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ABSTRACT: Morphology evolution and anisotropic phase formation of the maleated polyethylene-layered
silicate nanocomposites are investigated by using synchrotron small-angle X-ray scattering (SAXS),
transmission electron microscopy (TEM), and polarized optical microscopy (POM). Despite favorable
compatibility between polymer and organically modified layered silicates, the final morphology of the
nanocomposite evolves via four stages: disordered exfoliation, ordered exfoliation, dual morphologies of
intercalation and exfoliation, and intercalation in sequence with the content of silicate. The formation of
the ordered exfoliation state is attributed to the steric interaction between anisotropic silicate plates.
Particularly, the transition from exfoliation to intercalation provides us with the significant clue that
the interaction between layer silicates gets dominant when the distance between them is smaller than
a certain value. It is found that the silicate layers need larger layer spacing than 9 nm to avoid the
attractive interaction between adjacent silicate layers and to keep the exfoliation state in this
nanocomposite system. Additionally, the nanocomposite shows the optical anisotropy above 12 vol % clay
due to the ordering of silicate layers. The optical anisotropy becomes stronger with the content of silicate.

Introduction

Polymer-layered silicate (PLS) nanocomposites have
attracted great attention due to their academic and
industrial importance. They have shown dramatic im-
provements in mechanical, thermal, and barrier proper-
ties with a small amount of inorganic layered silicate.1=°
Moreover, they can provide good model system for the
studies of the phase behavior of a polymer—nanoparticle
mixturel®=30 as well as the polymer chain dynamics in
the confined geometry.10-18

From the structural point of view, PLS nanocompos-
ites can be classified into intercalated and exfoliated.
Intercalated state is termed for the nanocomposite
structure where the extended polymer chains are in-
serted into the gallery space between the individual
silicate layers, preserving the well-ordered multilayer
structures of silicate. Exfoliated state implies the struc-
ture where the interaction between the individual
silicate layers no longer exists. An ideal exfoliated state,
where the silicate plates are homogeneously dispersed
in the polymer matrix, is one of the ultimate aims in
the fabrication of PLS nanocomposite. However, it is
well-known that because it is hard to exfoliate the
tightly stacked silicate plates with van der Waals
gap,®~10 the favorable interaction between silicate and
matrix polymer is necessary for the exfoliation.26-30

Recently, Balazs and co-workers conducted a simula-
tion based on analytical self-consistent theory (SCF),
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considering the interactions among polymer, silicate,
and organic modifier. They predicted that the nanocom-
posite with monodisperse silicate plates would form
various mesophases depending on the interactions and
the concentration of silicate.?6730 To the best of our
knowledge, however, there is no experimental research
dealing with the structural change with the content of
silicate filler, which is mainly due to the difficulty of
preparing highly loaded nanocomposites with homoge-
neous dispersion of silicate plates. Because the natural
silicate plates have the broad distribution of size and
shape, it can be expected that the structural evolution
of the real nanocomposite system should be quite
different from the ideal monodisperse case.

In this work, maleated polyethylene (MAPE)/organi-
cally modified montmorillonite (20A) nanocomposite is
used as a model system to investigate the structural
evolution of nanocomposite with the content of natural
silicate filler. To overcome the limitation in processing,
the extremely slow relaxation, and high elasticity of
highly loaded nanocomposites, the maleated polyethyl-
ene with a low molecular weight is used. With this
approach homogeneous nanocomposites are successfully
prepared up to the highest silicate content of 36 vol %.

Experimental Section

Materials. Maleated polyethylene (MAPE) was obtained by
Aldrich Co. The basic characteristics of MAPE used in this
study are summarized in Table 1. Organophilic montmorillo-
nite (Cloisite 20A, abbreviation: 20A) used in this study was
purchased from Southern Clay. 20A is known to be ion-
exchanged with dimethyl dehydrogenated tallow ammonium
ions. It was found that 20A contains organic modifier of about
30 wt % by the measurement of TGA. The specific gravity of
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Table 1. Characterization of Maleated Polyethylene

(MAPE)
My PDI (Mw/Mn)2  Tm(°C)P MA contente (wt %)
MAPE 9300 2.1 99.3 3.0

a Measured by GPC. " Measured by DSC at the 10 °C/min
heating. ¢ Measured by elemental analysis.

20A measured by a pycnometer was 1.8 g/mL. Nanocomposites
were prepared by the melt intercalation method. MAPE was
mechanically mixed with 20A for 20 min in a brabender mixer
at 160 °C. For all the content of silicate extruded fiber samples
were prepared to verify the effect of the preparation history
on the structure formation. The extrusion was conducted with
a capillary viscometer (Rosand RH5) at a high shear rate of
1000 s

Characterization. The periodic structure of silicate layers
in the MAPE/20A nanocomposite was evaluated by the syn-
chrotron SAXS with point focusing (0.2 x 0.2 mm) at the 4C2
beamline in the Pohang Accelerator Laboratory (PAL), Korea,
which consisted of a 2 GeV LINAC accelerator, storage ring,
Si (111) double crystal monochromator, and ion chambers. A
beam path was maintained under a vacuum to reduce air
scattering, and tungsten foil (50 um) was used for primary
beam protection. A small amount of nanocomposite and the
bundle of the arranged fibers were sealed between Kapton film
windows (7 um thick) to preserve the fixture. One-dimensional
(1-D) SAXS patterns were obtained from a diode-array posi-
tion-sensitive detector with 2048 pixels. The measured inten-
sity was corrected for background scattering, detector noise,
and absorption by the sample. Two-dimensional (2-D) SAXS
patterns were recorded in imaging plates with 2000 x 4000
pixels and read out with scanner (MAC Science). The distance
between the sample and detector (or imaging plate) was 600
mm. The morphology of MAPE/20A nanocomposite was ob-
served by TEM (Philips CM-20 transmission electron micro-
scope) after cryogenic ultra-microtoming (RMC MT7000). The
birefringence was studied by a polarized optical microscope
(POM, A Leitz, model Laborlux 12 Pols) coupled with a Mettler
FP-2 hot stage at 160 °C.

Results and Discussion

Morphology Evolution of the Nanocomposites.
In this work, the periodic structure of silicate layers in
the nanocomposite was quantified through the SAXS
experiments. To determine the exact peak positions in
the SAXS patterns, a deconvolution procedure was
performed. Experimental curves can be expressed as the
sum of the Gaussian function and the first-order expo-
nential decay function:

I(q) = IGaussian + IGuinier (1)
i 2(q — q)°
@)=Y exp|—

"wiV /2 Wi

a

+b+cex [—9]
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)

where Bragg diffraction satisfies well the Gaussian
function, and the exponential decay function is most
suitable for baseline fit. Although the Guinier scattering
function is appropriate in a dilute particulate system,
the first-order exponential decay function was well fitted
in these nanocomposites. Figure 1 shows two examples
of scattering patterns of the nanocomposites with 15 and
24 vol % silicate content. Bragg reflections can be
obtained by the nonlinear fit on the basis of eq 2. The
nanocomposite with 15 vol % silicate in Figure 1a shows
two reflection peaks where the peak position ratios are
almost 1:2. This indicates that these peaks are origi-

Polyethylene-Layered Silicate Nanocomposites 5117

20 []
0 1 2 3 4 5
T T T T T T M T M T
104 (a)
) a1=0.16 w1=0.32 q1=0.56
9 a2=0.11 w2=0.77 G2=1.06
;: 8 \‘b=3.07 c=7.05 =357
s ] R
2
% 7
[ =
2
£ 64
2
£
S 5, 08
X J
0
T T

(b)

a1=0.2 w1=0.63 q1=0.73
a2=0.35 w2=0.82 q2=1.82

b=6.0 c=5.9 t=2.2

Relative Intensity [A.U.]
@

q[nm’]

Figure 1. SAXS patterns for the nanocomposites with 15 and
24 vol % silicate. The line represents the best fit summarizing
contributions from the baseline (dashed line) and the Bragg
reflections (dotted line).

nated from the same periodic structure of the silicate
layers.®35 Figure 1b shows the SAXS pattern of the
nanocomposite with 24 vol % silicate. The two reflection
peaks are separated, and the intensity of the second
peak is more intense than that of first peak. Also, these
peaks do not satisfy the multiple relationships. It
indicates that two peaks are originated from the differ-
ent periodic structures of the silicate layers. These
double-plane peaks are observed for the nanocomposite
with 21 and 24 vol % silicate content. The peak position
of all nanocomposites was determined by this deconvo-
lution procedure, and the obtained fitting parameters
are shown in Figure 1.

Figure 2a,b shows the SAXS patterns of as-mixed and
extruded nanocomposites to examine the effect of prepa-
ration history. The scattered intensities of the extruded
nanocomposite were recorded in the vertical direction
to the shear direction. Although the extrusion process
enhances intensity and sharpness of the (001) reflection
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Figure 2. SAXS patterns of (a) as-mixed and (b) extruded
nanocomposites to examine the effect of preparation history.

peak slightly, the SAXS patterns of both samples are
intrinsically same except for a nanocomposite with 9 vol
% silicate. The weak and broad (001) reflection peak
around 0.5° appears only after the extrusion, which
indicates that the ordered layer structure can be in-
duced by a high shear flow at this content.3!

The measured d spacings are plotted as a function of
the content of silicate in Figure 3. The shear-induced
reflection peak of 9 vol % nanocomposite is marked with
a triangle symbol. The solid line is the d spacing
evaluated with Vincent and co-workers’ equation,3?
which is established according to Brown’s description,33
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Figure 3. Measured and predicted d spacings of the nano-
composites as a function of the content of silicate. Open circle
symbol indicates the d spacing calculated from experimental
SAXS data. The shear-induced reflection peak of 9 vol %
nanocomposite is marked with the triangle symbol. The solid
line is the layer spacing fitted with the Vincent and co-workers’
equation.®?

where disk-shaped particles have an alternative parallel
arrangement.

aR?*H
o)

¢ is the volume fraction of the 20A particles; R and H
are the radius and the thickness of the disk, respec-
tively. a and b are the separation gap between adjacent
disks (face-to-face distance) and a lateral separation
(edge-to-edge distance), respectively. Thus, the d spacing
of the silicate layers corresponds to the sum of H and
a. The parameters 2R and b are 140 and 30 nm,
respectively, which are evaluated from the investigation
of TEM images. Since 20A is the montmorillonite coated
with organic modifier, we considered H as the effective
thickness of 2.3 nm (basal spacing of 20A) instead of
the thickness of the pure clay platelet 0.95 nm, to
simplify tertiary systems consisting of MAPE, modifier,
and pure clay into secondary system consisting of MAPE
and 20A. The predicted solid line agrees quite well with
the measured d spacings of nanocomposites up to the
silicate content of 18 vol %. The good consistency
between experimental data and the fitted line indicates
that the silicate layers are quite homogeneously dis-
tributed over the whole range of silicate concentration.
The deviation above 21 vol % is due to the structural
change of nanocomposite, which is discussed below.
The d spacing of silicate layers in MAPE/20A nano-
composites varies via four stages (I—1V) as a function
of content of silicate. In the lowest content range up to
9 vol % (stage 1), the periodicity of the silicate layers is
not observed without the extrusion process, which
implies that the silicate plates have the disordered and
exfoliated structure in polymer matrix. In the content
range between 12 and 18 vol % (stage Il), each nano-
composite shows a single plane peak, corresponding to
the (001) reflection of basal spacing. The layer spacing
gradually decreases following the prediction by eq 3,
which implies that the nanocomposites have the ideally
exfoliated morphology with homogeneous dispersion of
silicate plates. These results support that the periodicity
of the silicate layers is originated from the steric
interaction between silicate layers having anisotropic
shape, as predicted by Balazs and co-workers.26720 |n
the content range of 21—24 vol % silicate (stage I11), the
nanocomposite shows a distinct dual structure, indicat-
ing the coexistence of exfoliation and intercalation. The
d spacing of the higher angle peak is below approxi-

(2R +b)’(H +a) =

®)
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Figure 4. Transmission electron micrographs of the MAPE/20A nanocomposites with clay concentration of (a) 6, (b) 18, (c) 24,
and (d) 36 vol % silicate. Insets show the 2-D SAXS patterns of these specimens. The nanocomposite fiber is laid in the meridian
in the images. The flow direction corresponds to the meridian direction.

mately 3.5 nm, which corresponds to the layer spacing
between silicate plates with two or three polyethylene
chain inside the gallery. The peak corresponding to the
exfoliated silicate plates persists, but its d spacing
deviates from the prediction of eq 3. The relative
intensity of the peak corresponding to the intercalated
portion is higher at the higher content of silicate of 24
vol %, which is a typical behavior at a transition region.
The present result clearly demonstrates that the at-
tractive interaction between silicate plates becomes
dominant at a critical content of silicate even with the
quite favorable interaction between silicate plates and
polymer chain. In this particular nanocomposite system,
the critical length for this transition is 9 nm ap-
proximately. Above 27 vol % of silicate (stage 1V), only
one plane peak is observed. It indicates the intercalated
structure of silicate layers. The layer spacing also
gradually deceases with the concentration of silicate.
A typical transmission electron micrograph of MAPE/
20A nanocomposite at each structural stage is shown
in Figure 4. The extruded nanocomposites were sliced
in the parallel direction with shear flow using a cryo-
genic ultra-microtome at —120 °C. Insets show the
corresponding 2-D SAXS pattern. The flow direction is
parallel to the meridian in images. Silicate plates are
shown as dark lines in the images. They show a broad
distribution of diameter in the range between 30 and
300 nm and have the uniform thickness of 1 nm, which
is a typical property of a natural smectite. Additionally,
all insets in Figure 4 show the strongly anisotropic
intensity distribution on the equator, indicating that the
silicate layers are highly oriented in the flow direction.
Figure 4a shows the transmission electron micrograph
of the nanocomposite with 6 vol % silicate (stage ). One
can observe that individual silicate layer is well dis-
persed in the polymer matrix, and it agrees well with

the result of SAXS experiments. They are aligned quite
well in the meridian direction, that is, in the applied
shear direction on the extrusion process. In the inset,
one can see a reflection around the beam stopper, which
is a typical 2-D SAXS pattern of the exfoliated nano-
composite.®4~36 As can be expected with the 1-D SAXS
result in Figure 2a, silicate plates orient randomly in
the as-mixed nanocomposite. Figure 4b shows the
transmission electron micrograph of the nanocomposite
fiber with 18 vol % silicate (stage Il). The silicate layers
are well dispersed in the polymer matrix again. The
fairly close distance between adjacent silicate layers and
their parallel arrangement support that the nanocom-
posite with 18 vol % silicate has the ordered and
exfoliated morphology. The mean layer spacing mea-
sured from TEM is about 9.0 nm, which is comparable
to that of 8.9 nm obtained from SAXS. Figure 4c shows
the photograph of the nanocomposite fiber with 24 vol
% silicate (stage I11). One can observe a tightly stacked
layer structure as well as a quite loosely aligned layer
structure. The tightly stacked layer structure is a typical
intercalation structure, where it keeps the narrower
layer spacing than 3.5 nm, whereas some exfoliated
silicate plates remain, keeping the wider layer spacing
above 9 nm, which agrees well with the results of SAXS
experiments. In the inset, the nanocomposite with 24
vol % silicate has a pair of reflections on the equator
near the beam stopper. The intensity maximum is
observed in the inner reflection, and the additional weak
outer reflection for the intercalated structure is also
seen.?4~36 Figure 4d shows the photograph of the nano-
composite fiber with 36 vol % silicate (stage 1V). Only
the tightly stacked layer structure, a typical intercalated
morphology, is seen over the whole sample. The mean
layer spacing is consistent with the value of 3.1 nm in
SAXS. In the inset, we can see a pair of reflections on
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Figure 5. Schematic representation of the evolution of the
microstructure and their SAXS patterns as a function of the
concentration of the silicate.

the equator near the beam stopper. However, there is
no intensity maximum in the inner reflection. The
intensity maximum of the outer reflection produces
(001) plane reflection of the silicates.

In Figure 5 the evolution of the microstructure is
schematically summarized with the SAXS patterns as
a function of silicate content. The oriented state is seen
well in the 2D-SAXS patterns. Stage | indicates the
disordered and exfoliated state. The individual silicate
layer is randomly distributed because individual layers
could keep the interlayer distance as far as they could
not interact sterically. Nevertheless, the artificially
oriented extrudate would show the layer spacing if the
interlayer distance exists within the detectable range.
Stage Il indicates the ordered and exfoliated state. The
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orientation of each silicate plate is affected by adjacent
ones because the interlayer distance is quite smaller
than the diameter of plate. It should be noted that the
ordering of stage Il is not due to particular attraction
or repulsion but due to the steric interaction of silicate
layers with a large aspect ratio,°=3° which is supported
by the result that the relationship between the layer
spacing and the concentration of silicates presented in
eq 3 is satisfied well in this stage. Stage Il has a similar
2-D SAXS pattern and a different 1-D SAXS pattern
when compared with stage I. The mean interlayer
distance remains above 9 nm up to stage Il. Stage 11l
shows the dual morphologies of exfoliation and inter-
calation. The layer spacing does not follow the predicted
line but transits abruptly in this stage. It implies that
there is a critical distance between silicate plates (about
9 nm in this nanocomposite), below which the attractive
interaction (van der Waals force) between silicate plates
overwhelms the favorable interaction between silicate
plate and polymer chain. The SAXS pattern shows a
pair of reflections on the equator near the beam stopper
in 2D-SAXS and the dual plane peaks in 1D-SAXS.
Stage IV shows one peak in 1D-SAXS. The intercalation
is the dominant state. Because of the high content of
silicate, silicate plates cannot keep the enough distance
between them for the exfoliation. SAXS pattern shows
a pair of reflections on the equator in 2D-SAXS.

Anisotropic Phase Formation of the Nanocom-
posite. Figure 6 shows the polarized optical micro-
graphs of the extruded nanocomposite fibers with a
diameter of 1 mm at 160 °C, which is above the melting
temperature of MAPE. The extruded fibers show the
darkness in the polarized optical microscope up to 6 vol
% silicate. At 9 vol % of silicate, birefringence starts to
appear. Optical anisotropy becomes stronger with the
content of silicate filler. It is clear that the optical
anisotropy must be originated from the ordering of the
silicate plates in the flexible polymer, MAPE.

Figure 7a—c shows the polarized optical micrographs
of the as-mixed nanocomposites. Figure 7d shows the
polarized optical micrograph of the extruded nanocom-
posite fiber with 18 vol % silicate. The samples on the
slide glass were squeezed very slowly with a cover glass
to minimize the history of sample preparation at 160
°C. The unextruded nanocomposites show the optical
anisotropy not from 9 vol % but from 12 vol %. The
nanocomposite containing 9 vol % silicate shows clear

Figure 6. Polarized optical micrographs of the nanocomposite fibers with the concentration of (a) 6, (b) 9, and (c) 15 vol %

silicate.
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Figure 7. Polarized optical micrographs of the as-mixed MAPE/20A nanocomposite with concentration of (a) 9, (b) 12, and (c) 18
vol % silicate and the extruded nanocomposite fiber with concentration of (d) 18 vol % silicate. Samples on the slide glass were
squeezed very slowly with a cover glass to minimize the history of sample preparation at 160 °C. Especially, the extrudate was

hardly squeezed to keep the sheared state.

birefringence in the extruded state, not in the unex-
truded state. It indicates that the nanocomposites show
a shear-induced optical anisotropy. Also, the extruded
nanocomposite fiber with 18 vol % silicate shows a more
brightened and colorful texture than the unextruded
one.

Conclusion

Morphology evolution and anisotropic phase forma-
tion of the maleated polyethylene-layered silicate nano-
composites were investigated. The microstructure of the
nanocomposites evolved via four stages as the concen-
tration of silicate increases. In stage | with lower
concentration of silicate than 9 vol %, the nanocompos-
ites had the disordered and exfoliated morphology. In
stage Il with the intermediate concentration range of
12—-18 vol % silicate, the nanocomposites had the
ordered and exfoliated structure due to the ordering of
silicate plates induced by steric interaction. In stage |11
with the concentration range of 21—-24 vol % silicate,
the intercalation and the exfoliation coexist and transi-
tion between them is not continuous. In stage 1V with
the concentration range above 27 vol % silicate, inter-
calation morphology was dominant. The existence of
dual morphologies in stage 111 clearly demonstrates the
effect of an attractive interaction between adjacent

layers on the morphology evolution as well as the range
of the attractive interaction of 9 nm in this nanocom-
posite. The ordering of the silicate layers in the nano-
composite induced the optical anisotropy. The optical
anisotropy started to appear at the silicate content of
12 vol % and became stronger as the content of silicate
increases.
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