





shear simplified analysis of form factors. Planned contrast matching studies with
deuterated polymer will help interpret these differences and separate scattering

contributions from clay and polymer.

Figure 5.4. SEM images of freeze fractured surfaces: (a) view on top of the X-y plane; (b)
view on top of the X-z plane; (c) view on top of the X-y plane and fracture. Planes are
described in Figure 5.1. Fracture of the film shows part of the network like structure
which holds layers together suggesting strong interconnectivity between layers and
between the polymer and clay.

SEM determined morphology on a micron length scale. A nanometer scale
resolution as obtained with AFM is not achievable with the SEM instrument. As
mentioned before, the polymer clay solutions have works fractal structures that can be
described as interconnected networks on several length scales. When the solvent is
evaporated the network collapses (like a squeezed sponge) and we obtain layered
structures that can be observed on several length scales (nm resolution given by AFM and
micrometer size observed by SEM). In the y-z plane (Figure 5.4a) SEM was used to
examine whether an interface exists between each layer. No boundaries between
spreading layers could be detected by SEM, indicating substantial intermixing of spread

layers while preserving the platelet orientation. Surprisingly, a highly ordered and
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layered structure of the films has been observed in the X-y plane and porous structures in
the x-z plane. The porous structure in the X-z plane (Figure 5.4b) appears to consist of
interconnecting areas of film and fibers that form a porous mesh or network. From the x-
Z image we observe polymer fibers that, on average, are about 2050 + 280 nm in length
and approximately 170 = 10 nm in width with random orientation. These fibers contain
both polymer and nanoclay and no such fibers could be obtained with either pure PEO or
clay. The clay particles serve as cross linking points within the polymer nanocomposite
and lead to improved properties. The layered texture of the X-y SEM image was
calculated to have an average dimension of dsgm = 394 + 42 nm per layer or roughly two
times the width of a fiber observed in the X-z plane. According to AFM and SANS
measurements, each of the 390 nm thick layers (measured by SEM) must consist of a
bundle of smaller layers which are, on average, 55 nm thick. One has to investigate
several AFM images in horizontal and vertical distances to observe these bundles. The
layers observed by SEM are considerably smaller that the calculated width of a single
layer spread to form the nanocomposite film. Further SEM studies suggest that the exact
thickness of one dried layer is not as important to the overall orientation of polymer and
platelets as, for example, the “shear rate” during the spreading process and the drying
procedure. Fracture of the film (Figure 5.4c) shows part of the network-like structure
which holds layers together suggesting strong interconnectivity between layers and
between the polymer and the nanoclay. During the drying and spreading process the
polymer clay network collapses and the clay platelets are shear-oriented preferentially in
the spread direction. We conclude that the strength of the polymer network in solution
strongly influences the alignment of polymer and clay during the spreading process. In

solution, a high degree of porosity is available between the polymer-clay matrix and
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water filled channels. The collapse of the network during the spreading and drying
process of films reduces the pore sizes and the shear leads to orientation and anisotropy.
The spreading and drying procedure influences both the micro and macrostructure.
Polarizing microscopy showed differences in birefringence in each plane, x-z and
x-y (Figure 5.5). A small section of a one layer film was removed (by scratching) to
expose the X-y plane. Observation of the X-z plane shows a lightly speckled pattern. This
speckling is primarily due to the birefringence observed from PEO crystallites present in
the sample. With increasing temperatures in a range from 25 to 200 °C the birefringence
gradually disappears due to the melting of the polymer crystallites. Observation of the
exposed edge of the film, the X-y plane, shows a highly birefringent pattern even after
annealing an hour at 200 °C. The total birefringence of the film is dominated by the
orientation of the clay platelets and the polymer within the sample. At high temperatures
we believe that the birefringence comes from the clay alone while at low temperatures
both polymer and clay contribute to the total birefringence. Previous work on PEO
nanocomposites have shown that it is difficult to significantly increase the intergallery
distances by adding more polymer to the system and excess polymer will phase separate

130
upon removal of water.

With our polymer nanocomposites, both the pH and ionic
strength of the solutions were controlled by the addition of NaOH and NaCl respectively.
As the water evaporates during the film preparation, the electrolyte concentration
increases causing separation of PEO at higher concentrations. The presence of salt may
be in part responsible for the development of the layered structure. Optical microscopy
data suggest that our nanocomposites do contain PEO crystals that may have been phase

separated during the drying and spreading process. Neither high molecular weight

polymer nor shear was sufficient to completely overcome phase separation and
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crystallization of PEO. We also note that there is time required for crystallinity to be
observed (ca. 3 weeks). However, after some time (0.5 years) crystallinity of 55% does
not change any more. The crystallinity of PEO various nanocomposites has been studied

129.130. 192 The confinement induced crystallinity is very important in

in the past.
controlling the structure in our multilayered films, an aspect that will be investigated in

more detail elsewhere.

Figure 5.5. Optical micrograph of a spread nanocomposite film with a scratched surface.
A small section of a one layer film was removed to expose the x-y plane. Crossed
polarizers and a magnification of 20x were used.

5.4 Conclusions

Nanocomposite multilayered films were studied with a combination of scattering
and microscopy. The length scales covered by these techniques provide information
about short range packing as well as long range correlations. The multilayered films
were formed by a layer by layer spreading method from a network like solution. No
boundaries between spreading layers could be detected by SEM indicating substantial

intermixing of spread layers while preserving the platelet orientation. During the drying
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process the polymer clay network collapsed and the clay platelets oriented inside the
network with the clay surface normal perpendicular to the spread direction. On a
nanometer scale the clay can absorb only a maximum amount of polymer until all the
clay surfaces are covered. Any excess polymer in solution as well as in the bulk leads to
formation of two phases- network like polymer-clay intercalates and pure polymer
phases. We assume that these two phases lead to the unusual and unexpected layered
structure observed with AFM and SANS. We also note that this interpretation is
consistent with similar behavior reported in literature.

Our unexpected results pose many open questions and more experiments are
necessary for better understanding the origin and nature of the layered structures for a
more quantitative evaluation. Planned SANS measurements may help determine the
thickness and density of the polymer-clay interfacial regions as well as the average
number of contacts per chain and per particle. Once we have obtained this information
we can determine how the polymer-clay interactions influence the macroscopic behavior
and quantify the origin of observed layers. Future X-ray, AFM, and SEM investigations
in the wet state will help to determine how the layered structure developed when solvent
is evaporated slowly. Planned dynamic testing will lead to further elucidation of the
rheological behavior in order to better understand viscoelasticity, relaxation, and

interaction based phenomena.
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CHAPTER 6: AN INDEPENDENT EXPLORATORY RESEARCH
PROJECT: POLY(ETHYLENE OXIDE)-KAOLINITE SOLUTIONS
AND FILMS

6.1 Introduction

The natural clay Kaolinite falls under the classification of phyllosilicates clays
and is similar to the mineral talc in that it forms sheets or platelets. These platelets
aggregate and form stacks similar to pages in a book or a deck of cards. Unlike the
previous clays studied, Laponite and Montmorillonite which are a 2:1 layered structure,
Kaolinite is a 1:1 layered structure. This ratio refers to the number of silicon oxide
tetrahedral layers to the number of aluminum oxide octahedral layers that make up an
individual clay platelet. Kaolinite shows a pseudo-hexagonal shape and can have average
diameters in the plane of the platelet in the micron range with a platelet thickness of
approximately 5 A. This provides an average aspect ratio of 2000:1, based on an average
platelet diameter of 1 um. Unlike the structure of Laponite and Montmorillonite which
have surface exposed oxygen atoms on both sides of the platelet, Kaolinite has exposed
oxygen atoms on the silicon oxide layer and hydroxyl groups on the aluminum oxide side
of the platelet. This configuration for Kaolinite makes swelling of the clay stacks very
difficult in aqueous solution causing both intercalation and exfoliation to be a challenging
process.

The polymer chosen for this study, poly(ethylene oxide) (PEO), is the same as
used in previous Laponite and Montmorillonite studies. The PEO was purchased from
Polysciences, Inc. The molecular weights used were 1x10°, 5x 10°, and 8x 10° with
molecular weight distributions reported by the company to be 1.5 for all polymer

molecular weights.
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There were three main reasons for pursuing this project. First, it allows for size
dependence study in nanocomposite solutions and films as the clay platelet size is larger
than the previously studied Laponite and Montmorillonite clays. Second, is how the
influence of salt ionic strength has an affect on the exfoliation of clay particles. We
hypothesize that the ionic strength may influence polymer intercalation in aqueous
solution. Finally, it provides the opportunity to develop new nanocomposite materials
with unique properties.

6.2 Experimental

Stock salt solutions were prepared using distilled water. The concentration of the

salt solution, NaCl and NaOH, varied from no salt added (0X) to forty times (40X) what

has been used for a Laponite-based system (1X) (see Table 6.1).'**

Table 6.1 PEO-Kaolinite Stock Salt Solution Concentrations’$

Solution NaCl conc. NaCl conc. NaOH conc. NaOH conc.
(g/mL) ™M) (g/mL) ™M)
0X - - - -
0.25X 1.463x107° 2.50x10™ 1x10° 2.5%107
0.5X 2.925%x107° 4.996x10™ 2x10° 5%107
1X 5.85x107 1x107 4x10° 1x10™
3X 1.755%10™ 3x107° 1.2%x107 3x10*
5X 2.925%x10™ 5.01x107 2x107° 5%10™
10X 5.85x 10 1x1072 4x107 1x107
20X 1.17x107 2x107 8x 107 2x107
40X 2.34%x107 4x107 1.6x10* 4x103

This approach was utilized to find ways of better swelling the Kaolinite clays and to help

determine the optimal salt concentrations needed to form homogeneous polymer-clay

%% Solution names of 1X, 3X, etc. refer to the solution concentrations based on the stock solution used for
the PEO-Laponite studies. For example, 1X would refer to the solution concentration used in the PEO-
Laponite study and 40X would be a solution that contains forty times more NaCl and NaOH in solution.
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gels, that have similar properties to previously published PEO-Laponite and PEO-

4547128 The calculated salt concentrations used in this study can be

Montmorillonite gels.
seen in Table 6.1.
Samples were prepared as 15 g total weight samples. The samples consisted of 1
%wt Kaolinite and 2, 5, 8, and 10%wt PEO, the balance was the NaOH/NaCl/H,O
solution. Table 6.2 shows the calculated weights for the samples used in this study.

After the salt solution was added to the combined polymer and clay powder the samples

were placed on a wrist-action shaker for 24 hours.

Table 6.2 Calculated Values for Kaolinite-PEO Solutions

Sample Name Clay Amount (g) Polymer Amount (g) Solution Amount (g)

Ka 1-1 0.15 0.15 14.7
Kal-3 0.15 0.45 14.4
Ka 1-5 0.15 0.75 14.1
Ka 1-8 0.15 1.2 13.65
Ka 1-10 0.15 1.5 13.35

During this time as the polymer begins to dissolve the samples become highly viscous.
Additional shaking can no longer ensure complete mixing. Samples were then
centrifuged in the cap down position for 30 minutes, and then placed in the cap up
position for an additional 30 minutes. This centrifuging procedure was carried out for a
total of 2 hours. In addition to centrifuging, the samples were also mixed by hand using a
metal spatula. This was done to make sure any large agglomerates of undissolved
polymer or clay could be broken up and mixed into the overall system. Ideally, with
daily mixing and centrifuging of the sample they can be ready in as little as 3 to 4 weeks.
Samples were deemed ready when they appeared homogenously mixed with no visible

clumps of undissolved polymer or clay present. Samples were also inspected by optical
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microscopy which showed the clay was mostly homogeneously suspended throughout the

polymer/water matrix (see Figure 6.1).

Figure 6.1. Optical microscopy image of a representative Ka 1-5 8 x 10° 0.25X sample
(1%wt Kaolinite, 5%wt 8x 10° MW PEO, 94%wt 0.25X concentration salt solution).
Sample shows that the clay is homogeneously mixed throughout the sample but there is
still the presence of clay agglomerates even after samples have been mixed for longer
than 2 months. Approximate platelet diameter of 1-2 pm.

Rheological experiments were carried out on a series of PEO-Kaolinite solutions
that consisted of 1%wt Kaolinite and either 5, 8 or 10%wt 8x 10° MW PEO. According
to the manufacturer, the polydispersity index (PDI) of the polymer used in this study was
1.5. All experiments were carried out using samples that were homogeneously mixed
and validated by optical microscopy.

Experiments were performed using a TA Instruments AR1000 strain controlled
rheometer and a TA Instruments ARES series stress controlled rheometer. Experiments
performed on the AR 1000 used a parallel plate configuration with a peltier bottom plate

and an anodized 40 mm diameter aluminum upper plate. A 1 mm gap was used for all
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experiments. In order to prevent solvent loss during the experiment, a solvent trap was

placed around the sample which can be seen in Figure 6.2.

Figure 6.2. An image of the AR1000 with solvent trap in place. The solvent trap consists
of three pieces, a bottom piece with a small reservoir for solvent and two acrylic top
pieces to keep the solvent trap closed to minimize solvent loss during the time frame of
the experiment.

After loading the sample, it was allowed to reach the experimental temperature (25 °C)
and remain at rest with no preshearing, other than shearing experienced by the sample
when loading, for a minimum of 4 minutes.

Experiments performed on the ARES rheometer used two different parallel plate
configurations. The first configuration consisted of a 38mm diameter quartz glass upper
plate paired with a 45 mm diameter quartz glass bottom plate. In order to prevent solvent
loss in this configuration a small amount of low viscosity silicon oil was floated over the
top of the sample. The viscosity of the silicon oil is considerably lower than the sample
viscosity and should have negligible affect on the overall rheological experiment. A
second configuration consisted of a pair of stainless steel 25 mm diameter parallel plates,

no solvent trap was present. A gap of Imm was used in this first configuration while gap
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values of 0.5, 0.8 and 1mm were used for the second configuration. Samples after
loading were allowed to reach the experimental temperature (25 °C) and remain at rest,
no sample preshearing, for a minimum of 4 minutes before the experiment proceeded.

PEO-Kaolinite films were formed on clean borosilicate glass microscopy slides
from well dispersed Kaolinite-PEO solutions (Ka 1-10 1x 10° MW PEO salt
concentrations 1, 3, 5 and 10X). Samples were prepared using a layer by layer approach
until a total of 27 layers were obtained with average film thickness of 0.998+0.07 mm Ka
1-10 1x 10° 1X, 1.04+0.07 mm Ka 1-10 1x 10° 3X, 1.157+0.06 mm Ka 1-10 1x10° 5X
and 1.043+0.06 mm Ka 1-10 1x10° 10X. These samples were used in preliminary SEM
and SAXS experiments. Additionally, a small amount of 5x 10° MW PEO and PEO-
Kaolinite solution (Ka 1-10 5x 10° PEO series) was placed on microscopy slides with a
cover slip placed over the solution to observe the solution under cross polarized light
microscopy. After the initial observation of the solutions under microscopy, the samples
were then placed in a desiccator and allowed to dry. The dried single layer that is now
sandwiched between the glass slide and cover slip was observed again by cross polarized
light microscopy.
6.3 Results and Discussion

A series of Kaolinite-PEO solutions were prepared for numerous solution and
film studies. Samples were made with PEO which had molecular weights of 1 10°,
5x10° or 8x10°. The polymer concentrations varied from 1%wt to 10%wt as outlined in
Table 6.2, with salt concentrations outlined in Table 6.1. This approach allowed for
determining what polymer molecular weight, polymer concentration and salt solution
concentration would give the best solutions with viscoelastic properties similar to

previously published PEO-Laponite and PEO-Montmorillonite solutions studied by
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Schmidt et al.*>*” and Malwitz et al.'"*® It was observed in the PEO-Kaolinite series that
consisted of 1x10° and 5x 10° MW PEO that the clay could not be kept suspended in
solution unless the polymer concentration was at 10%wt. A possible explanation for this
occurrence could be strong interactions between the polymer and the clay that leads to
flocculation. Another interpretation suggests that the polymer chains are not sufficiently
long enough to create “bridges” between clay particles because the clay particles are not
completely exfoliated and the aggregates are too far apart. A “network™ as it is found in
other polymer-clay systems* " '** is then not possible. The polymer chains would
effectively only be able to cover the clay particles and aggregates but not prevent them
from settling out. When the polymer concentrations are high enough (10%wt) the clay
particles can remain suspended because the polymer builds a viscous matrix. With
enough polymer present, the clay particle surface may become completely covered
allowing excess polymer left in the solution to counteract the gravity of the clay.
Interactions between the polymer covered clay particle and the free polymer through
other mechanisms such as chain entanglements are also possible. This phenomenon,
however, is not seen in a Kaolinite-PEO system where the polymer molecular weight is
8x10°. It may be possible that a minimum viscosity is needed to achieve a network-like
structure within the system to prevent the clay particles from settling.

Rheological experiments were performed on a Kaolinite-PEO series containing
8x10° MW PEO, the samples were made according to Table 6.2 and solutions from
Table 6.1. Both stress controlled (AR1000) and strain controlled (ARES) rheometers
were used to check the data for reproducibility and consistency of results. The flow
curve presented in Figure 6.3 was from a Ka 1-5 8x 10° 0.25X sample (1%wt Kaolinite,

5%wt 8x 10° MW PEO, solution type 0.25X). The stress controlled data were obtained
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from a “flow test” where a single continuous curve was generated for a given set of shear
rates (0.02 — 500 sec™). The strain controlled data was collected as a series of individual
steady state shear measurements and each data point was the average of the steady state
data collected for a given shear rate. Comparison of the data from both testing methods
show the data between instruments and experiment types are in good agreement (relative

error = 10%).
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Figure 6.3. Steady state viscosity as a function of shear rate obtained from two different
rheometers. Flow curve and steady state shear data. The flow curve data was produced
as a single continuous test on the AR1000. The steady state shear data was generated
from individual tests and each data point was the average of the steady state data for the

given shear rate. The relative error between the two experimental methods was +10 %.
Error bars are smaller than the data points.

The flow curve tests for the Kal-5 solution series (1%wt Kaolinite, 5%wt PEO 8x 10°
MW, all solutions types from Table 6.1) can be seen in Figure 6.3. Initial observations
show that the polymer-clay solutions are shear thinning. The initial viscosity appears to

not be linearly related to the salt concentration and no increasing or decreasing trend is
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observable. The shear thinning region of the curve has a power law behavior of 0.8.
Power law exponents of 0.9 and 0.94 were determined for Kal-8 8 x 10° and Kal-10

8x 10° respectively. In all series, the value of the power law index is independent of salt
concentration. A Cross model fit was attempted on all sample data to provide an

estimated initial zero shear viscosity (77), power law index (n) and infinite shear viscosity

(775) values. The Cross model has the following form:

Mo — 1.,
= 6.1
7 i1+(Ky')” )+77 (1)

Also included in Figure 6.5 is the consistency value (K) which is a measure of the
characteristic time of the material, the greater the value of K the more the curve shift to
the left.'* Figure 6.5 is a representative Cross model fit and Table 6.3 shows the data
fitting results for all samples. The values for the power law index were found to show no
linear dependence on the salt concentration, no observable trend, and were generally
higher than the straight line fits of the shear thinning region of the flow curve.
Differences in the power law index and the slope value for a) straight line fit versus b)
Cross model fit could be caused by possible errors in the model fit. Error in the Cross
model fits ranged from 5% to 20% suggesting that the choice in models to fit the data
may not be perfect. Another explanation for the high error in the Cross model fit could be
insufficient data in the very low and high shear rate ranges and a lack of a definite
viscosity plateau in the first and second Newtonian regions of the curve. Figure 6.6
compares the flow curves for Ka-PEO 0X and Ka-PEO 10X solution concentrations with
polymer concentrations of 5, 8 and 10%wt. From these flow curves it can be seen that
the PEO-Kaolinite solutions are strongly dependent on the polymer concentration as

opposed to the salt concentrations indicated by the increase in the viscosity of
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Figure 6.4. a) Flow curve series for Ka 1-5 (1%wt Kaolinite, 5%wt 8x 10° MW PEO).

b) Inset of the initial viscosities of each sample that shows that the initial viscosity follow
no trend with increasing salt concentration. The shear thinning region of the flow curves
in a) were also found to be more or less independent of the salt concentration with a
power law value of ~ 0.8. Similar results were found for the Ka 1-8 and Ka 1-10 series
(not shown).
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Figure 6.5. Cross model fit of Ka 1-5 8x 10° MW PEO 0.25X solution. Sample shows
shear thinning behavior and the fit values for the zero shear viscosity (77), power law
index (Nn), infinite shear viscosity (77,,) and consistency (K).

the samples with increasing polymer content. Figure 6.6 also shows flow irregularities
that have repeatedly occurred during the flow tests and are more pronounced at the higher
polymer concentrations. Possible reasons for these irregularities may occur:

1) The occurrence of wall slip. According to Walls et al'**

, colloidal gels and
other solution suspensions are believed to have a thin layer of fluid that exists between
the tool geometry and there may be an absence of particles or weak particle interactions
near the tool geometry surface. When sufficiently high shear rates are obtained, the
velocity of the fluid near the geometry surface is higher than that of the bulk material. In
the worse case scenario, the particle-lean fluid near the tool surface can flow and deform
while the bulk material does not experience any deformation.

2) Flow irregularities due to rupture of the sample. Rupture can occur when a

critical edge velocity is reached for a given material.®’ The critical edge velocity for a
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material appears to decrease with an increase in the sample viscosity an decreasing
surface tension.’’ A possible method to correct for this phenomenon would include using
different tool geometries or smaller sample gaps. Another cause for the sample to rupture
at the edge is due to the gas-liquid interface of the sample creating a hardening effect. In
an attempt to correct for this, a layer of light silicon oil can be spread over the exposed
surface.

3) A third reason for the discrepancies in the flow curves is caused by the
delamination of the clay agglomerates during shear. This would amount to a type of
internal wall slip within the sample itself. Initially as the agglomerates delaminate a
reduction in viscosity could be caused. As the newly delaminated clay particles begin to
align in the flow field they may increase the viscosity until the next delamination occurs.
Finally, it is reasonable to expect that a combination of one or more of the previously
mentioned effects could occur within the sample during the rheological testing procedure
causing the flow curve to show irregularities.

Single layer films of neat 5x 10° MW PEO in a 1X salt solution were compared to
aKal-55%x10°1X sample (1%wt Kaolinite, 5%wt PEO 5 x 10° MW, 1X salt solution) to
see if the addition of clay affects the sample crystallinity. Figure 6.7 shows cross
polarized optical microscopy images of the pure PEO and the PEO-Kaolinite samples.

Initial observations suggest that the spherulite size is significantly smaller in the
presence of clay compared to the pure PEO sample. Additionally, the spherulite density
appears to be much higher in the PEO-Kaolinite sample than in the pure PEO. Clay
strongly influences the nucleation and growth of PEO crystals. Our results are very

similar to those reported by Strawhecker and Manias for PEO-Montmorillonite
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nanocomposites.'* Additional more quantitative studies to determine crystallization

behavior may be performed in future studies.

Table 6.3 Data Obtained from Cross Model Fit

Neo

Power law index

“" (n)
Ka 1-5
0X 2851+195.2 3.8x10°+3.96x10°  0.825+7.071x 107
0.25X 3251+35.4 2.42x107+1.86x107 0.827+0.003
0.5X 3799+118.8 471x107+1.63x107 0.829+0.003
1X 1995+28.28 1.75x10°+£2.36x 107 0.807+0.001
3X 2409+576.3 8.53%x107+6.64x 107 0.833+0.013
5X 1702+616.6 2.36x10°+£3.19x10° 0.800+0.002
10X 3185+16.26 1.94x10°+£2.39%10° 0.827+0.002
20X 1796+43.13 5.83x107+1.2x107  0.809+8.49x10™
40X 9554+279.3 2.53x107x1.75x107  0.876+1.41x10™
Ka 1-8
0X 12 350+1881 4.66x10°+3.17x10°  0.89445.66x 10
0.25X 22 96049390 1.899+2.69 0.950+0.08
0.5X 28 630+226.3 1.34+1.67 0.965+0.10
1X 13 6554219.2 7.29%10°+2.13x 107 0.892+0.003
3X 9600+1754 0.3707+0.5243 0.892+0.028
5X 11 830+777.8 1.08x10°+1.51x10™ 0.868+0.001
10X 4358+920.7 8.32x10°+1.15x10™ 0.915+0.030
20X 5471+1123 1.23%x10°+1.2x10° 0.912+0.022
40X 51 390+12 756 2.46+0.865 0.917+0.071
Kal-10
0X 42 910+10 819 0.85240.324 1.036+0.129
0.25X 25 57042036 0.27+0.382 0.945+0.005
0.5X 65 675+33 000 1.82+1.96 0.974+0.065
1X 3503545763 1.90+2.68 0.93440.059
3X 24 33046491 0.761£1.075 0.931+0.017
5X 22 890+1853 1.57x10°+£3.75x 107 0.924+0.010
10X 23 2754997 0.509+0.371 0.950+0.012
20X 15 340+3903 1.69x107°+1.78% 107 0.927+0.009
40X 22 010+6010 5.60x107°+7.84x 107 0.917+0.020

Preliminary SEM and X-ray scattering studies were performed on a series of

Kal-10 1x10° MW PEO films, salt concentrations of solutions were 1X, 3X, 5X and

10X. Table 6.4 shows the film composition as a function of weight percent. Figure 6.8

shows SEM images of a) pure Kaolinite clay and b) Ka 1-10 1x 10° MW 10X film.
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Figure 6.6. Flow curves for PEO-Kaolinite a) Ox and b) 10X solutions with polymer
concentrations of 5, 8, and 10%wt. The flow curves show that as the polymer
concentration increases the sample viscosity increases which indicate that the sample
viscosity is more sensitive to polymer content than salt content.

The stacking of individual clay sheets to form a large clay agglomerate are shown in
Figure 6.8a and consists of approximately 42 individual sheets covering a distance of
5.9 um. Figure 6.8b is an image of a PEO-Kaolinite film and shows that there may be

95



some imperfect orientation of the clay platelets parallel to the plane of the film.

Additional work on solution optimization will be needed to produce better films for SEM

analysis.

Figure 6.7. Polarized optical microscopy images of a) neat PEO (5x 10° MW) and b)
Kal-5 5x10° 1X. From the images it can be seen that spherulite size is significantly
decreased in the presence of clay and the spherulite density has increased. Magnification

bar is 140 um.

Table 6.4 Ka 1-10 1x 10° Film Content

Film Content

. Polymer
Solution Type %y wi Clay NaCl NaOH
Y%owt Y%owt Yowt
1X 90.82 9.10 0.06 0.0034
3X 90.71 9.11 0.16 0.0083
5X 90.66 9.07 0.25 0.016
10X 90.16 9.01 0.47 0.034

Initial X-ray scattering (SAXS) measurements suggest that the films show some
degree of clay orientation within the film (see Figure 6.9). These results are expected and
similar to PEO-Laponite and PEO-Montmorillonite films investigated by

Malwitz et al.'***'*® The preliminary scattering data suggests that there is orientation of
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18kV HD:7mm S:k-18x P: 21f

Figure 6.8. SEM micrographs of a) pure Kaolinite clay and b) Ka 1-10 1x 10° MW PEO
film made from 10X solution. a) Shows the typical stacking associated with the
individual clay platelets to form an agglomerate. b) Incomplete exfoliation of the solution
lead to a film that shows clay agglomerates of differing sizes and possibly some
individual clay particles. The bars in b) were used to highlight possible clay platelet
orientation parallel to the film. (SEM by Avinash Dundigalla)

View parallel to spread direction View perpendicular to film
(x-y plane) plane

Figure 6.9. SAXS images of Ka 1-10 1x 10° MW PEO 5X solution. a) The anisotropic
pattern observed indicates that there is orientation within the polymer-clay film. b) The
isotropic pattern observed perpendicular to the film plane shows there is no clay
orientation. From these images it can be determined that the clay platelets are oriented
parallel to the plane of the film. (SAXS images by Elena Loizou)
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clay in the film and also some degree of intercalation and/or exfoliation occurring within
the films when analyzing the data. Additional scattering studies will be needed to
determine the exact extent of intercalation/exfoliation.

6.4 Conclusions

A series of PEO-Kaolinite solutions were investigated by rheology and films were
investigated by optical microscopy, SEM and X-ray scattering. Initial rheology studies
suggest that solutions show similar shear thinning behavior regardless of salt
concentration but the power law of the shear thinning region of the flow curve increases
with increasing polymer concentration. One would expect that increased polymer
concentration leads to increased viscosity. It was also observed that the initial viscosity
of a sample within a series is random with increasing salt concentration.

Flow curve irregularities may be attributed to wall slip, rupture or delamination of
clay aggregates within the sample during shear. Each of these interpretations is not
mutually exclusive and a combination of one or all three could be the case. Further
rheological studies using other tool geometries or optical microscopy to see if
delamination is occurring would be needed to help further understand this flow
phenomenon.

Optical microscopy of samples used in this study showed homogenously
dispersed clay particles within a polymer solution matrix but clay aggregates still
remained even after samples had been mixed for 2 months. Cross polarized optical
microscopy showed that the presence of clay has a tendency to reduce the size of the
spherulites of PEO when compared to a neat sample. Nucleation and growth of PEO
spherulites is strongly influenced by the clay. Similar results were reported by

Strawhecker and Manias for a PEO/Na” MMT system.'** Additional studies such as
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DSC would elucidate the affects on the degree of crystallinity and crystallization
behavior. Preliminary SEM and X-ray scattering studies on PEO-Kaolinite films are
promising but more analysis is necessary to better understand the results. SEM studies
remain inconclusive on the orientation of clay particles in the bulk films at the
micrometer scale. However, initial X-ray scattering studies suggest that there is possible
clay orientation within the film on the nanometer scale as well as intercalation and
exfoliation occurring. These initial results are very promising in development of novel
materials and orientating large clay particles within a polymer film.

Future work for this system requires further optimization in order to decrease the
presence of clay agglomerates and increase the degree of intercalation and exfoliation
within the solution. Several approaches could be made to try and achieve this goal. A
first approach would be to continue adjusting the polymer, clay, and salt concentrations
and exploring the phase diagram. A series of solutions has already been investigated in
this initial study where only the salt and polymer concentrations were adjusted. Fine
tuning of the viscoelasticity of these gels and solutions may also require an adjustment to
the clay concentration in order to determine a well defined phase diagram for this very
complex fluid. A second approach to controlling and improving the viscoelasticity of the
polymer clay solutions would be the direct treatment of the clay surfaces themselves.
This would allow for the tailoring of the specific interactions between polymer and clay.
Surface treatment may lead to better intercalation and/or exfoliation.

Ultimately, if the polymer-clay solutions can be optimized to provide a minimum
amount of clay aggregates thereby maximizing the amount of intercalation/exfoliation

within the solution, a class of novel materials with exciting properties may be generated.
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