
CHAPTER II 
LITERATURE REVIEW

2.1 The Approach to Improve Thermal Conductivity of Polymer Composite

Thermally conducting but electrically insulating materials are needed for die 
attachments and encapsulations for use in electronic packaging. Metals are both 
thermally and electrically conducting, so they cannot be used for this purpose. 
Diamond is outstanding in its high thermal conductivity while it is electrically 
insulating, but it is expensive, even in powder form. Almost all polymers are 
electrically insulating, but they are also thermally insulating. Thus, polymers alone 
cannot be used for this purpose. On the other hand, polymers have low processing 
temperatures, which allow them to be easily made into polymer-matrix composites in 
bulk or coating forms. By using a' filler which is thermallly conducting but 
electrically insulating, a polymer-matrix composite can become thermally 
conducting while electrically insulating. In order to obtain material of desired 
thermal, mechanical and electrical properties, matrix materials, such as polymers, are 
processed with different kinds of fillers. Fillers may be in the form of fibers or in the 
form of particles uniformly distributed in the polymer matrix material. Many 
materials have been investigated to make thermally conductive polymer-based 
composites including metallic fillers, ceramic fillers, and carbon based materials. 
Some ceramic fillers have high thermal conductivity, but are prohibitively expensive. 
Metal fillers are more affordable, but suffer the disadvantage of high density. The use 
of lighter weight material-based compounds as conductive fillers are now being 
investigated including carbon black, boron nitride, aluminum nitride, carbon fiber, 
graphite, and carbon nanotubes. In the present work the use of boron nitride in an 
epoxy polymer matrix was investigated.

2.1.1 Minimizing Phonon Scattering
In 1973, Berman explained that the transport of heat in non-metals is 

by the flow of phonons or lattice vibrational energy. The thermal resistance is caused 
by various types of phonon scattering, boundary scattering, and defect or impurity
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scattering. Therefore, in order to maximize the thermal conductivity in materials, 
these phonon scattering processes must be suppressed. Phonons travel in matter with 
the speed of sound. In theory, the scattering of phonons in composite materials is 
mainly due to the existence of an interfacial thermal barrier from acoustic mismatch, 
or the damage of the surface layer between the filler and the matrix. These interfacial 
phonon scattering phenomena are similar to the scattering of light due to differences 
in refractive indices of the media. The thermal resistance can be reduced by a 
combination of various techniques. The selection of particles having perfect lattice 
or crystal structures as much as possible to suppress the scattering of phonons by 
lattice defects is essential. This kind of filler is normally found in highly thermally 
conductive ceramics, such as boron nitride or aluminum nitride. Moreover, the layer 
of the matrix resin between the particles must be as thin as possible, to such a degree 
that its mechanical properties are still high enough for the application, to reduce the 
thermal resistance due to the resin itself. This can be achieved by using a resin which 
has low melt viscosity. The low viscosity resin generally aids in filler mixing during 
the molding compound preparation. These hypotheses are based on one important 
assumption that the adhesion between the filler and the matrix resin is good; 
otherwise, the third phase, an air gap, may occur and will also have a high 
contribution to the overall conductivity of the composites. In addition, it is known 
that the interfaical thermal contact resistance between different constituent phases in 
a composite can arise from the combination of poor mechanical or chemical 
adherence at the interface and a thermal expansion mismatch. In order to enhance the 
filler matrix interface thermal conductance, the chemical surface modification of the 
filler can be helpful to improve the wettability, uniform dispersion, and interfacial 
adhesion between filler and matrix.

Dong et al. (2005) รณdied the effect of silane surface treatment on the 
enhancement in thermal conductivity of alumina-filled PS composite. Their results 
show that the functionalization of alumina particle using GPS silane coupling agent 
can increase the thermal conductivity by 16.5%. They also found that the effect of 
interfacial functionalization can well go beyond the thermal conductivity, for 
example, the mechanical properties and humidity resistance of the composite 
materials may also be enhanced..
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In 2006, Lee et al. investigated the improvement in thermal 
conductivity of AlN-filled epoxy composite using titanate coupling agent. They 
revealed that the sample containing surface-treated fillers exhibited a slightly 
improved thermal conductivity than the sample containing untreated fillers. They 
suggested that improvements in both the dispersion and interfacial adhesion by filler 
surface treatment would lead to increased thermal conductivity by minimizing the 
phonon scattering at the interface.

2.1.2 Using High Intrinsic Thermal Conductive Filler
Composite materials with high thermal conductivities can be obtained 

by using fillers with high intrinsic conductivities. However, as discussed by Bigg 
(1986), when the intrinsic thermal conductivity of the filler is greater than 100 times 
that of the polymer matrix, there is no further significant improvement in the thermal 
conductivity of the composite. This phenomenon is illustrated in Figure 2.1.

Figure 2.1 Relative thermal conductivity as a function of filler volume fraction (Kf, 
thermal conductivity of filler, Km, thermal conductivity of matrix or polymer) (Bigg, 
1986).

2.1.3 Forming Conductive Network
The aspect ratio of the filler is another factor that can contribute 

significantly to the conductivity of a composite, because the fillers with large aspect 
ratios can more easily form bridges between them, known as conductive network.



6

The formation of random bridges or networks from conductive particles facilitates 
electron and phonon transfer leading to high conductivity. The maximum packing 
ratio of the filler in the matrix is another factor that can assure formation of the near­
perfect conductive networks. There is however a practical limit in loading the 
maximum amount of filler since it often causes problems in processibility as well as 
mechanical performance of the composite. To achieve high packing density 
composites, the use of large size particles with multimodal particle size distribution 
and low aspect ratio with smooth surface texture as a second phase was suggested.

Kirillov et al. (1972) studied the effect of filler content on thermal 
conductivity of composite using various mineral fillers. Their results reveal that at 
higher filler content, the thermal conductivity of composite is greater than that at 
lower filler content. They concluded that, at high filler content, the distance between 
filler particles is decreased resulting in the conductive network formation.

Gojny et al. (2006) studied the influence of filler content and the 
aspect ratio using CNT-filled epoxy composite. Their results reveal that CNT with a 
high aspect ratio at a given volume fraction is the most favourable type of CNT for 
enhancing the thermal conductivity of a polymer composite due to their small surface 
area and lowest interfacial boundary scattering.

In 2009, Sanada et al. demonstrated another approach to improve 
thermal conductivity of composite. They investigated the thermal conductivity of 
polymer composites with nanofillers and microfillers. The nano fillers used were 
multi-walled carbon nanotubes (MWCNTs) and alumina nanoparticles, and the 
spherical alumina particles were selected as the microfillers. They found that the 
addition of nanofillers to the polymer-matrix which filled in the spaces between the 
microfillers significantly increased thermal conductivity of the composite. They also 
suggested that the composite containing MWNTs showed a higher thermal 
conductivity compared to the composites containing alumina nanoparticles due to the 
high thermal conductivity and aspect ratio of MWNTs leading to an ease in the 
forming of conductive pathway.

2.1.4 Exfoliation of Graphite
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Fukushima et al. (2006) present the improvement in thermal 
conductivity of polymer composite using exfoliated graphite flakes (xGnP) as a 
thermal conductive filler in HDPE. They found that exfoliated graphite nanoplatelet 
composites with up to 20 vol% xGnP exhibited thermal conductivities of more than 4 
พ/เทK.

Debelak and Lafdi (2007) used three sets of exfoliated graphite 
having three different particle sizes as conductive fillers. They investigate that 
thermal conductivity for the polymers containing 20 wt% exfoliated graphite has 
been drastically improved, increasing from 0.2 to 4.3 W/mK. The exfoliated graphite 
proved to be superior as a conductive filler than carbon nanofiber. Their result also 
suggest that the addition of exfoliated graphite assists the enhancement for the 
mechanical property of the composite.

Ganguli et al. (2008) prepared the chemically functionalized 
exfoliated graphite-filled epoxy. They recognized that the silane treated exfoliated 
graphite composite at 20 % loading level had a thermal conductivity of 5.8 W/mK, a 
35% increase, from 4.3 W/mK of untreated graphite composite.

2.2 Boron Nitride

Boron nitride (BN) is a unique material. It offers outstanding thermal 
conductivity, excellent dielectric strength, very good thermal shock resistance and is 
easily machinable. This material is an advanced synthetic ceramic available in 
powder, solid, liquid and aerosol spray forms. In an oxidizing atmosphere it can be 
used up to 900°c. However, in an inert atmosphere, some grades can be used as high 
as 3000°c (Baeraky, 2005).

2.2.1 The Structure of Boron Nitride
Up to now, there are four BN polymorphic modifications: hexagonal 

BN (h-BN), rhombohedral BN (r-BN), cubic BN (c-BN) and wurtzite-like BN (พ- 
BN), which can be reliably synthesized and identified. The C-BN and W-BN are hard 
phases bonded with strong diamond-like sp3 hybridization, whereas h-BN and r-BN
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are softer phases bonded through localized graphite-like sp2 hybridization in 
hexagonal plane and delocalized weak 7C orbital (Xia and Li, 2007).

The hexagonal layer structures h-BN and graphite are isomorphic. 
The lattice constants are similar, i.e., for h-BN, ao=2.504 A0, C0= 6.661 A0, as shown 
in Figure 2.2, and for graphite ao=2.456 A0 and 00= 6.696 A0. The differences 
between h-BN and graphite are also notable. Hexagonal BN is a white insulating 
material and looks much like mica. Graphite is black and an electrical conductor. 
Both materials are strongly bonded within an atomic layer, but bonding between 
layers is weak, of the Van der Waals type (Sichel et al, 1976).

HEXAGONAL BORON NITRIDE

Figure 2.2 The structure of Hexagonal Boron Nitride

Hexagonal BN platelets appear as very small discs. There are two 
different sets of reactive sites on BN. One set is at the edge plane and the other is on 
the basal plane. On the edge plane, the crystal structure of BN must terminate, 
usually with either hydroxyl species or amino groups (Wank et al., 2004)

2.2.2 The Thermal Conductive BN-Filled Polymer Composite
In 1988, Bujard studied the temperature dependence and influence of 

sample preparation in the thermal conductivity of boron nitride-filled epoxy resin as
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a  fu n c tio n  o f  f ille r  c o n te n t. H e  u sed  f la k e - lik e  b o ro n  n itr id e  c r y s ta ls  w ith  sm a ll  
p a rtic le  s iz e  an d  w a s  a b le  to  m a k e  a  c o m p o s ite  w ith  a m a x im u m  f il le r  c o n te n t o f  31  
v o l%  and a c o r r e sp o n d in g  th erm al c o n d u c tiv ity  v a lu e  o f  2 .3  W /m K . T h e  au th or  
m e n tio n e d  th e  u se  o f  p e r c o la t io n  th eo ry  to  e x p la in  th e  fo r m a tio n  o f  f ille r  n e tw o r k s  in  
h is  c o m p o s ite  sy s te m . H o w e v e r , h is  s y s te m  d id  n o t  s h o w  a sh arp  d isc o n tin u ity  
a sso c ia te d  w ith  a p e r c o la t io n  th resh o ld  at 15 v o l%  w h ic h  w a s  n o r m a lly  o b se r v e d  in  
e le c tr ic a lly  c o n d u c tiv e  c o m p o s ite s . H e  s u g g e s te d  th at th ere  w e r e  tw o  im p o rtan t  
p aram eters that reg u la ted  th e  c o n d u c tiv ity  in  th e  c o m p o s ite , i .e . th e  n u m b er  o f  
c o n d u c tin g  p a th s and th e  real p artic le  d e n s ity  a lo n g  th e  h e a t - f lo w  p a th s. T h e  e f fe c t  o f  
th e  m o d e  o f  sa m p le  p rep ara tion  ca n  le a d  to  d iffe r e n t p a r tic le  d is tr ib u tio n s  in  th e  
m atrix  w h ic h  p r o d u c e s  th e  v a r ia tio n s  in  th e  th erm a l c o n d u c tiv ity .

Ish id a  and  R im d u sit  ( 1 9 9 8 )  p rep ared  a  h ig h ly  th e r m a lly  c o n d u c tiv e  
B N -f i l le d  b e n z o x a z in e  at its  m a x im u m  lo a d in g  o f  7 8 .5  v o l% . A  th erm a l c o n d u c tiv ity  
o f  3 2 .5  W /m K  is  a c h ie v e d . T h e y  su g g e s te d  that th e  ex tra o rd in a r ily  h ig h  c o n d u c tiv ity  
v a lu e  resu lts  fro m  o u tsta n d in g  p ro p er tie s  o f  th e  p o ly b e n z o x a x in e  m a tr ix , th e  b o ro n  
n itr id e  f ille r , and  b im o d a l p artic le  s iz e  d istr ib u tio n . B im o d a l d is tr ib u tio n  a s s is ts  in  
in c r e a s in g  th e  p a r tic le  p a c k in g  d e n s ity . T h is  f ille r -m a tr ix  s y s te m  p r o v id e s  a  h ig h ly  
th erm a lly  c o n d u c tiv e  c o m p o s ite  d u e  to  th e  c a p a b ility  o f  fo r m in g  c o n d u c tiv e  
n etw o r k s  w ith  lo w  th erm a l r e s is ta n ce  a lo n g  th e  c o n d u c tiv e  p ath s.

X u  an d  C h u n g  (2 0 0 0 )  u se d  su r fa ce  trea tm en t o f  th e  f ille r  to  im p r o v e  
th e  a ffin ity  b e tw e e n  f ille r  and  m atr ix , th e r e b y  s ig n if ic a n t ly  in c r e a s in g  th e  th erm a l  
c o n d u c tiv ity  o f  th e  c o m p o s ite . T h e  th erm a l c o n d u c tiv ity  o f  e p o x y -m a tr ix  c o m p o s ite s  
w a s  in c r e a se d  b y  up  to  97 %  b y  su rfa ce  trea tm en t o f  th e  p a r t ic le s  p r ior  to  c o m p o s ite  
fa b r ica tio n . E f fe c t iv e  trea tm en ts  for B N  in v o lv e d  a c e to n e , a c id s  (n itr ic  an d  su lfu r ic )  
an d  s ila n e . T h e  m o st  e f fe c t iv e  trea tm en t in v o lv e d  s ila n e  su c h  th at th e  c o a t in g  
resu lted  fro m  th e  trea tm en t a m o u n ted  to  2 .4 %  o f  th e  w e ig h t  o f  th e  trea ted  B N .

In 2 0 0 6 ,  L e e  et al. in v e s t ig a te d  th e e f f e c t iv e n e s s  o f  h y b r id  f il le r  
c o n s is t in g  o f  d iffe r e n t c o n d u c tiv e  f ille r s  in  ty p e  an d  sh a p e  o n  th e  fa b r ica tio n  o f  
th erm a lly  c o n d u c tiv e  c o m p o s ite s . T h e y  a tte m p ted  to  m a x im iz e  th e  a b u n d a n ce  o f  
th erm a lly  c o n d u c tin g  p a th s  b y  u s in g  h y b r id  f ille r  at it s  m a x im u m  p a c k in g  lo a d in g ,  
an d  a lso  tried  to  m in im iz e  th e  in ter fa c ia l p h o n o n  sc a tte r in g  b y  c h e m ic a l su r fa ce  
treatm en t o f  th e  f ille r , w h ic h  led  to  an im p r o v e m e n t in  th e  w e tta b ility  an d  u n ifo rm
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d isp e r s io n . V a r io u s  in o rg a n ic  f ille r s  in c lu d in g  a lu m in u m  n itr id e  (A IN ) , w o lla s to n ite ,  
s i l ic o n  carb id e  w h isk e r  (S iC )  and b o ro n  n itr id e  ( B N )  w ith  d iffe r e n t sh a p e  an d  s iz e  
w e r e  u se d  a lo n e  or in  c o m b in a tio n  to  p rep are th e r m a lly  c o n d u c tiv e  p o ly m e r  
c o m p o s ite s . T h e ir  resu lts  r ev e a l that th e  m a x im u m  p a c k in g  fra c tio n  o f  B N  f il le r s  is  
b e lo w  3 0  v o l% . T h is  m e a n s  B N  f ille r  fo rm s th e  th e r m a lly  c o n d u c tiv e  n e tw o r k s  at 
lo w e r  f ille r  c o n te n t than o th er f ille r s . T h e larger d if fe r e n c e  b e tw e e n  th e  m a x im u m  
p a c k in g  fraction  and th e f ille r  c o n ten t o f  th e  sa m p le  is  r e sp o n s ib le  for th e  h ig h e s t  
th erm a l c o n d u c tiv ity  v a lu e  o f  th e  sa m p le  c o n ta in in g  5 0  v o l%  o f  B N  w h ic h  h a s  lo w e r  
in tr in s ic  th erm al c o n d u c tiv ity  than  A IN .

2.3 Admicellar Polymerization Process

A d m ic e lla r  p o ly m e r iz a tio n , a  term ed  d er iv ed  fro m  “a d so r p tio n ” and  
“m ic e l le ” , d e f in e s  a c la s s  o f  in-situ p o ly m e r iz a tio n  ta k in g  p la c e  in s id e  an  a d so rb ed  
su rfa cta n t b ila y e r  o n  a  su b strate  su rfa ce .

In a  s o lu t io n  o f  an  io n ic  su rfactan t u n d er  su ita b le  c o n d it io n s , th e  su rfa cta n t  
m o le c u le s  w il l  ten d  to  form  a g g r e g a te s  at th e  h y d r o p h ilic  su r fa c e s  in  a q u e o u s  
s o lu t io n . T o  m in im iz e  th e  free  e n e r g y , th e  su rfa cta n t m o le c u le s  w i l l  te n d  to  form  
b ila y e r  w ith  th e  h y d r o p h ilic  h ead  g ro u p s o f  th e  u p p er  la y er  fa c in g  th e  a q u e o u s  w a ter  
and  h y d r o p h o b ic  ta ils  fa c in g  in s id e  to  form  a  h y d r o p h o b ic  c o r e  in  th e  c e n te r  o f  th e  
b ila y e r  a d m ic e lle .

A d m ic e lla r  p o ly m e r iz a tio n  is  a th r e e -s te p  c h e m ic a l p r o c e s s  w ith  an  
a d d it io n a l fou rth  step  to  r e m o v e  th e  o u ter -la y er  su rfactan t. T h e  p r o c e s s  i s  sh o w n  
sc h e m a tic a lly  in  F ig u r e  2 .3 .

Step 1: Admicellar formation. S u rfa cta n ts  are a d so rb ed  o n  th e  
su b stra te  su r fa ce  to  fo rm  a  b ila y er  stru ctu re or  a d m ic e lle . T h e  a d so rp tio n  iso th e r m  o f  
io n ic  su rfa cta n ts  o n to  a  su b strate su r fa ce  can  b e  d iv id e d  in to  fo u r  r e g io n s  a s  s h o w n  in  
F ig u re  2 .4 .
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S te p  1. A d m ic e lle  fo rm a tio n

1 HÎHÎÎ ' iililii
S te p  2 . M o n o m e r  a d so lu b iliz a t io n

S te p  3 . P o ly m e r  fo rm a tio n

S te p  4 . S u rfactan t r e m o v a l

1=  S u rfactan t, M  =  m o n o m e r , I =  In itia tor , p  =  P o ly m e r

Figure 2.3 S c h e m a tic  o f  th e  s te p s  in  th e  a d m ic e lla r  p o ly m e r iz a tio n .

T h is  c u rv e  is  a  p lo t  b e tw e e n  th e  lo g  o f  a d so rb ed  su rfactan t v e r su s  th e  lo g  o f  
eq u ilib r iu m  su rfa cta n t c o n c e n tr a tio n  w h ic h  can  b e  u se d  to  o b ta in  th e  ap p rop riate  
c o n c e n tr a tio n  o f  su rfactan t fo r  a d m ic e lla r  p o ly m e r iz a t io n  p r o c e ss . T h is  co n ce n tr a tio n  
is  s l ig h t ly  b e lo w  th e cr itica l m ic e l le  c o n c e n tr a tio n  or  C M C  to  a v o id  e m u ls io n
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p o ly m e r iz a tio n . T h e  a d so rp tio n  o f  th e  su rfa cta n t o n  th e  su b stra te  su rfa ce  is  c o n tr o lle d  
b y  se v e r a l factors: th e  e le c tr o c h e m ic a l nature o f  th e  su b stra te , th e  ty p e  o f  su rfactan t 
m o le c u le ,  th e  p H  o f  so lu t io n , an d  ad d ed  c o u n te r io n . A t  p H  v a lu e s  b e lo w  th e  P Z C  
(p o in t  o f  ze r o  c h a r g e ), th e  su r fa ce  is  p o s it iv e ly  ch arged ; a b o v e  th e P Z C , th e  su rfa ce  
is  n e g a t iv e ly  ch a rg ed . C o n se q u e n tly , a n io n ic  su rfa cta n ts ad so rb  w e l l  b e lo w  th e  P Z C  
an d  c a t io n ic  su rfa cta n ts  a b o v e  th e  P Z C . A n  e le c tr o ly te  ca n  b e  ad d ed  to  red u ce  th e  
r e p u ls io n  b e tw e e n  th e  h ea d  g ro u p s o f  th e  su rfa cta n t to  e n h a n c e  su rfactan t a d so rp tio n . 
H e n c e , th e  im p o rtan t p ara m eters that n e e d  to  b e  m a n ip u la ted  are p H  v a lu e  and  
c o u n te r io n  co n c e n tr a tio n .

Figure 2.4 A d so r p tio n  iso th e r m s o f  an io n ic  su rfa cta n t o n  a  s o l id  su rfa ce .

Step 2: Monomer adsolubilization. A k n o w n  a m o u n t o f  m o n o m e r  
w a s  ad d ed  to  th e  so lu t io n . S in c e  th e  b u lk  c o n c e n tr a tio n  o f  th e  su rfactan t is  b e lo w  th e  
c r it ic a l m ic e l le  c o n c e n tr a tio n , th e  r e la t iv e ly  h y d r o p h o b ic  m o n o m e r s  p r e fe r e n tia lly  
p a rtit io n  in to  th e  h y d r o p h o b ic  in terior  o f  th e  a d m ic e lle  in  th e  p r o c e s s  c a lle d  
“ a d so lu b iliz a t io n ” .

Step 3: Polymer formation. T h e  a d m ic e lla r  p o ly m e r iz a t io n  is  started  
b y  th e  a d d itio n  o f  an  in itia tor . P o ly m e r iz a t io n  o c c u r s  in  th e  a d m ic e lle  b ila y e r  w ith  
r e a c tio n  s im ila r  to  th e  e m u ls io n  p o ly m e r iz a tio n .

Step 4: Surfactant removal. T h e  u p p e r -la y e r  su rfa cta n t is  r e m o v e d  b y  
w a s h in g  w ith  w a ter , e x p o s in g  th e  p o ly m e r  f i lm  o n  th e  su b stra te  su rfa ce .
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2 .3 .1  A p p lic a t io n s  o f  A d m ic e lla r  P o ly m e r iz a t io n  to  In o rg a n ic  S u b stra tes
In 2 0 0 0 , C h o  et al. p rep ared  h ig h ly  c o n d u c tin g  P P Y -c o a te d  a lu m in a  

c o m p o s ite  p a r tic le s  b y  u s in g  a d m ic e lla r  p o ly m e r iz a t io n  p r o c e ss . In  th e  a to m ic  fo rce  
m ic r o s c o p y  s tu d ie s , th e  m o r p h o lo g y  o f  th e  r e su lt in g  P P Y  o n  a lu m in a  p a r tic le s  
sh o w e d  m u ltigra n u lar  im a g e s  s im ila r  to  th o se  o f  p u re  p o ly p y r r o le  f i lm s  an d  all 
a lu m in a  p a r tic le s  w e r e  c o m p le te ly  c o a te d  b y  p o ly p y r r o le  f i lm s . T h e  co n ta c t  
c o n d u c tiv ity  o f  th e se  P P Y -a lu m in a  c o m p o s ite s  is  m o r e  than  3 t im e s  that o f  a  pure  
p o ly p y r r o le  p o w d e r , e v e n  w ith  a  v e r y  lo w  a m o u n t ( 1 2  w t% ) o f  p o ly p y r r o le  
in co rp o ra ted  o n to  a lu m in a .

A d m ic e lla r  p o ly m e r iz a t io n  w a s  u se d  to  d e p o s it  p o ly s ty r e n e  an d  p o ly  
(m e th y l m e th a c r y la te )  o n to  a lu m in u m  su rfa ce  in  ord er to  m ig ita te  c o r r o s io n  c a u se d  
b y  w a ter  (M a terred o n a  et al., 2 0 0 3 ) .  T h e  f i lm s  o n  a lu m in u m  su r fa c e s  w e r e  
c h a ra c ter ized  b y  F T IR , S E M , and  A F M . D y n a m ic  c o n ta c t  a n g le s  in d ic a te d  th at th e  
m o d if ie d  a lu m in u m  su b strates e x h ib ite d  h y d r o p h o b ic  n atu re. W ater  u p ta k e  
m e a su r e m e n ts  s h o w e d  that P S  d e la y e d  w a te r  p en e tra tio n  fo r  a lm o s t  4  h. 
A c c e le r la te d  c o r r o s io n  te s ts  a ls o  r e v e a le d  th e  p r o te c tiv e  c h a r a c te r is tic s  o f  
p o ly (m e th y l m eth a c r y la te ).

W e i et al. ( 2 0 0 3 )  m o d if ie d  th e  su r fa c e  o f  tw o  p o r o u s  so lid s :  t ita n iu m  
d io x id e  an d  a lu m in a  b y  a d m ic e lla r  p o ly m e r iz a t io n  p r o c e s s . T h e  r e su lts  s h o w e d  that  
p o ly m e r  fo r m e d  o n  b o th  th e  o u ts id e  and  th e  in s id e  su r fa c e s  o f  a ro u g h , p o r o u s  so l id  
u s in g  a d m ic e lla r  p o ly m e r iz a tio n . X -r a y  p h o to e le c tr o n  s p e c tr o s c o p y  (X P S )  
m e a su r e m e n ts  c le a r ly  in d ic a te d  that, a fter  a d m ic e lla r  p o ly m e r iz a t io n , o r g a n ic  
m ateria l an d  su rfa cta n t w e r e  p r e se n t o n  th e  su r fa ce  o f  th e  s o l id s . W ater  w a s h e s ,  
p er fo rm ed  im m e d ia te ly  a fter  a d m ic e lla r  p o ly m e r iz a t io n , w e r e  s u c c e s s fu l  in  r e m o v in g  
a p p r o x im a te ly  30%  o f  th e  o r g a n ic  m a ter ia l, p r e su m a b ly  m o s t ly  su rfa cta n t. In term s  
o f  r e m o v a l o f  e ith er  p o ly m e r  or su rfa cta n t, d e f in ite  d if fe r e n c e s  w e r e  fo u n d  b e tw e e n  
th e  tw o  ty p e s  o f  su r fa ces: a s  e x p e c te d , m o re  m a ter ia l c o u ld  b e  r e m o v e d  fr o m  th e  
o u ter  su r fa c e s  v e r su s  th e  in n er  su r fa c e s  u s in g  s o lv e n t  w a s h e s . H o w e v e r , e v e n  fo r  th e  
o u ts id e  su r fa c e , o n ly  a b o u t h a l f  o f  th e  m ater ia l c o u ld  b e  r e m o v e d  a fter  b o th  w a ter  
and  s o x h le t  e x tr a c tio n s . O n  th e  o u ts id e  su r fa ce , th e  ra tio  o f  su rfa cta n t to  p o ly m e r  
after a d m ic e lla r  p o ly m e r iz a tio n  an d  th e  s o lv e n t  w a s h e s  (a  w a ter  w a sh  f o l lo w e d  b y
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s o x h le t  e x tra c tio n  w ith  to lu e n e )  is  a p p r o x im a te ly  1 : 1 , w h e r e a s  th e  ra tio  o n  th e  
in ter io r  su r fa ce  is  a p p r o x im a te ly  3 :1 .

P o ly (2 ,2 ,2 - tr if lu o r o e th y l a cry la te )  (P T F E A ) w a s  a p p lie d  to  a lu m in u m  
a l lo y s  b y  a d m ic e lla r  p o ly m e r iz a tio n  for c o r r o s io n  co n tro l in  th e  a e r o sp a c e  (D u c  et 
al, 2 0 0 4 ) .  X P S  d ep th  p r o f ilin g  h e lp e d  d e te r m in e  th e  f i lm  th ic k n e ss  to  b e  arou n d  10  
n m , w h ic h  is  u ltrath in . T h e  m o d if ie d  su r fa ce  w a s  h ig h ly  h y d r o p h o b ic  an d  ab le  to  
d e la y  sa lt  s o lu t io n  u p tak e (3 .5  w t%  N a C l)  fo r  a  p er io d  o f  u p  to  6  h  in  c r e v ic e  
c o r r o s io n  te sts . P T F E A  f ilm  red u ced  th e  c o r r o d e d  area to  2 0 %  c o m p a r e d  to  65%  for  
a  b are a lu m in u m  co n tr o l and to  33%  for p o ly (m e th y l m e th a c r y la te )  (P M M A ) f ilm  in  
a 2 4  h  c r e v ic e  te st . P T F E A  f ilm  e x h ib ite d  b etter  c o r r o s io n  p r o te c tio n  th an  P M M A  
f ilm  b e c a u se  it h a s h ig h e r  h y d r o p h o b ic ity  th an  a P M M A -m o d if ie d  su rfa ce .

N o n ta s o m  et al. ( 2 0 0 5 )  d e v e lo p e d  a  c o n t in u o u s  stirred  tan k  reactor  
(C S T R ) for  a d m ic e lla r  p o ly m e r iz a tio n  o f  s ty ren e  and  iso p r e n e  o n  s i l ic a  su r fa ce  for  
im p r o v e m e n t o f  c o m p a tib ility  b e tw e e n  th e  s i l ic a  an d  rubber. T h e  f e e d  c o m p r ise d  
p rec ip ita ted  s il ic a , c e ty ltr im e th y l a m m o n iu m  b ro m id e  (C T A B )  c a t io n ic  su rfactan t, 
s ty r e n e  an d  iso p r e n e  c o m o n o m e r s , and  2 ,2 ’-a z o b is iso b u ty r o n itr ile  in itia to r . T h e  
resu lts  sh o w e d  that th e  m o d if ie d  s il ic a  red u ced  T 90 cu re  t im e  and  im p r o v e d  m o d u lu s ,  
a b ra sio n  r e s is ta n c e , and  c o m p r e ss io n . In c o m p a r iso n  w ith  th e  m o d if ie d  s i l ic a  u s in g  a  
b a tch  p r o c e s s , th e  m o d if ie d  s i l ic a  o b ta in ed  fro m  th e  C S T R  p r o c e s s  w a s  fo u n d  to  b e  
su p er io r  in  th e  p e r fo rm a n ce  o f  rubber c o m p o u n d .

A d m ic e lla r  p o ly m e r iz a t io n  h a s  b e e n  u se d  to  fo rm  a  th in  f ilm  o f  
p o ly e th y le n e  o n to  th e  su r fa ce  o f  m il le d  g la s s  f ib e r s  u s in g  s o d iu m  d o d e c y l  su lfa te  a s  
th e  su rfa cta n t (S o m n u k  et al., 2 0 0 3 ) .  T h e  d e c r e a se  in  e th y le n e  p ressu re  w a s  u se d  to  
f o l lo w  th e  so lu b iliz a t io n  an d  a d so lu b iliz a t io n  p r o c e s s e s  a s  w e l l  a s  th e  r ea c tio n  
p r o c e s s e s . A n  in c r e a se  in  in itia to r  ^ 2 ร 2 0 ร to  su rfa cta n t ra tio  g a v e  th ic k e r  and  m o re  
u n ifo r m  c o a tin g s  o f  p o ly m e r  o n to  th e  g la s s  f ib er  su r fa c e  a c c o r d in g  to  S E M  
m ic r o g r a p h s . A lth o u g h  a  su b sta n tia l a m o u n t o f  e th y le n e  p o ly m e r iz e d  in  so lu t io n  
a c c o r d in g  to  th e  p ressu re  d rop , th e  d e c r e a se  in  p ressu re  attr ib uted  to  a d m ic e lle  
p o ly m e r iz a tio n  c o r r e sp o n d e d  to  th e  a m o u n t o f  p o ly m e r  fo r m e d  o n  th e  g la s s  f ib er , 
in d ic a tin g  that, o n ly  a sm a ll a m o u n t, i f  an y , so lu t io n  p o ly m e r  d e p o s ite d  o n  th e  fib ers . 
T h e  a d m ice lla r -tr e a te d  g la s s  f ib er  w a s  u se d  to  m a k e  c o m p o s ite s  w ith  h ig h -d e n s ity  
p o ly e th y le n e . T h e  c o m p o s ite s  sh o w e d  an in c r e a se  in  t e n s i le  and fle x u r a l stren g th



15

o v e r  c o m p o s ite s  m a d e  fro m  a s -r e c e iv e d  g la s s  fib er , in d ic a tin g  an  im p r o v e m e n t in  th e  
f ib er -m a tr ix  a d h e s io n  o f  th e  a d m ice lla r -trea ted  g la s s  fib er .

2.4 Surface Treatment by the Adsorption of Surfactant

B e in g  a b le  to  ch a ra c ter ize  and  e v e n  c o n tro l th e  su r fa c e  stru ctu re o f  th e  
m ic r o p a r t ic le s  is  im p o rta n t to  th e ir  a p p lic a t io n s . M o d if ic a t io n  o f  th e  p a r tic le  su r fa ce  
is  o fte n  o n e  o f  th e  a p p ro a ch es  ta k en  to  im p r o v e  th e  d isp e r s ib ility  and  r h e o lo g ic a l  
p ro p er tie s  o f  p a r t ic u la te -f i lle d  c o m p o s ite s . G reat e ffo r ts  h a v e  b e e n  e m p lo y e d  in  th e  
d e s ig n  an d  s y n th e s is  o f  a v a r ie ty  o f  d isp ersa n t (or  su rfa cta n t) m o le c u le s  w ith  b o th  
h y d r o p h ilic  an d  h y d r o p h o b ic  fu n c tio n a l g ro u p s for  m o d ify in g  p a r tic le  su r fa ce  
p ro p er tie s  th ro u g h  th e  a d so rp tio n  o f  th e se  m o le c u le s  o n to  th e  p a r tic le  su rfa ce . M a n y  
a tte m p ts  h a v e  a ls o  b e e n  m a d e  to  d ir e c t ly  m o d ify  th e  c h e m ic a l c o m p o s it io n  and  
fu n c t io n a lity  o f  p a r tic le  su r fa c e s  in  ord er  to  a c h ie v e  p referred  in te r a c tio n s  w ith  th e  
s o lv e n t  m o le c u le s  or a f fe c t  ad so rp tio n  o f  su rfa cta n ts. A d so r p tio n  o f  su rfa cta n ts  o n to  
s o l id  p a r tic le s  c o n tr o ls  m a n y  in ter fa c ia l p r o c e s s e s , su c h  as s ta b iliz a t io n  o f  s o l id  
d is p e r s io n s , s e le c t iv e  f lo ta t io n  o f  m in e r a ls , d e te r g e n c y , p r o te c tio n  o f  m eta l su r fa c e s  
an d  lu b r ica tio n . S u rfa cta n t ad so rp tio n  at th e  s o l id - l iq u id  in te r fa c e  is  an  im p o rtan t  
p h e n o m e n o n  in  w h ic h  th e  su rfactan t m o le c u le s  ca n  in teract w ith  th e  s o l id  su rfa ce .

2 .4 .1  E ffe c t  o f  S u rfa cta n t A d so r p tio n  o n  D e a g g lo m e r a tio n  an d  P a r tic le  
D is p e r s io n

M e g u r o  et al. ( 1 9 8 7 )  e x a m in e d  th e  e f fe c t s  o f  th e  a d d it io n  o f  
su rfa cta n ts  o n  th e  a q u e o u s  d isp e r s io n  o f  s i l ic o n  ca rb id e . T h e y  fo u n d  that th e  a d d it io n  
o f  n o n io n ic  su rfa cta n ts  h a v in g  r e la t iv e ly  lo n g e r  le n g th  o f  h y d r o ca rb o n  and  
o x y e th y le n e  c h a in  to  th e  s i l ic o n  ca rb id e  e n h a n c e d  its  d isp e r s io n  s ta b ility .

F e k e te  an d  P u k a n sz k y  ( 1 9 9 7 )  fou n d  th at th e  s e d im e n ta tio n  o f  th e  
s tea r ic  a c id -tr e a te d  c a lc iu m  carb o n ate  w a s  v e r y  s lo w .

In 2 0 0 1 ,  E su m i rep orted  th at th e  d isp e r s io n  s ta b ility  o f  a lu m in a  
s u s p e n s io n s  in  th e  a b se n c e  o f  so d iu m  d o d e c y l su lfa te  ( S D S )  w a s  v e r y  h ig h  b e c a u se  
S D S  a d so rb ed  o n to  p o s it iv e ly  ch a rg ed  a lu m in a  p a r t ic le s , o r ie n tin g  its  h y d ro ca rb o n  to  
a q u e o u s  so lu t io n , r e su lt in g  in  f lo c c u la t io n  b e tw e e n  th e  h y d r o p h o b ic  su r fa ce  p a r tic le s .
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2 .4 .2  E ffe c t  o f  S u rfa cta n t A d so r p tio n  o n  In ter fa c ia l A d h e s io n
T h e  c o a tin g  o f  an  o r g a n ic  la y er  b y  th e a d so rp tio n  o f  a  su rfa cta n t o n  

th e  f ille r  su r fa c e  e n h a n c e s  th e  w e tt in g  o f  th e  f ille r  b y  th e  p o ly m e r  m e lt  d u rin g  
c o m p o u n d in g  an d  r e d u c e s  th e  p a r tic le s  te n d e n c y  to  a g g lo m e r a te . N a n o -  an d  su b ­
m ic r o n  p a r tic le s  h a v e  stro n g  te n d e n c y  to  a g g r e g a te , b u ild in g  stro n g  c lu s te r s  w ith  
d iffe r e n t sh a p e s . F il l in g  a  s e m i-c r y s ta ll in e  p o ly m e r  w ith  m ic r o n -s iz e d  iso tr o p ic  f ille r  
p a r tic le s  in f lu e n c e s  its  t e n s i le  p ro p erties  in  d iffe r e n t w a y s . In a d d itio n  to th e  
c o m p o n e n t  p ro p er tie s , th e  c o m p o s ite  m e c h a n ic a l ch a ra c te r is tic s  are in f lu e n c e d  b y  th e  
a d h e s io n  fo r c e s  at th e  fille r -m a tr ix  in ter fa ce  and  b y  th e  th ic k n e ss  an d  p ro p er tie s  o f  
th e  in terp h a se . D u r in g  m a c r o sc o p ic  d e fo r m a tio n , n u m u ro u s p r o c e s s e s  s u c h  a s  e la s t ic  
d e fo r m a tio n , y ie ld in g , c r a z in g , o r ien ta tio n , d e b o n d in g  (d e w e tt in g ) , fa ilu re  in it ia tio n , 
and  p ro p a g a tio n  tak e  p la c e . T h e s e  lo c a l p r o c e s s e s , w h ic h  o c c u r  at sm a ll or  la rge  
d e fo r m a tio n s , are d if fe r e n tly  in f lu e n c e d  b y  th e  a b o v e  m e n tio n e d  p a ra m eters  th at va ry  
n o t o n ly  w ith  th e  ty p e  o f  f ille r  b ut a lso  w ith  th e  p a r t ic le s  su r fa ce  treatm en t.

O sm a n  and  A ta lla h  ( 2 0 0 7 )  in v e s t ig a te d  th e  m ic r o n -s iz e d  C a C 0 3  

p a r tic le s  c o a te d  w ith  a  m o n o la y e r  o f  a lip h a tic  c a r b o x y lic  a c id s . T h e y  fo u n d  th at th e  
d isp e r s io n  o f  th e  f ille r  c o u ld  b e  im p r o v e d  e v e n  at a  h ig h  f ille r  lo a d in g . S u r fa ce  
trea tm en t o f  C a C 0 3  w ith  an  a c id  c o n ta in in g  a lo n g  h y d ro ca rb o n  c h a in  led  to  
c o m p o s ite s  w ith  in c r e a se s  in  b o th  th e  te n s i le  m o d u lu s  an d  stren g th .
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