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1. ABSTRACT

High density polyethylene (HDPE) nanocomposite was extrusion cast into films,
and the effect of decreasing film thickness on the orientation of intercalated clay layers is
studied. Pseudo-static tensile properties are investigated, as a function of cumulative
strain. Change in the morphology and orientation of the nanocomposite film is described
using the method of Desper and Stein for analysis of orientation in small-angle x-ray
scattering patterns. A model to relate orientation to modulus is developed and compared
to observations. The model was shown to correctly predict changes in nano-composite

properties.
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2. INTRODUCTION

Recently, much effort has been made towards development of polymer-clay
nanocomposites, and to understand the enhancement in properties upon addition and
dispersion of organo-clay in polymers. Reports have mentioned that orientation of the
clay layers, the polymer structures and their relative orientation with respect to each other
could play an important role in property enhancement [1-4]. A variety of processing
technologies have been explored, for example various studies have used injection
molding, due to its ability to generate a high degree of shear on the melt [1, 3, 5]. Further,
a variety of analytic techniques have been used with dynamic mechanical and tensile
properties being a few of the most commonly studied features [6-10].

Gopakumar et. al. [11] state that the PE-clay nanocomposite they studied was
exfoliated. Only a modest increase in the tensile modulus on addition of clay was
observed, which contradicts the traditional belief that exfoliated systems have maximum
property enhancement. Zhang et. al. [12] observed 20% and 40% increase in the tensile
modulus of blown polyethylene-clay films along the film machine direction (MD) and
transverse direction (TD) respectively, and qualitatively related the increase in modulus
to the orientation of the filler observed using XRD. Wang et. al. [13] showed a significant
improvement in yield strength and secant modulus in maleated polyethylene (PEMA)-
silicate (aspect ratio = 100-150) nanocomposites when compared to that in PEMA-
laponite (aspect ratio = 20-30) nanocomposites and related the improvement in the
properties to the higher aspect ratio of the filler. Using real-time, wide-angle x-ray

scattering (WAXS), Wang et. al. [14] studied the nano-scale structural changes in pure



PEMA and PEMA-clay nanocomposites during tensile deformation and observed that the
clay layers oriented along the tensile direction when the sample was deformed.

Liu et. al. [15] showed that increasing the filler loading in thin PP-clay
nanocomposites films, increased the storage modulus (E'), decreased the tan & and
enhanced the rubbery plateau of E' curves. They related the enhancement in the rubbery
plateau to the enhanced stiffness of the polymer above the glass transition temperature
(Tg) due to the presence of clay. Hasegawa et. al. [16] showed that the increase in
maleated polypropylene (PPMA) to clay ratio in PP-nanocomposites increased the
storage modulus of the nanocomposite system up to 100 °C. Similar enhancement in the
storage modulus was observed by Hambir et. al. [5] in PP-clay nanocomposite systems.

Much research [5, 11-17] has focused on relating the filler to compatibilizer ratio,
filler loading, aspect ratio, dispersion and orientation in some cases, to the property
enhancement. To further achieve a fundamental understanding of the organo-clay
reinforcement, the following question needs to be addressed.

What is the physical relationship between reinforcement and orientation in clay
nanocomposites?

A novel technique to quantitatively determine the 3D orientation of various
structures in small-angle x-ray scattering (SAXS) from a polymer-clay nanocomposite
system was developed earlier [18]. In the present study high density polyethylene
(HDPE) nanocomposites containing 5 wt % organo-clay (Cloisite 20A), 10 wt % PEMA
(2 % MA content) and 85 wt % HDPE were made. Initially a master-batch containing 10
wt % organo-clay and 20 wt % PEMA was made using a Branbury mixer. The master-

batch was then diluted by mixing it with base HDPE using a twin-screw extruder. The



pellets of the base resin and the nanocomposite were then extrusion cast into 1 mil, 2.5
mil, 4 mil and 8 mil thickness films. The effect of decreasing the thickness of the films,
by increasing the draw down ratio (DDR) on the orientation of clay layers was also
studied. Finally the effect of the orientation on the tensile properties of the films was

studied in order to understand the relationship between orientation and reinforcement.

3. EXPERIMENTAL
3.1 Materials

Natural montmorillonite treated with quaternary ammonium salt (Cloisite 20A,
Southern Clay Products) was used as reinforcement, maleic anhydride grafted
polyethylene (Mw = 79900 g/mol, Mw/Mn = 4.9 and MA content = 2 %) (PEMA) was
used as a compatibilizer and high density polyethylene (Mw = 139200 g/mol, Mw/Mn =
9.13, MI = 0.3 g/10min and density = 0.95 g/cc) was used as a base resin for preparing

polyethylene-clay nanocomposites.

3.2 Preparation of nanocomposite

In order to obtain a uniform mixing between the clay (powder), PEMA (pellets)
and HDPE (pellets) the pellets were ground into a 35 mesh powder using a large 1000 Ib
capacity grinder. A master batch containing 10 wt. % clay, 20 wt. % PEMA and 70 wt. %
HDPE was made by melt mixing the powders in a large Banbury mixer. The clay to
compatibilizer ratio was 1:2. The temperatures in the mixer varied from 177-200 °C and
the rotor speed was set at 120 rpm. The partially melted mixture from the mixing zone of

the Banbury mixer was extruded into thin strands using a single screw extruder and then



pelletized. The temperatures in the extruder varied from 172-207 °C and the screw speed
was set at 18 rpm.

The pellets of the master batch, were then let down into HDPE using a Berstorff
twin screw extruder. Two different nanocomposite HD305 and HD510, with organo-clay
loading of 2.5 wt. % and 5 wt. % and compatibilizer loading of 5 wt. % and 10 wt. %
respectively, were made from the master batch by varying the weight % of the master
batch in the let down. HDPE containing no clay and compatibilizer, HD000, was also
passed through the twin-screw extruder and pelletized in order to maintain similar
processing history on all the resins. The temperature in the extruder varied from 182-207
°C from zone 1 to zone 9 and was 188 °C in the die. The screw speed was maintained at

195 rpm. The nanocomposites were extruded into thin strands and then finally pelletized.

3 Extrusion film casting

Resin HD00O and HD510 were cast into films using an extrusion cast line fitted
with a coat-hanger die of 20 mil (0.49 mm) die gap. The temperature in the extruder
varied from 180-185 °C from zone 1 to zone 4 and was 189 °C in the die. The cast drum
temperature was 32 °C. The screw speed was maintained at 190 rpm. From each resin,
four different films varying in thickness were made by changing the draw down ratio
(DDR) from 20:1, 8:1, 5:1 and 2.5:1 to obtain films with thickness varying from 1, 2.5, 4
and 8 mil respectively. The effect of varying the DDR on the orientation of clay in these

films and its effect on the properties was studied.



3.4 Characterization

SAXS 2D measurements were conducted using an x-ray instrument described
previously [18] in order to relate the orientation of the modified clay structures to
property enhancement in the nanocomposite films. The 2D measurements are useful in
determining both size and relative orientation of modified clay and polymer lamellae
structures in the polymer-clay nanocomposite films. The films were laid over one
another, to form a 2 mm thick stack, for measurement. Care was taken that the films were
stacked in such a manner that all the films in a stack had their machine direction (MD),
transverse direction (TD) and normal direction (ND) aligned.

The tensile properties of the films along the MD were studied. The tensile
strength and elongation at yield was obtained in accordance to ASTM D882 and 1%
secant modulus was obtained in accordance to ASTM E111 using a SintechlS universal

tensile testing machine.

4 RESULTS AND DISCUSSION

4.1 2-d Small angle x-ray scattering (SAXS)
4.1.1 SAXS analysis
Insert figure 1.

Insert figure 2.

In order to study the 3D orientation of various structures in the nanocomposite

films, x-ray measurements need to be carried out for at least two orientations of the



sample with respect to the x-ray beam as shown in figure 1 and described earlier [18].
Projections are designated by the three principal sample axes, M, machine direction, T,
transverse direction and N, normal direction. Corrected 2D SAXS patterns for the
different orientations are shown in Figure 2. The sample orientations are designated with

reference to Figure 1.

Insert figure 3.

For the TN and MT orientations, the azimuthal average of the 2D patterns (figure
2) yield figure 3 [18], a radial plot showing the intensity versus scattering vector . The
d-spacing is calculated using the radial plot and Bragg’s law, d = 2n/qn*, where qn™ is
the value of q at maximum intensity in a Lorentizian corrected SAXS pattern of Iq” vs. q
(not shown). SAXS data was corrected by subtracting an empty camera background. The
radial plots give data on periodicity (dispersion) of a) intercalated clay platelet (002)

planes and b) polymer lamellae (001) planes similar to [18].

Insert figure 4.

For the MN and MT orientations the radial average of the 2D patterns yield figure
4, showing intensity as a function of azimuthal angle (¢) similar to [18]. For each sample
orientation, azimuthal plots for intercalated clay and polymer lamellar can be made.

Figure 4 compares the orientation data obtained from SAXS for the intercalated clay



platelets films HD510 CF 1 and HD510 CF 8. The azimuthal plots for films HD510 CF
2.5 and HD510 CF 4 lie between those of films HD510 CF 1 and HD510 CF 8 and were
not plotted in figure 4 for the reasons of clarity. For any periodic structure, the sharpness

of the azimuthal peak reflects the extent of orientation.

In the analysis of orientation in polymer samples using SAXS many authors make
the assumption of fiber symmetry and calculate the Hermans orientation function, f, using

the <cos’¢> from equation 1a [19].

[1G4 Jeos® @y, Jsing, do,,
(cos (@) ) =*—; (1a)
[1Gy Ksing, dg,,

Since uniaxial symmetry is not a general condition and since the samples studied in this
paper most likely did not display uniaxial symmetry (fiber symmetry) we have adopted
the approach described in [18] which uses equation 1b to calculate the mean <cos’¢> for

a projection in the plane of observation.

(11 Je0s™ @y M
<0052 (¢MN ) > = {

2 (1b)
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For example if the x-ray beam is normal to the MN plane of the film, <cos’gyn> for the
MN projection can be determined using equation 1b. Through measurement of two such
projections the 3d orientation function can be determined. (This is fairly similar to
considering two projections in a mechanical drawing to determine the 3D orientation and

structure of an object.) Lindenmeyer and Lustig [20] and Buckley Crist [21] have



pointed out the limitations of using orthogonal projections to obtain 3d orientation from
diffraction measurements. These limitations are weakened in small angle x-ray scattering

measurements as explained in [22].

Insert table 1.

The ¢my value from orientation MN along with either the ¢t~ value from
orientation TN, or ¢mr value from orientation MT are used to determine the 3D
orientation of the structural normals to the intercalated clay layers, or polymer lamellar
planes, in the three principle film axes represented by ¢m, ¢r and ¢n using the
calculations presented in the appendix. Values of the angle and the cosine square of the
angle made by the normal of the intercalated clay platelet (002) planes and polymer
lamellar (001) planes, with MD, TD and ND of all nanocomposite films is presented in

table 1.

Insert figure 5.

The average cosine square projection of the structural normals from the ‘i’ axis,
<cos’¢i>, can be used in a Wilchinsky triangle [23, 24] (Figure 5). This ternary plot,
developed by Desper and Stein [23], graphically displays the average direction of the
structural normal orientation with a single point. The Wilchinsky triangle is constructed

by counting from the opposite side of a direction ‘i’ the value of < cos*¢;> and making a



point where the three <cos’¢;> values intersect. For a randomly oriented sample
<cos’hy> = <cos’hn> = <cos’¢pr> = 0.333 and a point in the center of the Wilchinsky
triangle results. For perfect orientation of a plane in MT the normal points in the N
direction and a point at the ND corner results. As compared to a pole figure, a Wilchinsky
triangle is much simpler to construct, understand and interpret. As compared to
qualitative data obtained via a pole figure analysis, a Wilchinsky triangle would provide

quantitative data on the degree of orientation of different structures in a single plot.

4.1.2 SAXS results

The radial plot (figure 3) shows that the polymer lamellar long period in all the
nanocomposite films remain unchanged (L = 209 A). The intercalated clay platelet d-
spacing (figure 3) also remained unchanged (d. = 31 A) for all the nanocomposite films.
This indicates that varying the processing conditions did not have an effect on the

dispersion of the modified clay layers in the polymer matrix.

The 2D SAXS patterns also show that for HD510 CF 1, the intercalated clay
platelets also lie with their normal strongly oriented along the film normal direction. This
observation is consistent with those made in earlier studies [8, 18, 25-26]. The
Wilchinsky triangle shows the orientation of the intercalated clay platelet normal
orientation along the three film axes (ND, MD and TD) for all four nanocomposite films.
For a particular organic or inorganic structure, a point closer to the ND corner in the

Wilchinsky triangle indicates a higher degree of orientation of the normal to that structure

along the ND.

10



The Wilchinsky triangle shows that the intercalated clay platelet normals in
HD510 CF 2.5 (solid circle in figure 5) have lower orientation along ND as compared to
HD510 CF 1 (solid vertical double triangle in figure 5), but higher then that in HD510 CF
4 (solid triangle in figure 5) and HD510 CF 8 (solid horizontal double triangle in figure
5). Thus intercalated clay platelets normal in HD510 CF 1 have the highest orientation
while those in HD510 CF 8 have the lowest orientation along the film ND (figure 4 and 5
and table 1). Therefore an increase in the degree of orientation of intercalated clay
platelet normals along the film ND is observed in the nanocomposite films with
decreasing thickness or with increasing draw-down ratio (DDR). On a Wilchinsky
triangle, the line ( ) parallel to the MN plane represents points with constant
orientation along film TD. From figure 5 it is seen that the markers of the intercalated
clay platelet normal orientation for the different films lie on the line () parallel to
the MN plane. This indicates that the orientation of the intercalated clay platelet normals
along the film TD remains almost the same for all the 4 films irrespective of the thickness
and therefore the increase in the orientation along the film ND with decreasing film

thickness is at the cost of the decrease in orientation along the film MD.

On a Wilchinsky triangle, any points that lieon the line () that bisects
the NT plane would represent equal orientation along film ND and the TD. The markers
on the Wilchinsky triangle for the polymer lamellar normal orientation in the films fall on
the line bisecting the NT plane. This indicates that the increase in orientation of the
lamellar normals along the film MD with decreasing film thickness is at the cost of
decrease in the orientation equally along the film TD and ND irrespective of the initial

film thickness. Such observation of the increase in polymer lamellar normal orientation
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along the film MD with increasing DDR in HDPE films has been reported earlier [27,

28].

The difference in the morphology of the nanocomposite films with varying DDR
could be explained based on the stress in the film at solidification. During the extrusion
film casting process the polymer melt is pushed through the die. After the melt comes out
of the die in the form of a film, it is pulled by the chill roll on which the film
crystallizes/solidifies. The part of the film between the die lip and the point where it first
touches the chiller roll is still in a partly melted state (uncrystallized) and can undergo
significant deformation on application of stress [27]. Keeping the extrusion rate (extruder
output) constant and increasing the chiller roll rotational speed, i.e. increasing the DDR,
decreases the thickness of the film. This increase in DDR could develop stresses [29] in
the part of the film between the die lip and the chiller roll, due to which the polymer may
undergo deformation along the film pulling direction (MD). This deformation increases
with increasing DDR. Due to this deformation along the MD, the polymer chains orient
along the MD. Due to the chain folding mechanism of the polymer chains in the polymer
lamellae, the polymer lamellar normal orients along the film MD and this orientation
increases with increasing DDR or decreasing film thickness. Therefore, the observation
of increase polymer lamellar normal orientation along the film MD, with increasing DDR
or decreasing film thickness, in the present study, is consistent with those made before

[27-28].

The orientation of the intercalated clay layer normals along the film ND could be

due to the tendency of the clay layers to orient with elongation along the film MD. On

12



increasing the DDR, the deformation of the polymer along the MD increases which in

turn could orient the clay basal planes along the film MD.

4.2 Mechanical properties
Insert table 2.

Insert figure 6.

Figure 6 plots inverse of film thickness (1/t) against % increase in tensile strength
at yield of the nanocomposite films over films without clay. From figure 6 and table 2 it
is seen that the value of % increase in the tensile strength at yield increases linearly with

the inverse of film thickness (1/t).

From the SAXS orientation data (table 1) it was observed that the angle (<®yy>)
between the normal to the intercalated clay platelet and the film MD decreases with
increasing film thickness or decreasing DDR. Since in the tensile measurements, the
films were pulled along the film MD, the rise in the % increase in tensile strength at yield
could be due to the increased orientation of the clay basal plane along the film MD. From
the SAXS orientation data (table 1) it was seen that the normal to the basal plane of the
intercalated clay layers in the 8 mil film is inclined on average by 62° to the film MD or
in other words the clay basal planes are inclined on average by 28° to the film MD. This
average angle of the clay basal planes with the MD decreases to 25°, 22° and 20° in the 4,
2.5 and 1 mil films respectively. This decrease in the average angle between the clay

basal planes and the film MD with decreasing film thickness (or increasing 1/t) indicates
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increasing reinforcing ability of the clay layers and hence an increase in the value of %
increase in tensile strength at yield. Although Brune et. al. [30] recently developed
models and predicted that the relative modulus of the nanocomposite with respect to the
base resin would increase with increasing orientation of the clay basal plane normal along
the ND; this is the first study that quantitatively determines the 3D orientation of clay
platelets and then relates the intercalated clay platelet 3D orientation to resulting property

enhancement.

Insert figure 7.

The percent increase in secant modulus is plotted against the inverse of film
thickness (1/t) in figure 7. From figure 7 and table 2 it is clear that the film 1 % secant
modulus increases linearly with the decrease in film thickness up to 2.5 mil film
thickness. Decreasing the thickness below 2.5 mil is seen to slightly increase the 1 %

secant modulus.

Experimental data on the variation of tensile modulus with the degree of
orientation of intercalated clay layers in the nanocomposite films can be used to develop
a theoretical model to predict the tensile modulus of a nanocomposite system depending

on the clay platelet orientation, next section.

4.4 Model for predicting the elastic modulus of a nanocomposite and comparison of these

values to those obtained experimentally

14



Einstein’s equation for the macroscopic viscosity, 1n', of the suspension of solid

spheres is written as follows [31].

n'=n(1+25d) (3)

where 1 is the viscosity of the solvent and @ is the volume fraction of the solid spheres in
the suspension.

For a suspension of asymmetric particles the viscosity would depend on the
orientation of the particles with respect to the flow direction. Due to this dependence of
the viscosity of the suspension on the orientation of the particles, Simha [32-33] modified
the Einstein’s equation for a suspension containing asymmetric particles. The equation
proposed by Simha [32-33] for the macroscopic viscosity, n', of the suspension of

asymmetric particles is written as follows.

N =n(l+v®) (4)

where, v according to equation 4 for solid spheres is 2.5, and is larger for asymmetric

particles. For disc-shaped particles v is written as follows [33].

v=A/tan(A) (5)
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where, A is the aspect ratio, i.e. ratio of the diameter (D) to the thickness (L), of the disc-
shaped particle. Inclusion of v (v > 2.5) along with the volume fraction @ in the
Einstein’s equation could mean that the presence of asymmetric particles in a suspension
possibly increases the effect of the volume fraction on the viscosity of the suspension as
compared to that by the presence of spherical particles of same volume fraction. This
behavior of asymmetric particles can be explained as follows:

v is approximately proportional to the aspect ratio as seen in equation 5 and so it
can be written as v ~ A = D / L. The volume fraction of the filler is ©~D*L N / V where,
N is the number of asymmetric particles, V is the total volume of the suspension and D
and L are the diameter and thickness of the filler respectively. Product of ® and v yields
v¥ ® ~ D’N / V which is the volume fraction of spheres of diameter D in a suspension.
The product of v and @ in equation 4 therefore enhances the effect of volume fraction on
the viscosity of the suspension since the asymmetric particles of diameter D behaves as
having occupied a volume equal to that which would have been occupied by spheres of

the same hydrodynamic diameter (figure 8).

Insert figure 8.

A parallel between hydrodynamic viscosity and Young’s modulus has been drawn
earlier in order to predict the modulus of a composite [34-41]. Based on this and equation
5, the modulus of a composite containing asymmetric filler can be written as

Ec=Enm (1 +v @) (6)

16



Here E. is the modulus of a composite and E,, is the modulus of the matrix polymer. If
the filler particle is sufficiently rigid then ‘v’ has the same numerical value for equations
5 and 6 [36-41].

The modification made by Simha to Einstein’s equation, in order to account for
the asymmetric nature of the filler, assumes random orientation of the filler. Asymmetric
particles have a tendency to orient with shear due to their higher aspect ratio. In our study
on polyethylene-clay nanocomposites we determined that the tensile modulus of the
composite depends on the orientation of the filler particles along the tensile direction. For
this reason some modifications must be made to equation 6 so as to be able to predict the
modulus of the nanocomposite based on the orientation of clay layers in the polymer
matrix as measured by SAXS. Boccaccini et. al [42] had introduced a <cos’¢> term,
where ¢ is the angle between the rotational axis of an asymmetric particle and the stress
direction, in the equation relating the elastic modulus of a composite to that of the
polymer matrix. Using a similar approach, the Herman’s orientation function [18], f, of
the filler in the polymer matrix, was introduced to equation 6 in our study. The modified

equation for the modulus of the composite is now written as follows.

E.=Epn [l +v @/ (1-f)] (7

Here f is the orientation function for the clay layers in the polymer matrix and is written

as shown in equation 8.
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= (3<cos’p>-1)/2 (8)

where, ¢ is the angle between the clay basal plane and the tensile direction. Orientation
function, f, varies from 1 for perfect orientation to -0.5 for perpendicular orientation. The
reason for the inclusion, and the role played by the orientation function can be explained

as follows:

Insert figure 9.

For a composite system, the mean chord length of the filler along a particular direction
can be obtained by drawing a line parallel to that direction through the schematic of the
composite. For a composite containing uniform distribution of spherical filler particles,
the mean chord length of the filler along any direction is equal (figure 9a). For a
composite with uniform distribution of asymmetric filler particles, the mean chord length
of the filler along a particular direction depends on the orientation of the filler along that
direction (figure 9b). The addition of the orientation function term along with the filler
volume fraction term in equation 6 takes into account the mean chord length of the filler
along the stress direction and thus helps to predict the tensile modulus of a
nanocomposite system based on the direction and the degree of orientation of the clay
platelets in the polymer matrix.

Equation 7, which relates the modulus of the composite to that of the polymer
matrix, was further modified, in our study, to compensate for the confinement of polymer

between the clay galleries. The increase in the volume of the modified clay on mixing
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with the polymer indicates intercalation of the polymer into the clay galleries. It is
believed that this intercalated polymer does not contribute towards the modulus of the
polymer and so a factor, 0.1*E,, is subtracted from equation 7, which is now written as

follows.

Ee=Em [l +v ®/ (1-f)] — 0.1*E,y, (9)

When the clay basal planes are perfectly aligned along the tensile direction, then
the value of the orientation function is equal to 1 and equation 9 predicts very high value
of composite modulus. When the clay basal planes make an angle higher than 40° with
the tensile direction the value of the composite modulus predicted by equation 9 is lower
then that of the polymer matrix. Due to this, equation 9 is valid only for a limited range
(5°-40°) of the angle between clay basal planes and tensile direction.

The feasibility of using equation 9 for predicting the elastic modulus of the

nanocomposite films with known orientation functions is discussed below.

Insert table 3.

The aspect ratio, A, from table 3 when substituted in equation 5 gives v = 3.99.

Substituting this value v and the value of @ from table 3 in equation 9 and varying the

value of orientation function, f, from 1 for perfect alignment of clay basal planes along

the tensile direction and 0 for random orientation gives E./E,, for different values of ‘f”.
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Insert figure 10.

Experimentally determined values of E./E,, for the known value of orientation
function, f, for the 4 different nanocomposite films studied, are plotted against the
theoretically predicted values of E./E,, in figure 10. Although from figure 10 it is seen
that that equation 9 roughly predicts values of E./E; close to those determined
experimentally the orientation and E./E,, data obtained for just 4 different films possibly

is not enough to check the validity of equation 9.

5. CONCLUSION

High density polyethylene (HDPE) nanocomposite was extrusion cast into films,
and the effect of decreasing film thickness on the orientation of intercalated clay layers is
studied. The orientation of intercalated clay platelet normals and polymer lamellar (001)
plane normals in the nanocomposite films increased along the film ND and MD

respectively with decreasing thickness or increasing draw down ratio (DDR).

Pseudo-static mechanical properties of all the films were studied and related to the
intercalated clay platelet orientation. % Increase in the tensile strength at yield and %
increase in secant modulus for the nanocomposite films increased monotonically with
decreasing film thickness (or increasing 1/t), indicating increased reinforcement with
decreasing film thickness. Change in the morphology of the nanocomposite films with
decreasing film thickness was discussed. A model to theoretically predict the tensile

modulus based on the degree of platelet orientation was developed and compared to data.
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In all 4 nanocomposite films the intercalated clay platelet dispersion remained the
same while their degree of orientation along the film MD varied considerably. Significant
difference observed in the tensile properties of the nanocomposite films, of different
thickness, indicated the importance of considering the orientation of the clay layers along
with its dispersion for understanding the structure property relationship in polymer-clay
nanocomposite systems. Although Brune et. al. [30] recently developed models and
predicted that the relative modulus of the nanocomposite with respect to the base resin
would increase with increasing orientation of the clay basal plane normal along the ND,
our study is the first of its kind to experimentally prove the relationship between

processing condition, orientation, and the tensile properties.
6. APPENDIX

6.1 Calculation of ¢m, ¢r and ¢ from Py and Gn

Insert figure 11

Figure 11 schematically shows the three observed projections and orientation
angles obtained from the 3-d orientation of the structural normal vector from the
scattering, q. To determine the average angle of tilt of the intercalated clay platelet
normals with the MD, TD and ND (¢m, ¢r and ¢n respectively) only 2 of the 3
orientations (figure 11) are needed. Since the intercalated clay platelet reflection is

clearly seen in orientation MN and TN, values of ¢mn and ¢ry are used for calculating ¢,

¢t and .
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6.1.1 Orientation MN and TN

When the planar structures show a strong reflection in the MN and TN plane then

the following equations can be used to calculate ¢y, ¢ and on from ¢avn and Py [18].

For example, in the case of clay tactoids and modified clay platelets, which show a strong

reflection in the film MN and MN plane and show no reflection in the film TN plane, the

following calculations can be used.

Using Figure 11c,

gt = q TN COSPTN

gn= q 1~ Sindry

Similarly, from Figure 11b,

gdM= g MN COSOMN

gN = q MmN SindmN

From equations (10), (11), (12) and (13),

qn/ qr = tan¢N

qn/ qu = tanpmn

(10)

(11)

(12)
(13)

(14)

(15)
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qw qr = tandrn / tandyn (16)

From Figure 11,

cos’dm = qu’/ @° = qu” /(quv” + aN” +q1°) (17)
cos’dn = qn/ € = qn” A(qu” + QN” +qr) (18)
cos’dr=qr/ 4" = qr’ (qu’ + qN” +qr°) (19)

Substituting (14), (15) and (16) in equations (17), (18) and (19) and substituting A =

tan’¢ry and B = tan’

cos’py = A*/ (A* + A’B*+ B?) (20)
cos’pn = A’B*/ (A? + A’B*+ B?) (21)
cos’pr = B>/ (A* + A’B*+ B?) (22)

In this way values of ¢rn and ¢y and ¢ur yield the values of cos*(¢n), cos’(¢r) and
cos’(¢n) for the normals to the intercalated clay platelets. These cos*(¢;) values are
numerically derived from the mean values of the type value <cos*(¢mn)> and represent a

type of average value.
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For a SAXS measurement where a correlated (that is stacked planes) and oriented
structure is observed, the scattered intensity, I(q*, ¢ m), at the correlation peak q*
and azimuthal angle ¢, relative to the sample's machine direction, MD, is related
to structures which meet a set of strict conditions: a) Bragg condition (having to
do with d-spacing and yielding the radial q*), b) Orientation of the stacked planes
with respect to the incident beam such that the specular condition is met (having
to do with orientation of the stacked planes at a fixed angle of half of the Bragg
angle relative to the incident beam) and c) Orientation of the plane normal at the
azimuthal angle, ¢w, relative to the sample's machine direction. If the assumption
of axial symmetry about the MD direction is not used, the meaning of an average

<cos’gyn> can be considered using equation 1b. For small angle scattering
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<cos’gun> in equation 1b reflects contributions from planes whose normals are
oriented at a small angle, 6/2 (where 0 is the scattering angle), relative to the
sample plane. If an error in orientation of 6/2 can be accepted, in terms of the
application, then we can consider equation 1b as reflecting the projection of
orientation in the sample plane. For polymer samples and scattering angles less
than 6° (0/2 < 3°) the assumption is appropriate and greatly simplifies the
quantitative description of orientation. That is, an error in orientation of less than
3° is generally not important to polymer samples especially when the Wilchinsky
approach is used to map orientation in terms of <cos¢>> (this would equal an error
of about 0.3 % of the axis on the Stein-Desper-Wilchinsky plot [23], i.e. smaller
than the symbols used to plot). The assumption becomes better than this worst
case scenario for SAXS where the value of q* is low. Additionally, since
orientation generally displays a broader distribution in direction for larger
structures, the approximation is further supported for the large structures observed
at small q. This assumption is strong for all of the small-angle regime since one
always deals with systems where < 0.3 % error is insignificant in terms of the
Wilchinsky triangle analysis. For scattering at 20° in the diffraction regime the
assumption becomes weaker with a necessary window of orientation of 10° and
an acceptable error in the Wilchinsky triangle of 3 %. The full description of this
approximation and its use for semi-crystalline polymer samples is given in [23]. If
this simplifying assumption can be made, then the analysis of 3D orientation in
terms of a Wilchinsky triangle, greatly simplifies understanding of the processes

and mechanisms of orientation. The Wilchinsky approach results in an analytic
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TABLE

Table 1.

Table 2.

Table 3.

CAPTION

Values of angle and cosine square of angle made by the normal of
intercalated clay platelet (002) planes (extension: clay) and polymer
lamellar (001) planes (extension: poly), with MD, TD and ND in all films.
Tensile properties of base polyethylene and polyethylene-nanocomposite
films. For the nanocomposite films, the numbers in parenthesis indicate %
increase in the strength or modulus, when compared to similar thickness

polyethylene films without clay.

Characteristics of the organo-clay, used for making the nanocomposite

films, before and after mixing with the polymer.
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FIGURE

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

CAPTION

Different orientations of the film: (a) MT orientation, (b) MN orientation,

and (c) NT orientation. X indicates direction of the x-ray beam.

2-D SAXS patterns for orientation MN (left face), NT (right face) and MT
(top face) of films a) HD510 CF 1, b) HD510 CF 2.5, ¢) HD510 CF 4 and
d) HD510 CF 8. The numbers in parenthesis represent the reflections from
(1) Clay tactoid (002) planes, (2) Intercalated clay (002) planes and (3)
Polymer lamellar (001) planes. The sample orientations are designated

with reference to Figure 1.

SAXS Log-log radial plots for HD510 CF 1 and HD510 CF 4 in
orientation MT and TN. Here L represents the polymer lamellar long
period and d represents the spacing of the intercalated/modified clay in the

nanocomposite films.

Azimuthal plot for films HD510 CF 1 and HD510 CF 8 showing the
orientation of a) intercalated clay (002) plane normals in the MN
orientation and b) polymer lamellar (001) plane normals in the MT
orientation. For any periodic structure, the sharpness of the azimuthal peak
reflects the extent of orientation. To obtain azimuthal plots 4a and 4b, 2d
patterns (figure 2) were radialy averaged at q~0.2 A" and q~0.025 A™

respectively.

Wilchinsky triangle [22, 23] for average normal orientation of intercalated

clay (002) plane (filled markers), and polymer lamellar (001) planes
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Figure 6.

Figure 7.

Figure 8.

Figure 9.

Figure 10.

Figure 11.

(unfilled markers) in all the films examined here. For a randomly oriented

sample a point in the center results.

Plot of the inverse of film thickness (1/t) against % increase in the tensile
strength at yield for the nanocomposite films when compared to the

corresponding HDPE films without clay.

Plot of inverse of film thickness (1/t) against the % increase in the 1 %
secant modulus for the nanocomposite films when compared to the
corresponding HDPE films without clay.

Schematic of the morphology of a polymer-clay nanocomposite showing
the increase in the occupied volume fraction of the filler due to its
asymmetric nature.

The mean chord length along different directions (arrows) in a polymer
composite containing a) spherical filler particles and b) clay platelets
(asymmetric particles).

Plot of the theoretically predicted values of Ec/Em versus those
determined experimentally.

Direction of scattering vector q in 2 different orientations, (a) Orientation
MT: qumris the projection of the scattering vector q on the MT plane while
omr 1s the angle made by the scattering vector with the horizontal (MD)
when projected on the MT plane, and (b) Orientation MN: qmn is the
projection of the scattering vector on the MN plane while ¢mn is the angle
made by the scattering vector q with the horizontal (MD) when projected

on the MN plane and (c) Orientation TN: qqn is the projection of the
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scattering vector on the TN plane while ¢rn is the angle made by the
scattering vector q with the horizontal (TD) when projected on the TN
plane. Dashed lines represent projection of the scattering vector on the

respective planes.
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