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ABSTRACT

Steady shear viscositics and dynamic moduli of polymer composites, consisting of
combinations of crosslinked beads and matrices of polystyrene (P€) and polymethacrylates
(PMA), are measured in a cone and plate theometer. Viscosities and moduli were very scnsitive
ty chemical composition. Crosslinked beads of identical composition to the matrix exhibited the
lowest viscosity enhancements at low shear rates and the lowest moduli in dynamic mechanical
analysis. The effects of bead concentration on rheclogical behavior were compared for PS and
PMMA beads in a PMMA matrix. PMMA beads produce smail effects, whercas, PSbeads yielded
highly non-Newtonian systems in PMMA, showing a yicld stress of 1102 Pa at 30 wt% fillcr
loading, and dynamic moduli independent of frequency. We suggest that sheological behavior
reflects the state of dispersion of beads in the matrix, Beads identical in composition to the matiix
yicld uniform dispersions. We propose that unifori and statle bead dispersions exhibit the lowest
viscosity and moduli. Beads that cluster in the matrix, such as PS beads in PMMA, exhibit higuly

non-Newtonian behavior.

ro whom att comrespondence should be addressed.
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University of Southern California, Los Angeles, California 90089-1211

AN

INTROBUCTION

Particulate fillers are often used to enhance the physical properties of pulymers for the
preparation of commercial plastics and rubbers. However, the incorporation of fillers alters the
flow behavior or rlicology of filled polymers, imposing constraints on material processing. A basic
understanding of the rheology of filled polymers is of great scientific intcrest and has impostant

practical implications {1-4}.

Ordinarily, the addition of fillers increascs the steady shear viscosity of polymer melts. At
low concentrations of filler, many polymers preserve a Newtonian plateau in viscosity, exhibited
at low shear rates. However, at high filler loadings, the viscosity may beconie non-Newtonian at
all shear rates and unbounded at low shear stress, showing a yield phenomenon, We hive reported
on the rheology of model polymer composites consisting of polystyrene filled with monodisperse

crosslinked polystyrene beads {5].

The importance of filles/matrix interactions has been demonstiated by examining the clfects
of coupling agents and surface treatments on the rtheological behavior of filled systems. Coupling
agente are believed to concentrate s the interface between filler and matrix and increase the
adhesion. Coupling ageats have been used to reduce the melt viscosity of filled polypropylene |6-
9], For example, a titanate coupling agent enhanced the compatibility of inorganic filters with

110 whom alt corespondence should be addressed.



polypropylene, perhaps, improving the dispersion of isolated filler particles, and reducing the melt

viscosity [8]. However, the addition of specific coupling agents could change the melt viscosity
of polymer composites containing glass beads, in either direction, or not at all {7, 9], Apparently,

coupling agents do not, necessarily, improve the dispersion of filler pesticles.

Similarly, the surface treatment of inorganic fillers effects rheological changes. Surface
treatment of CaCO; filler produced reductions in both viscosity and yield stress in filled
polystyrene [8, 10). It was inferred that a surface coating reduced the interaction between filler
particles and, so, reduced particle aggregation [10]. An aggregation of filler particles leads to
increases in melt viscosity, yield stress and dynamic moduli {11-15]. The dynamic moduli of
polymer composites were affected by the surface treatment of fillers {16, 17]. In fact, the surface
treatment of 15 pm stainiess sice! spheres affected the rheology of polyethylene composites | 18].
A reduction of viscosity occurs if surface treatinent acts to wet and disperse the filler. Anincreasce
in viscosity will occur if surface treatment increases the adhesion between filler and polymer. Both
processes can occur simultancously, if the filler particles are submicron and have a tendeney to
fonn loose agglomerates. A decreased aggregation of silica, in suspensions in low molecular
weight analogs of clastomers [19], results froa modification of the surface of silica by gralting,
Newtonian or yield behavior could be controllably produced in coal slurries, by varying particle
interactions by changing the surface charge density or the ionic strength of the medium [20]. A
yicld phenomenon was observed when cual particles do not repel, while a minimum viscosity
resuits when the suspension is close to a transition from attractive to repulsive particle interaction

120j.

Changes in the rature and molecular weight of the polymer matrix, also, affect the rheology
of composites. The effects of filler are enharced by reducing the matrix viscosity {21} and the
pseudoplastic flow of suspensions increased with decreasing matrix viscosity 122§, A model of
interparticle interaction, via entanglement of polymer imolecules adsorbed on the filler surface,

has been proposed 23], Mauix polarity strongly affects the non-Newtonian behavior of
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iﬁte‘rac!ingaggrﬁcies {24]. Graphite suspensions are substantially more pseudoplastic, and-cxhibit
a higher powef law index, than polystyrene bead suspensions. The pseudoplasticity, or sensitivity
to sheur rate, of graphite suspensions increases with decreasing liquid-polarity. This behavior was

attributed to increased interpasticle van der Waals interaction with reduced medium polarity.

The rheological behavior of suspensions of crosslinked polymeric bcad's in polymer solutions
or low molecular weight liquids has been reported [25-30]. The stcady flow and dynamic
viscoclastic properties of dispersions of crosslinked polystyrene beads of various sizes in
polystyrene solutions wer~ studied [25]. A yield stress was obscrved to increase with increasing
bead content, decreasing bead size and increasing polystyrene concemwration in solution, factors
that enhance bead-bead interaction and agglomeration. The viscoelastic behavior of concentrated
suspensions of grafted polymethyl methacrylate (PMMA) beads was examined [26]. A sharp
transition in dynamic viscosity is shown over a narrow frequency range. It was suggested that a
reduction in bead packing density occurred, allowing dynamic shear flow. Similar studies of
PMMA beads dispersed in silicone fluids demonstrated distinct types of theological behavior
depending on matrix molecular weight [27]. A recent study reports on the theology of dispeisions
of crosslinked polystyrene beads in polystyrene solutions [28]. A yicld stress observed in creep
experiments is of a magnitude calculated for a bead superstructure. In steady shear flow at higher
shear rates, the viscosity approaches a Newtonian plateau as the agglomerated bead structure is
decomposed. The rate of shear-induced flocculation of polystyrene spheres in hydroxyethyl
cellulose solutions was affected by the viscoelasticity of the suspending wediuin [29]. At shear
rates at which elasticity dominates relative to viscous forces, flocculation rates were found to be at
least an order of maganitude less than those expected for suspensions in a Newtonian fluid. The
rheology of suspensions of monodisperse PMMA particles with a che.nically attached stabilizer
layer has been reported [30). The ratio between the particle radius and stabilizer layer thickness
was changed between 5 and 61. At high values of this ratio, Brownian hard sphere behavior is
exhibited. At lower values, deviations in theological behavior are assigned to a soft stabilizer

layer.



In order to elucidate the interactions of polymeric fillers and matrices, we have extended
research on bead filled polymers |5, 31} to include polymethacrylate beads and raatrices. In this
paper, we report on the effects of incorporating polymeric beads of different compositions, in a

series of polymeric matrices, on the steady shear viscosity and dynainic moduli,
EXPERIMENTAL DETAILS
Materials

Polystyrene (PS) was obtained from Dow Chemical Co. 1;nd has an average moiecular weight
(M,,) of 250,000, ascertained by gel permeation chromatography (GPC, Waters) calibrated with
monodisperse polystyrene standards. Polymethyl methacrylate (PMMA) was purchased fiom
Scientific Polymer Products, Inc. and has M,, = 36,000, as determined by GPC with PMMA
standards. Polybutyl methacrylate (PBMA) was also purchased from Scientific Polymer Products
and gives M, = 170,000 by GPC, with PMMA standards, These pulymers were used as matrices

in the preparation of filled composites.

Crosslinked monodisperse polymer beads of controlled size (0.4 £ 0,05 um diameter by
scanning electron microscopy) syathesized in emulsifier-free emulsion polymerization |31, 32j,
were used as filler particles. Beads were crosslinked by copolymerization with 2 mole% divinyl
benzene (DVB) for the PS beads or 2 molc% ethylene glycol dimethacrylate (EGDMA) for the

polymethacrylate beads.
Sample Preparation

Powdered filler particles are added to a molten (matrix) polymer containing antioxidant {33)
in the mixing chamber of a Brabender Plasticorder and mixed at elevated temperatures, up to

175°C, for 15 minutes at equal time intervals of 50 and 100 rpm. Mixed samples arc placed inside

a flat concentric circular mold and compression molded at 175°C and 1.5 x 107 Pa in a Dake
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Hydraulic Press for 15 minutes and then-cocled'to room tempetature,

Rheology

Steady shear viscosity and first norimal stiess difference of molten compusites are measured
at 200°C for P'S and PMMA composites or at 150°C for PBMA composites with a Weissenberg
Rheogoniometer, in & cone and plate geometry. The bottom platen is a cone of 5 cm diameter and

0.034 radian (2°) cone angle. The top platen is a 5 cm diamecter flat disk. The maximum range of

shear rates varies from 1.4 x 107 1o 14 sec™!. We have also recorded the stress output as a function
of time, The instrument compliance is calculated to be very small. Storage and loss muduli were
also mcasured for the same systems at 150 and 200°C. For dynamic mechanical analysis, the cone
is subjected to forced sinusoidal oscillations. The strain amplitude is 5%. The sinusvidal shear
generated by the oscillating cone transmits a torque via the sample to the top platen, which is

constrained by a torsion bar, and oscillates with different amplitude and phase. The range of

frequencics used is 2 X 103 10 20 Hz.
RESULTS

The steady shear viscosity as a function of shear rate of polystyrene (PS), filled with 20% of
crosslinked polymeric beads, is illustrated in Figure 1. Storage and loss moduli at vatious
frequencices for these systems are shown in Figures 2 and 3, respectively, If a lower molecular
weight PS matrix (M,, = 76,000) is used fui these composites, both steady shear viscosity and
dynamic moduli of filled systcrus are enhanced niuch more, in comparison to pure PS, by the
inclusion of polymeric beads, than the system illustiated. Iowever, while beads of diffeient
cuomposition showed the same trends as those illustraicd, low molecular weight PS compusites,
filled with beads of different compusitivns, arc not as casily distinguishable, thevlogically. In all
cases with the PS matrix, polybutyl methaciylate (PBMA) beads produced the largest increases in
steady shear viscosity at low shear rates and in dynamic moduli. With the lower molecular weight

PS matrix, I'S and polymethyhnethacrylate (PMMA) beads of varied crosslink deasities, from 2




10 mol%, show little difference ia steady shear viscosity and dynamic moduli.

The steady shear viscosity of PMMA matrix filled with 20% of crosslinked polymeric beads
is illustrated in Figure 4. I'rom measurements of stress output as a function of time in steady shear
experiments, we find that the total strain approximates 7, when the stress output of the composite
reaches a steady state, depending on the nature of the compusite and the shéur rate. At low shear
rates, stress curves are smooth and show initial monotonic increases with time. At higher shear
rates, we observe stress overshoot, associated with the yield phenomena, A comparison of the
stress output from steady shear experiments on composites of 20% PS beads or 20% PMMA beads
in the PMMA matrix, indicates that the latter system stabilizes readily (between 10-30 seconds),
while the former stabilizes slowly and exhibits stress overshoot at higher shear rates. Storage aid
loss moduli for composites with a PMMA matrix are shown in Figures 5 and 6, respectively. In
the PMMA matrix, PS beads of different crosslink densitics, from 2-10 mol%, produce little

difference in steady shear viscosity and dynamic moduli,

The steady shear viscosity of PBMA matrix filled with 20% of crosslinked polymeric beads
is shown in Figure 7. Storage and loss moduli for the PBMA system aie shown in Figures 8 and
9, respectively, Again, in the PBMA matrix, P'S beads of varied crosslink densities, from 2-10

mol%, produce similar rheological behavior.

The steady shear viscosity of PMMA matrix filled with various concentrations of ciosslinked
(2 mol%) PS beads, up to 40 weight%, is shown in Figure 10, Corresponding dynamic moduli are
shown in Figures 11 and 12. The steady shear viscosity of the PMMA matrix containing up to 40
weight% crosslinked (2 mol%) PMMA beads is shown in Figuie 13, Corresponding dynamic

moduli are plotted in Figures 14 and 15.
DISCMSSION

We have previously repunted that polymer composites, containing monodisperse sized




crosslinked PS beads in 3 PS matrix, éxhibit rheological behavior, in steady or oscillatory shear,

esseitially, independent of bead size, from 200-800 nm, and crosslink density, from 1-10 mol%
crosslinks [S]. Similarly, in these studies, PS beads varying in crosslink density from 2-10 mol%,
do not differ in steady shear viscosity or dynamic moduli in several pulymer matrices, including
PMMA, PBMA or a lower molecular weight PS. Moreover, PMMA beads of crosslink deasity,
varying from 2-10 mol%, do not differ rheologically in the low molecular weight PS marix.
Current results arc consistent with our carlier conclusion of an increase in steady shear viscosity
and dynamic moduli of polymer composites, with increasing volume fraction of crosslinked
polymeric beads, independent of bead size and crosslink density. However, we observe that

rheological behavior is particularly sensitive to the composition of polymeric beads and matrices.

With increasing volume fraction of beads, filled composites often approach yield behavior,
in which the shear siress becomes independent of shear rate, calculated viscousities become
unbounded and low frequency dynamic moduli become independent of frequency. Yicld behavior
results when filled melts exhibit solid-like behavior, It has been suggested [12-15], that the yicld
phenomenon corresponds to the formation of an independent network of filler particics that
precludes flow. The formation of such a network depends on the interactions between beads, and
between beads and matrix, which affect the dispersion of beads, leading to bead agglomeration,
These interactions are, apparently, not sensitive to bead size (within a narrow 1ange), nor to bead

crosslink density. Ilowever, such interactions are sensitive to the composition of beads and matrix,

Studies of the onset of yicld behavior can be readily made by examining the slopes of double
log plots of steady shear viscosily against shear rate, as well as, slopes of double log plots of
dynamic moduli versus frequency., Morcover, plots of shear stress vessus stiain rate, can be
analyzed to derive the magnitude of yield stresses. In steady shear theology of polymer composites
achieving yicld behavior, the slope of the steady shear viscosity, on a double logarithmic plot
against shear rate, approaches -1, Since the viscosity is calculated from the ratio of shear stress to

shear (strain) rate, a slope of -1 indicates an independence of shear stress and shea 1ate. Por the




system of polymeric beads in a PS matrix (Figure 1), the composite becomes more non-Newto:
than the pure matrix, upon the addition of polymetic beads. Pure PS shows a Newtonian pli
at low shear rates, as the steady shear viscosity is (almost) independent of shear rate. This w
be true for a larger range of shear rates, if the PS were of lower molar mass [12]. FHere, since
pure PS matrix is of relatively high molar mass, the steady shear viscosity of PS exhibits
Newtonian behavior at increased shear rate [S). At the higher shear rates, the viscosity decre.
(almost) linearly with shear rate (on the double log plot), signifying shear thinning and power
behavior. Shear thinning, ordinarily, increases with the addition of polymeric beads |5].
lowest effect, among the various polymeric beads, is noted for crosslinked PS beads, which
“compatible” with the PS matrix, leading to a uniform dispersion of PS beads in the PS matrix. '
slopes of the steady shear viscosity at low shear rates increase absolutely {rom 007 10 -0.37
we proceed from PS to PMMA to PEMA to PBMA beads. Corrcsponding, calculated solubi
parameter values are 9.5 (PS), 9.0 (PMMA), 8.9 (PCMA) and 8.7 (PBMA) [34]. Solubi!
parameters measure the interactions between molecules, and show that the PS matrix varics
miscibility with polymeric beads of different composition. As a result, PBMA beads arc m
likely to approach yield behavior, by agglomerating within the PS matrix, and P$§ filled w
PBMA beads showed the largest negative slope. Yicld stresses for the polymeric composites i
be estimated from Casson plots of the square root of shear stress against the square root of she
rate [25, 35, 3G). While, none of the PS composites clearly exhibits yield behavior, an apparc
yicld stress may be derived, which increases for 20% filled PS composites, in the order PS
PMMA <PEMA < PBMA, reaching 146 Pa for the latter system. This value is similar to the yic

stress for 30% of low sutface arca carbon black dispersed in a PS matrix [13].

Corresponding plots of dynamic moduli (Figures 2 and 3) indicate initial slopes of 1.25 It
G’ and 0.95 for G” for pure PS. Since the strain smplitude in our oscillatory measuremen
approximates 5%, we belicve that the dynamic mechanical data are in a linear range.  Line:
viscoclastic liquids would exhibit corresponding slopes of 2 and 1, respectively [37]. The slope ¢

the storage modulus, G', decreases from 2, depending on the molecular weight of the PS waui:




system of polymeric beads in a PS matrix (Figure 1), the composite becomes more non-Newtouian,
than the pure matrix, upon the addition of polymesic beads. Pure PS shows a Newtonian plateau
at low shear rates, as the steady shear viscosity is (almost) independent of shear rate. This would
be true for a larger range of shear rates, if the PS were of lower molar mass [12}. kere, since the
pure PS matrix is of relatively high molar mass, the steady shear viscosity of PS exhibits non-
Newtonian behavior at increased shear rate [S). At the higher shear rates, the viscosity decreases
(alinost) linearly with shear rate (on the double log plot), signifying shear thinning and power law
behavior. Shear thinning, ordinarily, increases with the addition of polymeric beads [S]. The
lowest effect, among the various polymeric beads, is noted for crosslinked P§ beads, which are
“compatible” with the PS matrix, Icading to a uniform dispersion of PS beads in the PS matrix, The
slopes of the steady shear viscosity at low shear rates increase absolutely from 007 10 -0.37, as
we proceed from PS to PMMA to PEMA to PBMA beads. (forrcsponding, calculated solubility
parameter values are 9.5 (PS), 9.0 (PMMA), 8.9 (PEMA) and 8.7 (PBMA) [34]. Solubility
parameters measure the interactions between molecules, and show that the PS matrix varies in
miscibility with polymeric beads of different composition. As a result, PBMA beads are most
likely to approach yield behavior, by agglomerating within the PS matrix, and PS filled with
PBMA beads showed the largest negative slope. Yield stresses for the pulymeric composites may
be estimated from Casson plots of the square root of shear stress against the square root of shear
rate [25, 35, 3G6j. While, none of the PS composites clearly exhibits yield behavior, an apparent
yicld stress may be derived, which increases for 20% filled PS composites, in the order PS <
PMMA <PEMA < PBMA, reaching 146 Pa for the latter systern, This value is similar to the yicld

stress for 30% of low sutface area carbon black dispersed in a PS matrix [13].

Corresponding plots of dynamic moduli (Figures 2 and 3) indicate initial slopes of 1.25 for
G’ and 0.95 for G” for pure PS. Since the strain amplitude in our oscillatory measurements
approximates 5%, we believe that the dynamic mechanical data are in a linear range. Lincar
viscoclastic liquids would exhibit corresponding slopes of 2 and 1, respectively [37]. The slope of

the storage modulus, G’, decreases from 2, depending on the molecular weight of the PS matix.
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Comparison of initial slopes of log G’ versus log w at 200°C have been reported {5). 'l'hé slope of
the Joss modulus curve is much less sensitive to molar mass. With the addition of filler, slopes of
dynamic moduli decrease as filled composites deviate further from Newtonian behavior. Again,
the initial slope of G” decreases, in the same order of bead composition observed for “increasing”
steady shear viscosity, to 0,70 for PBMA beads (Figure 2), while the initial slope of G” has
decreased to 0.72 for PBMA beads (Figure 3). A comparison of dynamic miechanical and steady

shear data indicates that ihe Cox-Merz relation [38-43] is not applicable to filled polymers.

Similarly, we can compare beads of different composition in a PMMA matrix. ‘The steady
shear viscosity of purc PMMA is slightly shear thinning over the range of shear rates mcasured
(Figure 4). The zcro shear viscosity of pure PMMA approximates 2300 Pa.s, which is more than
two orders of magnitude higher than PS of comparable molar mass {12}, The viscosity of polymer
melts depends on the number of atoms in the chain backbone (proportional to molar mass) and a
temperature dependent friction factor per chain atom [44]. A marked change in the molar mass
dependence occurs above the entanglement molecular weight of the polymer.  Siuce, the

entanglement molecular weight for PMMA is lower than that of PS [45], the mclt viscosity of a

larger fraction of PMMA molccules varies approxim..iely as M34, whereas, many PS molecules
vary lincarly with molar mass [45]. Morcover, the friction factor for PMMA is much higher than
that for PS [46). The addition of 20% PMMA beads lcads to a very large increase in viscosity,
producing an almost parallel curve to that for the pure matrix (Figure 4). Large viscosity
cnhancements and parallel curves have been reported for dispersions of carbon black in a PBMA
matrix {12]. It was suggested, that increased intcractions, between a polat filler and a polar mattix,
lead to large increases in steady shear viscosity. Similarly, increasing polar interactions in the
PBMA matix (Figure 7) lead to large enhancements in steady shear viscosity. In the PMMA
matrix, PS beads exhibit an initial slope of steady shear viscosity of 0.7, PEMA beads show a
slope of -0.49 and PBMA beads show aslope of -0.56 (Figurc 4). Thus, PS beads appear to be feast

compatible with the PMMA matiix and composites approach yield behavior, The difference in

10




solubility parameter, AJ, is the largest for PS beads in a PMMA matrix. Dynamic moduli show
analogous results. In the PMMA matrix, PS and PBMA beads produce the largest effects and
approach yield behavior, with the initial slope of G approximating 0.21 (Figure 5), while G”
approximates 0.34 (Figure 6), for composites of the PMMA matrix containing either PS or PBMA
beads. Dynamic moduli of pure PMMA are not lincar with frequency on double logarithmic plots
(Figures 5 and 6), probably as a result of high polar interactions between PMMA molecules. With
increasing hydrocarbon content, both PS and PBMA beads are less miscible with the PMMA
matrix, and show Ad ~ 0.3-0.5, and tend to agglomerate and approach yicld behavior, PEMA beads
exhibit intermediate behavior, Caleulations of apparent yicld stresses from Casson plots |25, 35,
36}, for the PMMA matrix, show that the highest yicld stress corresponds to PS bewds (429 Pa),
PBMA beads are next (345 Pa), then, PEMA beads (115 Pa), while PMMA beads do not inducc a

yield stress with a PMMA matrix.

The steady shear viscosity of pure PBMA at 150°C is very similar in magnitude and shear
rate dependence to that of pure PMMA at 200°C. The zcro shear viscosity of PMMA is 2300 Pa
(Figure 4) while that of PBMA is 2000 Pa (Figure 7). ‘The weight average molar mass (M,) of the
PBMA is determined by GPC to be 170,000, using a PMMA calibration, while M, of thc PMMA
is 36,000 from GPC using a PMMA calibration. Thus, M,, for PBMA is almost 5 t;mcs that of

PMMA. Again, the entanglement spacing for PBMA considerably exceeds that for PMMA [45],

so that, for PMMA, the steady shear viscosity would be a higher function of #,,,.

The steady shear viscosity of filled PBMA composites produces a series of parallel lines with
small power law slopes (-0.27), (Figure 7). However, the minimum viscosity enhancement is
shown by the inclusion of PBMA beads in the PBMA matrix, Again, beads of identical
composition to the matrix, are most likely to be uniformly dispersed and least likely to
agglomerate. Apparently, uniform and stable bead dispersions exhibit the lowest theological
parameters, Similarly, dynamic moduli increase on the adJition of crosslinked polymiciic beads,

with similar cnhancements for P'S and PMMA beads, and minimum enhancciment for PBMA beads

1




(Figures:8 and 9).

Compared to beads of different composition, PBMA beads show, relatively, the smatlest
increases in steady shear viscosity and dynamic moduli in a PBMA matrix. The overall increase
in steady shear viscosity and dynamic moduli, caused by the addition of PBMA beads to the PBMA
maltrix, is large, because of strong polar iiteractions between bead and matrix, Moreover, G” and
G” curves, for PBMA beads in the PBMA matrix, arc “normally” shaped and approach lincar
(Newtonian) behavior at low frequencies, with slopes of 1.05 (Figure 8) and 0.84 (Figure 9),
respectively. Casson plots |25, 35, 36] of shear stresses for PBMA composites exhibit a very low
yield stress (73 Pa) for both PMMA and PS beads in PBMA matrix and only 46 Pa for PBMA beads
in PBMA. Yicld stresses calculated from steady shear data indicate the strength of a filler network
or the agglomerates of beads that impede flow. The highest yield stresses were caleulated for PS

(429 Pa) and PBMA (345 Pa) beads in the PMMA matrix.

The development of a yicld stress may be seen by increasing the concentration of beads in a
matrix in which the beads are immiscible. Accordingly, we compared the effects of loading a
PMMA matrix with various concentrations of PMMA and PS beads. Corresponding studies of
PMMA and PS beads in a PS matiix showed that, in such composites, these beads were
rheologically indistinguishable (Figures 1, 2 and 3). In the non-polar 'S matrix, PMMA and PS
beads appear to behave similarly, PS composites with increased AS [34), such as PEMA or PBMA
beuds, in a PS matrix, exhibit incrcased rheological enhancement. The steady shear viscosity of
PMMA matrix, filled with various concentrations of crosslinked PS beads (Figure 10), shows yield
behavior at 30 and 40% filler loading. For both these compositions, the slope of the steady shear
viscosity versus shear rate is -1 on a double log plot at low shear rates. Similarly, for these
concentrations of PS beads in the PMMA matix, dynamic moduli becamie almost hotizontal or
independent of frequency at low frequencics (Figures 11 and 12). Because PS mwlecules at the
bead surfaces are rejected by PMMA molecules in the matiix, PS beads way cluster in the PMMA

matrix at clevated temperature.  As a result, such composites exhibit highly non-Newtonian

12




behavior. Casson plots {25, 35, 36] extrapolate to yield stresses for 30% of PS beads of 1082 Pa
and for 407 PS beads of 2362 Pa, in the PMMA matrix. Such yield stresses are about an order of

magnitude lower than those shown by carbon black of surface area 625 1:12/g in various polymeric
matrices, which for 30% loading shows a yield stress of 1.6 x 10 Pa [13]. 'The surface area of the
400 nm PS beads is 14 mz/g. The yield stress for PBMA containing 30% carbon bliack of surface

area 24 m2/g is reported to be 430 Pa [13].

If we examine the PMMA matrix filled with various amounts of crosslinked PMMA beads,
we find stcady shear viscosities exhibiting slight power faw dependence (Figure 13) and dynamic
me«uli with almost parallel curves (Figures 14 and 15). In the PMMA matrix, it is likely that
PMMA beads are uniformly dispersed, and remain so, at moderate shear rates and frequencies. As
a result, rheological enhancements are minimal, Only at 40% loading, arc there deviations from
parallel curves of storage modulus versus frequency (Figure 14). Casson plots |25, 35, 30] for

PMMA beads in the PMMA matrix, fail to show a yield stress, even up to 40% loading.
CONCLUSIONS

Stcady shear viscositics and dynamic moduli of polymer composites, consisting of
combinations of polystyrene (PS) and polymethacrylates (PMA), increase with increasing volume
fraction of crosslinked polymeric beads, independent of the crosslink density of the beads, from 2-
10 mol% crosslinking. Viscosities and moduli were sensitive to the chemical composition of beads
and matrices. In a PS matrix, PS and PMMA beads are, almost, rheologically indistinguishable,
However, PBMA beads produce larger changes in a PS matrix. In a PMMA matrix, beads of
different composition exhibit large differences in steady shear viscosity and dynamic moduli.
Here, PS and PMMA beads differ widely, especially at low shear rates and frequencics. A large
viscosity enhiancement and a parallel curve of viscosity versus shear rate, compared to the pure
PMMA matrix, characterize PMMA bead filled PMMA. Beads of othes compusitions produce

highly non Newtonian cumposiies with the PMMA mattix. PMMA composites, filled with I'S or

13
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PBMA beads, a!ppréggflg yield behavior, with PS bead filled PMMA showing the higlletyieid stress
(429 Pa) a120% loading. Bead filled PRBMA édmpbsiié“s produce curves of steady.shear viscositics
and dynamic moduli that are almost parallel to those of the pure PBMA matrix, and approach

Newtonian behavior.

In general, crosslinked beads of identical chemical composition to the matrix cxhibit the
lowest viscosily cnhancemcents in sicady shear (at low shear rates) and the lowest moduli in
dynamiz mechanical analysis. We suggest that beads identical in composition to the matrix are
most likely to be uniformly dispersed by mixisg, during sample preparation, and least likely to
agglomerate at clevated temperatures.  Morcover, we propose that uniform and stable bead
dispersions cxhibit the lowest rheological paramcters. This suggestion is supported by studics on
PMMA matrices filled with various concentrations of PS and PMMA beads. For a PMMA matrix
filled with up 10 40 wi% PMMA bceads, cahancemients in steady shear viscosities or dyaunic
moduli are small and composites yicld rheological curves that approach Newionian behavior and
are parallel to those for pure PMMA. In the PMMA maitrix, it is likcly that PMMA beads fonn
uniform and stable dispersions. Ins sharp contrast, PS beads have very large rheological cffects on
the PMMA matrix. Large enhancements in steady shear viscosity result from the addition of 'S
beads and yicld behavior is cxhibited ai 3¢ and 40% filler loading, as the shear stress becoes
independent of shear rate, and yicld stresses of 1100 and 2400 Pa are derived, respectively,
Morcover, dynamic moduli for these systems become almost horizontal or independewt of
frequency at low frequencics. PS beads may coagulate in the PMMA mairix at elevagad
temperatures, forming networks of clusicred beads. As a result, such vomposites exhibit highly
non-Newtonian behavior, The shear stress becomes independent of shear rate and the dynainic
moduli become independent of frequency. At higher shear rates, S bead agglomerates are broken
and the steady shear viscositics converge,  Yield stresses may represent the strength of the bead
network, ‘These valucs were somewhat higher thin corresponding yicld stresses for carbon black

of sisnilar surfuce area,
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LIST OF FIGURES

1. Steady-shear viscosity (1) at 200°C and at several shear rates (‘x) of PS filled with 20%. of

crosslinked polymer beads.

o

X

(4

composites from Figure 1.

pure PS matrix

with PS beads

with PMMA beacls

with PEMA beads

with PBMA beads A

Storage modulus (G) at several frequencics () from dynamic mechanical analysis of PS

3. Loss modulus (G”) at several frequencics (f) from dynamic mechanical analysis of PS

composites from Figure 1.

4.  Steady shear viscosity (n) at 200°C and at scveral shear rates (¥) of PMMA filled with 20%
of crosslinked polymer beads.

)

X

%

pure PMMA matrix
with PS beads

with PMMA beads
with PEMA beads
with PBMA beads

5. Storage mudulus (G) at several frequencics (/) from dynamic mechanical analysis of PMMA

composites from Figure 4.
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10.

i1

12,

Loss modulus: (G”) at several. frequencies (,f) from dynamic mhanmi analysis of PMMA
composites from- Figurc 4,

Steady shear viscosity (1) at 150°C and at séveral shear rates () ¢f PBMA filled with 20%
of crosslinked polymer beads.

O  pure PBMA matrix
% with PS-beads

*  with PMMA beads

*  with PBMA beads

Storage modulus (G”) at several frequencics (f) from dynamic mechanical analysis of PBMA
composites from Figure 7.

Loss modulus {G") at several frequencies (f) from dynamic imechanical analysis of PBMA
composites frem Figure 7.

Steady shear viscosity (1) at 200°C and at several shear rates (*}) of PMMA filled with various
concentrations of crosslinked PS beads (2% DVB).

O  purc PMMA matrix
X 10 wt% of beads
* 20 wi% of beads
+ 30 wt% of beads

. 40 wt% of beads

Storage modulus (G'y at several frequencics {f) from dynamic mechanical analysis of PMMA
composites with PS beads from Figure 10.

Loss modulus (G”) at several frequencies (f) from dymmm, micchanical analysis of PMMA
composites with PS beads from Figure 10,
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13.  Sicady shearviscosity (1) at 200;C and atseveral shear rates (‘}) of PMMA filled with various
concentrations of crosslinked PMMA beads (2% EDGMA).

O  pure PMMA matrix
X 10 wt% of beads
* 20 wt% of beads
+ 30 wi% of beads
* 40 wt% of beads
N

14. Siorage modulus (G”) at several frequencics (/) from dynamic mechanical analysis of PMIMA
composites with PMMA beads from Figure 13.

15. Loss modulus (G”) at several frequencies (f) from dynamic mechanical analysis of PMMA
composites with PMMA beads from Figure 13.
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