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SYNOPSIS

A butyl acrylate monomer with a small amount of photosensitizer was diffused into a
slightly crosslinked polystyrene matrix. After a certain swelling time, the diffusion gradient
was etther fixed (by rapid photopolymerization in situ) to form a gradient polymer or
changed to form an interpenetrating polymer network (IPN), once thermodynamic equi-
librium was achieved. Chemical compositions were determined by FTIR. Mechanical and
rheological measurements were performed using a universal testing machine and dynamic
rheometer, respectively. Impact properties were evaluated with a Falling Dart Impact Tester.
Compared to the IPN materials, the gradient polymers exhibit higher moduli, considerable
strain, and similar impact resistance. They are also able to retain plastic properties at
higher temperatures. Differences in chemical structure of equivalent layers for gradient
and IPN polymers yield such differences in properties. © 1995 John Wiley & Sons, Inc.

INTRODUCTION

In recent years, the production of about 2 billion
pounds of polymer blends per year in the United
States was reported.! Furthermore, while the annual
growth rate of the plastics industry was 2-4%, that
of the polymer alloys and blends was 9-11%.2 That
production and growth rate has been based mainly
on research made over the last two decades on mul-
ticomponent polymers. Scientific interest and the
technical importance of polymer blends is due to
several reasons: First, no new polymers need to be
synthesized; in addition, based on thermodynamic
studies of phase equilibria in multicomponent poly-
mer systems, blending feasibility has become less
obscure.?* Besides, because of their heterogeneous
nature, polymer blends lead to systems with two or
more phases whose properties depend not only on
the individual characteristics of the components, but
also on the method of preparation.’”” The long-term
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stability of the properties of such systems can no-
ticeably be affected if the components have the ten-
dency to phase-separate. Blend structure stability
and low birefringence can be enhanced if phase sep-
aration is restricted to the microscopic level ® Fur-
thermore, if the phases are interconnected, the mor-
phology leads to a synergistic performance.®™**! For
that reason, slightly crosslinked interpenetrated
polymer networks offer a good way of making stable
products of better performance than that of copol-
ymers.”'? Even, further, if a continuous change in
the composition structure of interpenetrated mac-
romolecules is achieved throughout a polymer blend,
a continuous change in individual properties would
be expected.!® The spatial gradient formed in that
way opens up the possibility of making polymer sys-
tems with tailor-made properties for different ap-
plications,”910-13-16

One method to prepare such structures is by se-
quential polymerization. A convenient profile
throughout the sample can be reached by diffusing
a monomer into a polymer matrix (polymer I) and
then fixing the profile by photopolymerization “in
situ” (forming polymer I1).”® In general, such an
approach overcomes the thermodynamic incompat-
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ibility of polymer blends.® In this work, the me-
chanical properties of samples possessing a parabolic
gradient were evaluated. As a reference, a system
with a constant composition of the same components
(interpenetrating polymer network, IPN) was also
prepared and tested. The wide difference in glass
transition temperature and chemical structure of the
components allows the study of the toughening effect
and the chemical analysis of the second component.

EXPERIMENTAL

Industrial-grade styrene and butyl acrylate mono-
mers were purified by vacuum-distillation. Benzoin
isobutyl ether, divinylbenzene, and ethylene gly-
col dimethacrylate were purchased from Aldrich
Chemical Co. The benzoin derivative was used as a
photosensitizer, while the other two reagents played
the role of crosslinking agents for styrene and butyl
acrylate monomers, respectively, having chosen each
agent due to a close monomer-agent chemical com-
position. For each photopolymerization, the respec-
tive monomer was first mixed with 0.7 mol % of the
crosslinking agent and 0.7 mol % of the sensitizer.
Polystyrene plates were first prepared, using ultra-
violet radiation for 48 h. After removing the unpo-
lymerized monomer in a vacuum oven at 50°C, the
plates were ready for the diffusion stage. A butyl
acrylate mixture was diffused at 54°C through both
sides of the matrix for different time periods to attain
different global compositions. To prepare the gra-
dient polymers, a second photopolymerization was
carried out immediately after diffusion. IPNs were
obtained by letting the diffused monomer equilibrate
in the sample before starting the second polymer-
ization.” The profiles were established by FTIR us-
ing the area ratio for the C=0 absorbance peak of
acrylate at about 1700 ecm™! (A,) and the aromatic
absorbance peak for the polystyrene at 1600 cm™!
(A,). That ratio was used directly to avoid calibra-
tion errors with slightly crosslinked polymers. For
the analysis, the samples were machined off layer
by layer. Then, after grinding the sample, a KBr
disk for each layer was prepared with a press. Figure
1 shows the gradient profiles for different butyl ac-
rylate content, along with an IPN. Gravimetric
measurements were used to obtain the average con-
tent of the second component in each blend.
Stress—strain experiments were carried out with
a universal testing machine (United FM) equipped
with a temperature chamber. The tests were carried
out at 4.23 X 10 % cm/s crosshead speed.
Rheological measurements using a dynamic
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Figure 1 Experimental profiles of IPN and gradient
polymers of PS/PBA. Monomer diffused at 54°C. Nos.
indicate average % of PBA content: (W) G10; (+) G20; (*)
G30; (O) IPN30.

rheometer (Rheometrics RDS II) were performed
using a torsion bar fixture. Storage modulus and loss
tangent were measured at 1 rad/s over a 20-140°C
temperature range. Storage modulus as a function
of frequency (10-100 rad/s) were evaluated at sev-
eral temperatures. A falling dart impact tester (CSI)
was used to characterize impact resistance of the
material at room temperature.

RESULTS AND DISCUSSION

To achieve the gradient compositions, monomer
sorptions were maintained at 54°C. The diffusion
curve is shown in Figure 2; initially, case II of trans-
port behavior can be expected due to a high mass-
transfer barrier; when the surface concentration in
rubbery content increases, the sorption approaches
Fickian diffusion.!” That is why a sigmoidal curve
(with slow initial diffusion) is obtained if Fick’s sec-
ond law is applied to estimate the amount of diffu-
sant taken up by the polymer matrix as a function
of time. Based on that equation,!® using weight up-
take measurements, an initial diffusion coefficient
of 1.1 X 1077 cm?/s was obtained, while at 1/2 of
the mass equilibrium absorption, a value of 6.43
X 1077 ¢cm?/s shows how the diffusion coefficient
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Figure 2 Experimental sorption curve for butyl acrylate
in polystyrene at 54°C.

increases as the Fickian behavior is reached. For
specific diffusion studies, the modeling of case II can
be approximated by adding stress terms to the Fick-
ian flux'® or by taking into consideration stress re-
laxation in the polymer as diffusion is taking place.!”

As a base line for comparison with the blends,
the mechanical properties of the pure polystyrene
(PS) were also evaluated. These are shown on Fig-
ures 3 and 4 where PS is seen to behave as a hard
and brittle material at 40 and 60°C. The inclusion
of poly(butyl acrylate) (PBA) as a rubbery com-
ponent into the glassy matrix should produce a
toughening effect in the material.>*° On such matter,
it can be observed in Figure 3 that the (29%) IPN
blend shows a plasticlike behavior, presenting a
greater toughening effect than does the gradient
blend of similar PBA content. However, it starts to
“lose modulus” more notoriously than does the gra-
dient polymer. In Figure 4, all the gradient materials
show a toughening effect while still maintaining a
high modulus at 60°C. A 1.62 value was found for
the GRAD/IPN modulus ratio with similar PBA
content. A sustained modulus for gradients even at
“high” temperature has to be related to low rubbery
content at the inner sample layers. Besides, by the
“rich” rubbery content in the outer layers, the
toughening effect is present even with low PBA
content. That temperature response for the two
types of blends studied in this work is in accordance
with results reported for other systems.”®
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Figure 3 Stress—strain curves of IPN and gradient
polymers of PS/PBA at 40°C. Nos. indicate average % of
PBA content: () PS; (+) G12; (*) G18; (O) G28; (X)
IPN29.

In Figure 5, the variation of the Young’s modulus
can be observed as a function of average composition
for the gradient polymers studied. Some very well
known theoretical models have also been plotted to
visualize the modulus behavior in terms of mor-
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Figure 4 Stress—strain curves of IPN and gradient
polymers of PS/PBA at 60°C. Nos. indicate average % of
PBA content: (®) PS; (+) G12; (*) G18; (O) G28; (X)
IPN29.
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Figure 5 Young’s modulus as a function of gradient
composition for the system PS/GPBA at 40°C: (X) Kerner
model; (a) Nielsen model (k, = 2.5); (#) Nielsen model
(k. = 1.5); (+) Budiansky model; (*) Davies model; (M)
experimental points.

phology. When one of the components is present at
high concentration, usually there will be a contin-
uous phase while the one at low concentration ap-
pears as a dispersed phase. For intermediate com-
positions, i.e., when either component has a volume
fraction between 0.2 and 0.8, two continuous phases
may exist. As the average compositions studied here
vary between 0 and 30 wt % PBA, both of the above-
mentioned cases may apply. The Kerner, Nielsen,
and Budiansky models apply for the first case while
the Davies model applies when two continuous
phases are present. Looking at the models, it can be
noticed that the ones considering dispersed PBA
spheres in a continuous PS matrix produce the lines
which occupy the more distant position from the
experimental values. That stands for the self-con-
sistent models, like the Kerner model,?! and the Bu-
diansky model, which considers an isotropic “com-
posite.”?? That distant position also applies to the
Nielsen model when using a 2.5 value for the Ein-
stein coefficient (k,) which is used for dispersed
spheres without slippage.?® However, considering
particles with a fiber geometry, being perpendicular
to the tensile stress component (k. = 1.5), experi-
mental data becomes closer at a 0.3 PBA weight
fraction. The two-phase model (Davies model) is

the one which gives the closest value for the highest
PBA content. In this model, the exponent “n” equals
to 1/5 indicates that the stiffer polymer carries more
load than does the rubbery polymer when calculating
the modulus.?*

It is of interest to consider that for the gradient
polymer the inhomogeneous composition through-
out the samples may produce several morphological
cases depending on the average composition. At low
concentration of the diffused component, a sample
will contain a dispersed phase near the surface and
a single phase (the stiff polymer for this system)
near the center. As the diffused component arrives
at the center of the sample, a dispersed phase in a
continuous matrix may exist and also near the sur-
face at a “‘high” concentration of the second polymer
(see Fig. 1) may even exist two continuous phases,
as has been reported for IPNs. A microscopic study
will help in clarifying the situation.?®

Since mechanostatic measurements presented
sample manipulation difficulties at higher temper-
atures, the difference in modulus at 80°C can better
be observed with dynamic measurements in Figure
6. There, storage modulus as a function of frequency
is shown at several temperatures for the equivalent
gradient and IPN blends. At 40 and 80°C, once the
curves reach a constant value, the Grad/IPN storage
modulus ratio is about 3. At the low-frequency re-
gion, the moduli decrease due to higher molecular
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Figure 6 Comparison of storage modulus of IPN and
gradient polymers of PS/30% PBA at different temper-
atures. Nos. indicate temperature (°C): (@) IPN40; (%)
IPN80; (0) G40; (X) G60; () G80.
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stress relaxation, especially at 80°C. In Figure 7, a
1.76 Grad/IPN loss modulus ratio can be observed
at 40°C at low frequency, showing that the superi-
ority in gradient storage modulus is not overcomed
by an excessive loss modulus value. Furthermore,
as frequency increases, the loss modulus ratio de-
creases, showing both materials having similar en-
ergy losses at approximately 72 rad/s, when a dy-
namic load is applied. That is possible by the high
rubbery content in the outer layers of the gradient
polymer, as can be seen in Figure 1.

The storage modulus and tan delta at 1 rad /s for
the blends of similar average composition, along with
the results for the homopolymer, are presented in
Figure 8. The slight crosslinking does not much af-
fect the glass transition temperature (T,) of the
polystyrene. Such transition for the PBA is not
shown because the temperature range for the ex-
periment is 20-135°C and the T}, of this polymer is
around —40°C. The displacement of the peak to the
left on both types of blends indicates some compat-
ibility of the phases, the IPN being the one with the
lower peak value. That can be explained in terms of
the homogeneous composition throughout the sam-
ple. Nevertheless, to elucidate the compatibility dif-
ference between IPN and gradient materials, a fur-
ther study including several concentrations and mi-
croscopic experiments is needed. Blending also gives
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Figure 7 Comparison of storage and loss moduli of
IPN and gradient polymers of PS/30% PBA as a func-
tion of frequency. Temperature 40°C. (O, X) G; (H, A)
IPN.
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Figure 8 Comparison of storage modulus and loss
tangent of PS, IPN, and gradient polymers of PS/30%
PBA at 1 rad/s (X) PS; () IPN; (W) G.

a wider damping region, as can be seen in the same
figure. It is also important to note the lower specific
loss of the gradient polymer on the plastic region,
along with a higher value (compared to the IPN)
on the rubbery region.

Impact results are given in Table 1. There, the
effect of having a high polymer concentration of a
polymer possessing a very low glass transition tem-
perature (PBA) near the surface can be noticed.
The gradient material with an average of 28 wt %
PBA gives a similar impact resistance to the value
obtained with the IPN. It seems that such high rub-
bery concentration at the outer zone of the gradient
material allows impact absorption, whereas the hard
center layers give support to the material. A 3.8 value
for the impact resistance ratio of the 10% gradient
material over the homopolymer shows the synergis-

Table I Falling Dart Impact Values at 25°C

Impact Resistance

Material (J/m)
PS 4.05
G10% 15.50
G19% 19.53
G28% 21.93
IPN29% 21.40

Percentage indicates total PBA contents.
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tic effect of this type of blend even with low average
content of polymer with low T},.

Since the homogeneous composition of the IPN
is supposed to produce intermediate properties of
the two components to a certain extent, the higher
synergistic properties of the gradient polymers
should be explained in terms of layer composition.
As a uniform macroscopic strain was observed
throughout the sample in tensile experiments, the
stress has to be distributed in a nonuniform way.
With the former premise, a sustained modulus would
be possible if the harder layers bear greater stresses
due to their higher modulus. A model for stress dis-
tribution using a stress-biased activated rate mech-
anism would result in an increased yielding as a re-
sult of force redistribution among the various bonds
which support the load.?®

CONCLUSIONS

The gradient polymers present enhanced tensile
properties, combining high modulus with consid-
erable strains. They are able to retain high moduli
at higher temperatures than can the IPN materials.
They show compatibility comparable to that “ob-
tained” by the IPN formulation. The gradient poly-
mers are able to present an impact-resistant barrier
by a high concentration of rubbery material at the
surface.

The authors express their gratitude to P. Garcla and G.
Spence for performing some of the tests of this work.
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