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ABSTRACT: The influences of organically modified mont-
morillonite (MMT) on morphology, crystallization behaviors
of maleic anhydride grafted polyethylene (mPE) are inves-
tigated by using wide angle X-ray diffraction (WAXD),
transmission electron microscopy (TEM), differential scan-
ning calorimetry (DSC), polarized optical microscopy
(POM), and dynamic mechanical analysis (DMA). WAXD
and TEM results indicate that the molecules of mPE had
been inserted into interlayer of the organoclay, and the final
morphology of the hybrid changes from exfoliated type to
intercalated type gradually with the increasing content of
the clay, which is determined by the equilibrium between
interfacial interaction of mPE-clay and van der Waals attrac-
tion of clay-clay. It is suggested that MMT could affect the
crystallization process of mPE in two ways: First, MMT can

provide heterogeneous surface and facilitate nucleation step;
then, the silicates as diffusion or displacement barriers may
restrict the growth step. However, the clay has no significant
effects on the total nonisothermal crystallization rate. Oth-
erwise, study on the dynamic mechanical properties show
that the storage modulus of the hybrid is around 30% higher
than that of the polymer matrix. And the motions of molec-
ular relaxation and conformational transitions both in non-
crystalline and crystalline phases are confined by the strong
interactions between the polymer and the clay. © 2006 Wiley
Periodicals, Inc. ] Appl Polym Sci 100: 4004—-4011, 2006
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INTRODUCTION

Polymer-layered silicate nanocomposites have at-
tracted great attention for their academic and indus-
trial importance. There has been an unexpected im-
provement in their mechanical, thermal, and barrier
properties.' Besides, they can also provide a good
model for studying the formation, structure, and
phase transitions of organic—inorganic hybrids, which
may lead to a better understanding of polymers in a
confined environment.*

The morphology and crystallization behaviors of
polymers can be influenced not only by their own
molecular structure, but also by the type and content
of foreign fillers, when undergoing heterogeneous nu-
cleating process.” It is well known that addition of a
rather small quantity filler (<1 wt %) into crystalliz-
able polymers can generally lower their molecular
nucleating and folding surface free energy, which may
speedup crystallization process, reduce spherulite
size, and change the final morphology.”® These addi-
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tives, which can also be called as nucleating agent,
have been successfully utilized in engineering plastics,
including PP, PET and PA, and the compounded poly-
mers presented greatly improved mechanical and op-
tical properties.”® However, study of these fillers as
nucleating agent on the crystallization behaviors of
polyethylene is few. It is because the molecule of
polyethylene mainly consists of flexible nonpolar
—CH,—CH,— chain segments, and it may crystallize
rapidly without regarding so small a quantity of the
filler, within the concept of nucleating agents. Never-
theless, if a large amount of filler (>1 wt %) is intro-
duced into polyethylene matrix, the morphology and
crystallization behaviors of polymer may be altered.
The commonly used silicate filler in recent studies
about polymer-layered silicate nanocomposites is
montmorillonite (MMT), which is a smectic clay with
lamellar crystal structure.’ To improve the compatibil-
ity between the polymer and clay, the clay was usually
modified with ion-exchange reaction by various or-
ganic cationic surfactants. Besides, another approach
was the introduction of polar functional groups, such
as maleic anhydride, to the polymer matrix.'*"!
Until now, the studies are mostly focused on the
preparation and mechanical properties of the compos-
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ites. Reports on the influences of interfacial interac-
tions between the grafted polar polymer and organo-
clay on crystallization behaviors and morphology of
the composites are few. In this work, a series of highly
filled (~10 wt %) maleated PE/organo-MMT hybrids
were prepared by solution blending method. The ef-
fect of the interfacial interactions of MMT with the
matrix on the morphology and crystallization behav-
iors of the composites are investigated, and the dy-
namic mechanical properties of the hybrid under con-
fined environment were also analyzed.

EXPERIMENTAL
Materials

Maleic anhydride grafted polyethylene (mPE), which
has a weight-average molecular weight of 1.2 X 10°
and a grafting degree of 0.85 wt %, was purchased
from Huadou Chemical Co. (Jiangshu Province,
China). It was purified before use. At first, mPE was
dissolved in boiling xylene and refluxed for 60 min;
then, the hot solution was poured into large amount of
acetone. The precipitate was collected and dried at
60°C in a vacuum oven for 72 h.'* Organophilic mont-
morillonite with a cation exchange capacity value of
100 mequiv./100 g was kindly provided by Chemical
Institute of Minerals (Shannxi Province, China), which
was ion-exchanged with octadecyl ammonium chlo-
ride.

Nanocomposites preparation

The purified mPE and organo-MMT of various pro-
portions were added into a three-necked flask
equipped with a stirrer and a condenser, then xylene
was added to form a 1 wt % solution. The temperature
was elevated to 120°C and the solution was stirred
vigorously for 30 min. After cooling, the solution was
filtered and the products were dried at 60°C in a
vacuum oven for 72 h. The powdered samples were
prepared, and PENC1.5, PENC5, and PENC9 refers to
composites containing 1.5, 5, and 9 wt % MMT, re-
spectively.

Measurements

The differential scanning calorimetry (DSC) measure-
ments were performed on a TA MDSC2910 instrument
equipped with refrigerated cooling system. The tem-
perature was always calibrated with indium (156.6°C),
and the heat flow rate was calibrated with the heat of
fusion of indium (28.71 J/g). The furnace was purged
with dry nitrogen at a flow rate of 50 mL/min. (1)
Measurement of degree of crystallinity: A composite sam-
ple of about 5 mg was crimped into an aluminum pan.
The sample was heated to 170°C and kept isothermal
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for 3 min to eliminate the thermal history. Then, the
temperature was lowered to 0°C, and the sample was
reheated to 170°C to gain the degree of crystallinity
(X.). The heating and cooling rates were 10°C/min.
The basic equation for calculating X_ of the hybrid via
DSC is as follows'"

AH

X =
(1 - q))AHIOO

X 100% (1)

where ® is the weight percent of MMT,; AH is the
integrated melting enthalpy; AH;y, is melting en-
thalpy of 100% crystalline polyethylene, which is
taken as 287.3 ] /g in this study.'*'® X_ was calculated
with a software from TA Instrument Co. (2) Noniso-
thermal crystallization: The composite samples of about
5 mg were crimped into aluminum pans. After that,
samples were heated to 170°C and kept isothermal for
3 min to eliminate the thermal history. Then, the tem-
perature was lowered to 0°C at cooling rates of 5, 7, 10,
12, and 15°C/min, respectively. The exothermal crys-
tallization peak was recorded as a function of temper-
ature.

A Philips wide-angle X-ray diffractometer, equipped
with a graphite homochromatic instrument and a Cu
anticathode (40 kV, 35 mA, scanning rate = 1°/min, 26
= 1.5-10°), was employed to decide the interlayer
spacing of MMT. The ambient temperature was 25°C.

The dispersion state of the MMT in the PE matrix
was observed by using transmission electron micros-
copy (TEM) (Hitachi-800, Japan) with an accelerating
voltage of 100 kV. A thin layer of about 80 to 100-nm
thickness were sectioned from the sample using an
ultra-microtome.

The spherulite morphology was observed on the hot
stage (Instec-HCS20U, USA) mounted on a polarized
optical microscopy (POM) (Nikon-E400POL, Japan),
and photographs were taken by a digital camera (Ni-
kon-CoolPix4500, Japan). Samples were hot-pressed
into membrane of 0.02 mm thick. After that, the mem-
brane sample was heated to 170°C and kept for 3 min
in a hot stage. Then the temperature was lowered to
room temperature at a cooling rate of 10°C/min.

Dynamic mechanical measurements were per-
formed on a DMA-Q800 analyzer (TA Instruments,
New Castle, DE). Samples were hot-pressed into a
membrane of 30 X 6 X 1 mm?® size. After that, exper-
iments were performed in tension mode from —140 to
140°C at a heating rate of 3°C/min. The frequency for
the experiments was 5 Hz.

RESULTS AND DISCUSSION
Morphologies of mPE/MMT nanocomposites

The morphology of the composites has traditionally
been investigated using wide angle X-ray diffraction
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Figure 1 WAXD patterns for MMT and PENC samples.

(WAXD) and TEM.'® Figure 1 shows the WAXD pat-
terns of organo-MMT and the composites in low angle
range (1.5-10°). As can be seen, organic MMT presents
a strong reflection peak at about 26 = 3.5°, which
corresponds to an interlayer distance of dyy; = 2.5 nm
(calculated by Brag equation: 2dyy;sin 6 = A) for its
(001) diffraction face. At the same time, PENC1.5 and
PENC5 samples show no obvious reflection peak in
the scanning scope. This implies that the mPE mole-
cules had been inserted into the interlayer of the or-
ganoclay and greatly enlarged the interlayer distance
(>10 nm)."”” PENC9 sample shows a weak reflection
peak at about 26 = 2.5°, which corresponds to an
interlayer distance of dyg; = 3.5 nm. It also suggests
that the interlayer spacing was enlarged to a larger
distance by the inserted molecules.'®

In order to further investigate the dispersion state of
the clay in the polymer matrix, TEM study was em-
ployed. Figure 2 gives the TEM images for PENC1.5
and PENC5 samples. As can be seen, MMT was dis-
persed well in PENC1.5 sample. It shows a strip dis-
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Figure 3 Structural diagrams for nanocomposites with dif-
ferent MMT content.

tribution of white field (matrix) alternate with dark
lines (silicate layers), which means some silicate layers
had been delaminated into the matrix. However, there
still exist ordered silicate conglomerations in the im-
age, and the dimension of these conglomerations is too
small to present a reflection peak in WAXD patterns.
This is a typical morphology of partially delaminated
nanocomposite. TEM photograph for PENC5 sample
presents large-sized silicate conglomerations, and
some molecules had also been inserted into layers of
the clay. This is a typical morphology of partially
unordered intercalated nanocomposite.'” These re-
sults are in accordance with the WXRD data shown in
Figure 1.

Figure 3 shows a schematic representation of the
intercalation process of the clay into mPE matrix. Ac-
cording to the thermodynamic theory (AG = AH
— TAS), if the entropic penalty for confinement of
polymer chains is overcome by the enthalpic gain
from polymer-clay interactions (AG < 0), the inter-
calation occurs through the penetration of mPE mol-
ecules into the interlayer spaces of the silicates. When
the interlayer spacing becomes large enough by the

Figure 2 TEM images for PENC1.5 (left) and PENC5 (right) samples.
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Figure 4 DSC crystallization and melting curves for mPE and PENC samples.

extensive penetration of mPE molecules to overcome
the van der Waals interaction between the adjacent
silicate layers, exfoliation occurs to form nano-dis-
persed silicates in the matrix.'”* In this study, the
driving force for formation of intercalated structure is
mainly attributed to the electrostatic interaction be-
tween the ammonium ions and the electrical charges
on the polar maleic anhydride groups. When the clay
content is low, for example 1.5 wt %, the interfacial
interaction between mPE molecules and clay is strong
enough to overcome the attraction of well-dispersed
silicate layers and partially delaminated morphology
formed; however, when the clay content is high, for
example 5 wt %, agglomerated-silicate occurred and
van der Waals force between adjacent layers is strong,
thus intercalated morphology formed. So, there may
present various morphologies with different content
of clay as shown in Figure 3.

Crystallization behaviors of mPE/MMT
nanocomposites

Figure 4 presents the crystallization and melting DSC
curves for pure mPE and PENCs, respectively. Table I

lists characteristic values of these curves. As can be
seen, the filler has no significant influence on the
crystallization and melting process of sample
PENC1.5 and PENC3.5. Compared with the pure ma-
trix, the onset temperature of crystallization (T,), peak
temperature of crystallization (T,), and the degree of
crysallinity (X,) keep nearly constant. This is different
from that of PP and PA.??2 While for PENCS5, not
only the T, and T, shifted to higher temperature, but
also the X, was increased by 4%. It is suggested that
there exist two competing aspects during the crystal-
lization process of the composites. First, the clay can
provide heterogeneous surface and increase the nucle-
ating rate of macromolecules; then, the interfacial in-
teractions between surface of organoclay and polar
maleic anhydride groups of grafted chains impeded
the motions of molecules and lowered the growing
rate.”>> Obviously, the content of clay determined
the relative dominating status of the two aspects,
which also determined the crystallization behaviors of
the composites. For PENC1.5 and PENC3.5 samples,
the clay may be well dispersed and the effects of the
two aspects is countervailed; while for PENC5, ag-

TABLE I
Parameters of Crystallization and Melting Process for mPE and PENC Samples
Samples e (O T, (°C) AH: (/8) T (°C) AH;, (/8) Xz (%)
mPE 114.5 110.2 160.6 128.2 145.6 50.7
PENC1.5 114.8 109.5 162.7 129.5 145.5 50.7
PENC3.5 115.1 110.0 152.9 130.2 139.1 49.8
PENC5 116.0 112.0 164.8 127.4 150.0 54.5
PENC9 115.7 111.3 142.6 124.2 1229 47.3

? Onset crystallization temperature.
P Crystallization peak temperature.

¢ Crstallization enthalpy (150-20°C).
9 Melting enthalpy.

¢ Apparent crystallinity (20-150°C).
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Figure 5 Nonisothermal crystallization process of mPE
and PENC samples by Jeziorny Equation at a cooling rate of
10°C/min.

glomerated clay occurred and the former aspect seems
to be dominated. As for PENC9, it seems that the latter
aspect becomes dominated, which increases the
amount of defects in crystals and lowers the crystal-
linity.*!

It can also be seen from Table I that the melting
points (T,,) of PENCs vary with different content of
clay. As for PENC1.5 and PENC3.5, the clay can be
well dispersed in the matrix and is helpful to form
much thicker lamellar, which improved the melting
points. While for PENC5 and PENCY, agglomerated
MMT may cause defects and lower the melting points.

Nonisothermal crystallization behaviors of mPE/
MMT nanocomposites

The Jeziorny equation, the modified Avrami equation,
is used to describe nonisothermal crystallization kinet-
ics of mPE and the nanocomposites

1 — X(t) = exp(— Zt") (2)

where the exponent n is a mechanism constant that
depends on the type of nucleation and growth pro-
cess, and Z is an overall constant of the crystallization
process involving both nucleation and growth rate
parameters. By using the above equation in the dou-
ble-logarithmic form

In(—In(1 = X(¢))) =InZ + nint 3)

and plotting In(-In(1-X(t))) against Int for each cooling
rate, a straight line is obtained with the data at a low
degree of crystallinity (<30%) as shown in Figure 5.2
Thus, Z and n can be estimated through linear fitting.

XIE ET AL.

Considering the cooling rate, Jeziorny modified Z by
the following equation®”

IgZ. =& 4)

where @ is the cooling rate. The related parameters are
listed in Table II.

From Table Il it can be seen that for a certain cooling
rate, there is no significant difference in the values of
n, and only when the clay loading exceeded 5 wt %
did the Z_ increase and t,,, decrease slightly. This
trend is consistent with the results of Figure 4 and
Table I, as had been discussed in the preceding sec-
tion. Since polyethylene is a rapidly crystallized poly-
mer, high clay content (~5 wt %) may increase the rate
of crystallization, due to the increase in nucleation
sites; while at much higher concentrations, the rate
was lowered because of the barrier effect. When the
clay loading is very low (~1 wt %), the possible reason
for the unobvious nucleating effect maybe that the
partial miscibility between mPE molecules and the
organic modifiers on the clay surface hindered the
crystallization. Therefore, although the clay can facil-
itate the nucleating process, it has little effects on the
total nonisothermal crystallization rate of the compos-
ites.

TABLE II
Nonisothermal Crystallization Kinetics Parameters
for mPE and PENC Samples

® (°C/min)

Sample 5 7 10 12 15
mPE

n 3.71 3.47 3.29 3.43 3.20

Z. 0.79 0.95 1.12 1.20 1.30

ti/2

(min) 1.25 0.97 0.75 0.68 0.60
PENC1.5

n 4.16 4.06 3.46 3.45 3.20

Z. 0.79 091 1.04 1.08 1.14

ti/2

(min) 1.33 1.08 0.83 0.77 0.67
PENC3.5

n 4.01 3.71 3.05 3.09 3.06

Z. 0.86 0.95 1.03 1.06 1.08

ti/n

(min) 1.32 1.03 0.80 0.73 0.68
PENC5

n 443 4.25 418 3.84 3.32

Z. 0.92 1.01 1.19 1.23 1.36

ti/2

(min) 113 0.88 0.71 0.62 0.52
PENC9

n 3.72 3.61 3.52 3.34 3.12

Z, 0.93 0.98 1.03 1.09 1.12

ti/2

(min) 1.03 0.82 0.67 0.57 0.45
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Figure 6 POM photos for (a) mPE, (b) PENC1.5, (c) PENCS5, and (d) PENC9 (X200). [Color figure can be viewed in the online

issue, which is available at www.interscience.wiley.com.]

Anisotropic phase structure of mPE/MMT
nanocomposites

Figure 6 shows the typical spherulitic texture for pure
matrix (mPE) and the nanocomposites (PENCs). Ap-
parently, the spherulite size gradually decreases with
the increasing content of MMT.

This phenomenon is attributed to the nucleation
effect of dispersed clay, which provide much more
heterogeneous nuclei and reduce the size of spheru-
lite. At the same time, both the strong interactions of
polymer with clay and barrier effect of clay con-
strained the diffusing motions and conformational
transitions of molecules during crystal growing step,
which caused more defects in crystals and diminished
the spherulite size.”®*

Dynamic mechanical properties of mPE/MMT
nanocomposites

Figure 7 presents the dynamic mechanical properties
of mPE and PENCs, respectively. Table III lists the
peak temperature of related relaxations. From storage
modulus-temperature curves, it can be seen that the
dynamic modulus of PENCs is 20-30% higher than
that of pure matrix during the low temperature region

(<0°C). And the order is: PENC5 > PENCI1.5
> PENC9 > mPE. The increased modulus not only
contributed to the fine dispersion of silicate clay but
also to the physical crosslinking effect induced by the
strong interactions between the polymer and the clay.
However, excessive clay may produce serious con-
glomerations and restrict the crystallization, so as to
lower the mechanical modulus.

The B transition of the hybrid is related to the mo-
tions of branching chains, and the relative activity of
molecules may be characterized by the intensity of its
transiting peak. Suppose, the intensity of 8 transition
for mPE is 1, the relative intensity of B transitions for
PENC1.5, PENC5, and PENC9 are 0.96, 0.89, and 0.65,
respectively. Evidently, the activity of branching
chains was intensively weakened by the interfacial
interaction between polar groups-grafted molecules
and surface of organically modified clay. The vy tran-
sition generally corresponds to the crank motion of
three to five CH, chain segments. Compared with
pure mPE, the peak temperatures for PENCs were
increased by 2-3°C. This may also be explained to that
of the electrostatic interactions between the polymer
and the clay restricted the mobility of related chain
segments. As can been seen from Figure 7, the peak
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Figure 7 DMA curves for mPE and PENC samples.

position of « transition for PENCs moves to higher
temperature. This suggests that the dispersed clay can
not only limit the molecular motion in amorphous
region but also confine the segmental relaxation in
crystalline region.

In a word, the molecules of maleated polyethylene
can be inserted into layers of organo-MMT via the
strong interfacial interactions between the polymer
and the clay, and the crystallization behaviors of the
polymer matrix may be restricted by the interactions
and barrier effect of MMT. This may change the final

TABLE III
DMA Peak Temperature of Transitions within
mPE and PENC Samples

XIE ET AL.

morphology and macromolecular relaxations of the
hybrid.

CONCLUSIONS

The results of WAXD and TEM indicate that the mor-
phology of maleated PE/organo-MMT nanocompos-
ites changes from exfoliated type to intercalated type
gradually with the increasing content of MMT, which
is decided by the equilibrium between interfacial in-
teractions of mPE-clay and van der Waals attraction of
clay-clay.

The chemical bonding between the maleic anhy-
dride groups of PE molecules and organic ammonium
greatly improved the compatibility of the polymer
and clay. As a result, the crystallization behaviors of
the polymer matrix can be affected in two ways. First,
the clay can provide heterogeneous nuclei during nu-
cleation step; then, it may restrict the conformational
transitions of molecules during growth step. Al-
though, the clay can reduce the size of spherulite, it
has no significant effect on the total nonisothermal
crystallization rate.

The peak positions for « transition and vy transition
of the composites shift to higher temperature, while
the intensity for B transitions decreases. This suggests
that the molecular motions and conformational tran-
sitions both in noncrystalline and crystalline phases
are significantly confined by the strong interactions
between the polymer and the clay.
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