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SYNOPSIS

The dynamic mechanical properties of polymeric composites composed of crosslinked
poly (n-butyl methacrylate) continuous-phase and crosslinked polystyrene dispersed phase
with poly(n-butyl methacrylate) occlusion have been examined. The composite samples
were prepared by mixing and swelling of the crosslinked polystyrene particles obtained by
emulsifier-free emulsion polymerization, with n-butyl methacrylate and crosslinker, then
photopolymerizing at the desired temperature. The composite microstructure was varied
by either changing the crosslink density of polystyrene, and temperature of swelling and
polymerization, or using different sizes and contents of polystyrene particles. The tan &
peak positions of composite samples are found to be dependent on morphological charac-
teristics as well as the properties of the dispersed phase while the peak height seems to be
dependent on the effective volume of dispersed phase composed of polystyrene and poly (n-
butyl methacrylate) occlusions. Special attention has been paid to the comparison among
composite, homonetworks, and bulk IPN samples that are expected to have the identical
structure with the complex dispersed phase of the composite samples. © 1993 John Wiley &

Sons, Inc.

INTRODUCTION

Dynamic mechanical characterization is a tool of
major importance for the study of polymer blends
and composites since the variation of properties is
conveniently determined as a function of tempera-
ture and frequency. The investigation of the dynamic
modulus and loss factors over a wide range of
temperatures has been used to evaluate the miscibil-
ity,'"* interface,®>”’ damping characteristics,®® and
morphological variation. %2

Although dynamic mechanical spectra may pro-
vide a conclusive basis for the distinction between
compatible and incompatible blends,*'* a compli-
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cation can arise in analyzing phase separated blends
or composites since the mechanical response of
multiphase materials is dependent not only on the
nature of constituents but also on the physical or
structural arrangement of phases such as morphol-
ogy and interface. These factors are often closely
interrelated and cannot be treated independently.
The effect of interface is often exemplified in the
particulate or fiber-filled polymer composites, where
the presence of a hard filler phase results in modi-
fication of matrix glass transition. The shift in its
temperature either toward higher or lower temper-
ature has been noted experimentally.5'>® These
features are usually interpreted as a result of vari-
ation in the properties of the interface between filler
and matrix. In the extreme case where a strong in-
teraction exists between fiber and matrix resin, ™8
a new relaxation peak at a temperature higher than
the glass transition of the matrix phase has been
observed, which has been considered to be the glass
transition of a hypothetical interface consisting of
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the matrix chains anchoring on the surface of fillers.
A similar observation has been reported in the case
of polymer blends such as the polystyrene /polycar-
bonate pair,® in which a composition-independent
transition in between those of PC and PS appears
and is attributed to the intermixing of two compo-
nents with subsequent creation of an interface.

In conflict with this three-phase model is an al-
ternative explanation in which such a change in the
glass transition of each component or appearance
of a new transition can be explained as consequences
of the overall behaviour of a two-phase system such
as morphology and phase continuity without as-
suming the presence of interface.?’-?? In addition to
the contributions of interface and morphology that
are clearly interrelated, the possible presence of bulk
miscibility between components makes the inter-
pretation of dynamic mechanical spectra more com-
plicated in the case of polymer blends.

Both theoretical and experimental attempts have
been made for the analysis of dynamic mechanical
properties of multi-phase materials. Various types
of theoretical equations have been developed for the
prediction of properties of constituents.?*** Caville
et al.??" have compared the dynamic mechanical
behaviour of polymer films made from latices by dif-
ferent emulsion processes and discussed them in re-
lation to particle morphologies. Guest et al.® have
examined PC/SANS blends prepared from two dif-
ferent procedures: compression molding and injec-
tion molding. The major differences in spectra were
attributed to morphological differences. One of the
most interesting features in terms of morphology
would be the case with complex inclusion such as
HIPS and ABS. Dickie® has calculated the dynamic
mechanical response of a particulate composite with
complex inclusion based on the Kerner equation. As
predicted in Dickie’s model calculation, the modulus
and tan § of HIPS were experimentally found to be
dependent on the effective volume fraction of dis-
persed phase rather than the content of rubber.?*%!

The objective of this paper is to investigate the
dynamic mechanical response in the composite
sample consisting of a continuous rubbery phase and
dispersed plastic phase containing occlusions of
rubbery component. By varying the content or the
properties of the dispersed phase, and the amount
of rubbery occlusion in the dispersed plastic phase,
the influence of microstructure is studied. Special
attention has been paid to the comparison of dy-
namic mechanical behaviour of the composite sam-
ple and the dispersed complex domain itself that is
prepared separately.

EXPERIMENTAL

Preparation of Composite Samples

The samples containing complex inclusions were
prepared by the following procedure as shown in
Figure 1:

1. Prepare the crosslinked polystyrene (PS)
particle by emulsifier free emulsion polymer-
1zation.

2. The dried polystyrene emulsion particles
were mixed with an excess amount of mono-
mer mixture containing n-butyl methacry-
late, crosslinker and initiator.

3. The mixture containing PS particles was kept
in a sealed container at the desired temper-
ature until the equilibrium amount of mono-
mer mixture was swelled into the particles.

4. Finally, the mixture was poured into glass
molds and placed in a UV reactor in which
the temperature was controlled at the same
temperature as that of the swelling step.

The styrene monomer was purified by distillation
and potassium persulphate as received was used as
the initiator in the emulsifier-free emulsion poly-
merization. The crosslink density was varied by the
amount of divinyl benzene (DVB) added to the sty-
rene monomer. The particle size was controlled by
changing the polymerization temperature and re-
action time. Polymerization conditions and average
particle size data are given in Table I.

The prepared emulsion product was dried in a
vacuum oven at 60°C for 3 days. The dried emulsion
particles were mixed with an excess amount of the
monomer mixture composed of n-butyl methacrylate
(BMA), tetraethylene glycol dimethacrylate
(TEGDM), and benzoin as a photoinitiator. The
mixture was kept at 0°C or 40°C until the equilib-
rium amount of monomer mixture was swelled into
the PS particles. The swelled mixture was placed in
between two glass plates using silicon gaskets. A
metal frame is then placed in each side of the “sand-
wich” and the cell is clamped with small spring-
loaded clamps to follow the shrinkage during the
polymerization. The sample cell was placed between
two UV sources (12 Watt, 365 nm high pressure
mercury lamp) in order to ensure uniform irradia-
tion and polymerized for 1 or 2 days in the box, in
which the temperature was kept the same as the
swelling temperature. The polymerized sample was
vacuum dried and cut into a rectangular shape for
dynamic mechanical analysis.
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Figure 1 Preparation procedure and notation for the composite samples.

The composite samples prepared in this manner
are designated as “C” series and the meaning of each
abbreviation is shown in Figure 1.

Preparation of PS and PBMA Homonetworks

In order to estimate the size of PS complex domains
in the final composite samples, it is necessary to
measure the crosslink density of PS particles and

the degree of swelling at each temperature. The
crosslink density was estimated by measuring the
degree of swelling with the bulk size of homonetwork
composed of styrene and DVB that was prepared
separately. The PS homonetworks were prepared in
exactly the same manner as in the composite sample
preparation except that a slight excess of DVB was
required to match the glass transition temperature
of homonetwork with that of corresponding PS par-

Table I Preparation of Crosslinked Polystyrene Emulsion Particles

Sample I.D. PS-1 PS-2 PS-5 PS-2 PS-2"
Styrene (g/L)* 10.395 10.29 9.975 10.29 10.29
DVB (g/L)* 0.105 0.21 0.525 0.21 0.21
Potassium persulfate (g/L)? 1.892 1.892 1.892 1.892 1.892
Reaction temperature (°C) 70 70 70 100 60
Reaction time (hour) 8 8 8 2 24
Average particle size (um) 0.5 0.5 0.5 0.17 1.30
Glass transition temp. (°C)? 105.2 107.9 115 107.7 107.8

° Based on water.
b Determined by DSC.
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ticles determined by DSC. The PBMA homonet-
works composed of n-butyl methacrylate and te-
traethylene glycol dimethacrylate were also prepared
for comparison. The homonetworks sample were
designated as “H” series and the sample preparation
procedure and notations are summarized in Fig-
ure 2.

Preparation of Bulk PS-PBMA IPNs

The disperse phase of the composite samples would
have a multi-phase structure composed of polysty-
rene network and poly(n-butyl acrylate) network,
which could be considered as a small-scale sequential
type of interpenetrating polymer networks (IPN)
that is synthesized by swelling crosslinked polymer
I in monomer II, then subsequently polymerized and
crosslinked. Since the separate characterization of
the disperse phase alone is impossible, macroscopic
samples of sequential IPN composed of the same
species were separately prepared as shown in Figure

3. Starting with a PS homonetwork of which the
glass transition was matched with corresponding PS
particles, an equilibrium amount of BMA and
TEGDM mixture was allowed to swell into the
homonetwork. After equilibrium, the excess mono-
mer mixture was removed and photopolymerized in
exactly the same manner as the preparation of com-
posite sample.

Dynamic Mechanical Analysis

E', E", and tan § for the samples were measured
using a Polymer Laboratories Dynamic Mechanical
Thermal Analyzer interfaced with Compaq PC. Dy-
namic mechanical spectra were obtained in the sin-
gle cantilever bending mode following the standard
techniques under the following conditions: a scan
rate of 2°C/min, a frequency of 1 Hz, and a tem-
perature range from —30 to 160°C. The sample
for measurement was cut into a piece 3.0 X 11.0
X 5 mm.

PS Homonetwork
Styrene UV polymerized
+
DVB

> \Q

PS Homonetwork

H- PS(1)- 40

-[_—> Polymerization temperature
PS crosslinked with 1 wt% of DVB
Homonetwork sample

PBMA Homonetwork

Butyl

methacrylate
+

TEGDM

UV polymerized _ //

PBMA Homonetwork

H- PBMA(2)- 40

Polymerization temperature

L— = PBMA crosslinked with 2 wt% of TEGDM

Homonetwork sample

Figure 2 Preparation procedure and notation for the homonetwork samples.
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Figure 3 Preparation procedure and notation for the bulk IPN samples.

Other Characterization

Latex particle-size analysis was performed on a
Malvern Zetasizer model Ilc at a temperature of
25°C and a refractive index of 1.33. The glass tran-
sition temperatures of some samples were analyzed
using a Perkin—Elmer DSC 7 with a heating rate of
20°C/min. The midpoint of the transition region
was taken as the glass transition point. In order to
check the dispersion of PS particles in a composite
sample, the surface of a fractured sample in liquid
nitrogen was observed with scanning electron mi-
croscopy (SEM).

RESULTS AND DISCUSSION

The overall morphology of the composite sample is
illustrated in SEM microphotographs of the frac-
tured surface shown in Figure 4. These micropho-
tographs indicate that the polystyrene particles re-
tain their spherical shapes and are relatively well
distributed.

From the sample preparation procedure, it is ob-
vious that the effective volume of dispersed phase

is dependent on how much acrylic monomer is
swelled into crosslinked PS particles. Since the di-
rect determination of the effective volume in a com-
posite form is rather difficult, we measured the de-
gree of swelling with the polystyrene homonetwork
of which the glass transitions were matched with
those of the corresponding PS particles. The swelling
measurements were performed with n-butyl meth-
acrylate monomer at 0°C and 40°C and the results
are summarized in Table II. Based on these data,
the effective volume of dispersed phase in the com-
posite samples is estimated in the further discussion.

Effect of Particle Contents

Figures 5 and 6 present the tan 6, and modulus be-
haviour of the composite samples with different
loadings of PS particles, in which the low temper-
ature transition region corresponds to PBMA, and
the high temperature one is characteristic of PS-
rich dispersed phase. Since the crosslink density of
particles and the swelling and polymerization tem-
perature are the same for all samples, the size and
. properties of individual domains could be regarded
as being identical. The peak height is highly depen-
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Figure 4 SEM microphotographs of liquid nitrogen fractured surface of composite sam-
ples. (A): C-PS(2)/PBMA(2)-25/75-40; (B): C-PS(2)/PBMA(2)-15/85-40; (C): C-
PS(2)/PBMA(2)-5/95-40.

dent on the volume fraction of each phase while the fraction of the dispersed phase is varied from 46 to
peak position of PS does not show much variation 9.2% (see Table IIT). However, there is a slight shift
with particle contents since the effective volume toward a higher temperature in the position of



Table II Properties of Polystyrene

Homonetworks
Volumetric
Swelling
Ratio*® Glass Transition
Sample Temperature®

L.D. 40°C 0°C (°C)
H-PS(1)-40 1.84 1.04 105.7
H-PS(2)-40 1.72 1.03 107.7
H-PS(5)-40 1.14 1.02 115.8

* With n-butyl methacrylate at each temperature.
b Determined by DSC before swelling.

PBMA tan 4 peak with increasing PS particle con-
tents, which can be confirmed by the modulus be-
havior shown in Figure 6. This trend is in agreement
with the model calculation done by Dickie,? in
which an increase in peak height of the dispersed
phase was observed with increasing volume fraction
of the dispersed phase. However, the peak position
of the PS-rich dispersed phase seems to be invariant
in contrast to the model calculation in which the
peak position of the dispersed phase also showed
phase-volume dependency. The difference between
the current sample and the model is that the model
calculation assumes that the effective volume of dis-
persed phase including occlusion is varied while the

Log [tan delta]
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overall composition of rubbery and glassy compo-
nent is fixed. Therefore, the properties of complex
inclusion itself varied as well as the effective volume
fraction of the dispersed phase. In contrast, the
properties of the complex inclusions are kept con-
stant in this series of samples since the crosslink
density and the swelling degree would be the same
for each sample, which seems to be reflected in the
invariance of the peak position of the dispersed
phase with particle contents.

Similar results were obtained in another set of
samples synthesized at 0°C as shown in Figure 7.
Therefore, it is suggested that the increase or de-
crease in the volume fraction of dispersed phase does
not affect the peak position for the dispersed phase
very much, if the properties of the dispersed phase
are not changed, while the position of the continuous
phase tan 6 shows a weak dependency on the PS
particle loading.

Effect of Crosslink Density of the
Polystyrene Particle

When the crosslink density of PS particles is varied,
it may affect the properties of the composite sample
in several ways. First, the total amount of acrylate
monomer mixture swelled into the PS particles will
be decreased as the crosslink density of PS particles
is increased, which in turn reduces the effective vol-

1 T T

-3 1 i
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TEMPERATURE (DEG C)

Figure 5 Effect of PS particle contents on tan § of composite sample while fixing crosslink
density and temperature. (®): C-PS(1)/PBMA(2)-25/75-40; (m): C-PS(1)/PBMA(2)-

15/85-40; (A): C-PS(1)/PBMA(2)-5/95-40.
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Figure 6 Effect of PS particle contents on modulus of composite sample while fixing
crosslink density and temperature. (®): C-PS(1)/PBMA(2)-25/75-40; (m): C-PS(1)/
PBMA(2)-15/85-40; (A): C-PS(1)/PBMA(2)-5/95-40.

ume fraction of disperse phase composed of the
polystyrene network and PBMA subinclusion upon
polymerization of acrylic monomer. Secondly, as of-
ten observed in many IPN studies, the introduction
of crosslinks restricts the progress of phase sepa-
ration, which is often manifested in a reduced do-
main size or shape,®” a broadened transition peak,
and/or an inwared shift of each constituent’s T},
depending on the degree of miscibility between

them.?*3 Therefore, it also affects the properties of
the dispersed phase itself.

In Figure 8, tan 6 versus temperature plots of
three different composite samples are shown that
have identical overall composition and polymeriza-
tion conditions except for the crosslink density of
PS particles. Table III shows the effective volume
fractions of the PS-rich dispersed phases in the
composite samples, which are calculated based on

Table III Volume Fractions of Each Phase in Composite Samples Calculated Based

on the Swelling Ratio in Table 11

Apparent Volume

Effective Volume Fraction

Fraction
Continuous Dispersed
Sample I.D. PS PBMA Phase® Phase® Occlusion®
C-PS(5)/PBMA(2)-15/75-40 0.15 0.85 0.829 0.171 0.021
C-PS(2)/PBMA(2)-15/85-40 0.15 0.85 0.742 0.258 0.108
C-PS(1)/PBMA(2)-15/85-40 0.15 0.85 0.724 0.276 0.126
C-PS(1)/PBMA(2)-15/85-0 0.15 0.85 0.844 0.156 0.006
C-PS(5)/PBMA(2)-25/75-40 0.25 0.75 0.715 0.285 0.035
C-PS(2)/PBMA(2)-25/75-40 0.25 0.75 0.570 0.430 0.180
C-PS(1)/PBMA(2)-25/75-40 0.25 0.75 0.540 0.460 0.210
C-PS(1)/PBMA(2)-25/75-0 0.25 0.75 0.740 0.260 0.010
C-PS(1)/PBMA(2)-5/95-40 0.5 0.95 0.908 0.092 0.042

2 Fraction of PBMA present in the matrix.

b Fraction of complex PS domains including PBMA occlusions.

¢ Fraction of PBMA present as occlusions inside of complex PS domains.
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Figure 7 Effect of PS particle contents on tan é of composite sample while fixing crosslink
density and temperature. (®): C-PS(1)/PBMA(2)-25/75-0; (m): C-PS(1)/PBMA(2)-

15/85-0; (A): C-PS(1)/PBMA(2)-5/95-0.

the swelling data of homonetwork in Table II. Sam-
ple, C-PS5/PBMAZ2-40, which is expected to have
the smallest effective disperse-phase volume fraction
including acrylic occlusions inside the PS domains,
shows the smallest height of the PS transition peaks

Log [tan delta]

among the three. On the contrary, the peak height
of PBMA transitions seems to be decreasing rela-
tively as the crosslink density decreases. This feature
indicates that the peak height is dependent on the
effective volume of dispersed phase rather than the
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Figure 8 Effect of PS crosslink density on tan 6 of composite sample while fixing particle
content and temperature. (®): C-PS(5)/PBMA(2)-15/85-40; (m): C-PS(2)/PBMA(2)-

15/85-40; (a): C-PS(1)/PBMA(2)-15/85-40.
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Figure9 Effect of PS crosslink density on tan § of composite sample while fixing particle
content and temperature. (®): C-PS(1)/PBMA(2)-25/75-40; (@): C-PS(2)/PBMA(2)-

25/75-40; (A): C-PS(5)/PBMA (2)-25/75-40.

overall composition. The change of peak height in
PBMA loss peak seems to be relatively marginal
compared with that of the PS disperse phase con-
sistent with the model calculation by Dickie, % where
the continuous phase loss tan § was less phase-vol-
ume dependent than the dispersed one. The com-
posite samples with higher content of PS particles
yielded similar results as is shown in Figure 9.

When comparing peak positions, both PS and
PBMA transitions were found to shift to higher
temperature with an increase in the crosslink density
of PS particle as shown in Figures 8 and 9. The shift
of PS transition peaks toward higher temperatures
seems to be the consequence of the increase in the
crosslink density of PS components. However, the
position of each peak is found to be significantly
different from that of the corresponding PS homo-
network or bulk IPN as discussed in the next section,
which suggests that it is also somewhat associated
with the morphological characteristics. In the case
of the PBMA peak shifts, only a marginal difference
was observed among samples. Since the majority of
PBMA components are still present outside the dis-
persed domains as a continuous phase, the molecular
level interaction between PS and PBMA component
seems to be less. Therefore, the shift of PBMA tan
§ should be attributed to the matrix-dispersed phase
interaction, combined with the change in the prop-
erties of dispersed phase itself.

The variation of loss and storage modulus with
temperature for the composite samples is shown in
Figure 10. As expected from the sample preparation
procedure, the storage moduli of composite samples
tend to lie closer to that of PBMA homonetwork
reflecting the continuity of PBMA component. Here,
it is worthwhile to note that the modulus level in
the rubbery plateau region increases with increasing
crosslink density of PS component even though the
effective volume of the dispersed phase decreases as
the crosslink density of PS component increases.
On the other hand, the change in the effective vol-
ume of the dispersed phase did not cause much vari-
ation in the rubbery plateau modulus when the
crosslink density of PS component was kept con-
stant (Fig. 6).

Comparison with Bulk IPNs

It is of interest to compare the behaviour of the
composite samples with that of the bulk IPN sam-
ples since the bulk IPNs can be considered to rep-
resent the properties of the complex domain of the
composite sample in large scale. Dynamic mechan-
ical spectra of bulk IPN samples given in Figure 11
show two distinct transition peaks indicating the
immiscibility of this system. Also the storage mod-
ulus behaviour indicates the continuity of PS com-
ponent. As in the composite sample, tan é peak
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Figure 10 Effect of PS crosslink density on modulus of composite sample while fixing
particle content and temperature. (®): C-PS(5)/PBMA(2)-15/85-40; (m): C-PS(2)/
PBMA(2)-15/85-40; (A): C-PS(1)/PBMA(2)-15/85-40.

height depends on the volume fraction of each con- networks (Fig. 12), the peak positions and broadness
stituent (volume fractions are shown in Table IV). are found to be almost identical for both cases, which
When the PS transition peaks in bulk IPNs are indicates that there is no noticeable change in poly-
compared with those of the corresponding homo- styrene phase even upon formation of IPN.
Log [tan delta] Log E’(PA)
1 T T T T 10
»
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Figure 11 Modulus and tan delta of bulk IPN samples made from PS networks with
three different crosslink density. (@): B-PS(5)/PBMA(2)-40; (m): B-PS(2)/PBMA(2)-
40; (a): B-PS(1)/PBMA(2)-40.
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Table IV Volume Fraction of Each Phase
in Bulk IPN Samples

Volume Fraction

Sample 1.D. PS PBMA
B-PS(1)/PBMA(2)-40 0.543 0.457
B-PS(2)/PBMA(2)-40 0.581 0.419
B-PS(5)/PBMA(2)-40 0.877 0.123
B-PS(1)/PBMA(2)-0 0.961 0.039
B-PS(2)/PBMA(2)-0 0.971 0.029
B-PS(5)/PBMA(2)-0 0.980 0.02

However, the PBMA loss peaks in all bulk IPN
samples are shifted down about 8° in temperature
relative to that of the PBMA homonetwork. This
feature again indicates that there is no apparent
miscibility enhancement by IPN formation that is
often manifested by inward shifts of constituents’
glass transitions. Such a downshift of rubbery in-
clusion’s transition in glassy continuous samples has
been noted by several authors investigating ABS,
HIPS, and block copolymers,®2" which was ex-
plained on the basis of negative pressure upon cool-
ing by the mismatch of thermal expansion coeffi-
cients. But, this seems to be incorrect in our case,
since the temperature employed in the sample prep-
aration is 40°C, which is quite near room temper-
ature. Another possible explanation would be via

Log [tan delta]

the model calculation of simple rubber inclusion case
by Dickie,” in which a downward shift of the dis-
persed phase-loss maximum was explained by the
strong dependency on the ratio of matrix and dis-
persed phase-storage moduli and the degree of shift
increased with the volume fraction of dispersed
phase. The third possibility would be the possible
effect of interphase, in which a shift toward lower
temperature is considered as an indication of bad
adhesion. This is less likely in our sample since it
is generally expected that the interface is rather se-
cure due to the interpenetration effect of IPNs.
However, we do not have enough information to
make a judgement on the detailed cause of such
shifts. The only conclusion from this observation is
that the shift may relate more to morphological dif-
ference than the molecular level miscibility change
upon IPN formation.

When we compared the tan § among four different
samples including composite, bulk IPN, PBMA
homonetwork, and PS homonetwork (Figs. 13-15),
the PS tan 6 maximum of composite sample appears
at 5-10°C lower than that of bulk IPN or the homo-
network sample. On the other hand, in the case of
PBMA tan §, the composite sample shows its tran-
sition peak in between those of bulk IPN and PBMA
homonetwork. The most obvious difference between
composite and bulk IPN samples would be in their
morphology. Above all, the polystyrene phase shows
macroscopic continuity throughout the sample in
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Figure 12 Modulus and tan delta of PS homonetwork with three different crosslink
density. (®): H-PS(5)-40; (m): H-PS(2)-40; (a): H-PS(1)-40.
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Figure 13 Comparison of tan delta behaviour among composite, bulk IPN, PS homo-
network, and PBMA homonetwork samples. (B): H-PS(1)-40; (4): B-PS(1)/PBMA(2)-
40; (¥): C-PS(1)/PBMA(2)-15/85-40; (®): H-PBMA((2)-40.

bulk IPN. On the other hand, each PS-rich domain
of the composite sample forms a discrete phase even
though there is a continuity of PS phase in the in-
dividual PS-rich dispersed domains. Also, in con-
trast to composites containing inert fillers, the

Log [tan delta)

PBMA subinclusion in the PS domains may have
some degree of connectivity with the matrix phase,
which may affect the nature of interface between
matrix and dispersed phase in the composite sam-
ples.
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Figure 14 Comparison of tan delta behaviour among composite, bulk IPN, PS homo-
network, and PBMA homonetwork samples. (R): H-PS(2)-40; (a): B-PS(2)/PBMA(2)-
40; (v): C-PS(2)/PBMA (2)-25/75-40; (®): H-PBMA (2) -40.
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Figure 15 Comparison of tan delta behaviour among composite, bulk IPN, PS homo-
network, and PBMA homonetwork samples. (B): H-PS(5)-40; (a): B-PS(5)/PBMA(2)-
40; (v): C-PS(5)/PBMA(2)-25/75-40; (®): H-PBMA (2)-40.

When we change the temperature of swelling and
polymerization at fixed crosslink density of PS par-

Log [tan delta]

ticles, the amount of acrylic subinclusion into the
PS particles is affected as shown in Table II1. Figures
16 and 17 show the tan & behaviour of composite
samples synthesized at two different temperatures
for two sets of samples with different overall com-
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Figure 16 Effect of swelling and polymerization temperature on tan ¢ of composite
sample while fixing PS particle content and crosslink density. (@): C-PS(1)/PBMA(2)-
15/85-40; (m): C-PS(1)/PBMA(2)-15/85-0.
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Figure 17 Effect of swelling and polymerization temperature on tan delta of composite
sample while fixing PS particle content and crosslink density. (®): C-PS(1)/PBMA(2)-
25/75-40; (m): C-PS(1)/PBMA(2)-25/75-0.
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position. The PS transition peaks show a significant check if this difference is caused by the difference
shift toward lower temperature when it is synthe- in the structure of PBMA matrix network poly-
sized at a lower temperature, while the position of merized at different temperatures, PBMA homo-
the PBMA transition remains constant. In order to networks synthesized at 0°C and 40°C are charac-
Log E’(PA)
Log [tan delta] (Log E” (PA))
1 T =T T T 10(9) :
T 9(8)
ol
1 8(7)
-1r
176
2T 1 665)
-3 1 1 ! 1 5(4)
-50 0 50 100 150 200

TEMPERATURE (DEG C)

Figure 18 Tan delta and modulus behaviour of PBMA homonetwork synthesized at
0°C and 40°C. (®): H-PBMA(2)-40; (m): H-PBMA(2)-0.
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Figure 19 Effect of polymerization temperature in bulk IPN samples. (@®): B-PS(1)/
PBMA(2)-40; (O): B-PS(1)/PBMA(2)-0; (w): B-PS(2)/PBMA(2)-40; (0O): B-PS(2)/

terized. It is found that the difference in polymer-
ization temperature does not result in a noticeable

change (Fig. 18).

In seeking the possible cause of such a shift, the
tan 6 spectra of bulk IPN synthesized at two differ-

Log [tan delta]

ent temperatures are characterized as shown in Fig-
ure 19. Regardless of the crosslink density of the
polystyrene phase, inward shifts of both PS and
PBMA transitions are observed for the 0°C poly-
merized sample relative to that of the 40°C one,
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40, 0.17 um.

TEMPERATURE (DEG C)

Figure 20 Effect of PS particle size on tan 6 of composite sample. (®): C-PS(1")/
PBMA (2)-40, 1.3 um; (®m): C-PS(1)/PBMA(2)-40, 0.5 um; (A): C-PS(1")/PBMA(2)-
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Figure 21 Effect of PS particle size on modulus of composite sample. (®): C-PS(1")/
PBMA(2)-40, 1.3 um; (®): C-PS(1)/PBMA(2)-40, 0.5 um; (A ): C-PS(1')/PBMA(2)-

40, 0.17 pm.

which is indicative of better miscibility between
components in the 0°C sample relative to the 40°C
sample. Therefore, the downshift of tan é of the 0°C
to that of the 40°C composite sample can be con-
sidered to be a consequence of the better miscibility
in the former sample. However, in composite sam-
ples, no noticeable shift of PBMA transition was
observed. This may be a consequence of the fact
that the major portion of the PBMA fraction is lo-
cated outside of the PS network’s influence as con-
tinuous phase and does not have a chance to interact
molecularly with PS networks.

Effect of PS Particle Size

In this case, fixing overall composition, crosslink
density of each component, and temperature, the
size of particles was varied from 0.17 to 1.3 micron.
Figure 20 compares the tan é of three samples with
different PS particle sizes. The sample containing
the largest particle size indicates the most significant
inward shift of PS and PBMA transitions. The
storage and loss modulus behaviour also show con-
siderable difference among samples especially in the
vicinity of PS transition region (Fig. 21). Recalling
that the change in the effective volume fraction of
the dispersed phase, while fixing the properties of
the dispersed domain, does not cause any noticeable
change (Fig. 4), this is a rather unexpected result

since the only difference among the samples is the
size of complex domains and the properties of in-
dividual complex domains is not varied. In usual
hard particulate-filled polymer, the degree of inter-
action between filler and matrix is known to be de-
pendent on the surface area to volume ratio of filler.
Thus, it is increased as the particle size is decreased
if compared at the same loading. Therefore, it is less
likely that the difference in the size of PS particles
causes such shifts. Consequently, it can be specu-
lated that the shifts observed in this series of samples
might be related to factors other than surface to
volume ratio or changes in the properties of the dis-
persed domain itself, such as the overall arrange-
ment of dispersed and continuous phase.

CONCLUSIONS

Among the various experimental and material fac-
tors affecting the dynamic mechanical behaviour of
polymeric composites with complex dispersed phase,
the volume fraction and the properties of individual
dispersed domains have been varied, either by
changing the crosslink density or by using different
sample preparation schemes. Their effects have been
evaluated.

The height of the tan 6 peak of each phase is
found to be generally dependent on the effective
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volume fraction of the dispersed phase composed of
PS and PBMA occlusion rather than on the overall
composition as suggested in many previous studies.

The increase in the crosslink density of PS par-
ticles is directly reflected in the tan § behaviour of
a composite sample as a shift toward higher tem-
perature. When the effective volume of dispersed
phase is controlled by changing the temperature of
swelling and polymerization, the peak position of
PS tan 6 is found to shift to lower temperature with
a decrease in the sample preparation temperature,
indicating better miscibility between PS and PBMA.
This observation is substantiated by the tan é be-
havior of bulk IPN samples synthesized at different
temperatures.

Comparisons among composite, homonetworks,
and bulk IPN sample (which is expected to have
identical structure to that of the dispersed domain
in the composite sample) suggest that the peak po-
sition of tan § is also affected by morphological
characteristics such as continuity of phase. The
change in the size of PS particles results in rather
significant variations in the PS tan ¢ position. While
the detailed cause of such variation cannot be ad-
dressed at this moment, this point is the subject of
further investigation.

The authors are pleased to thank the Korea Science and
Engineering Foundation for financial support.
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