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Microstructure and Rheological Behavior of Block Copolymer/Clay Nanocomposites
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Abstract-Organic/Inorganic hybrid nanccomposites based on poly(styrene-butadiene-styrene) copolymer (SBS) and
clay are fabricated by melt intercalation. The degree of intercalation is dependent on the surface properties of clay and
SBS. The epoxized block in epoxized SBS acts as a strong attractive site with the clay surface, which yields the in-
creased interlayer space in the layered silicates. If is also shown that the thermal stability of clay as well as the surface
properties is very important in fabricating the polymer/cday nanocomposites. The theological behavior of the SBS/clay
nanocomposites is quite different from that of SBS itself. Both storage moduli and complex viscosity of the SBS/
layered silicate nanocomposites increase and show non-terminal flow behavior.
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INTRODUCTION

Nanostructured organic-morganic hybiid composites have attract-
ed comsiderable attention from both fimdamental research and ap-
plication ponts of view [Krshnamoorti and Giannelis, 1997, Vaia
etal, 1995, Kim et al,, 1995; Lyu et al., 1999; Tucker et al.,, 2000].
The mtercalation of polymer melts in mica-type layered silicates
has recently been reported as a means to synthesize composite ma-
terials consisting of alternating nanometer-thick layers of polymer
and ceramic [Krishnamoorti and Giarmelis, 1997; Vaia et al,, 1993].
The process involves annealing a mixture of polymer and layered
silicate powders above the glass transition temperature or melting
pomt of the polymer. By judiciously engineenng the polymer-sil-
icate interactions, composites have been produced from a broad
range of polymers with varying degrees of polarity and crystallin-
ity such as polystyrene, poly(vinylpyridine), poly(ethylene oxade),
polysiloxanes, polyphosphazenes, polyamide, and hquid crystal-
line copolyesters. As a synthetic approach, polymer melt mtercala-
tion is appealing because of its versatility and compatibility with
cuirent polymer processing technques, and its environmentally be-
nign character due to the absence of solvent. Apphcations of the
resulting polymer-layered silicate nanocomposite hybrids range from
studymg polymer chains m a confined environment to industrial
exploitation of novel mechanical and electnical properties resulting
from the nanometer periodicity of the constituents.

However, few studies have been reported for block copolymer/
layered silicate nanocomposites. Block copolymers made with m-
compatible blocks form equilibmun domamn structures of various
types. These structures and their distinctive properties have steadily
attracted increasing interest. These copolymers have proven great
practical use m unproving properties of homopolymer blends and
of adhesives [Baek and Han, 1992, Moon et al.,, 1999]. The use of
block copolymers in such applications 1s affected by their flow pro-
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perties. Thus, it is very importart to understand the relationship of
the microstiucture and the theological behavior of block copoly-
mer in various application areas. The flow behaviors with thewr dif-
ferent microstructiwe have been mvestigated by a mumber of re-
searchers [Wang et al,, 1999; Pmherio and Wney, 1998]. Block co-
polymer/layered silicate nanocomposites can be used to facilitate
blending with appropriate homopolymers. It was shown that block
or graft copolymers combinmg one part of the polymer that s 1den-
tically and/or completely miscible with the organic polymer and
another part that 13 compatible with layered silicate are applied to
act as compatibilizer. The examples of such are poly(ethyleneox-
1de-block-styrene), poly(ethyleneoxide-block-methyl methacrylate)
and poly(styrene-block-vinylpyndine) [Fischer et al., 1999].

Tn this study, a few important results of the block copolymer/lay-
ered silicate nanocomposites which can find a useful mdustial ap-
plication will be reported. Comunercialized clays with different sur-
tace properties are mixed with two different types of SBS to fa-
bricate the nanolayer remforced block copolymer nenocomposite.
The microstructure of each nanocomposite is charactenized and then
the theological behavior of the nanocomposites 18 discussed. The
block copolymer/layered silicate nanocomposite has shown anom-
alous rheological behavior, which is very similar to that other poly-
mer/layered silicate nanocomposites [Lim and Park, 2000].

EXPERIMENTAL

1. Materials

Two types of poly(styrene-block-butadiene-block-styrene) co-
polymer (hereafter SBS) were used. One i1s a commercialized poly
(styrene-block-butadiene-block-styrene) copolymer (hereafter SBS46,
average molecular weight 1s 180,000) and the other 1s 1ts epoxi-
dized poly(styrene-block-butadiene-block-styrene) copolymer (here-
after ESBS), which are produced by Daiseru Chemical Corpora-
tion. The polystyrene block percentage 1s about 40% by weight in
both SBS and ESBS polymers. ESBS is divided nto three sam-
ples (ESBSI, ESBS2 and ESBS3) depending on the content of ep-
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oxy group. The content of epoxy based on polybutadiene block is
5 wt%, 10 wt% and 20 wi% m ESBSI, ESBS2 and ESBS3 sam-
ples, respectively.

The commercialized organoplulic clays (Cloisite 20A and Closite
30B) produced by Southem Clay Products were used. The pristine
Na'-Montmorillorite was modified to oiganophilic by cation ex-
change reaction with dimethyl dihydrogenated-tallow ammonium
1on (hereafter M20A) and methy] tallow bis-2 hydroxyl ethyl am-
monuin 10n (hereafter M30B). The cationic exchange capacity
(CEC) of M20A and M30B was found to be 95 meq/100 g and 90
meq/100 g, respectively.

2. Preparation of SBS/Clay Nanocomposites

Each series of SBS nanocomposites were prepared by mixing
two types of SBS block copolymers with the organoclay m a Bra-
bender batch mixer. The weight percents of the clay were fixed at
3 and 5 wt% m each composite series. The physically premixed
mixture was mtroduced imto the heated mixer at 180 °C. Mixing
was maintained for 10 min at a 45 rpm mixing speed. The obtained
lumps of the composites were compression molded mnto test spe-
cies (20 mm diameter disk with roughly thickness 2 mm) at 180
°C, to be used for X-ray diffraction and rtheological measurements.
3. Microstructure

The degree of swelling and the mterlayer distance of clay n the
nanocomposites were studied by means of wide angle X-ray dif-
fraction. The X-ray diffraction spectra were collected on a Rigaku
Tnc. 6-0 diffractometer equipped with an ntrinsic germanium de-
tector system using Cu-K o (A=1.54 &) radiation at a generator vol-
tage 45 kV and current of 40 mA. The scanning rate is 2°/min from
1.2°t1010.

4. Rheometry

The rheological properties of each nanocomposite series were
measured by ARES (Advanced Rheometric Expansion System) in
oscillatory mode with a parallel plate geometry usmg 25 mm dia-
meter plates. All measurements were performed with 2 K FRTN1
transducer with a lower resolution limit of 0.02 g-cm over a wide
frequency range. Typical sample thickness ranged from 1.5t0 1.8
min. Some measurements were also performed with thimmer sam-
ples (thackness: from 0.7 to 1.0mm), to ensure the negligible sur-
face effects that may be due to the possible surface-induced order-
mg of the layered structure. The data for thimer samples were in
good agreement with those from the thicker samples, indicating lit-
tle or no mfluence of the contacting surface on the microstructure.

RESULTS AND DISCUSSION

1. Microstructure of SBS/Clay Nanocomposite

Figs. 1 and 2 illustrate the XRD patterns for nanocomposites of
each SBS and clay (M20A, M30B) series. Quite different micro-
structures are formed according to the combmation of SBS and clay
species. For the M20A-based nanocomposite seres, mtercalated
structures are observed in all the composite seres, although the de-
gree of intercalation varies with each SBS. We found that the degree
of swellmg m ESBS/MZ20A s larger than that i SBS46/M20A.

The basal reflections from the unintercalated M20A, p-(001) and
p-(002) are observed at 26=3.74 and 20=7.40, respectively, and
correspond to a repeat distance perpendicular to the layers of dy,=
236 nm. After the fabrication of SBS46/M20A composites, the -

January, 2001

T (1 R

1 T

7 ‘\J/\ i | E$BSIM::ZUA

AR | T
R N

0 1 2 3 4 5 6 7 8 9 1]0

2(thets)

Fig. 1. X-ray diffraction spectra of SBS/M20A series. Note that
the repeat distance (dy;=2.36 nm) of unintercalated M20A
is increased o dy,=3.49 nm (SBS46/M20A) and dy,,=3.67
nm (ESBS/M20A).
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Fig. 2. X-ray diffraction spectra of SBS/M30B series.

tersity of the reflections corresponding to the mitial M20A disap-
pears while a set of new peaks appear corresponding to the SBS46/
M20A mtercalated hybrid. In the SBS46/M20A nanocomposites,
the basal reflections from the mtercalated M20A, 1-(001), 1-(002)
and i-(003), are observed at 26=2.53, 26=5.17 and 26=7.56, re-
spectively. And the repeat distance perpendicular to the layer 1s dy, =
3.49nm.

The X-ray diffraction peak (001) of the ESBSM20A nanocom-
posites 1s observed even at a lower angle. In the ESBS/M20A na-
nocomposites, the basal reflections from the intercalated M20A, i-
(001), 1-(002) and 1-(003), are observed at 20=2.40, 26=4.88 and
26=7.31, respectively. The repeat distance perpendicular to the lay-
er is, dy;,=3.67 nm. The epoxidized blocks m ESBS, which carries
a block with polar character, act as a more attrachive moieties to po-
lar group such as hydroxyl or oxygen groups which reside on the
surface of M20A. A schematic explanation for the different degree
of mtercalation between SBS/M20A and ESBS/M20A 1s shown
m Fig. 3. When SBS copolymers are mixed with clay particles, sty-
rene blocks intercalate into the interlayer via Lewis acid-base in-
teraction [Lim and Park, 2000]. But, the butadiene blocks possess
no interaction with clay and are immiscible with clay particles. In
case of ESBS, the epoxidized part n butadiene block has also m-
teraction with the polar group of clay and some of the butadiene
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Fig, 3. Schanatic explanation for the different degree of intercala-
tion in SBS46/M20A and ESBS/M20A nanocompeosites.

block which contains epoxidized block would also intercalate into
the interlayer of silicate. Consequently, the degree of mtetlayer swell-
ing is larger in case of ESBS/M20A than SBS/M20A. This result
shows that the surface character of the polymer affects the degree
of intercalation.

Quite different results for the microstructure of SBS/M30B series
nanocomposites are shown in Fig. 3. The main peak {001) of M30B
(20=4.86) is shifted to a lower angle {26=2.22) in SBS/M30B na-
nocomposite series compared with tha n SBS/M20A nanocom-
posite series although the interlayer space (d,;;=1.82 nm) of the in-
itial M30B is smaller than that of M20A {dy;=2.36 nm). This is due
to the attractive interaction of SBS polymer with polar hydroxyl
group of M30B which resides in the mterlayer of clay. In particu-
lar, apatially exfoliated structure is observed m ESBS/M30B, while
partially intercalaed structure is observed in the case of SBS46/
M30B composite series. The interaction between epoxidized block
in ESBS and polar group of M30B is responsible for the different
microstructure.

Another interesting aspect in the X-ray diffraction spedrum is
the second and third peak (designated with b and c). The X-ray data
measured after heat4reatment clearly shows the evidence of ther-
mal collapse of the silicate layer. The pristine M30B is thermally
treated at the same condition with the processmg of nanocompos-
ite fabrication. It is annealed in an oven at 180°C for 10 min. As
shown in Fig, 4, the sharp main peak shifts to a larger angle at 180
°C. During the process, the oxidative decomposition of the oligo-
mer which is residing in the gallery of the silicate surface occurred
and the silicate layer eventually collapsed as reported in previous
works [Lee et al, 2000; Ogawa, 1994]. In our previous work, the
collapsed microstructure was also observed by transmission elec-
tron microscopy [Lee et al., 2000]. In fadt, the oligomers with hy-
droxyl groups possess poor thermal stability compared with other
alkane groups. As a result, we believe that the peak of (b} in the
SBS/M30B nanocomposite series represents the (002) peak of al-
temating lamellar layers. The peak of {(c) is assigned to the col-
lapsed silicate peak. The broadened peak between (b) and {c) re-
sults from the overlap of both (b) and (¢) peaks.

The above results suggest that the thermal stability of clay as well
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Fig. 4. Effect of heat reatment on the microstructure of MVi30B.

Heat treatment was performed in a heating oven at 130 °C
for 10 min.
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Fig. 5. X-ray difiraction specira of ESBSTMR20A nanocomposites
with different contents of epoxidized block.

as the polar characteristics of the modified surface hould be care-
fully considered in fabricating useful polymer/layered silicate.
2. Effect of Epoxidized Block on the Degree of Intercalation

To study the effect of epoxidized block on the degree of interca-
lation, three different ESBS are fabricated with M20A. The swell-
mng of the interlayer distance in the ESBS/M20A nanocomposite
series is shown in Fig. 5. The main peaks shift to lower angles as
the content of epoxidized block is increased. And, the intensity of
the peaks decreases and width of each peak is broadened with the
increase of epoxized block, implying more disordered structure
fomed. The epoxidized block m ESBS catries polar moieties, which
acts as interacting sites with the modified silicate surface. Conse-
quently, more chains can itercalate into the interlayer of the sil-
icate and more disordered structures are formed due to the strong
interaction and corresponding efficient shear force during the com-
pounding process in the mixer:
3. Rheological Behavior of SBS/Clay Nanocomposites

Fig. 6 shows the rheological behavior of SBS46/M20A and
SBS46/M30B nanocomposites with different silicate loadings. The
storage moduli increase and the frequency dependence of the stor-
age moduli decrease with clay loading in the SBS46/M20A nano-
composites. The zero shear viscosity, which is one of the parameters
characterizing the terminal zone, is not observed in SBS46/M20A
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Fig. 6. (a) Storage modulus and complex viscosity of SBS46 and
SBS46/M20A nanocomposite series (Each symbol denotes:
@: SBS46, v: SBS46/M20A-03 (3 wi%o), l: SBS46/
M20A-05 (5 wit%0)). (b) Storage modulus and complex vis-
cosity of SBS46 and SBS46/M30B nanocomposite series
(Each symbol denotes: @: SBS46, ¥: SBS46/M30B-03
(3 witto), l: SBS46/M30B-05 (5 wit0o)).

nanocomposites. However, very different theological behavior is
observed for the SBS46/M30B. The storage moduli increase slight-
ly and the tendency of non-terminal behavior is very weak even
with a high clay loading. In fact, the non-terminal flow behavior
has been observed in filled-polymer systems exhibiting yield phe-
nomena [Gandhi and Salovey, 1998; Aoki, 1987], but only in the
cases where the filler and polymer are actively interacting and in a
dynamic regime controlled by much larger length scales (i.e., lower
frequencies) than those observed in this study. Thus, we can infer
that the difterent microstructure observed in X+ay diffraction data
in Fig. 2 is responsible for the different theological behavior be-
tween SBS46/M20A and SBS46/M30B nanocomposites. Recently,
theological evidence for the mtercalated polymer/clay nanocom-
posites was proved with simple quantitative analysis [Lim and Park,
2000].

In the SBS46/M20A nanocomposites, most of the layered sili-
cates are swollen due to the intercalation of polymer chains, and
the polymer chains are in close contact with the host surface in the
gallery of the layered silicates. The non-tetminal rheological behav-
ior shown in SBS46/M20A may be due to the interaction of poly-
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mer chains with the filler. Additionally, the interaction is more re-
makable because the nanofiller, which has very large interfacial
area compared to the conventional micro or macro-sized filler, tou-
ches the polymer chains. On the other hand, SBS46/M30B nano-
composites ae not only partially mntercalaed but also have some
collapsed silicate layers in the polymer matrix. Since the collapsed
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Fig. 7. (a) Changes in storage modulus of SBS546 at various tem-
peratures. (b) Temperature dependence in storage modu-
Ius of SBS46 at 1rad's, 4% strain, and heaing rate 3 °C/
min for SBS and SBS/M20A-05. (c) Changes In storage
modulus of SBS46/M20A-0S at various temperatures.
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sihicate 1 wmmiscible with the polymer matrix and does not seem
to contribute to the non-termmnal theological behavior, the partially
mtercalated portion of the nanocomposites is only responsible for
the slight enhancement of the storage moduli of the SBS46/M30B
nanocomposites.

The rheological behavior of SBS46/M20A nanocormposites
which have intercalated nanostructire is studied at several temper-
atwres to mvestigate the relationship between microstructure and
theological behavior in a wide fiequency range. Fig. 7 shows the
storage moduli of SBS46 and SBS46/M20A nanocomposites as a
function of oscillation frequency, @), at different temperatures. The
G’ of SBS46 18 a typical behavior for a phase-mixed block copoly-
mer [Kais et al, 1995] where, at high temperatures, G follows a
limiting low-frequency power law behavior close to @ behavior.
As shown in Fig. 7(a), the slope of the storage modulus at T=180
°C shows non-terminal behavior at low frequency, which 1 a ty-
pical property of a micro-phase separated structure. The slope of
the storage modulus at T=200"C, however, changes abruptly re-
flecting the order-disorder trarsition temperature (T y,) located be-
tween the two temperatures. The order-disorder transition tempera-
ture (T=195°C) was also identified by G” vs T method as shown
m Fig. 7(b), whuch 15 consistent with the theological behavior shown
in Fig. 7(a). On the other hand, there is no appreciable change for
the frequency dependence of the storage modulus for SBSA6/M20A
nanocomposites m the entire experimental temperature range as
shown in Fig. 7(c). The non-terminal low-frequency rheological
behaviors shown m SBS46/M20A nenocomposites, even above
T oor of SBSAG itself, are similar to those behaviors in ordered block
copolymers (T<T,,,) and smectic Liquid-crystalline small mole-
cules [Larson et al., 1993; Rosedale and Bates, 1990].

In fact, more detailed characterization is needed for the micro-
structure of block copolymer/clay nanocomposites m order to elu-
cidate the relation between the microstructure and rheological be-
havior more clearly.

CONCLUSIONS

SBS/clay nanocomposites are prepared by conwventional melt pro-
cessing and the theological behaviors of the nanocomposites are
discussed m tenins of thewr microstructures. The degree of nterca-
lation 15 dependent on the surface properties of both clay and SBS.
In addition, it s leamed that the thermal stability of clay particles
should be also considered n order to produce SBS/clay nanocom-
posites properly. Both the storage moduli and complex viscosities
of SBS/clay nanocomposites mcrease and show non-termmal be-
havior as the clay contert 1s increased.
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