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ABSTRACT: The steady shear viscosity and dynamic moduli of low molecular weight polystyrene
(PS) composites containing monodisperse crosslinked polymeric beads were measured with a cone
and plate rheometer. Three different mixing temperatures were tried in preparing the polystyrene
composites in melt state. At each temperature mixing was conducted at 50 rpm for the first 7.5
minutes followed by 100 rpm for another 7.5 minutes, with 0.2 weight % anti-oxodiant added.
A sample melt-mixed at 175 C, the highest mixing temperature, showed a large agglomeration
of polymeric beads, and the rheological properties with a yield stress. The yield stress was more
pronounced with polar beads such as polymethyl methacrylate (PMMA) beads than with non-polar
beads such as PS beads. On the other hand, a sample melt-mixed at 125 C, the lowest mixing
temperature, produced the most uniform dispersion of polymeric beads, and exhibited the lowest
rheological properties with no yield stress. A low molecular weight PS composite containing 20%
of 02 pm PS beads crosslinked with 5 mole% divinylbenzene (DVB) showed time dependent
“aging” phenomenon at 180 C. We suggest that an affinity of a matrix and beads allowed move-
ment of polymer chains and polymeric beads at elevated temperature, and as a consequence,

PS beads have agglomerated, resulting in a large increase in rheological properties.

Introduction

Polymer composites consisting of particulate fill-
ers dispersed in a polymer matrix are technologi-
cally important due to their enhanced mechanical
and thermal properties. Studies of filled polymers
demonstrate that the inclusion of fillers increase
the viscosity of polymeric sytems and introduces
additional nonlinearity into the rheological proper-
ties of the dispersion medium. Hence, the process-
ability of polymers is often complicated by the pres-
ence of filler. Accordingly, numerous studies have
been conducted on the rheological properties of
particulate filled polymers in order to control and
optimize processing conditions and product perform-
ance.!”® In order to elucidate this complicated rhe-
ological behavior of polymer composites, we recently
reported the rheological behavior of model fill-
ed systems composed of monodisperse crosslinked
PS beads dispersed in a high molecular weight

PS" and various matrices, such as PMMA and
polybutyl methacrylate (PBMA).!! We measured the
shear stress as a function of shear rate in a cone
and plate geometry, with a Weissenberg Rheogonio-
meter (model R-19). In addition, we conducted oscil-
latory flow measurements to determine elastic and
viscous moduli as well as microstructure of compos-
ites. We found that steady shear viscosities and
dynamic moduli of polymer composites increase
with increasing volume fraction of crosslinked poly-
meric beads, independent of the crosslink density
of the beads, from 1 to 10 mole% crosslinking. In
addition, crosslinked beads of identical chemical
composition to the matrix exhibit the lowest shear
viscosity and dynamic moduli. It was suggested that
beads identical in composition to the matrix are
most likely to be uniformly dispersed by mixing,
during sample preparation, and least likely to ag-
glomerate at elevated temperature, thus, uniform
and stable bead dispersions exhibit the lowest
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rheological properties.

Colloidal suspensions exhibit a variety of rheolo-
gical effects depending on the structure of floccula-
tion or the shape, size, surface characteristics of
dispersed particles and also on the interaction be-
tween a dispersing medium and particles. Floccula-
tion is induced by the tendency of the interface
to reduce its area in order to minimize the interfa-
cial energy.? Rosenzweig and Narkis'" reported that
amorphous polymer (PMMA) particles contacting
each other, at a temperature above their glass tran-
sition temperature, decreased their total surface
area by coalescence, and concluded that surface
tension is the major driving force. The formation
and breakup of flocs under processing conditions
were studied by Sonntag and Russel”' They
found that at moderate volume fractions of small
particles flocculation quickly forms a network capa-
ble of withstanding thermal floctuation and gravita-
tional stress. Optimum conditions for flocculation
in polyacrylamide solutions using tungstic acid par-
ticles were reviewed by Furusawa ef al.'® It was
found that flocculation generally decreased with in-
creasing molecular weight of polyacrylamide, but
that there is an intermediate region of molecular
weight where flocculation occurs to the same extent
as in low molecular weight polyacrylamide.

The long-term stability and retention of proper-
ties of polymers and polymer composites are in-
fluenced by chemical degradation'®® and physical
aging.# Physical aging of an amorphous polymer
refers to a time-dependent change of properties,
in the glass, from a nonequilibrium thermodynamic
state towards equilibrium. Otsubo ef @/*~® found
that changes in polymer solutions depend on con-
centration, size of the silica particles and shear rate.
Li and Masuda,?® using calcium carbonate filled poly-
propylene systems, discovered a time depend-
ent increase in storage and loss moduli at low
frequencies and with small particles (average di-
ameter of 0.15 um). Such “aging” is different from
rheopexy. Rheopexy refers to a reversible increase
in rheological properties with time during flow at
fixed shear rate of frequency, whereas “aging” re-
fers to an irreversible increase in rheological prop-
erties with time for a system at rest. Composite
systems which showed rheopexic behavior include
nematic liquid crystal, in which storage and loss
moduli increase with time under continuous oscilla-
tory shear.? Other examples of rheopexy include
studies by Amari et al.* Mikami et al.,* and Ma
et al ¥ For rheopexy or “aging”, rheological changes
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were attributed to agglomeration of particulate fill-
ers.B%62 32 Generally, agglomeration occurs as a
result of the relative motion of attracting particles,
when they approach within sufficient proximity of
each other.®® Zollars ef al** studied shear coagula-
tion in the presence of repulsive interparticle
forces. The migration of rigid and deformable
particles in Couette and Poiseuille flow has been
reported.®

In this article, we study the rheological response
of another model filled systems and attempt ‘to re-
late rheological response to microstructure of poly-
mer composites. Here, a low molecular weight PS
is used as a matrix polymer and the filler particles
are monodisperse PS or PMMA beads crosslinked
with a 5 mole% crosslinker. In addition, we exam-
ine the changes of rheological properties of these
systems with time.

Experimental

Materials. Low molecular weight PS was pur-
chased from Scientific Polymer Products Inc., and
its weight average molecular weight was determined
to be 76,000 by Waters Gel Permeation Chromato-
graphy(GPC) calibrated with PS standards. Monodis-
perse crosslinked PS and PMMA beads were syn-
thesized by emulsion polymerization in the absence
of emulsifier.®¥ PS beads are crosslinked with 5
mole% divinylbenzene (DVB) and PMMA beads
crosslinked with 5 mole% allyl methacrylate (AMA)
or ethylene glycol dimethacrylate (EGDMA). Glass
transition temperatures of the crosslinked PS and
PMMA beads are 121.5 C and 1294 T, respecti-
vely.

Sample Preparation. Matrix polymer (low
molecular weight PS) and fillers (polymer beads
crosslinked with a 5 mole% crosslinker) were weigh-
ed separately and then melt-mixed in a Brabender
mixer. Three different mixing temperatures were
used: 175, 150, and 125 C. The mixture was agi-
tated at 50 rpm for the first 7.5 minutes and then
at 100 rpm for another 7.5 minutes with 0.2 weight
% anti-oxidant (2,6-di-tert-4-methylphenol) added.'®
# At a selected temperature, low molecular weight
PS was first put into the mixing chamber of the
Brabender mixer, followed by the anti-oxidant, and
then PS or PMMA beads were added. Mixed sam-
ples were compression-molded at 175 C with a hol-
low disc-mold 5 cm inner diameter and 1 mm
thickness.

Rheological Measurements. Rheological
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measurements were made at 180, 150 or 120 T
with a Weissenberg Rheogoniometer. The cone (low-
er platen) and plate (upper platen) geometry was
used. The cone angle was 0.034 radian and the di-
ameter was 5 cm. Both steady shear and dynamic
measurements were made. In dynamic measure-
ments strain amplitude was fixed at 5%. Because
of sample destruction by steady shear measurements,
dynamic measurements were conducted first, fol-
lowed by steady shear measurements.

Characterization. Bead size and bead disper-
sion in the low molecular weight PS matrix were
examined by scanning electron microscopy (Cam-
bridge Instruments, Stereoscan 360) using LaBg fil-
ament and 10 kV potential. Samples were sputter
coated with gold and palladium. Molecular weight
was determined by gel permeation chromatography
(GPC). GPC was conducted with a Waters (Model
M-6000A) instrument equipped with five microsty-
ragel columns, or with a high-performance liquid
chromatograph (Perkin-Elmer Tri-Det HPLC, Series
1000 pump) equipped with a 5 um mixed bed organ-
ic, size exclusion column (PE/PL GEL). Molecular
weights of the low molecular weight PS and un-
crosslinked PS beads were determined by calibra-
tion curves made with PS standards. The molecular
weight of uncrosslinked PMMA beads was deter-
mined using calibration curves created with PMMA
standards. Tetrahydrofuran (THF) was used as a
mobile phase with its flow rate equal to 2.0 mL/min
in GPC and 1.0 mL/min in HPLC. Ultraviolet detec-
tor was used for PS and refractive index detector
for PMMA. Toluene was injected to normalize flow
rate and chart speed. The glass transition tempera-
tures of polymeric beads and bead-filled polysty-
renes were determined by differential scanning
calorimetry (Perkin-Elmer DSC-4). A thermogravimet-
ric system (Perkin-Elmer TGS-2) was used to ascer-
tain the thermal stability of these systems.

Results

Low molecular weight PS (weight average molec-
ular weight, 76,000) exhibits Newtonian behavior
over the entire range of shear rates measured at
180 T (bottom curve of Figure 1). Due to a low
viscosity at the high measurement temperature, the
shear stress was measureable only at high shear
rates. Likewise, dynamic properties for the low mo-
lecular weight PS, such as stcrage and loss moduli,
were also measureable at high frequencies only (bot-
tom curves of Figures 2 and 3). The elastic mod-
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Figure 1. Steady shear viscosity vs. shear rate at 180
T for low molecular weight PS composites containing
20% of 0.38 pm PMMA beads crosslinked with 5
mole% AMA under various mixing conditions.

O, Pure PS; X, Mixed at 125 C for 15 min; +, Mixed
at 150 € for 15 min; *, Mixed at 175 T for 15 min.
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Figure 2. Storage modulus vs. frequency at 180 T
for low molecular weight PS composites containing 20
% of 0.38 um PMMA beads crosslinked with 5 mole%
AMA under various mixing conditions.

O, Pure PS; X, Mixed at 125 C for 15 min; +, Mixed
at 150 T for 15 min; *, Mixed at 175 C for 15 min.

ulus of the pure PS was observed to be very low,
while the viscous modulus was 10 times higher.
The initial slopes of storage and loss moduli vs.
frequency, on a double logarithmic plot, were found
to be 1.65, and 0.97, respectively. For low molecular
weight PS composites, filled with 20% of 0.38 pm
PMMA beads crosslinked with 5 mole% of AMA,
a mixing temperature of 175 C was selected."” After
the addition of PMMA beads, the rheological prop-
erties drastically increased (top curves in Figures
1 to 3). Here, the ratio of rheological properties
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Figure 3. Loss modulus vs. frequency at 180 T for
low molecular weight PS composites containing 20%
of 0.38 ym PMMA beads crosslinked with 5 mole%
AMA under various mixing conditions.

O, Pure PS; X, Mixed at 125 T for 15 min; +, Mixed
at 150 T for 15 min; %, Mixed at 175 C for 15 min.

10

Shear Viscosity (Pa-sec)

¢——"0————0—0

10! 1 ) 1 1
10°% 1072 10 ! 10° 10! 102
Shear rate (1/sec)

Figure 4. Steady shear viscosity vs. shear rate of low
molecular weight PS at various temperatures.
+,120 T; X, 150 T: O, 180 C.

between filled and pure low molecular weight PS
is much higher than that for high molecular weight
PS composites filled with the same beads. At low
shear rates the slope of log shear viscosity against
log shear rate is —0.85. Also, storage and loss mod-
uli at low frequencies become almost independent
of frequency. However, visibly poor mixing of the
low molecular weight PS and PMMA beads at 175
€ led us to lower the mixing temperature in order
to improve mixing by increasing the viscosity of
the polymer matrix, and as a result, the shear rates
during the mixing. Two other mixing temperatures,
150 and 125 T, were also selected, and the corre-
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Figure 5. Steady shear viscosity vs. shear rate at 180
T for low molecular weight PS composites containing
40% of 038 ym PMMA beads crosslinked with 5
mole% AMA under various mixing conditions.

O, Pure PS; X, Mixed at 125 T for 15 min; +, Mixed
at 175 € for 15 min.

sponding viscosities examined with a Weissenberg
Rheogoniometer. As seen in Figure 4, the zero
shear viscosities at 180, 150, and 120 C are 18,
120, and 4,000 Pa-sec, respectively. The zero shear
viscosity of the low molecular weight PS at 125
C was 2,000 Pa-sec (not shown in Figure 4). When
the temperature is decreased to 120 C, the shear
viscosity of the pure PS exhibits shear thining be-
havior at high shear rates.

When the rheological properties, mixed at each
of the three different mixing temperatures, were
compared, the sample mixed at the highest temper-
ature (175 C ) showed the highest viscosity, storage
and loss moduli (top curves in Figures 1 to 3), where-
as the composite mixed at the lowest temperature
(125 C) exhibited the lowest rheological properties
(bottom curves in Figures 1 to 3). Moreover, the
sample mixed at 125 C for 15 minutes does not
show yield behavior; instead, it exhibits almost New-
tonian behavior at very low shear rates. Similar-
ly, storage and loss moduli do not show a flat plat-
eau at low frequncies, but exhibit slopes of 0.47
and 0.35, at low frequencies, respectively. In addi-
tion to composites containing 20% beads, low molec-
ular weight PS composites filled with 40% PMMA
beads crosslinked with 5 mole% AMA were also
prepared under different mixing conditions, and the
rheological properties measured with a Weissen-
berg Rheogoniometer at 180 C (Figures 5 to 7).
Again, the higher the mixing temperature, the high-
er the rheological properties. The initial slope of
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Figure 6. Storage modulus vs. frequency at 180 C
for low molecular weight PS composites containing 40
% of 0.38 um PMMA beads crosslinked with 5 mole%
AMA under various mixing conditions.

O, Pure PS; X, Mixed at 125 C for 15 min; +, Mixed
at 175 T for 15 min.
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Figure 7. Loss modulus vs. frequency at 180 T for
low molecular weight PS composites containing 40%
of 0.38 pm AMA beads crosslinked with 5 mole% AMA
under various mixing conditions.

O, Pure PS; X, Mixed at 125 T for 15 min; +, Mixed
at 175 € for 15 min.

log viscosity vs. log shear rate for the sample mixed
at 175 T for 15 minutes was —0.87 (Figure 5).
The slopes for log storage modulus and log loss
modulus vs. log frequency at low frequencies for
the sample mixed at 175 T were found to be 0.10
and 0.06, respectively (Figures 6 and 7). For the
sample prepared by mixing at 125 C, the initial
slope of the curve of log shear viscosity vs. log
shear rate was —045 (Figure 5). The slopes for
log storage modulus and log loss modulus vs. log
frequency at low frequencies for the sample mixed
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Figure 8. Steady shear viscosity vs. shear rate at 180
T for low molecular weight PS composites containing
20% of 0.45 pm PS beads crosslinked with 5 mole%
DVB under various mixing conditions.

O, Pure PS; X, Mixed at 125 € for 15 min; +, Mixed
at 175 T for 15 min.
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Figure 9. Storage modulus vs. frequency at 180
for low molecular weight PS composites containing 20
% of 045 pm PS beads crosslinked with 5 mole% DVB
under various mixing conditions.

O, Pure PS; X, Mixed at 125 € for 15 min; -+, Mixed
at 175 T for 15 min.

at 125 T were found to be 0.34, and 0.35, respec-
tively (Figures 6 and 7).

Similar experiments were conducted with a low
molecular weight PS composite filled with 20% of
0.45 pm PS beads crosslinked with 5 mole% DVB
and mixed at 175 and 125 C (Figures 8 to 10).
As the mixing temperature was decreased, rheolo-
gical properties also decreased except at higher
shear rates and frequencies (Figures 8 to 10). The
initial slope of log shear viscosity vs. log shear rate
for the sample mixed at 175 C for 15 minutes was
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Figure 10. Loss modulus vs. frequency at 180 C for
low molecular weight PS composites containing 20%
of 045 pm PS beads crosslinked with 5 mole% DVB
under various mixing conditions.

O, Pure PS; X, Mixed at 125 T for 15 min; +, Mixed
at 175 C for 15 min.
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Figure 11. Storage modulus vs. frequency at 180 C
for low molecular weight PS composites containing 20
% of 0.2 um PS beads crosslinked with 5 mole% DVB
measured at different times.

C, Pure PS; X, 0 hr; +, 3 hrs, m, 6 hrs; *, 9 hrs;
®, 12 hrs.

determined to be —0.38, while that for the sample
mixed at 125 T was —0.34 (Figure 8). The slopes
of log storage modulus and log loss modulus vs.
log frequency for the sample mixed at 175 C were
0.34 and 0.20, respectively, while those for the sam-
ple mixed at 125 C were 0.24 and 0.27, respectively
(Figures 9 and 10). Figures 11 and 12 show dynam-
ic moduli of low molecular weight PS composites
filled with 20% of 0.2 um PS beads crosslinked with
5 mole% DVB and kept at 180 C. This composite
was mixed at 125 C and for 15 minutes. Here, both
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Figure 12. Loss modulus vs. frequency at 180 C for
low molecular weight PS composites containing 20%
of 0.2 um PS beads crosslinked with 5 mole% DVB
measured at different times.

C, Pure PS; X, 0 hr; +, 3 hrs; B, 6 hrs; %, 9 hrs;
®, 12 hrs.

storage and loss moduli increase with time on stor-
age at 180 €. Measurements were taken every
three hours and dynamic moduli recorded. The in-
crease shown in moduli was largest in the first three
hours and gradually decreased with time. There
was virtually no further difference in rheological
properties after the sample has been stored at 180
C for 9 hours. However, when the measurement
temperature was decreased to 120 C for the sam-
ple which had been mixed at 125 T for 15 minutes,
there was no change with time. Using the low mo-
lecular weight PS matrix filled with 20% of 0.38
um PMMA beads crosslinked with 5 mole% EG-
DMA, there was almost no change in rheological
properties with time on storage at 180 C (after
the sample had been mixed at 125 C for 15 minu-
tes). With a high molecular weight PS matrix con-
taining 20% of 0.2 um PS beads crosslinked with
5 mole% DVB, however, there was no change in
rheological properties with time on storage at 200

B

C.
Discussion

Low molecular weight PS of weight average mo-
lecular weight 76,000 is a low viscosity liquid at
200 C. Consequently, the polymer can hardly be
contained between cone and plate in a Weissenberg
Rheogoniometer at 200 C and does not generate
adequate torque to permit measurement, especially
with the stiffest torsion bar. Since rheological meas-

Korea Polym. J, Vol. 1, No. 1, 1993



Structure Dependent Flow Behavior

urements with more flexible torsion bars (torsion
bars 6, 7 or 8) are not as reproducible, we decided
to continue using the stiff torison bar (torision bar
9). After careful measurements at different temper-
atures, it was found that 180 C was the maximum
temperature at which measurements can be made
in our usual range of shear rates and frequencies.
As shown in Figure 1 (bottom curve), the low molec-
ular weight PS exhibits Newtonian behavior over
the entire range of shear rates at 180 T, ie. the
shear viscosity is independent of shear rate. How-
ever, measurement became possible only at shear
rates exceeding 0.44 sec™’, at which the small out-
put torque was measureable. The Newtonian viscos-
ity of low molecular weight PS at 180 C is deter-
mined to be 18 Pa-sec. Likewise, for dynamic meas-
urements, deflection of the torsion bar became de-
tectable at frequencies larger than 1.9 sec ! The
initial slopes of logarithms of storage and loss mod-
uli vs. frequency for the low molecular weight PS
are 1.65, and 0.97, respectively. By comparison, cor-

responding slopes of storage and loss moduli for
the high molecular weight PS were 1.27, and 0.91,
respectively, as previously reported.” For Newto-
nian materials, the predicted slopes of storage and
loss moduli vs. frequency on a double logarithmic
plot are 2.0, and 1.0, respectively.* As the molecular
weight of the pure polymer increases and exceeds
the critical molecular weight between entanglement,
molecular motions are constrained, and the initial
slopes of storage and loss moduli vs. frequency on
a double logarithmic plot decrease. When the molec-
ular weight becomes infinite, the initial slopes of
log storage and loss moduli vs. log frequency are
predicted to be 0.5, and 0.5, respectively.®

The rheological behavior of the pure PS at 120 T
is interesting. Even though this material shows a
constant viscosity over the entire range of shear
rates at 180 C, it exhibits shear thinning at high
shear rates at 120 C. Deviations from Newtonian
behavior are more readily shown at the lower tem-
perature, as the material exhibits more viscoelastic

©
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Figure 13. Fracture surface (SEM) of low molecular weight PS composites containing 20% of 0.38 um PMMA
beads crosslinked with 5 mole% AMA, mixed for 15 min at (A) 175 C, (B) 150 C, (C) 125 ¢, (D) 120 C.
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behavior as elasticity increases. Lowering the tem-
perature induces more recoverable energy due to
more rigid molecular motions, resutling in higher
elasticity. It is found that the shear thining of pure
polymer is increased not only by increasing molec-
ular weight (entanglements), but also by reducing
measurement temperature. In preparing low molec-
ular weight PS composites, 2 mixing temperature
of 175 T, which had been used to prepare the high
molecular weight PS composites,”® was tried. How-
ever, when 20 weight % of monodisperse crosslinked
PMMA beads were added to the low molecular
weight PS at 175 T, the shear rates developed
were not adequate to disperse the filler particles.
Composites prepared at 175 C showed undispersed
white aggregates of polymer beads (Figure 13-A).
Apparently mixing pure low molecular weight PS
at 175 T was not adequate enough to disperse the
filler particles. Therefore we decreased the mixing
temperature to 150 and 125 C. As shown in Figure
4, the shear viscosity of the low molecular weight
PS at 150 C also shows Newtonian behavior over
the entire range of shear rates with a viscosity of
120 Pa-sec. Although at 150 C the dispersion of
PMMA beads was visibly better than that at 175
C, i.e., the number of white regions of aggregated
particles was less than before, the dispersion was
still not uniform (Figure 13-B). Since the viscosity
of high molecular weight PS (65,000 Pa-sec at 180
‘C) provided adequate energy on mixing to spread
out the filler particles leading to a high degree of
dispersion on mixing high molecular weight PS
composites at 175 C, we decreased the mixing te-
mperature further to 125 C, at which the viscosity
of the low molecular weight PS matrix was 2,000
Pa-sec. When the low molecular weight PS matrix
and PMMA filler particles were mixed at 125 C,
a high torque was developed in the Brabender Pla-
sticorder, similar to that shown in preparing high
molecular weight PS composites. After mixing at
125 C, white chunks of aggregated polymer beads
were no longer seen and dispersion appeared uni-
form (Figure 13-C). Mixing was also tried at 120
T for 15 minutes. But, there was no difference in
the degree of dispersion or rheological values (Fig-
ure 13-D).

As seen in Figure 13-A, a sample mixed at 175 C
exhibits agglomerated PMMA beads in fracture sur-
faces. Samples mixed at 150 C also show aggregates
of PMMA beads but the size is much smaller than
that of the sample mixed at 175 T for 15 minutes.
The fracture surface of a sample mixed at 125 T
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Table 1. Comparison of Initial Slopes of Log

Shear Viscosity vs. Log Shear Rate, and Yield

Stresses for Low Molecular Weight PS Compos-

ite Containing 20% PMMA Beads Crosslinked

with 5 mole% AMA, Mixed at Different Tempera-
tures for 15 Minutes

Mixing temperature Slope Yield stress (Pa)
175 € —0.85 576
150 T —-0.84 324
125 ¢ —0.44 -

30

Square root of stress (Pa%)
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Figure 14. Casson plot for low molecular PS compos-
ites containing 20% of 0.38 ym PMMA beads crosslink-
ed with 5 mole% AMA, mixed at different tempera-

tures for 15 minutes.
O, 125 T; X, 150 ©; +, 175 C.

for 15 minutes shows only slight agglomeration, in-
dicating that beads are well dispersed in the matrix.
As the size of bead agglomeration was decreased
by mixing at lower temperature, the yield stress
also decreased (Table I). Here, the yield stress was
calculated from a Casson plot* of the square root
of shear stress against the square root of shear
rate with the intercept taken as the square root
of yield stress (Figure 14). When shear stress is
plotted directly against shear rate on a double loga-
rithmic scale, it is often hard to find an accuarate
value of the yield stress at which the shear stress
becomes independent of shear rate (Figure 15).
This is why the Casson plot is often used to deter-
mine yield stress. When the sample was well mix-
ed, yield phenomenon was not evident. Appar-
ently, the presence of large agglomerates prevents
flow producing a yield phenomenon. If agglomerates
are broken during mixing of a viscous matrix, the
yield stress disappears (Figures 1 to 3). Slopes of
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Figure 15. Shear stress vs. shear rate for low molec-
ular PS composites containing 20% of 0.38 ym PMMA
beads crosslinked with 5 mole% AMA, mixed at dif-
ferent temperatures for 15 minutes.
O, 125 C; X, 150 T; +, 175 C.

Table II. Comparison of Initial Slopes Between
Log Shear Viscosity vs. Log Shear Rate, and Yield
Stresses for Low Molecular Weight PS Com-
posites Containing 40% PMMA Beads Cross-
linked with 5 mole% AMA, Mixed at Different
Tempera tures for 15 Minutes

Mixing temperature Slope Yield stress (Pa)
175 € —0.87 810
125 € —0.45 -

log shear viscosity against log shear rate also de-
crease after improved mixing (Table I). Correspond-
ing results for composites containing PMMA beads
crosslinked with 5 mole% AMA (Figures 5 to 7)
are tabulated in Table II. Ii is inferred that the
yield phenomenon results from the agglomeration
of filler particles, and the magnitude of the yield
stress measures the strength of the filler network.
For both highly flocculated and well dispersed kao-
lin suspensions in a capillary tube viscometer, Hey-
wood and Richardson*' studied flow behavior over
a range of shear rates 30 to 11,000 s~ . Flocculated
suspensions showed a yield stress at low shear
rates and exhibited shear thinning at high shear
rates. On the other hand, dispersed kaolin suspen-
sions were essentially Newtonian at low and inter-
mediate solid concentrations, and showed shear-
thickening behavior at high concentrations.

Low molecular weight PS composites filled with
PS beads crosslinked with 5 mole% DVB exhibit
slightly different rheological behavior. A PS compos-
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Table III. Comparison of Initial Slopes Between

Log Shear Viscosity vs. Log Shear Rate and Yield

Stresses for Low Molecular Weight PS Compos-

ites Containing 20% PS Beads Crosslinked with

5 mole% DVB, Prepared at Different Tempera-
tures for 15 Minutes

Mixing temperature Slope Yield stress (Pa)
175 T —0.45 -
125 C —0.38 -

ite containing 20% PS beads did not show a yield
stress after mixing at 175 or 125 C (Table III),
although composites prepared at 125 T showed low-
er rheological values than those prepared at 175 C
(Figure 8 to 10). Non-polar polymer particles,
such as PS beads, do not have strong interbead
attraction, and therefore, do not agglomerate read-
ily. On the contrary, polar particles such as PMMA
beads tend to agglomerate easily, especially in a
non-polar matrix such as PS. That is why a low
molecular weight PS composite containing 20%
PMMA beads shows a yield stress while its coun-
terpart does not, when mixed at 175 C . When exten-
sive mixing is done by lowering the mixing tem-
perature to 125 T and, as a consequence, agglomer-
ates are broken and particles are dispersed, the
change in rheological properties of composites con-
taining PMMA beads which have more and larger
aggregates will be more sensitive to the change
of mixing temperature (Figures 1 to 3). This is why
initial slopes of log shear viscosity against log shear
rate for the low molecular weight PS composites
containing 20% PS beads (Table III) did not change
as much as their counterparts containing PS beads
(Tables I and II). Sometimes, despite a high ‘oading
(40%), yield stress may disappear due to intensive
mixing and the slope may decrease, as shown in
the low molecular weight PS composites containing
40% PMMA of beads (Table II).

Change in rheological properties with time was
observed at 180 C and for selected systems only.
This phenomenon was first detected in dynamic
experiments with a PS composite containing 20%
of 0.2 um PS beads in a low molecular weight PS
matrix. Whenever storage and loss moduli were
measured over a frequency range in dynamic experi-
ments, measurements of storage and loss moduli
at the second and third lowest frequencies were
repeated as a routine check of the reproducibility
of data. We observed that repeated values of stor-
age and loss moduli were found to be much larger
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Figure 16. Dynamic viscosity vs. time at 180 T for
low molecular weight PS composites containing 20%
of 5 mole% crosslinked PS or PMMA beads, mixed
at 125 C for 15 min.

O, 0.2 um PS beads crosslinked with 5 mole% DVB;
X, 0.38 um PMMA beads crosslinked with 5 mole%
AMA.
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than values from the first measurements. After
another 15 minutes, further increases were noticed.
This prompted us to pursue a systematic investiga-
tion, in which dynamic measurements were made
every three hours on storage at 180 T after the
sample was loaded. For a system of 0.2 pym PS
beads in the low molecular weight PS matrix which
had been mixed at 125 C (Figures 11 and 12),
dynamic properties increase with time, especially
for the first three hours, and level off subsequently
as moduli apparently approach equilibrium. Similar-
ly, this “aging” effect was studied in a composite
containing 20% of 0.38 um PMMA beads crosslink-
ed with 5 mole% EGDMA in the low molecular
weight PS matrix which also had been mixed at
125 T . However, the increase in moduli was almost
negligible in this system at 180 C. Dynamic visco-
sities of these systems at 0.06 sec ! were calculated
and plotted against time (Figure 16). Here, the dy-
namic viscosity of the low molecular weight PS
composite containing 20% PS beads crosslinked
with 5 mole% DVB increase with time, whereas
the change in the dynamic viscosity is almost negli-
gible for the low molecular weight PS composite
containing 20% PMMA beads with 5 mole% EG-
DMA. The reason for an increase in rheological
properties with time being referred to as “aging”
behavior is not clear. This phenomenon appears to
be sensitive to bead composition, since the low mo-
lecular weight PS composites containing PS beads
(but not PMMA beads) exhibit the “aging” pheno-
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menon. The low viscosity of the matrix may facili-
tate chain movements, since the aging phenomenon
was observed at elevated temperatures and in low
molecular weight PS composites only. Perhaps, PS
beads have agglomerated, but it is not clear what
the driving force is for the PS bead agglomeration.
Several papers report an “aging” phenomenon %~
% attributed to the agglomeration of filler particles.
However, inorganic filler particles were used, in
contrast to this work. It may be the case that a
close affinity between PS beads and PS matrix con-
tributed to aging.

Conclusions

The viscosity of the matrix polymer has a pro-
found effect on the dispersion of filler particles dur-
ing melt mixing, which markedly affects rheologi-
cal properties. If polymer particles are highly agglom-
erated, the system shows yield behavior, even
with a 20% filler loading. On the contrary, when
agglomerates are broken and polymeric particles
are dispersed, even a composite loaded with 40%
filler particles does not show yield stress. When
the size of agglomerated filler particles is decreased
by mechanical mixing, rheological properties such

asshear viscosity, storage and loss modulide-

crease, indicating that the rheological properties are
dominated by bead-bead interaction. The shear vis-
cosity of pure polymer increases with decreasing
temperature. A low molecular weight PS, which
exhibited a Newtonian viscosity at a high tempera-
ture (180 ), showed shear thinning when tempe-
rature was decreased. Therefore, the shear thinning
is facilitated by increasing the molecular weight and
by reducing the temperature.

Time-dependent aging is believed to be caused
by an agglomeration of bead particles. It is more
pronounced when the viscosity of the matrix is low-
er and the measurement temperature is higher,
indicating that this phenomenon may involve Brown-
ian motion of filler particles as well as motion of
macromolecular chains. “Aging” was observed only
for a compatible system such as PS beads in a PS
matrix, but not an incompatible system such as
PMMA beads in a PS matrix. These observations
may suggest several factors inherent to the “aging”
phenomenon: the viscosity of the sample must be
low enough to allow movement of the polymer chains
and the matrix and beads must have an af-
finity for each other so that the initial dispersion
is uniform. A more systematic and broad investiga-
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tion with different sizes and types of beads, various
loadings, temperatures, and matrices is needed to
elucidate this phenomenon.
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