u c h  a s  s to r a g e  m o d u lu s ,  lo s s  m o d u lu s ,  t a n g e n t , e t c .

T h e  e le c t r ic  f ie ld  s tr e n g th s  ( E )  ( 0 ,  0 .0 2 ,  0 .2 5 ,  0 .5 ,1  a n d  2 k v / m m )  w e r e  

a p p l ie d  to  th e  f lu id s  fo r  5 m in u te s  in  o r d e r  to  o b t a in  a n  e q u i l ib r iu m  c h a in - l ik e  or  

c o lu m n a r  s tr u c tu r e  b e f o r e  e a c h  m e a s u r e m e n t .  A l l  m e a s u r e m e n t s  w e r e  p e r fo r m e d  

at 2 5  ±  0 .1  ° c  a n d  c a r r ie d  o u t  at le a s t  t w o  o r  th r e e  t im e s .  In o r d e r  to  o b ta in  

r e p r o d u c ib le  d a ta , th e  E R  f lu id  w a s  r e d is p e r s e d  b y  a d is p e r s io n  w i t h  an  

u lt r a s o n ic a t o r  fo r  3 0  m in u t e s  at 2 5 ° c  b e fo r e  e a c h  m e a s u r e m e n t .

3 .4 .1  D y n a m ic  S tr a in  S w e e p  D e f a u l t  T e s t

U s u a l ly ,  th e  r h e o lo g ic a l  p r o p e r t ie s  o f  v i s c o e la s t i c  m a te r ia l  are  

in d e p e n d e n t  o f  s tr a in  u p  to  a  c r it ic a l  s tr a in . B e y o n d  t h is  c r it ic a l  s tr a in  l e v e l ,  th e  

m a te r ia l  b e h a v io r  is  n o n l in e a r  a n d  th e  m o d u li  d e c l in e .  T h u s , m e a s u r e m e n t  o f  th e  

s tr a in  a m p l itu d e  d e p e n d e n c e  o f  th e  s to r a g e  a n d  lo s s  m o d u li  w a s  th e  f ir s t  s te p

3.4 ER  M easurem ents
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ta k e n  in  c h a r a c t e r iz in g  th e  v i s c o e la s t i c  b e h a v io r . A  s tr a in  s w e e p  te s t  w a s  u s e d  to  

e s t a b l i s h  th e  e x t e n t  o f  th e  l in e a r ity  o f  th e  v i s c o e la s t i c  r e s p o n s e  o f  a m a te r ia l .

T h e  e x p e r im e n t s  w e r e  c a r r ie d  o u t  at th e  f r e q u e n c y  o f  1 r a d /s e c .  
I n it ia l  s tr a in  a n d  f in a l  s tr a in  w e r e  e q u a l to  0 .0 2  a n d  1 .4 0 0  % , r e s p e c t iv e ly .  F o r  

t h is  e x p e r im e n t s ,  th e  l e v e l  o f  s tr a in  w a s  d e te r m in e d  in  o r d e r  to  e n s u r e  th a t a ll 
m e a s u r e m e n t s  w e r e  m a d e  w i t h in  th e  lin e a r  v i s c o e la s t i c  r e g im e .

3 .4 .2  D y n a m ic  F r e q u e n c y  S w e e p  D e f a u l t  T e s t

A f te r  th e  f l u id ’s l in e a r  v i s c o e la s t i c  r e g im e  h a s  b e e n  e s t a b l i s h e d  b y  a 

s tr a in  s w e e p ,  its  s tr u c tu r e  c a n  b e  fu r th e r  c h a r a c te r iz e d  u s in g  a f r e q u e n c y  s w e e p  at 

a  s tr a in  b e lo w  th e  c r it ic a l  s tr a in . T h is  p r o v id e s  m o r e  in f o r m a t io n  a b o u t  

r h e o lo g ic a l  p r o p e r t ie s  a t d i f f e r e n c e  le n g th  o r  t im e s  s c a l e s .  [ท th e  d y n a m ic  

f r e q u e n c y  s w e e p  m o d e ,  m e a s u r e m e n t s  w e r e  m a d e  o v e r  a r a n g e  o f  o s c i l l a t i o n  

f r e q u e n c ie s  at a c o n s t a n t  o s c i l l a t i o n  a m p l itu d e  a n d  t e m p e r a tu r e .

I n it ia l  f r e q u e n c y  a n d  f in a l  f r e q u e n c y  w e r e  s e t  to  b e  e q u a l  to  0 .0 5  

a n d  1 0 0  r a d /s e c , r e s p e c t i v e l y .  T h e  v a lu e  o f  s tr a in  u s e d  w a s  c h o s e n  b e  w i t h in  th e  

l in e a r  v i s c o e la s t i c  r e g im e .  In  t h e s e  m e a s u r e m e n t s ,  G ', G " , a n d  ๆ '  w e r e  d e t e r m in e  

a s  a f u n c t io n  o f  f r e q u e n c y .
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