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Abstract : Hybrids of clay and poly(styreneco-acrylonitrile) copolymer (SAN) were prepared by simple
melt mixing. Clay was modified with an ammonium salt of stearylamine before mixing in order to facili-
tate the intercalation and/or exfoliation of the clay. Two different mixing devices, an internal mixer and a
lab scale twin screw extruder, were used ta investigate the effect of processing conditions. It was expected
that the maximum shear rate in the twin screw extruder is higher than that in the internal mixer at the
same rotation speed because it is inversely proportional to the smallest gap beight. Processing time was
controlled by changing the number of mixing cycles in the twin screw extruder and the mixing time in the
internal mixer. The degree of exfoliation of organoclay in the hybrids was investigated by using an opti-
cal microscope, a transmission electron microscope, and an X-ray diffractometer. It was found that SAN
can be easily intercalated between the silicate layers at a processing temperature of 180°C, and the twin
screw extruder is more efficient in breaking down the clay particles into nano-scale building blocks rather
than the internal mixer. Although the stiffness-reinforcing effect of the modified clay is observed in either
case, the tensile moduli of the hybrids prepared with the twin screw extruder are higher than those from
the internal mixer. The fact that the strengths of clay/SAN hybrids are lower than that of neat SAN may

be discussed in terms of the size and shape of clay particles distributed in the hybrids.

Introduction

Hybrid organic-inorganic composites typically
exhibit mechanical properties superior to those of
their separate components. To optimize the per
formance properties of these materials, it is usually
desirable to disperse the inorganic components in
the organic matrix on a nanometer length scale.
One successful approach to achieve such nano-
composites is the in situ polymerization of metal
alkoxides in organic matrices via the sol-gel pro-
cess. A good alternative to the sol-gel process for
the preparation of organic-inorganic nanocom-
posites is to disperse in polymer matrix smectite
clays and other layered inorganic materials that
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can be broken down into nano-scale building
blocks."®

In general, the clay/polymer composites can be
divided into three categories: conventional com-
posites, intercalated and exfoliated nanocompos-
ites. In conventional composites, the clay tactoids
exist in their original aggregated state without
intercalation of polymer chains into the clay. In an
intercalated nanocomposite the insertion of poly-
mer into the clay structure occurs, resulting in a
state that the distances between the two adjacent
silicate sheets are the same. An intercalated nano-
composite normally is interlayered by only a few
rmolecular layers of polymer and the properties of
the composite typically resemble those of the ce-
ramic host. In contrast, in exfoliated nanocompos-
ites, the individual 10 A thick clay layers are sepa-
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rated in a continuous pelymer maitrix by average
distances depending upon the ceramic loading.
Usually, the clay content of exfoliated clay nano-
composites is much lower than that of interca-
lated nanocomposites. Consequently, exfoliated
nanocomposites have monolithic structure with
properties related primarily to those of the matrix
polymer.

Three different methods preparing clay-dis-
persed nanocomposites are well known up to
now: i} solution drying, ii) monomer intercalation-
polymerization, and iii) direct polymer intercala-
tion-shearing methods. Researchers at Toyota, '
for example, have prepared many kinds of nano-
scale clay/polymer hybrid composites using the
three techniques mentioned above. Recently, the
third method has received an extensive interest
because polymers can be inserted directly into the
layered material without the aid of a solvent,
Subsequent shearing in a melt mixer allows the
individual clay layer to be dispersed homoge-
neously in a matrix polymer.

Many researchers have been interested in clay/
styrenic polymer hybrids because styrenic poly-
mers such as polystyrene (PS}, poly(styreneco-
acrylonitrile) copolymer (SAN), and acrylonitrile-
butadiene-styrene (ABS) resin, are widely used in
various applications. Moet et al.'* prepared PS/
clay hybrids by polymerization of styrene mono-
mer with the presence of organophilic clay. Gian-
nelis et al."” reported that intercalated PS hybrids
can be prepared by annealing simple mixture of
PS and organophilic clay above the glass transi-
tion temperature of PS. However, there is no
report of exfoliated clay/styrenic polymer hybrids
up to now.

In present work, we prepare clay/SAN hybrids
by simple melt-mixing methods. Twe different
mixing devices, an internal mixer and a twin
screw extruder, are used to investigate the exfoli-
ating efficiency of them. The effect of the degree
of exfoliation on the mechanical properties of
hybrids will be also discussed.

Experimental

Materials. Clay used in this study is *Kunipia
F’supplied by Kunimine Ind. Co., which is a
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sodium type montmorillonite with a cation ex-
change capacity of 119 meqg/100 g. SAN copoly-
mer, of which the acrylonitrile content is 25 wt%,
is obtained from Cheil Indusiries Inc. and it was
used as received and dried in a vacuum cven at
80 °C for more than 24 hr before use.

Preparation of Organic Clay. In a 3000 mL
beaker were placed 8.1 g of stearylamine, 3.0 mL
of concentrated hydrochloric acid, and 1500 mL
of deionized water. The solution is heated at 80
°C. Another solution of clay in deionized water,
30 /1500 mL, were prepated at 80 °C and then
added to the solution prepared above. After vig-
orous stirring for 1 hr, white precipitates were fil-
tered and washed twice with hot water. The
resulting materials were dried in a convection
oven at 80 °C. The dried organic clay was ground
with a ball-milting machine and the fraction below
200 um was collected using a sieve. The collected
powder of organie clay has a particle size distribu-
tion such as 18 wt% less than 53 um, 52 wt% less
than 90 gm and 16 wt% larger than 125pum.
This organophilic montmorillonite is denoted as
C18-MONT. The interlayer spacing of C18-MONT
which was measured from X-ray diffraction, is
19 A, while that of pristine sodium montmorillo-
nite is about 12 A. The inorganic content in the
C18-MONT is 74.0 wit%.

Preparation of Hybrids. The powder mix-
tures of C18-MONT and SAN were dry-mixed by
shaking them in a bag before melt mixing.
Hybrids were prepared using two different mixing
devices. First series of samples were prepared
using an internal mixer (Model Plasticorder, Bra-
bender) at the same conditions as with the twin
screw extruder at 180 °C and 100 rpm. Mixing
time was changed as a variable. Second series of
samples were prepared using a twin screw ex-
truder (Model TSE-16-TC, Prism) at 180 °C and
100 rpm. The obtained strands were chopped
with a pelletizer. Samples with different degree of
clay-dispersion were prepared by changing the
number of processing cycles. For all cases the in-
organic content in the hybrids was fixed at 5 wt%.

Evaluation of the Degree of Dispersion of
Clay in the SAN Matrix. The dispersibility of
silicate layers in the hybrids was evaluated using
an X-ray diffractometer, an optical microscope,
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and a transmission electron microscope (TEM).
An X-ray diffractometer (Model MXP18, Mac-
Science) was adopted to monitor the change ind-
spacing of montmorillonite before and after the
intercalation with SAN. CuKa (A = 1.54 A} was
used as a X-ray source at a generator voltage of
45 kV and current of 100 mA. The 26 scanning
rate was 0.2 degree/min. The repeat distance in
the silicate, d, was calculated using the Bragg's
law, d=A/25in B, wWhete 8,... is the position of the
(001) peak in the XRD pattern.

TEM observations of the hybrids were per-
formed for the injection-molded samples using a
JEM-100C(X)/200CX, operated at an accelera-
tion voltage of 120 kV. Thin sections of 80 nm
were microtomed with a diamond knife and then
subjected to TEM observation without staining.

Measuring the Mechanical Properties of
Hybrids. The tensile tests were carried out with
an Instron Model 4201 equipped with a strain
gauge at room temperature. The crosshead speed
was 1 mm/min. Al measurements were performed
for five replicates of dog-bone specimen which
were injection-molded with a Mini-Max molder
and the reported value is the mean value of those
five measurements.

Results and Discussion

Intercalation Capability of SAN. The XRD
patterns of C18-MONT/SAN hybrids, which were
- obtained from an internal mixer, are shown in
Figure 1. For comparison, the XRD-pattern of
C18-MONT is also shown. It is clear that the
(001) plane peak of the neat C18-MONT, located
around 28 = 4.7 *, is shifted to a lower diffraction
angle, 28 = 2.4 ° which corresponds to d-spacing
= 36.8 A when C18-MONT/SAN hybrids are pre-
pared at 180 °C. Although (001) plane peak for
hybrid melt-mixed for 0.5 minute can not be dis-
tinguishable distinctly, the transition in d-spacing
of organophilic montmorillonite from 26 =4.7 °
to 20 = 2.4 ° can be found to occur from the XRD
patterns, This indicates the strong intercalation

capabilities of SAN in the silicate layers. When’

SAN and C18-MONT were blended, an increase
in the interlayer spacing of C18-MONT was
observed at very short time as shown in Figure 1.
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Figure 1. Effect of mixing time on the d-spacing of the
hybrids, which are prepared using an internal mixer.

Therefore SAN can easily intercalate into the sili-
cate layers at the first stage of mixing above 180°C.
In general, when the polymer chain with a coil-
like conformation is intercalated into two confin-
ing layers with a distance of a few nanometer,
entropy change is accompanied. The entropy
change is composed of two competing factors: i.e.
an entropy decrease associated with confinement
of the polymer chain upon intercalation, and an
entropy increase upon layer separation, i.e. exfoli-
ation of silicate layers, Thus, a strong interaction
between polymer chains and silicate layer should
be needed in order for the polymer chains to pen-
efrate into inter-gallery of silicate layers overcom-
ing the entropy loss of polymer chains. According
to Hasegawa et al.,”* the thermodynamic driving
force of the intercalation of polymer chains con-
taining functional groups originates from a strong
hydrogen-bonding interaction between the polar
hydroxyl group on the surface of silicate layer of
the clay and the functional group of polymer
chains. Therefore, the interaction between polar
hydroxyl group on the surface of silicate layer and
the nitrile group of SAN might be the origin of the
intercalation of SAN.

Dispersibility of Clay Layers in the Hy-
brids. In order to confirm the hybrid structure,
the dispersibility of silicate layers in C18-MONT/
SAN hybrids was observed by using an optical
microscope and TEM. Figure 2(a) is the optical
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Figure 2. Optical micrographs for the hybrids prepared
with different mixing conditions: (a) using an internal
mixer for 30 minutes; (b) using a twin screw extruder
after 2 cycles; (¢) using a twin screw extruder after 4
cycles. The magnification is *<50.

micrograph for a sample melt-mixed by using an
internal mixer for 30 minutes. Large agglomerates
can be found, thus it can be thought that the
larger particles have no chance to be broken down
for a mixing time of 30 minutes, but only distribu-
tion of the agglomerates was achieved. Figure
2(b) and (c) are the optical micrographs for sam-
ples melit-mixed by using a twin screw extruder
for 2 and 4 cycles. Although large particles, of
which ca. 40 ym-particle is the largest, are found
in the sample extruded 2 cycles by the twin screw
extruder, the size of particles is smaller than that
of the particles in the samples melt-mixed with an
internal mixer. But with using optical microscope,
any particle which is above 10 um in size, could
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Figure 3. Effect of the number of mixing cycle on the d-

spacing of the hybrids, which are prepared using a twin
screw extruder.

not be observed in the hybrids extruded by the
twin screw extruder for 4 and more cycles.

Figure 3 shows the XRD patterns for the hybrids
extruded by the twin screw extruder. The peak of
(001) reflection near 26 = 2.4 ° for the sample
extruded 2 cycles can be observed even though
its intensity is very small, but the peaks for any
other samples extruded for more than 2 cycles
cannot be detected. The fact that the peak of
{001} reflection in XRD curves becomes smailler
and finally disappears shows that the size of
organic clay particles becomes smaller to unde-
tectable range with using XRD. In order to con-
firm the decrease in the size of SAN-intercalated
clay when the hybrids are prepared by the twin
screw extruder, the thin sections of hybrids were
observed by TEM. Figure 4{a} is the TEM micro-
graph for the hybrid melt-mixed for 30 minutes
with an internal mixer. In real observation of the
sample by TEM, the sample has a broad distribu-
tion of clay particle size and clay particles larger
than 100 ym are found in the hybrids prepared
by the internal mixer. But two micrometer-sized
clay particles were selected only for the purpose
of showing in this TEM micrograph. Beside these
larger particles, smaller nano-scale building blocks
with several tens of nanometer in thickness are
distributed at long intervals in the sample. As can
be, also, easily surmised from the optical micro-
graph (see Figure 2(a)) and TEM micrograph for
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Figure 4. TEM micrographs for the hybrids with differ-
ent mixing conditions: {a} using an infernal mixer for 30
minutes; (b} using a twin screw extruder after 6 cycles.

the hybrid melt-mixed by an internal mixer, the
hybrid contains particles with a broad distribution
in size: i.e. from 150 um to several tens of na-
nometer. Figure 4({b) is the TEM micrograph for
the hybrid extruded for 6 cycles with a twin screw
extruder. The micrograph shows that nano-scale
building blocks are distributed homogeneously in
the hybrid sample. Also, there are no micrometer-
sized clay particles in the hybrids extruded for 6
and more cycles with the twin screw extruder.
These facts imply that the agglomerates of silicate
layers are broken down into much more nano-
scale building blocks. The maximum shear rates
were calculated from the smallest gap heights of
the machines. The calculated maximum shear
rates at 100 rpm of rotation speed are 130 and
830 sec’ for the internal mixer and twin screw
extruder, respectively. The twin screw extruder is a
machine of higher shear rate rather than the inter-
nal mixer, so the clay particles are easily broken
down into nano-scale building blocks after the
SAN is intercalated into the inter-gallery of silicate
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layers. However, any other evidence for truly
exfoliated nanocomposite could not be found
even in the hybrids prepared by the twin screw
extruder. It was also confirmed by measuring the
d-spacing between two adjacent silicate layers
from the magnified TEM image that the d-spacing
of SAN-intercalated clay is maintained near 35 A,
not increasing far above 35 A, even though a
small angle X-ray scattering analysis might be
useful to check if there are any peaks at lower
angles. Thus, the nano-scale building blocks are
said to be composed of at least 10 silicate layers,
maintaining the d-spacing evenly around 35 A.

Recently, Balazs and his co-workers™" explain-
ed the intercalation- and exfoliation-phenomena
of clay with modeling the phase behavior of clay-
polymer mixtures. They observed that interca-
lated structure is expected when <0 from kinetic
consideration. As the polymer diffuses through
the energetically favorable gallery, it maximizes
contact with the two confining layers. In effect, the
polymer “glues” the two surfaces together as it
moves through the interlayer. This “fused” condi-
tion could represent a kinetically trapped state
and consequently, increasing the attraction
between the polymer and clay layers would only
lead to intercalated, rather than exfoliated struc-
tures. As discussed previously, the nitrile groups
of SAN in the inter-gallery between silicate layers
are complexed through hydrogen-bonding inter-
action with the hydroxyl groups of the surface of
silicate layer of the clay. This prevents from retain-
ing its coil-like conformation and gaining entropy
of polymer chain in the inter-gallery so that the
adhesion force between two adjacent silicate lay-
ers is not reduced. Thus, it may be necessary, for
example, to make the acrylonitrile content of SAN
reduced to much less than 25 wi%, in order to
delaminate clay particles into individual silicate
layers perfecily.

Mechanical Properties of Hybrids. Tensile
properties of the composites were measured to
determine the size effect of inorganic fillers on the
reinforcement. The tensile moduli and strengths
of the hybrids are plotted in Figures 5 and 6. The
tensile moduli of the hybrids extruded by a twin
screw extruder are higher than those of hybrids
melt-mixed with using an internal mixer. Consid-
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Figure 5. Plot of tensile moduli of the hybrids. l and T
indicate the series of the hybrids prepared using an inter-
nal mixer, and a twin screw extruder, respectively. The
horizontal line represents the value of neat SAN copoly-
mer.

ering that the measured tensile modulus averaged
for 5 dog-bone specimens of pure SAN was 3.17
GPa, the tensile moduli of hybrids extruded in
twin screw extruder is increased about 15% rela-
tive to the neat polymer, but those for the hybrids
made by using the internal mixer is increased only
about 7%. The effect of stiffness reinforcement by
the addition of clay can be found in either case,
but it can be said that the effect of stiffness rein-
forcement by clay for the hybrids melt-mixed by a
twin screw extruder is greater than those for the
hybrids melt-mixed with using internal mixer.
Cox'® derived the expression for the effective
modulus of an unidirectionally aligned material
containing fibers of length | including a length cor-
rection factor, 1, as the following equation:

E\= nEV; +E.(1-V;} (1)

where E|,, E; and E,, are elastic moduli of com-
posite, fiber, and polymer, respectively, and V; is
the volume fraction of fiber. The length correction
factor, 1, is less than one, and increases as the
fiber length increases. This shows that if there is a
strong interfacial bond between the silicate layers
of finite size and matrix polymer, the aspect ratio
of nano-scale building block critically determines
the elastic modulus of hybrids. In view only of the
above discussion concerning the effect of aspect
ratio, the elastic moduli of the hybrids melt-mixed
by the twin screw extruder are higher than those
for the hybrids melt-mixed using the internal
mixer, because the aspect ratios of the nano-scale
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horizontal line represents the value of neat SAN copoly-
mer.
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building block in the hybrids melt-mixed by a twin
screw extruder are larger than those of the parti-
cles in the hybrids melt-mixed with an internal
mixer, Because the nano-scale building block of
silicate layers increases with the degree of exfolia-
tion of silicate layers, the more exfoliated structure
of the hybrid would result in the greater reinforc-
ing effect of the modulus of clay/SAN hybrid.
Figure 6 shows the plots of tensile strength vs.
mixing time for two different processing methods.
The tensile strength averaged for 5 dog-bone spe-
cimens of SAN was 57.9 MPa, so the hybrid
made by either method has the strength lower
than that of the neat SAN. The simplest strength
prediction models are based on the area reduc-
tion of matrix in the presence of particulate fillers.
With the addition of particulate fillers, the strength
of plastics generally decreases at lower concentra-
tion."* It may, also, be necessary to explain the
mechanical behavior of clay/polymer hybrids in
terms of the aspect ratio of particles. The end effect
of silicate layers becomes progressively more sig-
nificant as the aspect ratio of nano-scale building
blocks is decreased. Therefore, the discontinuity
of the nano-scale building block of silicate layers
must be included in the calculation of the stress
and strain fields in the silicate layers and in the
surrounding matrix. Cox'® and later Holister and
Thomas™ discussed this problem analytically by
considering fiber reinforcement case. Because, in
the end region of silicate layers, the strain of the
silicate nanoblock will be less than that of matrix,
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the shear stress of the matrix at interface is larger
than the tensile stress in silicate layers. The large
shear stress of the matrix at the ends of silicate
layers can result in i) shear debonding at the inter-
face, i} cohesive failure of the matrix, iii} shear
vielding of the matrix, depending on the relative
failure strengths associated with these processes.
The aspect ratic of nano-scale building block
found in this study is approximately below 20.
The end effect of silicate layers might significantly
reduce the strength of composites because it is
known that the end effect is negligible when the
aspect ratio of fiber is larger than 1000 in the case
of fiber reinforcement.

Conclusions

Clay/SAN hybrids were prepared using two sim-
ple melt-mixing methods. Before mixing clay, so-
dium montmeorillonite was modified with steard-
ammonium ion. How the mixing efficiency affects
the exfoliation of hybrids was investigated using
two different mixing devices, an internal mixer
and a twin screw extruder. The intercalation capa-
bility and dispersibility of 10 A thick silicate layers
of the dlays in the hybrids were investigated using
X-ray diffraction and optical or transmission elec-
tron microscopies. It was found that SAN is easily
intercalated between sheets of silicate at 180 °C,
and a twin screw extruder is more efficient in
breaking down the particles of clay into nano-
scale building blocks rather than an internal
mixer.

The degree of exfoliation results in the differ-
ence in the tensile properties of the hybrids. The
hybrids from a twin screw extruder have higher
moduli than those prepared from an internal
mixer when the same mixing temperature and
rotor or screw speed were applied. The moduli of
the hybrids are higher than that of neat SAN, The
similar tendency is also observed for the stiffness
of the hybrids, Therefore, it is clear that the tensile
properties observed in this study are closely re-
lated to the dispersion and exfoliation of the orga-
noclay in the SAN. The reason why the elastic
moduli of the hybrids prepared using a twin screw
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extruder are higher than those using an internal
mixer is due to the difference in the aspect ratio of
the dispersed clay particles. The hybrids prepared
using a twin screw extruder have high aspect ratio
of dispersed clay particles and thus have high
modulus compared to those using an internal
mixer. However, the more exfoliated structure of
the hybrid would result in the greater reinforcing
effect of the modulus of clay/SAN hybrid.
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