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Abstract

The rheological characteristics of a particle-suspended Boger fluid are reported. Non-shear thinning, highly elastic polymer solutions were
obtained from a mixture of high-molecular-weight polyisobutylene (PIB) and low-molecular-weight polybutene (PB). Kaolinite was chosen
as the suspended particles. The shear viscosity and first normal stress difference of the kaolinite-suspended PIB/PB solution exhibit
characteristics similar to those of Boger fluids. In contrast to polymer melts with nearly spherical particles, the elasticity of this system
increases with the addition of particles, and a qualitative interpretation based on PB (the solvent) as a ‘shielding’ agent is given.q 1999
Elsevier Science Ltd. All rights reserved.
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1. Introduction

Since Boger et al. [1,2] reported the remarkable rheolo-
gical properties (non-shear thinning, highly elastic) of a
viscoelastic fluid consisting of a small amount of dissolved
polyacrylamide in corn syrup, various Boger fluids (a
certain class of polymeric solutions) have been used by
many investigators [3–9] to study the effect of elasticity,
without shear thinning, on flow fields. Choplin et al. [10]
found that a lubricant, Emkarox, and a solution of polyacryl-
amide in mixtures of glycerine and water were better model
fluids for this purpose. Recently, Solomon and Muller [11]
have formulated a series of Boger fluids based on monodis-
perse polystyrenes, varying in polymer solvent quality and
molecular weight, which they have systematically charac-
terized. Using solutions of high-molecular-weight, nearly
monodisperse, linear polystyrene in oligomeric polystyrene,
they studied shear-induced migration of polymers in a cone
and plate geometry. They also prepared polystyrene-based
Boger fluids in mixed solvents of oligomeric polystyrene
with either dioctyl phthalate or tricresyl phosphate and
studied transient extensional behavior.

Rheologically, a Boger fluid satisfies the ‘second-order
fluid model’, possessing both high elasticity and a constant,
high viscosity at room temperature. The second-order fluid
model is a constitutive equation obtained by keeping only

the first two Taylor-series terms of the retarded motion
expansion [12]. Furthermore, Prilutski et al. [4] described
a Boger fluid using a molecular model (Hookean dumbbell
dissolved in a Newtonian solvent) which is analogous to the
Oldroyd-B model from a continuum viewpoint. Mackay and
Boger [13] found that the Oldroyd-B model failed to
describe the behavior of these fluids in oscillatory flow,
since the solvent possessed a slight amount of elasticity.
Furthermore, numerous studies using Boger fluids, such as
lateral translational motion of both a single particle and
suspended particles [3,14,15], and rod-climbing character-
istics, have also been reported [12,16].

Despite these investigations, rheological characterization
of particle-suspended Boger fluids has rarely been reported
and will be treated in this communication. In our study, the
shear viscosity and first normal stress difference of particle-
suspended polymer solutions were examined. Note that a
mixture of polyisobutylene (PIB) and polybutene (PB) is
chosen as the polymer solution because it has been well
described by the second-order fluid model [5,12].

2. Experimental

High-molecular-weight PIB (Vistanex, MM grade L-80,
Mv ¼ 9.93 105) [17], obtained from Exxon Chemicals, was
prepared in low-molecular-weight PB with the suspended
kaolinite (Ka) ([Al2Si2O5(OH)4] 2) particles. The PB
(Daelim Chemicals, Korea) is a chemically stable liquid
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with relatively high zero-shear-rate viscosity (104 poise at
308C), and the Ka is a common clay mineral having a two-
dimensional structure, a mean particle size of 4mm and a
specific gravity of 2.6.

Even though PIB is compatible with PB, it is difficult to
dissolve PIB in PB without a cosolvent. A low-viscosity
solution of PIB in PB was prepared by dissolving the desired
amount of PIB into reagent-grade toluene, which is not only
volatile but also a good solvent for both PIB and PB.
Separately, small pieces of PIB were dissolved in toluene
by stirring with a magnetic stirring bar in a sealed glass flask
for at least 24 h at room temperature. This solution was then
mixed with PB (1 l beaker) and subsequently placed on a
magnetic stirring heating plate at 308C for two days. The Ka
was dried in an oven and sieved prior to use. To make the
dispersion process easier, we reduced the viscosity of the
solution by adding toluene and then dispersed particles in
this PB/toluene solution, using a high-speed mixer at
1000 rpm for 1 h.

The PIB/toluene solution was then added to the particle-
suspended PB/toluene mixture in the 1 l beaker, being
stirred occasionally with a glass rod for at least one week.
A low-speed rotation was maintained to minimize the
mechanical degradation of the PIB. Finally, the toluene was
removed with a rotary evaporator and a vacuum oven. The
rheological properties of the Ka particle-suspended PIB/PB
solutions were then measured using a mechanical spectro-
meter (RMS-800) in a cone and plate geometry at 308C.

3. Results and discussion

Fig. 1 shows the shear viscosity (h) of the particle-
suspended PIB/PB solution as a function of shear rate(ġ),

indicating typical Boger fluid viscosity characteristics with-
out suspended particles (0% Ka). Even though shear-
thickening behavior appears in the high shear rate region
(ġ . 2 s¹ 1) for a 10% v/v concentration of Ka particles, the
PIB/PB/Ka composites predominantly show time-
independent, high and constant values ofh. There is experi-
mental evidence that some suspensions exhibit shear-
thickening behavior; using an optical technique to measure
diffraction patterns, Hoffman [18] observed that there was a
change in flow patterns of particles (from an ordered to a
disordered array) at the shear rate at which the discontinuity
in effective viscosity was actually observed. This appears to
indicate that the rheological properties of concentrated
suspensions depend on the state of dispersion of the rigid
particles suspended in the continuous medium.

Fig. 2 shows the first normal stress difference (N1) as a
function of ġ for PIB/PB solutions with four different Ka
particle concentrations. For the solution without Ka (0%
Ka), Fig. 2 shows typical Boger fluid characteristics for
N1 by exhibiting a quadratic dependence onġ over a
broad range oḟg. By applying the upper convected Maxwell
model to characterize the rheological properties of second-
order fluids [9,13],N1 was obtained asN1 ¼ 2hlġ2. Here,l
is the relaxation time of the PIB/PB/Ka composite system.
The Ka-suspended PIB/PB solutions also show second-
order behavior, with high elasticity.

In addition, Fig. 2 illustrates that the first normal stress
difference increases with particle concentration. However, it
has been shown that the plots of first normal stress differ-
ence versus shear rate for polymer melts filled with various
particles are not enough to show how the addition of inert
solid particles to a polymeric system affects the melt elasticity
[19]. This is due to the fact that the shear rate (i.e., velocity
gradient) may not be continuous at the interface between the

Fig. 1. Viscosity (h) as a function of shear rate(ġ) for four different Ka particle concentrations.
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phases, whereas shear stress may be continuous at the inter-
face when no slippage occurs between the phases.

For calcium carbonate filled polypropylene melts at
2008C at various filler concentrations, Tanaka and White
[20] found thatN1 increases with filler concentration; how-
ever, whenN1 is plotted against shear stress (ts), instead of
against shear rate, the effect of filler concentration onN1 is
seen to indicate a trend opposite to that ofN1 versus shear
rate. It was further seen that the extrudate swell decreases
with an increase in filler concentration, supporting the
correlation ofN1 with ts [21]. The experimental results

that polymers with high filler concentrations have smaller
N1 than those with low filler concentrations whenN1 is
plotted againstts are observed for various other systems
such as TiO2 in resinous or polymer solutions [22], carbon
black in polystyrene melts [23] and calcium carbonate in
polypropylene [24].

On the other hand, from plots ofN1 versusts for poly-
styrene melts filled with glass fiber, Czarnecki and White
[25] observed thatN1 increases with filler concentration,
showing a trend opposite to the one observed when nearly
spherical particles such as carbon black and TiO2 were used

Fig. 2. Log–log plot ofN1 vs shear rate(ġ) for four different Ka particle concentrations.

Fig. 3. Log–log plot ofN1 vs shear stress (t s) showing a universal correlation between Ka/PIB/PB composites.
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as filler. They noted that the normal stresses of melts con-
taining long, flexible particulates depend on the fiber length-
to-diameter ratio. The increase inN1 in the presence of long,
flexible particulates should not be a surprise, because even
Newtonian liquids can exhibit normal stress effects when
glass fibers are suspended in them [26,27].

Fig. 3 shows a plot ofN1 versus shear stress for particle-
suspended Boger fluids.N1 is found to increase with
addition of Ka particles in comparison to the solution
without Ka (0% Ka). Even though the dependency of both
viscosity (or shear stress) and normal stress onġ changes
with the volume fraction of Ka particles, there appears to be
a universal correlation between the Ka/PIB/PB composites,
as seen in Fig. 3. We see that the three sets of data for the
different Ka particle concentrations collapse into one curve.
However, whether this indicates a real universal correlation,
or whether the particle concentrations in this study are not
high enough to see the concentration effect, is under inves-
tigation. Nevertheless, in contrast to the fact that the addi-
tion of nearly spherical inert solid particles to a polymeric
liquid decreases the melt elasticity, andN1 decreases as the
filler concentration increases [19,20,28], we find an increase
of N1 with filler addition for our Ka particle suspension
Boger fluid system. Note that even though Ka particles
have a two-dimensional structure, they can be treated as
nearly spherical compared to glass fiber.

The observation that polymers with high filler concentra-
tions of nearly spherical particles have smaller first normal
stress differences than those with low filler concentrations
can be attributed to the fact that the filler itself can increase
the rigidity of the polymer [19].

We believe that there is a different interaction between
particles and polymers as compared to the interaction
between the Ka particles and the PIB/PB solution. In poly-
mer melts, polymer chains interact directly with the parti-
cles. The mobility of the polymer chains is reduced; thus the
rigidity of the polymer increases. The fact that polymers
with high filler concentrations of nearly spherical particles
have smaller normal stresses than those with low concentra-
tions can be explained by this increase in rigidity. In the
particle-suspended PIB/PB solutions, the high-molecular-
weight PIB is in a different environment. Here, we must
focus on the role of the solvent, PB. Since PB is a polymer
and occupies most of the system, it may exclude the
approach of particles into PIB chains. Therefore, it is
expected that PB takes on the role of a ‘shielding’ (or
‘screening’) material. As a result, the effect of the particles
on the rigidity of PIB may not be as important as the
increase of the rigidity of the solvent with increased particle
concentration.

In conclusion, from this rheological characterization of a

PIB/PB/Ka composite solution, we found that particle-
suspended Boger fluids also show typical Boger fluid
characteristics by exhibiting high elasticity and constant
viscosity. Also, in contrast to polymer melts with nearly sphe-
rical particles, the elasticity of this system is observed to
increase with particle addition. Testing for the universal cor-
relation of rheological properties for this complex fluid system
as shown in Fig. 3, using many different particles, is currently
under investigation and will be published elsewhere.
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