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In this study, 7 and 14 nm hydrophilic fumed silica were used to fill linear   

(H) and branched (L) chain structure at two molecular weights of polyethylene     

(PE). The contents were 0, 0.5, 1, 3, 5 and 10 wt%. Nanosilica/PE composites       

were prepared by melt mixing using an internal mixer. The specimens were molded 

using a compression molding machine. The linear viscoelastic  properties [under 

small amplitude oscillatory shear (SAOS) measurement] at the reference temperature 

of  160๐C of the neat polyethylenes and  nanocomposites were investigated. 

Morphology of the nanocomposites were also studied using transmission electron 

microscopy (TEM).  The LVE results revealed that at the same zero shear viscosity, 

the branched PE showed longer relaxation time than the linear structure. The 

branching caused the additional mode of relaxation process. The presence of 

nanosilica increased the moduli and complex viscosity of the polyethylene matrix. At 

the nanosilica content of  > 5 wt%, the filled polyethylene melts showed the solid-like 

behavior in the terminal (low frequency) region. It indicated that the network-like 

structure formed at these contents. Both nanosilica sizes display the similar results in 

the rheological and   morphological properties. It could be that the fumed silica 

nanoparticle can aggregate  
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morphological properties. It could be that the fumed silica nanoparticle can aggregate  

to the same size by particle-particle  interactions  as observed in transmission electron 

microscopy (TEM).  
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CHAPTER I 

INTRODUCTION 
 

1.1 General Introduction 

Polymer nanocomposites has been one of the most widely used materials as it 

could provide high strength at relatively low filler contents compared to 

conventional composites. For nanocomposite, the size of the polymer is comparable 

to or larger than the particle size (Pryamitsyn and Ganesan, 2006). Reduction of the 

particles or filler size down to the order of nanometers can lead to substantial 

difference in the various properties of filled melts compared to complex fluids, 

reinforced with micron sized particles. The particles can influence the properties of 

system because it has an extremely large specific surface area than microcomposites 

at similar filler volume fractions ( Haghtalab and Marzban, 2011).  

By adding nanofiller to polymers, one of a direct consequence is the change 

in the polymer rheology. A rheological study of molten polymer nanocomposites is 

important to assess their processability. Moreover, viscoelastic properties of 

nanocomposites in the molten state are generally useful to understand the 

relationships between structure and  property. The  filler - filler  and   filler – polymer 

interactions  can strongly influence both  linear  and  nonlinear  viscoelastic  

responses.  Melt  rheology  is thus useful for the investigation of the polymer  nano- 

composites.                                                                                                              

The basic theory about filled melts is based on Einstein’s equation.   In  case 
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of  Newtonian fluids, at very low volume  fraction (ɸ < 0.03), the shear viscosity (η) 

of a suspension of hard spheres can be predicted by the simple formula of Einstein, 

calculated from the viscous dissipation produced by the flow around a single sphere. 

Thus, Einstein’s formula as shown in equation (1.1) is only valid when the 

suspension is dilute enough that the flow field around one sphere is not appreciably 

influenced by the presence of neighboring spheres (Einstein, 1906). 

   

where η and ηs are viscosity of suspension and viscosity of medium respectively and 

ɸ is volume fraction of the particles.  

 

 

 

 

 

               

 

where [η] is an intrinsic viscosity and ɸm is maximum-packing volume fraction. 

Generally, as the particle aspect ratio increases, [η] increases and   ɸm decreases, 

while the product [η]ɸm usually remains in the range 1.4-3 (Barnes, Hutton and 

Walters, 1989). 

η  =  ηs( 1+ 2.5ɸ)                                                      (1.1) 

For suspensions, equation (1.1) fails at non-dilute solutions such as large 

particle size, high volume fraction and aggregation of particles. Therefore, the 

modified Einstein-type equations were developed hereafter. For example, the 

Krieger-Dougherty equation as shown in equation 1.2 was proposed for suspensions 

of particles of spherical or other shape (Krieger and Dougherty, 1959). 

ɸm -[η] 
η   =   ηs [1-(ɸ/ ɸm)]                                                           (1.2) 
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According to equations (1.1) and (1.2), the viscosity increases with 

increasing the nanoparticle volume fraction. In addition to an increase in viscosity, 

Zhang and Archer (2002) found that the stress relaxation was dramatically slowed 

down because of physisorption between polyethylene oxide (PEO) and silica 

nanocomposites.    They indicated that bare particle-particle jamming contacts were 

not likely the source of slowing down of stress relaxation but because of hydrogen 

bonding. The onset of shear thinning was shifted to lower shear rates when adding 

nanofillers. These results mean implicitly that the particle interactions increase the 

non-Newtonian range and cause it to occur at a lower shear rate than  the unfilled 

polymer melt. Filled polymers have a higher viscosity at low shear rates, and 

yielding may occur with increased filler concentration. 

 On the contrary, adding nanoparticles causing faster relaxation of chains 

based on different explanation were reported. Zhang, Lippits and Rastogi (2006) 

found that the storage modulus or viscosity of single-walled carbon nanotubes filled 

broad ultrahigh molecular weight polyethylene decreased with increasing mass or 

volume fraction of particles. They attributed the decrease in viscosity to the selective 

adsorption of the high molar mass fraction onto the nanoparticles surface. In 

addition, Mackay et al. (2003) found the decrease in the cross-linked polystyrenes 

nanoparticles  filled polystyrene viscosity and the glass transition temperature (Tg) 

because of the increase in free volumes as well as the change in certain configuration 

to the linear polymer.  They proposed that this is due to the  nanoparticle 

confinement effects where the interparticle half-gap is less than or equal to radius of 

gyration (Rg).  
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 Many previous works have shown that the presence of nanoparticles in 

polymer melts could either increase or decrease the viscosity (Sarvestani, 2008; 

Zhang, Lippits and Rastogi, 2006). The general behavior reported in the literature for  

oscillatory  shear rheological measurements    at low  frequencies is that the linear 

rheological properties evolve from a liquid-like behavior to a solid-like behavior as 

the nanoparticle concentration increases. In the case of viscosity reduction which is 

not common, one of the proposed criteria is that the size of the particle should be 

comparable to or smaller than the polymer molecular size (Mackay et al.,2003; 

Zhang, Q., Lippits, D. R., and Rastogi, S., 2006).  

 In recent years, inorganic nanoparticles especially fumed silica (SiO2  is a 

multi-functional ceramic material) has been used in various industries to improve 

surfaces and mechanical properties of diverse materials. It is used as a filler, 

performance additive, rheological modifier or processing aid in many product 

formulations, such as plastics and synthetic rubber. By using appropriate reaction 

conditions and surface modifications, wide range of hydrophilic and hydrophobic 

grades of fumed silica can be obtained. Surface chemistry of fumed silica can be 

found in the siloxane and silanol groups on the surface properties. The silanol groups 

account for the hydrophilic behaviour of untreated fumed silica.   

Besides nanoparticle content and size, the rheological properties also depend 

on the polymer matrix. Here the effect of polymer chain structure is focused as well 

as the effect of nanoparticles.  
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1.2 Research objectives 

  This research is aimed to study the  rheological properties of  nanosilica 

filled polyethylene melts. The main objectives of this research are; 

(i) to study the effect of molecular chain structure of polyethylene (linear 

versus branched) on rheological properties of nanosilica filled melts. 

(ii) to study the effect of length scale of nanosilica size in comparison to 

molecular size of polyethylene through molecular weight of HDPE and 

LDPE on rheological properties of nanosilica filled melts. 

(iii) to investigate the effect of nanosilica content on rheological properties of 

nanosilica filled melts. 

 

1.3 Scope and limitation of the study 

Nanosilica filled polyethylene melts were prepared using an internal mixer. 

High density (linear chain) and low density (branched chain) polyethylenes with two 

molecular weights were used. To investigate the effect of nanoparticle size and 

content, hydrophilic nanosilica (fumed   silica) with the size of 7 and 14 nm added at 

0, 0.5, 1, 3, 5 and 10 wt% were chosen. Specimens for testing were arranged by 

compression. Linear viscoelastic properties of  samples were investigated by small 

amplitude oscillatory shear measurements. The possible morphology and silica 

aggregation of nanocomposites were analyzed using transmission electron 

microscopy (TEM). 
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CHAPTER III 

EXPERIMENTAL 

 

3.1 General Background  

  The expeimental details in this chapter aimed to investigate the effect of 

molecular characteristics and silica nanoparticles on viscoelastic properties of filled 

polyethylene melts. High density (H) and low density (L) polyethylenes were 

supplied by Thai Polyethylene Co., Ltd. Their specification are comparable in 

density and different in melt flow index (MFI) as H08 = 0.8 g/10min, H14 = 14 

g/10min, L5 = 5 g/10min and L30 = 30 g/10min. Hydrophilic fumed silica (SiO2) 

nanoparticles with an average size of 7 and 14 nm were used. Both were purchased 

from Aldrich.  

 

3.2  Experimental 

 3.2.1  Preparation of nanosilica 

  Before mixing, nanosilica was put into aluminum tray by thin layer 

with approximate thickness of 2 mm. It was dried in an oven at 70 ๐C overnight. 

After drying, it was mixed with polyethylene immediately.  

 3.2.2  Sample Preparation  

Melt-mixing and solution mixing were used. An internal mixer 

(Haake Rheomix 600p) was employed to mix PE and silica using a rotor speed of 

50 rpm at 160 ๐C. Contents of fumed silica in the range of  0,  0.5,  1,  3,  5 and 10                              

 

 

 

 

 

 

 

 



 
11

% by weight were used. For dissolution mixing, ultrasonic processing has been 

used for 2 hrs. and xylene was used as a solvent. After ultrasonication, xylene was 

evaporated out at room temperature for ~ 1 week. The disk-like samples with a 

diameter of 25 mm for oscillatory shear measurement were prepared by 

compression molding (Lab tech engineering Co., Ltd. Model LP20-B) using a 

temperature of 160 ๐C under pressure for 10 minutes. 

 3.2.3  Rheological Testing  

  Oscillatory shear measurements were performed using an AR-G2 

rheometer. Measurements were carried out using parallel plate geometry at a 

temperature range of 120-200 ๐C under nitrogen atmosphere by environmental test 

chamber (ETC mode). The disk-like samples with a diameter of 25 mm was placed 

on the parallel plate then closed the chamber. The gap between parallel plate is set 

at 1 millimetre. Frequency sweep with an angular frequency in the range of 0.1-100 

radian/second at low strain of 2% was applied.  Master curve at temperature of 160 

๐C was constructed using WLF equation. 

 3.2.4  TEM Sample Preparation and Testing  

In this study, transmission electron microscopy (TEM) was used to 

examine the filler dispersion. Some fumed silica nanoparticles filled PE melts were 

microtomed to thin sections (~130-150 nm) using the Ultramicrotome with a 

diamond knife at -80 ๐C. Sections were placed flat on a copper grid coated with 

carbon. The samples were then brought up to room temperature. TEM was 

performed on the FEI Iecnai G220 (FEI Co., Eindhoven, Netherlands) at Khon 

Kaen university. In this experiment, Lanthanum Hexaboride (LaB6) filament was 

 

 

 

 

 

 

 

 



 
12

used to generate the electron beam. The instrument was operated at an accelerating 

voltage of 200 kV. TEM micrograph was captured by TEM camera connected to 

computer. TEM images were also measured at Suranaree University of Technology 

by using Hitachi JEOL 2010 at the various accelerating voltage between  80-200 

kV. Pure hydrophilic fumed silica particles were diluted by methanol and placed 

into the ultrasonic mixer for 5 minutes. The test tube of two silica particles were 

dropped on the copper grid immediately (Mesh no. 100).  The sample was then 

dried at the room temperature before TEM testing. For fumed silica nanoparticles 

filled PE, some samples were tested. 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 CHAPTER V 

CONCLUSIONS 

  

The rheological properties depend on chain structure. The branched chain 

(LDPE) has restrictions on the movement than linear chain (HDPE) because of 

branches. Therefore, LDPE has slowly chain mobility or higher relaxation time 

than HDPE. It reflects on the relationship between the characteristic time scale with 

the zero shear viscosity at the same zero shear viscosity value. When adding fumed 

silica nanoparticles, the moduli and complex viscosity in the terminal region are 

increase with both chain structures.  The most increasing rheological properties in 

filled PE melts is the lowest molecular viscosity (L30> H14> L5> H08 

respectively) and it is not depend on chain structure. This is due to low 

entanglement. It should be have high surface area for adsorption with nanoparticle 

and with the aid of the adsorption increased in bridging of polymer chains between 

and along nanosilica surfaces that effectively increased the moduli and complex 

viscosity. 

 By adding nanosilica into PE melts affects the rheology especially in the 

terminal region. It was found that the presence of nanosilica increased the moduli 

and complex viscosity. At the content > 5 wt%, the filled PE melts showed the 

solid-like behavior. Regardless of the difference in surface area, the viscoelastic 

results of the two sizes of the nanosilica were comparable. This event may be due to 

both 7 and 14 nanoparticle sizes aggregates to the same flock size as shown in 

transmission electron microscopy (TEM). 
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APPENDIX A 
 

PROCEDURE TO ESTIMATE THE VOLUME 

PRACTION OF FUMED SILICA INTO 

POLYETHYLENE MELTS 
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Procedure to estimate the volume fraction of fumed silica into 

polyethylene melts 

 

Weight/ Internal Mixer Batch (g)    =     75 wt% Filled *Total Volume Chamber    

(315 cm3)*density of PE mass (g/cm3)    (A.1)

  
 

Table A.1 Density of polyethylene by ASTM D1505   

 

 

 

 

 

 

 

 

 

 

 

Table A.2 Density of fumed silica   

 

 

 

 

 

 

Polyethylene Density (g/cm3) 

L5 0.9190 

L30 0.9160 

H08 0.9540 

H14 0.9580 

 

Nanosilica Size Density (g/cm3) 

7 nm 0.0368 

14 nm 0. 0368 

 

 

 

 

 

 

 

 

 



 Table A.3 Volume fraction and wt% of fumed silica filled L5  
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   Weight   
per 

Batch (g)

L5 
Fumed Silica 

Total 
Volume 
(cm3) 

Φ % wt% 7 nm 14 nm 

Weight (g) Volume (cm3) Weight (g) Volume (cm3) Weight (g) Volume (cm3) 

217.11 217.11 236.25 0.00 0.00 0.00 0.00 236.25 0.00 0.00 

217.11 216.03 235.07 1.09 29.50 1.09 29.50 264.57 11.15 0.50 

217.11 214.94 233.89 2.17 59.00 2.17 59.00 292.89 20.14 1.00 

217.11 210.60 229.16 6.51 176.99 6.51 176.99 406.16 43.58 3.00 

217.11 206.26 224.44 10.86 294.99 10.86 294.99 519.43 56.79 5.00 

217.11 195.40 212.63 21.71 589.98 21.71 589.98 802.61 73.51 10.00 

 

 

 

 

 

 

 

 

 



 Table A.4 Volume fraction and wt% of fumed silica filled L30  
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   Weight   
per 

Batch (g)

L30 
Fumed Silica 

Total 
Volume 
(cm3) 

Φ % wt% 7 nm 14 nm 

Weight (g) Volume (cm3) Weight (g) Volume (cm3) Weight (g) Volume (cm3) 

216.41 216.41 236.25 0.00 0.00 0.00 0.00 236.25 0.00 0.00 

216.41 215.32 235.07 1.08 29.40 1.08 29.40 264.47 11.12 0.50 

216.41 214.24 233.89 2.16 58.81 2.16 58.81 292.69 20.09 1.00 

216.41 209.91 229.16 6.49 176.42 6.49 176.42 405.58 43.50 3.00 

216.41 205.58 224.44 10.82 294.03 10.82 294.03 518.47 56.71 5.00 

216.41 194.76 212.63 21.64 588.06 21.64 588.06 800.68 73.44 10.00 

 

 

 

 

 

 

 

 

 



 Table A.5 Volume fraction and wt% of fumed silica filled H08  
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   Weight   
per 

Batch (g)

H08 
Fumed Silica 

Total 
Volume 
(cm3) 

Φ % wt% 7 nm 14 nm 

Weight (g) Volume (cm3) Weight (g) Volume (cm3) Weight (g) Volume (cm3) 

225.38 225.38 236.25 0.00 0.00 0.00 0.00 236.25 0.00 0.00 

225.38 224.26 235.07 1.13 30.62 1.13 30.62 265.69 11.53 0.50 

225.38 223.13 233.89 2.25 61.25 2.25 61.25 295.13 20.75 1.00 

225.38 218.62 229.16 6.76 183.74 6.76 183.74 421.90 44.50 3.00 

225.38 214.11 224.44 11.27 306.23 11.27 306.23 530.66 57.71 5.00 

225.38 202.84 212.63 22.54 612.45 22.54 612.45 825.08 74.23 10.00 

 

 

 

 

 

 

 

 

 



 Table A.6 Volume fraction and wt% of fumed silica filled H14 
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   Weight   
per 

Batch (g)

H14 
Fumed Silica 

Total 
Volume 
(cm3) 

Φ % wt% 7 nm 14 nm 

Weight (g) Volume (cm3) Weight (g) Volume (cm3) Weight (g) Volume (cm3) 

226.33 226.33 236.25 0.00 0.00 0.00 0.00 236.25 0.00 0.00 

226.33 225.20 235.07 1.13 30.75 1.13 30.75 265.82 11.57 0.50 

226.33 224.06 233.89 2.26 61.50 2.26 61.50 295.39 20.82 1.00 

226.33 219.54 229.16 6.79 184.51 6.79 184.51 413.67 44.60 3.00 

226.33 215.01 224.44 11.32 307.51 11.32 307.51 513.95 57.81 5.00 

226.33 203.69 212.63 22.63 615.02 22.63 615.02 827.65 74.31 10.00 
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