
C H A P T E R  I II  
E X P E R I M E N T A L

3 .1  M a t e r ia ls

Silica partic les o f  tw o types, S 5 6 3 1, and H isil 927 (S igm a/ -S iam  Silica 
Co., L td .) w ere used in the prepara tion  o f  partic le  dispersed E R  fluids.

A niline  m onom er (M erck) w as distilled before used as the starting 
m aterial for synthesizing  polyaniline and polyan iline-coated  silica. 
A m m onium  peroxysu lfate  (M erck) w as used as an oxidant.

S ilicone oil, used as a m edium  for preparing  E R  fluid  sam ples, w as 
supplied  by D ow  C om ing  (Thailand) Ltd. and used as received. T he k inem atic 
v iscosity  is 100 cSt and the specific gravity  is 0.960 at 25°c.

3 .2  M e t h o d o lo g y

3.2.1 P urification  o f  A niline M onom er
A niline m onom er w as purified  according to the m ethod o f  

Perrin  e t  a l. (1985). 100 m l o f  aniline m onom er w as dried w ith  0.25 gram s o f  
calcium  hydride  (C aE f), for 30 m inute. The dried aniline w as tw ice d istilled  in 
reduced  p ressu re  at 60°c. T he colorless o f  aniline w as obtained and stored in 
n itrogen  a tm osphere at 0°c prior to use.

3.2 .2 Synthesis o f  P olyaniline Particles
In this w ork, po lyaniline  particles w ere synthesized through 

chem ical oxidative po lym erization  suggested  by L eclerc e t  a l. (1989). 0.5 m ol 
o f  aniline w as added into 300 m l o f  1 M  HC1 solution and w as cooled  to 5°c 
in an ice bath. The prechilled  so lu tion  o f  0.5 m ol am m onium  peroxysulfate  in
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100 m l o f  1 M  HC1 w as added dropw ise to the reaction  system  w ith  a 
continuous stirring  for 0.5 hour. A fter that, the conditions w ere m ain ta ined  for 
2 hours for a com plete reaction . T hen the polyaniline partic les w ere dedoped 
by suspend ing  them  in a pH 8.5 aqueous m edium  o f  N H 4O H  and HC1 to  obtain  
po lyan iline  in a sem iconducting  form . The polyaniline partic les w ere  filtered 
and w ashed  w ith  d istilled  w ater, ethanol, and cyclohexane respectively  in 
order to  rem ove excess m onom er and oligom er and to  m ake sure th at the 
su rface o f  the partic le  is hydrophobic  for better w etting  betw een  partic le  and 
m edium . F inally , po lyaniline partic les w ere dried in a vacuum  oven at room  
tem perature  for 1 day to obtain  a fine green pow der and kept in a decicato r 
p rio r to  use.

3.2.3 Synthesis o f  P o lyaniline-C oated  Silica Particles
P olyaniline-coated  silica  particles w ere p repared  by chem ical 

ox idative po lym erization  w ith  various am ounts o f  aniline m onom er in the 
presence o f  silica  partic les as K uram oto  e t  al. (1994) suggested. A niline 
m onom er and 1 g o f  silica partic les w ere added into 300 m l o f  1 M  HC1 
solution and w as cooled  to 5°c in an ice bath. The p rechilled  so lu tion  o f  0.5 
m ol am m onium  peroxysu lfate  in 100 m l o f  1 M  HC1 w as added dropw ise to 
the reaction  system  w ith  a continuous stirring for 0.5 hour. A fte r that, the 
conditions w ere  m ain tained  for 2 hours for a com plete reaction . T hen the 
po lyaniline coated  silica partic les w ere dedoped by suspending  them  in a pH
8.5 aqueous m edium  o f  N H 4O H  and HC1. The polyaniline partic les w ere 
filtered  and w ashed  w ith  d istilled  w ater, ethanol, and cyclohexane 
respectively . F inally , po lyan iline  coated  silica  particles w ere dried in a 
vacuum  oven at room  tem perature  for 1 day and kept in a decicato r p rio r to
use.
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3 .3  C h a r a c t e r iz a t io n s

3.3.1 F ourier T ransform  Infrared  S pectrom eter (FTIR )
F T IR  spectra  w ere ob tained  from  a F T -IR  spectrom eter 

(B ruker, FR A 106/S), in order to  identify  im portan t functional g roups o f  the 
silica  partic les and the synthesized polyaniline and th e  po lyan iline-coated  
silica  partic les. The F T IR  experim ents w ere done in a transm ission  m ode w ith  
16 scans at a reso lu tion  o f  8  c m '1. The w aven um b er ran ge w as 4000-400 c m '1, 
using  a deuterated  trig lycine su lfate detector (D T G S) w ith  a specific 
detectiv ity , D*, o f  l x l 0 4cm H z 1/2 พ ' 1. O ptical grade K B r (C arlo  E rba  R eagent) 
w as used  as the background m aterial. T he K B r w as p ressed  hydrau lically  into 
a pe lle t and quick ly  taken to the F T IR  cham ber. T he K B r spectra  background 
w as co llected  w ith  16 scans and a reso lu tion  o f  4% . A fte r ob tain ing  the 
background  spectra, the sam ple w as then m ixed w ith  dried  K B r at an 
approxim ate  ratio  o f  sam ple: K B r =  1:20, then g round and transferred  to  the 
sam ple h o ld er using  the sam e procedure as m entioned  above.

3.3 .2 U ltraviolet- V isib le Spectrom eter (U V -V IS)
U ltrav io let-v isib le  spectra  w ere recorded  w ith  an U V -V IS  

S pectrom eter (Perkin-E lm er, m odel L am bda 10), in order to  observe the 
absorp tion  w avelengths o f  the quinoid  and benzenoid  units o f  the em erald ine 
base. T he experim ents w ere done w ith  a scan speed o f  240 .00 nm /m in  and 
w ith  the slit w id th  o f  2.00 nm . A  deuterium  lam p w as used  as the light source. 
P olyaniline w as d isso lved  by ท-ทiethy l-2 -pyrro lidone (N M P) and pu t into a 
glass cell. T he sam ple solution w as v iew ed m icroscopically  for cen tering  and 
apertu ring  to  a cham ber; the transm ission  light w as passed  th rough  the sam ple 
to record  the light transm ission  as a function  o f  w avelength  in the range 
betw een 300-900 nm .
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3.3.3 Scanning E lectron  M icroscope (SEM )
Scanning electron m icrographs w ere taken  ou t to  determ ine 

the m orphology  o f  silica, po lyaniline, and po lyan iline-coated  silica  partic les. 
SEM  dig itized  pho tographs w ere obtained from  JO E L  Scann ing  E lectron  
M icroscope (m odel5200 -  2A E), w ith  a m agnification  range o f  35-200,000 
tim es.

E ach  sam ple w as stickled on a b rass-stub  by using  an 
adhesive tape  and the surface o f  the sam ple w as coated  w ith  a th in  A u  film , 
p rodu ced  by  a vacuum  evaporation. The sam ple w as p laced  in to  the specim en 
stage inside the m icroscope then the p ictures w ere  co llec ted  by using 
accelera tion  voltages betw een  5-20 kV  w ith  m agnifications be tw een  750-2000 
tim es.

3.3 .4 T herm ogravim etric  A nalyzer (TG A )
In order to determ ine the decom position  tem peratu re  and 

w ater conten t o f  silica, po lyaniline, and polyan iline-coated  silica  partic les, 
th erm ograv im etric  analysis, (D u Pont, m odel T G A  2950) w as carried  out. 10- 
20 m g o f  each sam ple w as loaded in to  a P t pan and heated  from  50°c to  750° 
c  at a heating  rate  o f  20°c under N 2 using a flow  rate o f  20 m l/m in.

3.3.5 Particle  Size A nalyzer
Particle  size distribution  o f  silica, po lyan iline , and 

po lyan iline-coa ted  silica partic les w ere  determ ined by the partic le  size 
analyzer (M alvern , M astersizer X). T he appropriate  concen tration  w as 
adjusted  by adding  the partic les slow ly, little at a tim e, a llow ing  tim e for the 
sam ple to  m ixed  through the system , and then observ ing  from  the obscuration  
value  (10-40 % ). A  su itable m easurem ent tim e w as 10 to 30 seconds 
depending on the size distribution.
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3.3.6 S ieving M achine
T he broad size d istribution sam ple w as sieved th rough  38 and 

53 m icron  sieves by a R estch  sieving m achine in order to  ob tain  a narrow er 
size d istribution .

3.3.7 F luid  R heom eter
A  fluid rheom eter ( R heom etric  Scien tific  Inc., m odel A R E S), 

w as used to  m easure  rheological properties o f  the E R  flu id  suspensions in 
steady  state, stra in  sw eep, and oscillatory  m odes. It is a stra in  contro lled  
instrum ent; the base  system  consists o f  a test station, the p o w er chassis, and 
the host com puter. In th is w ork, a m odified cone-and-p late  fix ture  w as 
designed  and fabricated; it has a d iam eter o f  50 m m , a cone angle  0 .0396° and 
gap size 0.063 nm  (see A ppend ix  A). This apparatus consists o f  2 c ircu lar 
disk, a sta tionary  upper p late  and an oscillating  low er p late, m ade from  copper 
connected  to a voltage generator. E ach sam ple w as p laced  betw een  these  2 
p lates. T he bottom  plate w as oscillated at a frequency w ith  a specified  strain 
w hile  the top  p late  w as held  stationary  and the to rque w as m easured  by a 
transducer. T orque can be converted  to  shear stress and o ther v iscoelastic  
properties such as storage m odulus, loss m odulus, tangent, etc.
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F ig u r e  3 .1  Schem atic diagram  show ing the principal features o f  cone-and- 
plate.

A . S hear strain  rate
F or a constan t ro tational speed N rpm , the linear ve locity  (u=cor) is 

2nrN/60 cm /sec, w here CO is the angular velocity  (rad/sec) and r is the rad ial 
position  in centim eters. T hen  gap heigh t at r is rtanGo w here 00 is the cone 
angle. H ence, the shear stra in  rate (1/sec) at a given r can be w ritten  as

•- = 2æV = nN ('3 1 ) 
6 0  tan 0 0 30 tan 90 3 090

B ecause the cone angle is alw ays m aintained to be very  sm all, the 
approxim ation  o f  tan0 o = 0 0  does hold.

B. Shear Stress
T he fo llow ing  expression defines the relationship  betw een  the 

m easured  to rque, T, and the shear stress, r 21 :
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T  = 27ZT21 Jr 2d r  = ■ -̂;ฟ?3r 2I (3.2)

Thus,

(3.3)

T he shear stress is then obtained in dyn/cm 3 w hen  T  is expressed  in 
dyn/cm  and R  is the radius o f  p late in cm. The ratio  o f  Eq. (3.3) to  Eq. (3.1) 
results in the apparen t viscosity , expressed in Poise, 

c . N orm al Stress D ifference
T he cone-and-p late  configuration  can be used foe estim ating  the 

p rim ary  norm al stress d ifference o f  the sam ple. I f  p  is the p ressu re  at the 
po in t on the p late  in excess o f  that due to the atm osphere p ressure, th en  it can 
be show n that the to tal norm al force Np on the p late is g iven by

(3.4)

U pon in tegra tion  gives

(3.5)

Thus,

(3.6)

U sing  Eq. (3.1) and (3.6), a p lo t o f  the prim ary norm al stress versus shear rate 
can be generated . T he shear stress and prim ary  norm al stress m easurem ents
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can be m ade sim ultaneously  on the sam ple w hen it is subjected  to 
un id irectional ro tation  shear in the gap o f  cone-n-p late v iscom eter.

D. O scilla tory  Shear
T he cone-n-p late  v iscom eter can be used for oscilla tory  shear 

m easurem en ts as w ell. In th is case, the sam ple is deform ed by an oscillating  
driver, w hich  m ay be m echanical or electrom agnetic . T he am plitude o f  the 
sinuso idal deform ation  by the sm all deform ation o f  a relatively  rig id  spring or 
tension  bar to  w hich  a stress transducer is attached. B ecause  o f  the energy 
d issipated  by the v iscoelastic  polym er, a phase d ifference develops betw een 
the stress and the strain . The com plex v iscosity  behav io r is determ ined  from  
the am plitudes o f  the stress and strain and the phase angle betw een  them . The 
results are usually  in terpreted  in term s o f  the m aterial functions ๆ , G  5 G  , and 
others.

3 .4  P r e p a r a t io n  o f  E R  F lu id s

3.4.1 P reparation  o f  S ilica D ispersion System
E R  fluid sam ples w ere prepared by d ispersing  silica  (S igm a, 

and H isil927) partic les in silicone oil by 5, 10, 20 and 40 wt% as show n in
T a b le  l a .  A ll E R  fluids w ere  prepared  by d ispersion w ith  an u ltrason ica to r 
for 30 m inutes at 25°c. T he prepared  E R  fluids w ere kept in a desica tor p rio r 
to use, and red ispersed  before  each experim ent.

T a b le  l a  P reparation  o f  silica dispersion E R  fluid

S ilica type Cone. (พ t% ) M edium
Sigm a 5, 10, 20, 40 S ilicone oil

H isil 927 5, 10, 20, 40 Silicone oil
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3.4.2 P reparation  o f  P olyaniline D ispersion  System
E R  fluids based on polyaniline partic les w ere  prepared  by 

d ispersing  po lyan iline  particles in silicone oil by  5, 10, 20 and 40 wt% as
show n in T able lb . A ll sam ples w ere prepared  by d ispersion  w ith  an 
u ltrason ica to r for 30 m inutes at 25°c. T he prepared  E R  fluids w ere  kept in a 
desica to r p rio r to use, and red ispersed  before  each experim ent.

T a b le  l b  P reparation  o f  po lyan iline  d ispersion E R  fluid

P article  type Cone. (w t% ) M edium
PA N 5, 10, 20, 40 Silicone oil

3.4.3 P reparation  o f  P olyaniline-C oated  S ilica  D ispersion  System
E R  fluids based on po lyan iline-coated  silica  partic les w ere 

p repared  by d ispersing  these partic les in silicone oil by  5, 10, 20 and 40 wt% as
show n in T able lc . A ll sam ples w ere  p repared  by d ispersion  w ith  an 
u ltrason ica to r for 30 m inutes at 25°c. T he prepared  E R  flu ids w ere  kept in a 
desica tor p rio r to  use, and red ispersed  before  each experim ent.

T a b le  l c  P reparation  o f  po lyaniline-coated  silica d ispersion  E R  fluid

P article  type A m o u n t  o f  a n i l i n e  

m o n o m e r  ( m o l / 1 )
Cone. (w t% ) M edium

P A N -sig m a 2 0 5, 10, 20, 40 Silicone oil
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3 .5  E R  M e a s u r e m e n t s
A n electric  field w as applied for five m inutes in  order to obtain 

equilib rium  chain like  or colum nar structure before  apply ing the shear. A ll 
m easu rem en ts w ere  perform ed at 25 ±  0 .1 °c . In order to  ob tain  reproducible  
data, the E R  flu id  w as red ispersed  before  each experim ent, and m easurem ents 
w ere  carried  ou t at least tw o or three tim es.

3.5.1 C onditions in O scillatory  M easurem ent 
1 ) D ynam ic strain sw eep default test

U sually , the rheolog ical p roperties o f  v iscoelastic  m aterial 
are indep enden t o f  strain  up to  a critical strain. B eyond th is critical strain 
level, the m ateria l behavior is non linear and the m oduli decline. Thus, 
m easu rem en t o f  the strain am plitude dependence o f  the storage and loss 
m oduli w as th e  first step taken in characteriz ing  the v iscoelastic  behavior. A  
stra in  sw eep te st w as used  to  establish  the ex ten t o f  the linearity  o f  the 
v iscoelastic  response  o f  a m aterial.

The m easurem ents w ere perfo rm ed  by an A R E S R heom eter 
using  the cone-n -p late  geom etry  w ith  a cone angle o f  0 .0396° and a d iam eter 
o f  50 m m . T he gap range w as 0.065 ±  1 m m . T he experim ents w ere carried 
out at the frequency  o f  0.05 rad/s, at the tem perature  o f  25 ±  l°c . T he initial 
stra in  and the final strain  w ere  equal to 0.1 and 100% , respectively . F or these 
m easurem ents, the level o f  strain w as determ ined in order to  ensure th at all 
m easurem ents w ere  m ade w ith in  the linear v iscoelastic  regim e.

2) D ynam ic frequency sw eep defau lt test
A fter the fluid linear v iscoelastic  reg im e has been 

estab lished  by  the strain  sw eep test, its structure can be further characterized  
using  a frequency  sw eep at a strain  below  the critical strain. T his provides 
m ore in form ation  about rheolog ical p roperties at d ifference length on tim e 
scales. In the dynam ic frequency sw eep m ode, m easurem ents w ere m ade over
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a range o f  oscillation  frequency at a constan t oscilla tion  am plitude and 
tem perature.

The m easurem ents w ere perfo rm ed  by an A R E S  R heom eter 
using the cone-n-p late  geom etry  w ith  a cone angle o f  0 .0396° and a diam eter 
o f  50 m m . T he gap range w as 0.065 ±  1 m m . T he experim ents w ere carried 
out at the tem perature  o f  25 ±  l°c . The initial frequency  and the final 
frequency  w ere  equal to  100 and 0.01 %, respectively . T he va lue  o f  strain  used 
w as chosen  to  be w ith in  the linear v iscoelastic  regim e. In th ese  m easurem ents, 
G ' ,G  ",ๆ , w ere  determ ined as a function o f  frequency.
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