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EFFECTS OF PROCESSING PARAMETERS ON PROPERTIES OF NOVEL SILICA-
FILLED POLYSILOXANE MATERIALS

An Abstract of the Thesis by
Kyle Schwenker

Polysiloxanes are a class of materials that possess high temperature stability and
the ability to remain flexible at extremely low temperatures. Their elastomers generally
exhibit low strength and have poor mechanical properties unless reinforced with fillers.
Reinforcement can be accomplished by compounding reinforcing silica fillers with
polysiloxanes by twin-screw extrusion compounding that vigorously mixes the fillers into
a polymer matrix. In this thesis, a lab-scale twin-screw extruder was utilized to
compound thermoplastic materials to determine the effects of processing on the
thermoplastics material properties, as well as to determine the extruder’s compounding
effectiveness. Processing via lab-scale twin-screw extrusion did not negatively affect the
thermoplastic material properties. A thermoplastic and titanium dioxide formulation was
effectively compounded, as well. Lab-scale twin-screw extrusion was also utilized to
compound two model polysiloxanes (a vinyl-terminated polydimethylsiloxane (Gelest
DMS-V31), and a vinyl-terminated diphenyl-dimethyl siloxane copolymer (Gelest PDV-
0331)) and four experimentally-synthesized polysiloxanes with three silica fillers (Hi-
Sil™ 135, Hi-Sil™ 233D, and Cab-O-Sil® M-7D) to produce well-dispersed
compounded materials.

The filled polysiloxanes were characterized by thermogravimetric analysis to
evaluate the distribution of filler. Oscillatory rheometry and flow rheology were used to

evaluate the yield stress and thixotropic behavior, respectively. Processing parameters,



filler type, and amount of filler were evaluated in the polysiloxane formulations and
compared to a commercial reference silicone rein to evaluate the formulations for their
viability in applications that currently use the reference silicone.

Thermogravimetric analysis confirmed that the compounded materials possessed
an even distribution of filler in most formulations. Thermal stability, yield stress, and
thixotropic behavior of the filled materials were most dependent on the type and amount
of filler used in each formulation, rather than chemical characteristics of the
polysiloxanes studied, including molecular weight and copolymer composition. Cab-O-
Sil-filled materials resulted in the most thermally stable materials with the highest yield
stress and the greatest degree of thixotropy. However, despite these properties, the Cab-
O-Sil-filled materials were too stiff to replace the reference silicone. The Hi-Sil-233D-
filled materials attained similar rheological properties to the reference silicone, and may
be a more viable alternative in applications where the reference silicone is currently

utilized.
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CHAPTER |

1. INTRODUCTION

1.1 Polysiloxanes

Polysiloxane elastomers are unique among elastomeric materials. Polysiloxanes
are stable at high temperatures and can maintain their flexibility at extremely low
temperatures. For example, natural rubber has an upper use temperature of 80°C and has
a glass transition temperature (Tg) at -72°C, while polydimethylsiloxane (PDMS) has an
upper use temperature of 400°C and has a Tgat -123°C.12 These versatile properties
allow polysiloxane materials to be used in a wide variety of applications such as O-rings,
gaskets, sealants, coatings, and adhesives in extreme environments where other
elastomers would be unsuitable.!

Siloxane polymers (polysiloxanes) are the most prominent organosilicon
polymers that are currently used in polymer chemistry.® These polymers comprise of long
chains of alternating silicon and oxygen atoms with every silicon atom carrying two
organic functional groups. The basic structure of polysiloxanes is the siloxane bond that
is shown in Figure 1. Silicon is found in the Group IVA of the periodic table and is the
most abundant element of Group IVA. Silicon makes up about 27% of the earth’s crust
by mass second only to oxygen, which makes up about 50% of the earth’s crust by mass.

These values indicate that roughly 77% of the earth’s crust is comprised of silicon and



oxygen. In nature, silicon is rarely found in elemental form and is usually bonded to
oxygen as silicon dioxide (SiOz or SiO4).3* Figure 1 shows the general structure of a

siloxane bond, silicon dioxide, and silicate.
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Figure 1. General structure of (a) siloxane bond, (b) silicon dioxide, (c) silicate.

Synthetic polysiloxanes possess exceptional properties including: high
temperature stability, flexibility at extremely low temperatures, gas permeability, and low
surface energy. The first two properties are the result of the unique features of the
siloxane bond.! The siloxane bond possesses partial ionic and partial double bond
characteristics. The partial ionic characteristic, which is estimated to be 37% to 51%
ionic, is attributed to the large difference in electronegativity of silicon (1.8) and oxygen
(3.5) that were described by Pauling and others.1>® The partial double bond characteristic
of the siloxane bond is a result of vacant low-energy silicon d orbitals that partially
overlap with the p orbitals of the oxygen atom. The relative difference in sizes of the
large silicon atom and the smaller oxygen atom contribute to the overlapping of these
orbitals and enables the oxygen atom to back-donate its lone electron pairs to create a d,-
p- bond (partial double bond) instead of a normal sigma (), or single bond. The partial
ionic and partial double bond characteristics of the siloxane bond provides the high

temperature properties found in polysiloxanes.!



The bond between silicon and oxygen possesses a high degree of strength and is
much stronger when compared to the bond between carbon and oxygen. The dissociation
energy that is required to break a siloxane bond is about 106 kcal/mol compared to 85.5
kcal/mol to break a carbon-oxygen bond. Dvornic and coworkers stated that higher bond
strengths are associated with an increasing amount of ionic character in chemical bonds.*
In addition to the partial ionic character of the siloxane bond attributing to the high
dissociation energies required to break the bond, the formation of the d.-p. partial double
bond between silicon and oxygen is also associated with the high strength of the siloxane
bond. Generally, it is more difficult to break double bonds compared to single bonds.*

The perception of the d.-p- as a partial double bond is further supported by the
length of the siloxane bond. The average siloxane bond length measures between 1.63 A
to 1.66 A, which is shorter than a calculated 6 bond between silicon and oxygen that is
estimated to be 1.83 A long. This indicates that the siloxane bond is shorter and is not a
normal ¢ bond. The attractive forces between the silicon and oxygen allow the bond to be
stronger than expected with a partial double bond characteristic.! Furthermore, when
comparing the lengths of a siloxane bond and a normal ¢ bond between silicon and
carbon, the siloxane bond is also shorter than the estimated silicon-carbon bond at 1.85 A
long. Figure 2 displays the comparison bond lengths of a siloxane bond and a silicon-

carbon bond.’
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Figure 2. Comparison structures of (a) siloxane bond and (b) silicon-carbon bond with their

respectable bond lengths and bond angles.’

In addition to the high temperature properties attributed by the siloxane bond, the
bond also provides the ability for these materials to remain flexible at extremely low
temperatures. The bond angles between O-Si-O normally measures between 106° to
120°, compared to C-Si-C (silicon-carbon bond), which normally measures between 106°
to 118°, which are expected for normal single bond angles. Additionally, the siloxane
bond (Si-O-Si) angles vary between 104° to 180°, with 144° to 150° being the most
widely reported. These measured results indicate a wide range of stable bond angles
associated with the siloxane bond and demonstrates that the angle between silicon and
oxygen can increase to allow two silicon atoms to rotate relatively freely about their
common oxygen atom. These measurements indicate that the siloxane bond is highly
deformable, and therefore, highly flexible. Figure 2 compares the bond angles of a
siloxane bond and a silicon-carbon bond.’ The flexibility properties at extremely low
temperatures are additionally attributed to their low Tg, which is the lowest Tgin polymer

science.! Table 1 displays the glass transition temperatures of common polysiloxanes.*



Table 1. Glass transition temperatures of common polysiloxanes.*

Polymer T4 (°C)
Natural Rubber -72
Polymethylphenylsiloxane -28
Poly(diphenyl-co-dimethyl) (30:70 mol%) -64
Polydimethylsiloxane -123
Polymethylethylsiloxane -135
Polydiethylsiloxane -139

The unique high thermal stability and low-temperature flexibility properties
contribute to polysiloxanes as the high-performance materials of choice in a variety of
applications that require the polymers to perform in extreme conditions. These
applications include artificial organs, contact lenses, high-performance elastomers,

electrical insulators, mold release agents, adhesives, and protective coatings.!*®
1.2 Polymerization of polysiloxanes

Polysiloxanes can be produced by various reactions, but the two main reactions
include ring-opening polymerization (ROP) and equilibration of siloxanes. ROP of cyclic
siloxanes produce high molecular weight polysiloxanes using either an acid or base
initiator by either anionic or cationic reactions. The resulting linear polymers contain a

residue of the initiator as the end group. These ROP reactions are displayed in Scheme 1.}
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Scheme 1. (a) Anionic ring-opening polymerization of cyclic siloxanes and (b) cationic ring-

opening polymerization of cyclic siloxanes.!

Scheme 1 represents the chain-growth polymerization reactions that produce
linear polymers from cyclic monomers. These reactions are kinetically-governed addition
reactions in which the cyclic monomer species and the propagating active centers react
with each other to incorporate the monomer unit into the growing polymer chain, and
additionally regenerate an identical active center at the newly formed chain end.?

The principal method to produce high molecular weight polysiloxanes is anionic
polymerization.® Scheme 2 shows the anionic ring-opening polymerization mechanism
for polysiloxanes. Initiation occurs by a nucleophilic attack of an organic base on the
cyclic siloxane monomer to open the siloxy bond. The silanolate anion is the active
center for propagation, and additionally contains a counter ion. The active center
continues to open the monomer’s siloxy bonds, thereby adding the monomer to the
growing chain. Termination can occur with undesirable impurities that can be present in
the system or with terminating reagents that are purposely added to the system, such as

dimethylvinyl terminated oligomeric dimethylsiloxane.!
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Scheme 2. Polysiloxane anionic ring-opening polymerization mechanism.!

Anionic polymerization is relatively fast and the mobility of the atoms within the
polymer chains are dependent on the ring size and ring strain of the monomers. A trimer
cyclic siloxane, such as hexamethylcyclotrisiloxane (D3), will undergo anionic
polymerization much faster than a tetramer cyclic siloxane, such as
octamethylcyclotetrasiloxane (D4). The siloxane bond angles are much larger than
carbon-carbon bonds which make the eight-membered siloxane ring of D4 more stable
than the six-membered ring of Ds. Additionally, if the methyl groups attached to the
silicon atoms are replaced with bulkier side groups, the polymerization reaction proceeds
at a much slower rate. The mobility of the atoms within the siloxane backbone is reduced

due to the steric demands of the larger side groups.®



For many siloxane polymerization systems, the chain-growth reactions are either
competing with or followed by equilibration reactions that are thermodynamically
controlled.>* The siloxane equilibration reactions consist of breaking and reforming
siloxane linkages to form a mixture of cyclic and linear siloxane species until a
thermodynamic equilibrium between the two species is achieved. Possible equilibration
reactions of the siloxane bond are displayed in Scheme 3. The siloxane bond is prone to
attack by ionic reagents and these equilibration reactions begin with certain acids and
bases referred to as equilibration catalysts. These reactions are the main reason for the
production of a mixture of cyclic and linear siloxane species. Common equilibration
catalysts are strong mineral acids, alkali metal hydroxides, alkali metal silanolates, and

tetraalkylammonium hydroxides.!
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Scheme 3. Siloxane equilibration reactions with anionic catalysts.

Additionally, the polymerization reactions of polysiloxanes can be controlled to
regulate the molecular weights of the polymers. Monofunctional silanols (R3Si-OH) can

be added in small amounts to the reaction mixture to prevent an extensive amount of



condensation and control the molecular weight to stabilize the properties of the polymer
product. This molecular weight controlling process is called end-capping. Controlling
the molecular weight of the polymer product is important for almost all polysiloxane
applications that require certain viscosity characteristics, thermal properties, or other
physical properties. However, to achieve these polymer properties, the equilibration
catalyst must be removed from the polymer product by washing, neutralization,
deactivation, and filtration. Because the catalyst removal process is difficult, “transient”
catalysts were developed to overcome this difficulty. Polymerization reactions with
transient catalysts proceed at lower temperatures, but when heated to higher temperatures
such as 130°C to 150°C, the catalyst fully decomposes.#

Another set of reactions that follows anionic and cationic polymerization
reactions are inter- and intramolecular secondary reactions of the cyclic siloxanes.
Scheme 4 shows the different types of secondary reactions that can occur. During
propagation, the active centers on the siloxane bonds can attack the linear polymer
molecules due the partial ionic character of the siloxane bonds. Intramolecular, or “back-
biting” reactions lead to the formation of cyclic siloxane oligomers. Each cyclic oligomer
formed by back-biting can be used again in the polymerization reaction until equilibration

has been achieved for every cyclic siloxane.!
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Scheme 4. Secondary reactions: a) intermolecular, b) intramolecular, and c) back-biting.*

The four vinyl-terminated polysiloxanes used in this thesis were synthesized using
a mixture of cyclic siloxanes by anionic ROP in combination with equilibration, followed
by thermal decomposition of the transient catalyst/initiator. The reaction was
thermodynamically controlled to generate linear, high molecular weight polymers. The
catalyst was believed to initiate both the ROP and the competing equilibration reactions.
The synthesized polysiloxanes were expected to be linear, high molecular weight
materials with little to no branching. The synthesized polysiloxanes retained their low-
temperature flexibility properties by eliminating low-temperature crystallization and
maintained their desired surface and high temperature properties. The four synthesized
polysiloxanes were vinyl-terminated and were produced with varied amounts of
dimethyl-, diphenyl-, and diethyl-containing siloxane units.

Branching was reduced and/or eliminated by the incorporation of diethyl units in
the copolymers. Branching was hypothesized to occur at the diphenyl units in the
presence of a strong ionic species like a silanolate anion as a result of the tendency to

desilylate at the Si-Ph bond. Thus, replacing the diphenyl units with diethyl units reduced
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and/or eliminated branching.** Diphenyl and diethyl units were incorporated into the
polymers to eliminate low-temperature crystallinity. The bulkier units reduce the mobility
in the siloxane backbone to prevent crystallization which preserves the low-temperature
flexibility properties.*2® The copolymers were vinyl-terminated to eventually aid in
vulcanization of the polysiloxane elastomeric materials. A crosslinking agent, such as an
organic peroxide can react with the vinyl groups to create covalently-bonded crosslinks

between another vinyl-terminated polymer chain.!*
1.3 Fillers in polysiloxane elastomers

Polysiloxane elastomers alone, generally exhibit low strength and possess poor
mechanical properties unless combined with other additives. Additives, such as
stabilizers and fillers are incorporated in the elastomeric materials to enhance the material
properties for the practical applications mentioned earlier. Without fillers, polysiloxane
elastomers would be very weak and would have no practical use for their desired
applications. For example, unfilled polysiloxane elastomers exhibit a tensile strength of
only 0.34 MPa, whereas silica-filled polysiloxane elastomers exhibit an enhanced tensile
strength that can range from 10 MPa to 14MPa. Typical polysiloxane elastomers can
contain 17 wt% to 41 wt% or higher of filler.! These additives are vigorously mixed with
polysiloxanes under high shear conditions through the process of compounding.

Fillers are divided up into two categories: extending fillers and reinforcing fillers.
Extending fillers are known as either semi-reinforcing or non-reinforcing fillers. These
fillers usually “extend” the formulation by reducing the cost of the filled polymeric
resin.® Materials that are filled with reinforcing fillers can achieve improved mechanical

properties compared to unfilled materials.'®” Reinforcing fillers can be further divided
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into two main groups: inactive and active fillers. Inactive fillers, such as natural silicates,
chalks, clays, and calcium carbonates, are usually incorporated into the elastomers for
economic purposes and will only weakly reinforce the elastomers. Active fillers are
chemically-treated silica fillers that strongly reinforce and significantly improve the
physical properties of polysiloxane elastomers. These properties include: tensile strength,
abrasion resistance, and heat aging characteristics.

Reinforcing fillers consist of precipitated and fumed silica fillers. Precipitated
silica is produced from the reaction of a mineral acid, such as sulfuric acid, with an
alkaline silicate solution, such as a sodium silicate. The acid and silicate solution are
added together with water and are agitated until precipitation occurs. The particle size
and porosity are dependent on the speed of agitation, the duration of the reaction, the
amount of reactants, as well as the temperature, concentration, and pH of the reaction.
The particles are filtered and washed to remove the salt byproduct, which is usually
sodium sulfate. The particles are then dried to remove moisture.'® However, precipitated
silica can contain up to 7% of various impurities and moisture as a result of the difficulty
to remove the sodium salt byproduct.®

Fumed silica is the purest form of synthetic silica that is commercially-available
at 99.8% pure silica.*® The filler is manufactured by hydrolysis of a chlorosilane, such as
silicon tetrachloride that is burned in an oxygen and hydrogen flame through a pyrogenic
process. This produces molten spheres of silicon dioxide and hydrogen chloride, which is
later removed. During the production of fumed silica, hydroxyl groups become attached
to the surface of the particles, generating a hydrophilic surface that can participate in

hydrogen bonding. Generally, fumed silica particles are smaller than precipitated silica
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particles, and possess higher surface areas.?® For a given volume, smaller particles can
pack closer to each other and obtain higher total surface areas than larger particles.?-23
Silica fillers contain active hydroxyl groups (-OH), which when attached to
silicon atoms (Si) are known as silanol groups (=Si-OH). These groups are polar and are
present on both the surface of the filler and inside the silica skeleton. The silanol groups
are displayed in Figure 3 and can be divided into three groups: (a) isolated single silanols,
(b) geminal silanediols, and (c) vicinal-bridged silanols through hydrogen bonding. In
addition to silanol groups on the surface of the silica, there are also surface siloxane

groups and adsorbed water present.?42°
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Figure 3. Silanol groups on the surface of silica: (a) isolated silanols, (b) geminal silanols, and (c)

vicinal-bridged silanols. Also shown: adsorbed water.?®

The silanol groups on the surface of the silica fillers are important for a variety of
reasons, but one particular reason is because they can interact with the polysiloxane
polymer backbone through hydrogen bonding. The polymer chains become adsorbed on
the surface of the silica due to the wetting of the filler by the polymer.?1262" These
interactions hinder the mobility of the polymer chains, thus reinforcing the filled material
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and improving the thermal, mechanical, and rheological properties.*”?® The interaction
between a surface functional group of a silica particle and the polymer backbone is

shown in Figure 4.
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Figure 4. Interaction of a surface silanol group of a silica particle and the polymer backbone.

Not only can the surface silanol groups interact with the polysiloxane polymer
backbone, they can also interact with each other, through a process called aggregation.
Aggregation can occur during the production of the silica fillers, as well as through
compounding, as the particles are being distributed throughout the polymer matrix.
Aggregation occurs as a result of the high surface area of silica fillers. Silica fillers with
large surface areas contain an abundance of silanol groups that can interact with each
other through hydrogen bonding to create an aggregated network structure.?:272%-31 Ap
aggregated network structure of silica particles with their surface silanol groups is
displayed in Figure 5.3 Smaller particles can aggregate more rapidly than larger particles

due to the ability of the smaller particles to pack closer together.
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Figure 5. Aggregated network structure of silica particles with surface silanol groups.®

As fillers begin to aggregate, the aggregates also can interact with the polymer
backbone. Fillers with smaller diameters and larger surface areas usually provide greater
interaction and reinforcement for polysiloxane elastomers compared to fillers with
smaller surface areas as a result of the additional functional groups that may potentially
interact with the polymer backbone.?"23 The interaction between aggregates and the
polymer backbone increases the thermal, mechanical, and rheological properties. The
network structure generates a protective barrier that disrupts the release of the cyclic
volatiles during thermal decomposition, thus enhancing thermal stability. The substantial
number of interacting bonds strengthens the filled material, enhancing the mechanical
properties. Finally, the aggregated network structure hinders the mobility of the polymer
chains to enhance the rheological properties,?1:273133-43

Although silica aggregation can enhance the aforementioned polymer properties,
it can also disrupt these properties at higher aggregation levels. Silica prefers to interact
with other silica particles, thus aggregated network structures can further interact with
other separate aggregates to create sizable agglomerates. An agglomerate is considered a

collection of silica aggregates. Figure 6 shows a filler network structure comprised of
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aggregates and agglomerates.** Agglomeration can occur as a result of the filler not being
evenly distributed throughout the polymer matrix and they interact more with each other
and assemble together to form larger particles, instead of interacting with the polymer
backbone and reinforcing the elastomer.“>%6 Massive agglomerates can reduce the
polymer properties of the filled materials by disrupting the ability of the silanol groups on
the filler particles that make up the agglomerate to interact with the polymer backbone. In
turn, they act as mechanical faults and reduce mechanical and rheological properties, as

they assume a substantial amount space in the polymer matrix.2%2%31:37.47-50
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Figure 6. Filler network structure comprised of aggregates and aggloermates.**

In filled polysiloxane systems, the polymer properties can be additionally reduced
due to polysiloxanes being traditionally hydrophobic. The hydrophobic nature of
polysiloxanes in these particular systems result in poor wetting of the silica surface and
the polysiloxane matrix. This phenomenon was reported by DeGroot and coworkers

comparing rheological properties of silica-filled PDMS to silica-filled polyisoprene. The
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results indicated that the rheological properties of silica-filled PDMS were four orders of
magnitude lower than the rheological properties of silica-filled polyisoprene, indicating
poor wetting and poor reinforcement with the silica-filled PDMS.?

In addition to the incorporation of fillers, elastomers possess enhanced
mechanical properties due to the process of vulcanization, or crosslinking of rubber. The
vulcanization process consists of chemical reactions that create permanent covalent bonds
known as crosslinks between adjacent molecules, which results in a complex
interconnected network structure.>*! The crosslinks contribute to the elastomeric
properties by preventing the individual polymer chains from slipping past each other,
even when heated.®* However, because the crosslinks are permanent bonds, if excessive
heat and extreme stresses are applied to the crosslinked elastomers, the crosslinks will
break and are unable to be reformed, which results in material degradation.® The
activated cure method is one typical approach for vulcanizing polysiloxane elastomers.
This method uses a crosslinking agent, generally an organic peroxide, together with heat
and pressure to accomplish vulcanization. The conditions under which vulcanization is
performed, the degree of crosslinking, and the chemical nature of the crosslinks
determine the mechanical properties of elastomers.® After the elastomers are filled and
crosslinked, the tensile strengths of the elastomers can increase up to 40 times more than
if the elastomers were unfilled.

Filled polysiloxane elastomers can be used in various applications in extreme
temperatures for long periods of times. The most common applications for polysiloxane
elastomers are O-rings, gaskets, and sealants that are used in the aircraft/aerospace,

military, and automotive industries. These elastomeric products include but are not
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limited to door seals for aircraft and oven doors, belts for conveyor lines, engine and

transmission seals, and protective coatings for jets, submarines, and rockets.!>3

1.4 Twin-screw extrusion compounding

Fillers are incorporated into polysiloxanes to produce novel polysiloxane
elastomers through a process called compounding. If each new application required a
novel polysiloxane polymer to be synthesized, the use of polysiloxanes would become
cost-prohibitive. However, existing polysiloxane materials can be tailored to a variety of
applications at a more reasonable cost through the process of compounding. There are
various methods of compounding that utilize various equipment, such as internal mixers,
two-roll mills, torque rheometers, or twin-screw extruders.%°+%8 Twin-screw extrusion
compounding is arguably the best process for producing polysiloxane elastomers because
it is a versatile, efficient, and continuous process.1%8

The process of twin-screw extrusion blends various stabilizers, additives, and
fillers with various polymers or base resins to prepare specialized plastic
formulations.®*® Not only is twin-screw extrusion versatile and efficient, it also prevents
agglomeration of filler particles, which is difficult to accomplish by the other
compounding methods mentioned. The mechanical shearing of the screws and barrel
pulverizes the agglomerates into single particles and disperses the particles evenly
throughout the polymer matrix to give the compounded material enhanced properties that
it did not have prior to compounding.?1:2327:29385859 Eigyre 7 shows the breakdown of the

filler agglomerates into single particles by twin-screw extrusion.®
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Figure 7. Breakdown of the filler agglomerates into single particles by twin-screw extrusion.®

Twin-screw extrusion may employ one of two types of screw rotation: counter-
rotating or co-rotating screws. The direction of rotation for counter-rotating and co-
rotating screws are shown in Figure 8.%° Counter-rotating extruders obtain high-pressure
buildup during processing as a result of the screws rotating in opposite directions. Co-
rotating extruders achieves higher degrees of mixing during processing as a result of the
screws rotating in the same direction.®%? Extrusion screws are evaluated by their length
to diameter, or L:D ratio. The L:D ratio is the ratio of the length of the screw to the
outside diameter of the screw. A common L:D ratio is 20:1, but longer extruders of 30:1
or 40:1 L:D ratios have been manufactured. Higher degrees of mixing can be achieved

with larger L:D ratios that results in a more homogeneous mixture.%

Counter-rotating Screws Co-rotating Screws

Figure 8. The direction of rotation for counter-rotating and co-rotating screws.®°
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The two screws of a twin-screw extruder contain various screw elements than can
be configured to further improve the mixing capability of the extruder and achieve
different material properties in the compounded extrudate.'® The various screw elements
and screw configurations make the twin-screw extrusion compounding process very
advantageous for producing polysiloxane elastomers. Figure 9 displays the extrusion
screws that contain various screw elements used for twin-screw extrusion

compounding.®

Finalconveying Compression 20 Conveying and 1st Conveying Initial
andreaction  andreaction kneading reactionzone kneading andreaction conveying
zone, block block zone zone
T I 2V v v
:15__15 _ 12 12 16| 20 | 16 12 12 12| 32 |16 12 16 | 48 :

_ 48 B _16_ A2
81 _4_ 6.
Forward conveying Reverse conveying Kneading
screw elements screw element screw element

Note: The mixing zones are boxed in green.
Figure 9. Extrusion screws containing various screw elements used for twin-screw extrusion

compounding.5

Numerous screw elements consist of conveying and kneading elements that can
be incorporated into the screws to provide appropriate pressure build up, elongation flow,
shearing, and mixing to properly blend the plastic formulation. The two screws can be
divided up into seven sections: the initial conveying zone, the conveying and reaction
zone, the first kneading block (mixing zone), another conveying and reaction zone, the
second kneading block (mixing zone), the compression and reaction zone, and the final

conveying and reaction zone.®*
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The initial conveying zone consists of forward conveying elements to transport
the material from the hopper forward. The materials that are to be compounded are
gravity fed from the hopper and conveyed forward by the rotation of the screws in the
initial conveying zone. The flights of the screws in this zone are generally the largest for
proper conveying of the materials and the channel depth of the screws are typically the
same throughout the zone.®* The material is transported from the initial conveying zone
to the conveying and reaction zone where the barrel’s channel depth and the flights of the
screws get progressively smaller. The mixing zones consist of kneading elements or
kneading disks that are typically staggered at 30°, 45°, 60°, and 90° angles to produce
high shearing stresses on the materials to provide intensive mixing. The kneading
elements also contain very small clearances between the disks and between the barrel
surfaces to further enhance mixing.

The material moves through additional conveying and reaction zones as well as
additional mixing zones depending on the screw design and the screw configuration.
Towards the end of the compounding process, the material proceeds to the compression
and reaction zone that consists of backward-conveying or reverse screw elements. These
elements hold the material in this specific area of the screw for a longer amount of time
with severe compression to provide one last opportunity for thorough mixing. The final
conveying and reaction zone conveys the material to the end of the extruder and the

material is guided through a die and exits the extruder.546°
1.5 Rheology and rheometry

Rheology is the science of studying the deformation and flow of matter. It is

commonly reported that the incorporation of additives, such as fillers, can enhance the

21



rheological properties in the filled materials.?®"" The filler can interact with the polymer
backbone and restrict the mobility of the polymer chains. Regarding the polymer-filler
interaction, a filler particle can be imagined as a hard core surrounded by a polymer shell
that exhibits little mobility. Generally, filled materials only exhibit reinforcement
characteristics as long as a parameter known as the percolation threshold is reached.3®%
The percolation threshold is defined as the minimum critical amount of filler required for
the material to convert from a liquid-like to solid-like material by promoting interactions
between the filler and polymer matrix.?1:27:2°67.68\When the percolation threshold of the
filled materials is reached, the material exhibits viscoelastic behavior.%¢°

In addition to the interactions between the filler and the polymer matrix,
aggregation of filler particles is another reinforcing mechanism in filled
materials.?1:273139-43 Aggregation is the supreme reinforcing mechanism in filled
materials as aggregates are dispersed throughout the matrix and interact with the polymer
chains. Polymer adsorption on the aggregated filler particles restricts the mobility of the
chains.?72931:39.70 The creation of an aggregated network structure interacts with the
polymer matrix to exhibit viscoelastic behavior in the materials.?!:3

Rheometry investigates materials in simple flows, such as oscillatory-shear
flow.” Oscillatory rheometry is a dynamic rheological technique that consists of applying
a low-amplitude oscillatory shear stress that increases in a sinusoidal fashion to a material
as the analysis progresses. The procedure measures the elastic and viscous behavior of
the filled materials simultaneously by determining the storage modulus (G”) and loss
modulus (G”).3%7273 The storage modulus expresses the elastic component of the testing

material and represents the energy stored and recovered in the system. When the storage
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modulus is greater than the loss modulus, it indicates that the material is highly elastic.
The loss modulus expresses the viscous component of the material and represents the
energy lost in the system. When the loss modulus is greater than the storage modulus, it
indicates that the material is more viscous than elastic.*>"37

Oscillatory rheometry can also measure the yield stress of filled materials. The
yield stress is the force at which the internal network structure of a filled material is
adequately destroyed to initiate flow.?1:3041727475 The yield stress is dependent on the
network structure of the material and is the stress at which the material converts from
solid-like to liquid-like.%®" During oscillatory analysis of a typical viscoelastic material,
the viscosity, storage modulus, and loss modulus for a “typical” viscoelastic material
begins to increase. This is the result of low shearing on the material that further
distributes the silica particles throughout the matrix and further constructs an aggregated
network structure.**"® As the analysis progresses, the yield stress is reached and the
viscosity, storage modulus, and loss modulus begin to decrease and the material begins to
flow. One approach of determining the yield stress of silica-filled materials is the point at
which the storage modulus (G’) and the loss modulus (G”) curves intersect. This is
demonstrated in Figure 10. The aggregates are destroyed as the analysis continues by
elevated shearing until the yield stress is obtained and the aggregated network structure is
dismantled.*14370.7277.78 Gjyen enough time after the conclusion of the analysis, the
network structure will eventually recover and return to its original state, in a phenomenon

known as thixotropy.2%:39:4266.73.75
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Figure 10. Storage and loss modulus versus oscillatory stress for a typical filled material. Yield

stress is determined by the point where the G’ (¢) and G” () curves intersect.

Thixotropy is a material property demonstrated by a time-dependent decrease in
viscosity under a constant shear stress or shear rate that is followed by a gradual recovery
in viscosity when the shear stress is removed. The flow properties and the thixotropic
behavior of filled materials are generally dependent on the size of the filler, the filler
loading amount, the interactions between the filler and the polymer matrix, and the
interactions between the filler particles.”® Flow rheology is a dynamic rheological
technique that evaluates the thixotropic behavior of a filled material by controlling the
shear rate in two stages to generate a thixotropic or hysteresis loop. Figure 11 displays a
typical thixotropic loop.” The first stage of analysis consists of increasing the shear rate
over time until a maximum shear rate is obtained, generating an “up” curve. The second
stage consists of decreasing the shear rate to zero, generating a “down” curve. The area
between the up and down curves make up the thixotropic loop. A large thixotropic area
between the up and down curves demonstrates that the filled system requires a longer

time for the network structure to be reconstructed.®°
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Figure 11. A typical thixotropic loop.”

During the first stage of the flow rheology procedure, the viscosity of the filled
materials decreases as the shear rate increases. This is attributed to the destruction of the
filler network structure by the increased shear rates that break the hydrogen bonds
between the filler and polymer matrix, as well as the bonds between the filler particles.
During the second stage of the flow rheology procedure, the viscosity of the filled
materials increases as the shear rate decreases. This is attributed to the reconstruction of
the filler network structure over time. The hydrogen bonds between the filler and
polymer, as well as the bonds between the filler particles, begin to reform until the
original network structure is obtained.?>® The particle interactions in thixotropic

materials are displayed in Figure 128
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Figure 12. Particle interactions in thixotropic materials.5!

This thesis evaluates the interactions between polysiloxanes and reinforcing fillers
compounded using twin-screw extrusion. Model polysiloxanes and experimentally-
synthesized polysiloxanes were filled and characterized. The materials processed by
twin-screw extrusion were evaluated for their thermal stability, filler dispersion in the
polysiloxane matrix, yield stress, and thixotropic behavior by thermogravimetric analysis
and rheological characterization, respectively. In each case, the filled polysiloxane
materials were compared to a commercially-available silicone resin to evaluate the
formulations for their efficacy in applications in which the commercial resin is currently

utilized.
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CHAPTER I

2. OBJECTIVES

2.1 Evaluate effects of twin-screw extrusion on traditional thermoplastic

materials

The effects of twin-screw extrusion on four traditional thermoplastic materials
utilizing a lab-scale twin-screw extruder were investigated. The extruder, known as the
Process 11, was applied to compound amorphous and semi-crystalline thermoplastic
materials. The compounded materials were evaluated to ensure the formulations were
appropriate for injection molding, the prime manufacturing process in the plastics
industry. The process conditions to demonstrate the appropriate injection molding
formulation included the following steps:

1) Extruding the plastic materials using the Process 11

2) Grinding up the compounded extrudate material

3) Injection molding the ground up material

The thermal and mechanical polymer properties of the materials were evaluated to
determine the effects on the properties by different processing methods, such as extrusion
processing, subsequent regrinding, and injection molding. The extrudate and injection
molded test bar samples were characterized by thermogravimetric analysis (TGA),
differential scanning calorimetry (DSC), capillary rheometry, and tensile testing.
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2.2 Determine compounding effectiveness of twin-screw extrusion

Subsequent to the evaluation of the Process 11 on four thermoplastic materials,
the compounding effectiveness was determined by twin-screw extrusion. The Process 11
was used to compound an amorphous Starex thermoplastic formulation with titanium
dioxide (TiO2). The dispersion of the TiO: filler in the Starex matrix was evaluated for
the overall formulation. The process conditions to demonstrate the appropriate
compounded formulation included the following steps:

1) Compounding the formulation using the Process 11

2) Grinding up the compounded formulation

3) Injection molding the ground up material

The effect of the TiO: filler had on the polymer properties was determined by
characterizing the thermal and mechanical properties. The extrudate and injection molded
test bar samples were characterized by TGA, DSC, tensile testing, and scanning electron

microscopy (SEM).

2.3 Compound polysiloxanes by twin-screw extrusion

Various model and synthesized polysiloxanes were compounded with silica fillers
by twin-screw extrusion and were evaluated. The Process 11 was used to compound two
commercially-available model polysiloxanes with three synthetic, amorphous silica fillers
to produce well-mixed silica-filled polysiloxane extrudate materials.

Prior to compounding, the silica fillers were premixed into the polysiloxanes in
order to more conveniently feed the materials into the extruder. The premixed materials
were then hand-fed into the Process 11 to be further mixed and processed into extrudate

materials. The resulting compounded materials were expected to possess high thermal
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stability and desirable rheological characteristics prior to vulcanization. The composition,
uniformity, and physical properties of the filled polysiloxane materials were evaluated by
TGA, oscillatory rheometry, and flow rheology.

The compounded materials were characterized by their filler dispersion, yield
stress, and thixotropic behavior. Processing parameters, filler content, and filler type were
evaluated to determine the processing conditions needed to obtain an appropriate yield
stress and thixotropic behavior in the filled materials. All filled materials were compared
to an existing commercial reference silicone material. The two model copolymers were
vinyl-terminated and are listed as follows:

e Polydimethylsiloxane (PDMS) with a molecular weight of 28,000 g/mol
e Dimethyl- 3.0-3.5% diphenylsiloxane copolymer with a molecular weight of

27,000 g/mol

The three synthetic, amorphous silica fillers are listed as follows:
e Hi-Sil™ 135 (Hi-Sil-135): synthetic reinforcing precipitated silica filler
e Hi-Sil™ 233-D (Hi-Sil-233D): synthetic reinforcing precipitated silica filler

e Cab-O-Sil® M-7D (Cab-O-Sil): synthetic reinforcing fumed silica filler
2.4 Characterize model components and evaluate filled PDMS

The model polymers were characterized by gel permeation chromatography
(GPC), DSC, and TGA to evaluate the molecular weight, low-temperature crystallization,
and thermal stability of the polymers prior to compounding. The silica fillers were
characterized by SEM and TGA to evaluate the filler particle size, purity, and water

content of the fillers. PDMS was compounded with the three fillers at various processing
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temperatures and filler loadings. The resulting filled materials were compared to a

reference silicone and evaluated by TGA, oscillatory rheometry, and flow rheology.

2.5 Evaluate filled model copolymer

The model copolymer was compounded with the three fillers at different
processing temperatures and filler loadings. The resulting compounded materials were
compared to a reference silicone and evaluated by TGA, oscillatory rheometry, and flow
rheology. The appropriate processing parameters, filler content, and filler type were
determined for use in compounding the experimentally-synthesized polysiloxanes using

the results of the model copolymer.

2.6 Evaluate filled synthesized polysiloxanes

The synthesized polysiloxanes were linear, high molecular weight materials that
possessed little to no branching, good low-temperature properties, no crystallinity, and
maintained their desirable surface- and high-temperature properties. The four synthesized
polysiloxanes contained various dimethyl-, diphenyl-, and diethyl-containing siloxane
units, were vinyl-terminated, had an average molecular weight of 60,000 g/mol, and are
listed as follows:

e Dimethyl- 5.3 mol% diphenylsiloxane copolymer with a degree of polymerization

of 740 (DiMeDiPhs 3-740)

e Dimethyl- 5 mol% diethylsiloxane copolymer with a degree of polymerization of

780 (DiMeDiEts-780)

e Dimethyl- 8 mol% diethylsiloxane copolymer with a degree of polymerization of

780 (DiMeDiEts-780)
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e Dimethyl- 5.3 mol% diphenyl- 5 mol% diethylsiloxane copolymer with a degree
of polymerization of 720 (DiMeDiPhs 3DiEts-720)

The four synthesized polysiloxanes were characterized by GPC, DSC, and TGA
to evaluate the molecular weight, low-temperature crystallization, and thermal stability of
the polymers. The copolymers were compounded with 20 wt% Cab-O-Sil filler at 40°C.
The resulting compounded materials were compared to a reference silicone and evaluated

by TGA, oscillatory rheometry, and flow rheology.
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CHAPTER 111

3. EXPERIMENTAL

3.1 Materials

3.1.1 Thermoplastic materials

Two general purpose thermoplastic materials and two engineering thermoplastic
materials were evaluated to determine the effects of processing by the Process 11 on the
materials. The amorphous general purpose thermoplastic material was high heat crystal
(clear) polystyrene from AmStyrenics (The Woodlands, Texas, United States).®? The
semi-crystalline general purpose thermoplastic material was homopolymer
polypropylene, similar to Polystone® P polypropylene from Professional Plastics
(Fullerton, California, United States).®* The amorphous engineering thermoplastic
material was Lexan® 143R polycarbonate from SABIC Innovative Plastics (Pittsfield,
Massachusetts, United States).®* The semi-crystalline engineering thermoplastic material
was Capron® 8200 NL Nylon 6 from Honeywell (Morris Plains, New Jersey, United
States).8®

Starex acrylonitrile butadiene styrene (ABS) MP-0160R from Lotte Advanced

Materials (Uiwang-si, Gyeonggi-do, South Korea)® and HITOX® STD titanium dioxide
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(TiO2) from TOR Specialty Minerals (Corpus Christi, Texas, United States)®” were used

to determine the compounding effectiveness of the Process 11.
3.1.2 Commercial polysiloxanes

Two commercially-available model polysiloxanes were evaluated utilizing the
Process 11 to determine the appropriate processing parameters for polysiloxane materials.
The first commercially-available product was a vinyl-terminated polydimethylsiloxane
polymer (PDMS) DMS-V31 with a molecular weight of 28,000 g/mol. The second
commercially-available product was a vi