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ABSTRACT

SYNTHESIS, CHARACTERIZATION AND PROPERTIES OF CLAY -
REINFORCED THERMOSET NANOCOMPOSITES
By

Peter C. LeBaron

Nanocomposites are formed upon the uniform mixture of two or more
distinct phases over a nanometer length scale. Typically the components consist
of a stiff reinforcement phase dispersed in a polymeric matrix. Due to the
improved surface contact and interfacial properties of nanocomposites, these
materials commonly exhibit superior mechanical behavior relative to
conventionally filled systems. The first example of layered silicate materials
employed as a reinforcement phase was shown by Toyota researchers in
exfoliating organoclay in a nylon-6 matrix. The hybrid material exhibited a
dramatic improvement in thermal and mechanical properties, and ultimately
found practical use in under-the-hood applications in the automobile industry.

The present work focuses on nanocomposite syntheses of two distinctly
different polymeric systems, elastomeric polydimethylsiloxanes and rigid epoxies.
Each polymeric medium requires unique layered silicate organo-modification,
reaction conditions and sample treatment. These concepts are addressed along
with the mechanism of clay exfoliation and an investigation on the final

properties.



Silicone rubbers gained remarkable toughness, as the stiffness,
elongation and tensile strength were notably improved upon the exfoliation of
clay particles. Permeability of the silicone samples was not substantially
influenced by the presence of silicate layers, however, and this lead to further
investigations on the post — cure reactivity of the silicone nanocomposites.

The nanocomposites formed in a glassy epoxy network also showed
substantial mechanical improvement compared to the unfilled epoxy. In the case
with epoxies, the amount and type of organic modification used on the clay was
scrutinized. Nanocomposites were synthesized from reduced organic — content

clays and were noted to retain epoxy intercalation and exfoliation properties.
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Chapter 1
INTRODUCTION

1.1 Nanocomposite Materials
1.1.1 Nanocomposite Concept

Multi-matrix materials consisting of a stiff reinforcement phase embedded
in a polymeric phase fall into the general class of composite materials. Due
primarily to the improvement in mechanical properties not obtainable by either
parent end member independently, such materials have found widespread
applications in nearly every facet of the modem world. For this reason,
accompanied with the drive to produce more environmentally sensitive materials
in place of energy consuming metal -based components, composites have been
intently studied recently and a variety of new classes have been explored. One
such relatively young category of composite materials exhibits a change in
composition and structure over a nanometer length scale.'” These nano-scaled
hybrid materials, termed nanocomposites, have been shown in the last decade to
afford remarkable property enhancements relative to conventionally scaled
composites.
1.1.2 Nanocomposite Significance

The macroscopic effect of downsizing the filler size of composite materials

is remarkably manifested on the performance properties of the final material.



Through decreasing the size of the reinforcement phase by three orders of
magnitude, which is typical in going from conventionally scaled composites to
nanocomposites, the surface area to volume ratio, and thus the interfacial
contact between the dissimilar components is monumentally greater for the
nano-scaled material. This results in a more efficient transfer of potentially
damaging forces to the stronger filler phase, rendering the strained polymer
matrix more unaffected in nanocomposites compared to conventional
composites. Also important to note is the ability of a smaller reinforcement phase
to influence more of the polymer at much reduced loadings, giving rise to
significantly lighter materials. This is a primary driving force for the expansion of
nanocomposite use, as the notion of lower weight structural parts is of principal
concem in modem development of the automobile and aeronautical industries.
The need for large volume fractions of conventional fillers to achieve the desired
characteristics in the final material also adds to the overall cost, as typical
conventional reinforcers, such as fiber glass and graphite, are relatively
expensive materials, especially if they need to be modified prior to addition to the
polymer. The layered silicates, on the other hand, are found ubiquitously in
nature and can be made polymer — ready through relatively inexpensive
purification means.®'°
1.1.3 Sol-Gel Synthesized Nanocomposites

The use of naturally occurring layered silicates is not the only nano-scaled
reinforcement phase used in strengthening polymer media. Another approach to

inorganic — organic hybrid materials involves the hydrolysis and condensation of



metal oxide precursors from metal alkoxides in the presence of similarly
functionalized polymer precursors.> "' The most common polymer reinforced in
this way is polydimethylisiloxane, and a general depiction of this synthetic

scheme is illustrated in figure 1.1.



Metal Oxide Polydimethyisiloxane

Filler Polymer
M(OR), +H, HO-(Si(CHj),), -OH
+
(RO); M-OH + ROH Si(OE),

|

~ ll =
— M-O-MT | ROH/H,0 + =Si-O-(Si(CH,),),-O-Si—

M=Si, Al T, Zr

Metal oxide — PDMS Nanocomposite

Figure 1.1 Depiction of the sol-gel approach to synthesizing nanocomposites
indicating the metal oxide filler phase and the polymeric silicone precursor.



1.1.4 Layered Silicate Nanocomposites

The morphology of layered silicates, which will be described more in depth
shortly, makes them particularly suitable for use as a reinforcement phase in
engineering nanocomposites. Their platy, high aspect ratio structure lends such
silicates towards better interfacial interactions at the polymeric boundary relative
to larger scaled, more spherical reinforcement phases. The chemical makeup of
these clay materials consists of a dimensionally stable silicon — oxygen network
with four parallel oxide layers making up each individual silicate sheet.'> The
robust, stiff nature of the clay layers is not easily exploited in polymeric matrices,
however, due to the strong tendency of the layers to form face — to — face
stackings, or tactoids, that are difficult to separate into individual layers. This
dilemma can be thwarted by the use of a particular class of layered silicates
employed as the reinforcer, the smectite clays. As will be discussed in section
1.1.5, there are a variety of layered silicates that occur naturally, and these can
be distinguished from one another and separated into classes based on the
charge carried in each layer. Smectite clays are in the middle of the charge
density continuum, giving maximum swellability of the layers and thus providing a
means of disseminating the sheets. This occurs due to the fact that layered
silicates carrying too low a charge density, ie talcs, reduces or nullifies (in the
case of a neutral layer) the driving force to uptake solvent into the ionic gallery
regions, while too high a charge density, ie micas, causes an electrostatic
interaction between adjacent layers that cannot be overcome and the layers are

essentially locked together. The ability to disseminate smectite tactoids through



solvent swelling is what has extended the practical applications of these minerals
to absorbants, lubricants, rheological fluids and, more recently, polymeric
reinforcers.
1.1.5 Smectite Clay Structure

Clay minerals are largely two - dimensional layered silicates with individual
particle sizes on the order of ~ 2um, depending on the specific type of clay. The
aforementioned oxide network (composed of four discrete 001 planes) gives rise
to what is known as a 2:1 mica — type morphology with a layer thickness of 9.6 A.
In the notation, “2” indicates the presence of two tetrahedral silica — based sheets
that lie on either side and form a sandwich with “1” octahedral sheet. The central
octahedral layer is composed of edge — shared octahedra with the coordination
sites generally occupied by aluminum or magnesium, while the tetrahedral layers
are made up of comer — shared SiO4 units. Variations in the clay charge density
stems from isomorphous substitution of lower valent metal ions in either of the
layers (e.g. Al** for Si** in the tetrahedral sheet, or Li* for Mg*?; Mg*? or Fe*? for
AI*® in the octahedral sheet), or site vacancies giving rise to a net negatively
charged layer. The gallery cations, ordinarily Na*, K* or Ca*?, are located
between the clay layers and electrostatically balance the charge. Figure 1.2

illustrates a typical smectic clay layer.'?



9.6 A

® Oxygen @ Si/Al ® OH ® Al/Mg

Figure 1.2 lllustration of the layered oxide framework of smectite clays. Clay
layers consist of two tetrahedral sheets sandwiching a central octahedral layer.
M™ ¢ yH,O represents the interlayer exchangeable cation with its coordination

sphere of water molecules.



Clay does not exist naturally as discrete layers, but instead stacks face — to -
face in turbostratic (only aligned in one direction) tactoids. While the presence of
inorganic gallery cations makes the clay hydrophilic and, in the case of the
smectites, easily swollen with water, the cations are readily exchangeable and
upon the ion exchange with carbon - based surfactants the galleries become
organophilic. The morphology and intercalation properties of these organic clays
(organoclays) have been studied extensively and will be briefly covered here.
1.1.6 Organoclay Structures and Properties

Unlike inorganic clays, the greater volume of the charge balancing
surfactant molecules in organoclays vyields multiple potential intragallery
morphologies. Depending on the charge density of the clay and the alkyl chain
length of the onium ion, a variety of well-documented surfactant packing
orientations are possible. In general, the longer the surfactant chain length and
the higher the charge density of the clay, the further apart the clay layers will be
forced. This is expected since both these parameters contribute to increasing
the volume occupied by the intragallery molecules. For low volume content
organics, the onium ions may lie parallel to the clay surface as a monolayer, and
as the amount of organic in the galleries is increased the adopted conformations
exist as a lateral bilayer, a pseudo — trilayer or an inclined paraffin structure. At
very high surfactant concentrations, a lipid bilayer may be necessary to account
for such a large organic content between the clay sheets. Figure 1.3 indicates

the different organoclay arrangements possible for smectite clays.'



Monolayer organoclay Bilayer organoclay
arrangement arrangement

Tri-layer organoclay Paraffin organoclay
arrangement arrangement

Figure 1.3 lllustration of four possible organoclay structures based on
surfactant packing density. Given the same surfactant, increasing the charge
density of the clay will move from a monolayer arrangement towards the paraffin
structure.



The orientations of onium ion chains in organoclay were initially deduced
based on infrared and X-ray diffraction measurements. More recent modeling
experiments have provided further insights into the packing arrangements of the
alkyl chains in the confined environments of layered silicates.' Molecular
dynamics simulations were used to study molecular properties such as density
profiles, normal forces, chain configurations and trans — gauche conformer ratios.
For the mono-, bi- and psuedo - trilayers, with respective basal spacings of 13.2,
18.0 and 22.7 A, a disordered liquid — like arrangement of chains was preferred
in the gallery. In this disordered arrangement the chains do not remain flat, but
instead overlap and co-mingle with onium ions in opposing layers within the
galleries. However, for the trilayer orientation, the methylene groups are found
primarily with a span of two atomic layers and only rarely do they continue into
the layer opposite to the positive head group. As anticipated, the onium head
group is also noted to reside nearer the silicate surface relative to the aliphatic
portion of the surfactant. The highest preference conformer is trans over guache
for the maximum surfactant chain length just before the system progresses to the
next highest layering pattem. This is expected since the alkyl chains must be
optimally packed under such dense surfactant concentrations.

The replacement of inorganic exchange cations by organic onium ions on
the gallery surfaces of smectite clays not only expands the interclay distance, but
also serves to match the clay surface polarity with the polarity of the polymer.
Given a sufficient polarity match between the polymer and clay galleries, the

organoclay galleries will swell further upon intercalation by the polymer.

10



Exemplary pre-polymers that have shown such behavior include caprolactam'®,

16-18 19, 20

epoxides'® '8, silicones and polyols®'. For long chain onium — exchanged
organoclays, the galleries swollen by these precursors typically show a d-spacing
indicative of a paraffin monolayer arrangement.
1.1.7 Organoclay - Polymer Interactions

Despite having an ideally matched system, where unreacted polymeric
precursors intercalate readily into organoclay galleries, there is still a large
possibility that these will not form a true nanocomposite. Only when the clay
layers are forced apart and no longer interact through the onium chains is an
ideal nanocomposite formed®. The complete dispersal, or exfoliation, of the clay
nanolayers yields composites with the highest degree of property enhancement.
Composite materials retaining a regular gallery height equal to less than two
times the surfactant chain length, then the amount of polymer interacting with the
clay surface is limited, and intercalated composites are formed. Such materials
lack the desired degree of layer expansion and as a result will have distinct
regions with either a very high or low to non-existent concentration of
reinforcement fillers. This non-uniform dispersal of nanolayers limits stress
transfer throughout the composite, giving comparatively less than optimal
reinforcement. Still poorer, conventionally scaled composites are possible if the
polymer and smectic clay exhibit only partial miscibility. Here the clay persists as
tactoids of face — to — face stacked agglomerates throughout the polymer matrix.

This incomplete dispersal of the reinforcing phase inhibits ideal surface contact

between the polymer and clay®, creating large voids of pure polymer in the
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composite. Figure 1.4 represents the different possible composite morphologies

and representative XRD pattemns of each.
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Figure 1.4 Schematic of the different composite morphologies possible when
attempting to synthesize polymer - clay nanocomposites. Representative XRD

pattems are displayed for each type.



Above and beyond intercalation of the polymer precursors, the ideal
exfoliated case requires an increased reaction rate in the confined gallery spaces
relative to the bulk crosslinking. This creates larger and faster forming
crosslinked polymer domains between clay layers, thus providing a driving force
for layer expansion. In the majority of successful exfoliated systems acidic sites
present in the clay galleries provide the bias for intragallery polymerization.'” ¢
These can catalyze the crosslinking process, as is the case in the ring opening
polymerizations of epoxy and caprolactam.

1.1.8 Properties of Thermoset — Clay Nanocomposites

The presence of exfoliated clay layers in a polymer matrix has a dramatic
affect on the physical properties of the filled system. Typically the most sought
after final nanocomposite characteristics involve improved mechanical behavior.
Increasing the tensile strength, the elongation at break and the modulus
(stiffness) of polymer materials allows for a lighter weight alternatives to
structural metals and conventionally filled plastics. The nanolayers, however, do
not only provide a reinforcing affect to the polymer matrix. Other studies, for
example, focusing strictly on the ablative performance of polymer — clay
nanocomposites have also been explored.?® Here the nanocomposites are
subjected to extreme temperatures in the absence of oxygen, and their ability to
form a protective ceramic char on the exterior are determined. Applications in
the aerospace industry as protective shields serve as the driving force for such

studies. The impemmeable nature of the silicate layers have been shown to

dramatically lower the diffusion of small molecule permeants in certain
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nanocomposite materials.?*%° In this case the clay layers act as a barrier and
mandate a more tortuous and longer effective diffusion pathway through the
polymer matrix. A schematic representing this hypothesis for the reduction in

permeability in shown in figure 1.5.
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Figure 1.5 Schematic representation of the tortuous path invoked on

permeants by having dispersed clay layers in a polymer matrix.
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Another polymeric property that can be improved by the introduction of
disseminated clay particles is thermal stability.>*3* This “inflammable” or self —
extinguishing characteristic noted in certain nanocomposites likely stems from
the tortuous diffusion path noted above. Both the influx of oxygen necessary for
combustion to occur, and the outflux of small molecule degradation upon buming
are slowed due to the presence of the clay layers. Other properties that can be
influenced by the exfoliation of silicate layers include rheological behavior,
minimizing solvent uptake and optical properties.? 336
1.1.9 Exfoliated Nylon-6 — Clay Nanocomposites

The first example of successfully exfoliated layered silicates in a polymer
matrix was accomplished by researches at Toyota'> 2% %7: 38 By ion exchanging
Na* cations present on naturally occurring montmorillionite clay with organic
amine surfactants, the intercalation of nylon — 6 precursors was possible. They
used an amino acid — modified organo-montmorillionite to intercalate cyclical
caprolactam, the precursor to thermoplastic nylon — 6. The seven membered
ring caprolactam monomers can be liquefied at 70°C, at which point they were
added to the organoclay, and a 15 A basal increase upon intercalation was
noted. Upon further heating, at a temperature of 250°C, the caprolactam begins
to ring open and form nylon — 6. The organic modifier, a protonated C12 alpha,
omega amino acid, was thought to aid in the intragallery ring opening

polymerization by acid — catalysis. The clay layers were almost completely

delaminated after completion of the polymerization, as noted by low angle X-ray
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diffraction. The general synthetic procedure for forming nylon - 6

nanocomposites is illustrated in figure 1.6.
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Synthetic Procedure for Nylon — 6 Nanocomposites

+NH,(CH,) ,;COOH—montmorillonite

NH

caprolac.tam-montrmdllonite 250°C Nylon-6
intercalate (+15A) nanocomposite

Figure 1.6 General synthetic route for synthesizing nylon — 6
nanocomposite materials. The caprolactam precursors were first
melted, then added to the organoclay to permit intercalation (causing a
15 A basal spacing increase), and finally polymerized at 250°C.
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The nylon — 6 nanocomposites exhibited substantial increases in mechanical
properties due to the reinforcing clay particles. These improvements ultimately
lead to their use in under — the — hood applications in certain Toyota automobiles
as a timing belt cover. The mechanical properties of the hybrid material

compared to pristine nylon and unexfoliated clay in nylon is described in table

1.1.
Table 1.1 Mechanical and Thermal Properties of Nylon-6
Material type Wt. % Tensile Tensile Impact |HDT (°C)
clay strength | modulus |(kJ/m?®) |at18.5
(Mpa) (GPa) kg/cm?
Exfoliated
Nanocomposite 4.2 107 2.1 2.8 145
(clay layers)
Conventional
Composite (clay 5.0 61 1.0 2.2 89
tactoids)
Pristine nylon 0 69 1.1 2.3 65

1.2 Recent Developments in Polymer — Clay Nanocomposites
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