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Abstract
Polymers are known to exhibit strong time-dependent mechanical behavior. In different

temperatures or frequency regimes, the rate sensitivities of polymers change as various primary
and secondary molecular mobility mechanisms are accessed. The incorporation of nanoparticles
can potentially alter the molecular level structure of polymer, offering the opportunity to tailor
the rate-dependent mechanical deformation and failure behavior of the polymer.

This study focuses on polyhedral oligomeric silsesquioxanes (POSS) enhanced polymeric
systems. POSS are hybrid organic-inorganic nano-scale molecules which consist of a silica cage
with functional groups attached to the cage comers. Various binary and ternary polymer blends
were produced by incorporating methacryl-POSS (C56I 88, 28Si8) (mPOSS) and dioctyl phthalate
(DOP) into poly(vinyl chloride) (PVC) through melt blending. mPOSS was found to be miscible
with PVC up to 15 wt% added. Both mPOSS and DOP plasticize PVC and reduce the a-
transition temperature. While mPOSS also reduces the secondary (0) transition temperatures in
PVC, DOP was found to restrict the p-relaxation motions. The rate-dependent yield and
postyield behavior was characterized in compression testing over a wide range of strain rate (10-
4/s to -4000/s). Due to the geometric and size distinctions between the two molecules, mPOSS
and DOP have different influences on PVC local molecular motions, resulting in dissimilar
mechanical behavior. A clear rate-dependent sensitivity transition in yield was observed in the
pure PVC and PVC/mPOSS blends in the intermediate strain rate regime, which is attributed to
the need for stress-assisted activation of / -motions at high strain rates. A transition in rate
sensitivity was also identified in high DOP content compounds; this transition is due to the a-
transition.

The potential of using POSS as a plasticizer for PVC was evaluated. Through the use of
ternary compositions, the proportion of mPOSS in PVC was increased substantially. The T8 of
appropriately formulated ternary PVC/mPOSS/DOP compounds can be reduced to near room
temperature, and these materials exhibit desirable ductile behavior.

A constitutive model was used to predict the large deformation behavior of the PVC
compounds. The two-process model is shown to capture the rate-sensitivity transitions in yield
and the large deformation stress-strain behavior at low and high strain rates.

Thesis Supervisors: Robert E. Cohen, St. Laurent Professor of Chemical Engineering
Mary C. Boyce, Gail E. Kendall Professor of Mechanical Engineering
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Chapter 1: Introduction

1.1. Fillers Enhanced Polymeric Materials
Polymer systems have extremely wide and diverse applications due to their unique attributes: low

density, low cost, ease of processing and production, and often ductile and transparent nature.

Polymeric materials have been filled with a variety of compounds in order to improve the

properties of interest, such as heat resistance, mechanical strength, impact resistance, gas

permeability, and electrical conductivity. Additives for polymers may be organic or inorganic,

synthetic or natural, and in forms of fibers, particles, platelets, or whiskers. The size of additives

also ranges from micron-scale to nano-scale.

To enhance the mechanical properties of polymer, two types of additives are commonly

considered: fillers or plasticizers. Fillers are generally rigid and much larger in size than the

polymer chain. Reinforcement by the conventional fillers like glass fibers and calcium carbonate

is in the length scale of micron. Incorporating rigid fillers in a polymer matrix generally

increases the mechanical modulus and strengthens the polymer structure; however the toughness

of polymer may be jeopardized as a trade-off. Rubber particles are also important fillers for

polymer toughening. However, the discussion here primarily concerns filler particles that are

significantly stiffer than the polymer matrix. Plasticizers are molecular in nature, with length

scale less than 1 nm. Commonly used plasticizers such as phthalate esters are added to neat

polymers in order to increase the toughness, soften the material, and reduce the glass transition

temperature. As a result, the modulus and mechanical strength are lowered as a compromise.

Interesting material behavior has been observed when the filler size is decreased from the

micron-scale to the nano-scale. Figure 1-1 [1] shows the interparticle spacing (dspace) as a

function of particle volume fraction (p) in a composite system where the spherical particle size

ranges from 1 lim to 1 nm. The highlighted gray area denoted Rg indicates the normal range for

the radius of gyration of polymer chains, where 5 nm<Rg<20 nm. When particle size is at 1 gm

(1000 nm), the interparticle spacing is maintained at more than an order of magnitude higher than

Rg until the volume fraction (p exceeds 0.4. With the particle size reduced to 100 nm, the

interparticle spacing still remains reasonably larger than Rg with (p less than 0.2. However,



further reducing the particle size to 10 nm causes a significant change. At (p=0.02 , the

interparticle spacing is only 20 nm, which is in close approximation to Rg. Thus, a substantial

portion of the material volume will be in the 'interphase' region with only a very low loading of

nanofiller. Depending on the interaction between the filler and the matrix, tremendous

differences in properties may be observed with a very small amount of additives. Furthermore,

composites with nano-sized fillers are also likely to have dissimilar properties than composites

with micron-scale fillers.
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Figure 1-1. Interparticle spacing as a function of particle volume fraction for spherical
particles on a simple cubic lattice. Data are platted for four different particle sizes. [1]

In recent years significant progress has been made in the syntheses and characterizations of

various polymer-nanocomposite systems based on the understanding of basic principles that

determine their properties. Nano-scale fillers have been studied extensively [2,3] with

processing techniques continuously improving each year. In general, to qualify as a

"nanocomposite", the material should consist of a nanometer-scale filler phase in combination

with another phase, and the filler should have at least one dimension in the range of 1-100 nm [3].

Classified by the dimensionality of the nanofiller, there are a few types of nanocomposites: zero-

dimensional (nanoparticle, e.g. polyhedral oligomeric silsesquioxane (POSS), carbon black and
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fumed silica), one-dimensional (nanofiber, e.g. alumina nanofibers and single and multi-walled

carbon nanobubes), two-dimensional (nanolayer, e.g. clay layered silicates), and three-

dimensional (interpenetrating network) [4]. The nano-scale filler phase in the material often has

properties that are significantly different from their macroscale counterparts. When organic and

inorganic materials are mixed on a nanometer-length, the exhibited properties are often superior

to conventional composites, such as mechanical strength, stiffness, thermal and oxidative

stability, barrier properties, as well as other unique properties. Nanocomposites also often lack

property trade-offs that are typically found in conventional polymer composites. Therefore,

applications of nanocomposites have been seen in countless areas including aerospace,

automotive, electronics, and biotechnology.

Table 1-1. Summary of polymer nanocomposite trends. [3]

Crystalline

Elastic modulus Increase w volume fraction
Increase or no change with decrease of size
Increase w, volume fraction
Increase w decrease size
Greater increase than for good interaction

Yield stress:stram Increase w: volume fraction
Increase w: decrease size
Decrease with addition of particles

ntimate stress strain Increase w decrease size
No unified result for change in'f
Lower than pure for small volume fractions

Densitv-volume Increased volume as size decreases
NA

Strain-to-failure Decrease with addition of particles

Decrease with addition of particles

Tg Decrease with addition of particles
NA

Crystallinity No major effect
No major effect

Viscoelastic Increase w volume fraction
Increase w decrease size
NA

Amorphous

Increase w volumne fraction
Increase w decrease size
Increase wrvolune fraction
Increase w/decrease size

NA

Decrease with addition of particles

Nano: -micro after 20 oweight

Decrease with addition of particles

Increased volume as size decreases
NA

Increase with addition of particles
Increase w decrease size
Increase with addition of particles

Increase widecrease size
Level until 0.5%. drops offlevel from 1-104o

NA
NA

Increase w.-volume fraction nano less regular

Decrease with addition of particles-drop at 1%o with rise following Poor interaction

Different trends in the mechanical properties have been observed in various polymer

nanocomposite systems. The interaction between the nanofiller and matrix, and the

microstructure of the system are both crucial factors in determining the mechanical properties of

Good interaction

Poor interaction

Good Interaction

Poor interaction

Good interaction

Poor interaction

Good interaction
Poor interaction

Good interaction

Poor interaction

Good interaction
Poor interaction

Good interaction
Poor interaction

Good interaction



the nanocomposite [3,5-8]. In general, when good dispersion is achieved and no aggregation is

observed in the system, the elastic modulus tends to increase with increasing nanofiller content

and decreasing particle size [9-12]. The yield stress tends to increase with increasing filler

volume fraction for composite systems with good filler-matrix interaction; however, the pattern

changes when the interaction is poor [10-12]. Jordan et al. [3] summarized the currently

observed trends in the mechanical behavior of polymer nanocomposites, as shown in Table 1-1;

however, they were not able to identify any universal patterns for the mechanical behavior of

polymer nanocomposites.

1.2. Polyhedral Oligomeric Silsesquioxane (POSS)
The term "silsesquioxane" refers to chemical structures with the empirical formula RSiO.S5,

where R is hydrogen or any alkyl, alkylene, aryl, arylene, or organic functional derivatives of the

above. The silsesquioxanes include random structures such as ladder, cage, and partial cage, as

shown in Figure 1-2 [13]. The structure, preparation, properties, and applications of

silsesquioxanes were reviewed by Baney et al. in 1995 [13]. The ladder-like polysilsesquioxanes

(structure (b) in Figure 1-2) have applications in various areas such as photoresist coatings,

interlayer dielectrics and protective coatings, optical fiber coatings, magnetic recording media,

gas separation membranes, and binders for ceramics [13,14].

Silsesquioxanes with specific cage structures (structures (c)-(f) in Figure 1-2) have attracted more

attention than others, and these polyhedral oligomeric silsesquixane have been abbreviated as

POSS. POSS has received much interest due to its hybrid organic-inorganic structure which

consists of a silica cage with functional groups attached at the cage corners. With diameter

ranging from 1-3 nm, POSS nanoparticles can be viewed as the smallest particle of silica [14].

As the interest in POSS derivatives has increased, POSS with various reactive and/or inert

function groups are now commercially available.

POSS can be incorporated into polymeric materials through copolymerization, grafting, or

physical blending. The former two cases require at least one reactive functional group at the cage

corner. The selection of the function groups is especially crucial for physical blending, since
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Figure 1-2. Structures of silsesquioxanes [13].

POSS is known to phase separate and form crystalline particles within the polymer matrix. With

reactive functional groups, POSS can be covalently attached to the polymer backbones through

copolymerization or grafting, and dramatic property improvements have been observed, such as

increased glass transition temperature (Tg) [15-17], improved thermoxidative stability [18-20],

and nanoscale reinforcement of the polymer matrix [16,17,21-27]. Other novel applications of

polymer-POSS nanocomposites include shape memory material [28], atomic oxygen resistant



nanocomposites for space application [29], and photoresist for low and high voltage patterning

applications [30].

The relationship between structure and properties of polymer-POSS nanocomposites has also

been a research focus [21]. Waddon and Coughlin [31] studied the crystal structure of POSS

using X-ray diffraction and electron microscopy. Capaldi el al. [32] conducted atomistic

simulations to investigate the influence of blending POSS into polyethylene (PE) matrix. The

effect of POSS molecules on the polymer structure was studied by Baker et al. [33] through

combination of modeling and mass spectroscopy. Kopesky and coworkers [34,35] compared and

contrasted the thermomechanical properties of poly(methyl methacrylates) (PMMA) containing

POSS in the form of blends and copolymers. The influence of POSS on the rheological

properties varies based on the type of POSS cage and whether POSS molecules were covalently

attached to the PMMA backbone. Improvement in PMMA toughness was observed in various

strain rates when a mixture of two distinct POSS species - one miscible, one immiscible - was

incorporated into PMMA [35]. Haddad and Mather et al. [16,28,36-38] focused on the synthesis

and characterization of POSS macromers and polymers, and developed blocky and random

POSS-norbronyl copolymers

1.3. Rate-Dependent Deformation Behavior of Amorphous Polymers

1.3.1. Polymer Stress-Strain Behavior

The stress-strain behavior of polymers has been well-documented. Figure 1-3 shows a

representative true stress-true strain' curve of poly(vinyl chloride) (PVC) in quasi-static uniaxial

I True stress and true strain provide a more accurate measure of the material properties than
engineering stress and engineering strain during deformation. While engineering stress and
strain are defined using the original sample geometry before deformation, the true stress and true
strain are based on the current specimen geometry. True stress (atme) and true strain (e) can be
approximated from engineering stress (,g) and engineering strain (e):

6 = ln(1 + e)

true - 'eng ( e)



compression. During the loading, the material initially deforms elastically where the chain

segments can rotate reversibly with respect to one another. As the stress increases, more local

rotation and sliding of polymer chain segments are enabled. Eventually, the material

accumulates enough localized events, where it yields in plastic deformation and "flows" without

further increase in stress. The relative maximum in the stress-strain curve, or the stress level that

is required for plastic deformation, is considered to be the polymer's yield point. Following the

yield point, the polymer goes through "strain softening", where the chain rotation can be

generated with a lower stress. During the process of plastic deformation, the macromolecules are

performing large rotations of the whole chain to reach the strain values. The displacement

motions are analogous to the intermolecular motions happen above the glass transition (a-

transition) temperature [39,40]. Thus, the plastic flow of a given polymer corresponds to its

specific a-transition motions at the considered temperature. With increasing plastic deformation,

the polymer chains orient and align preferentially in directions that allow maximum stretch. At

the end, a "strain hardening" is observed.
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Figure 1-3. True stress-true strain behavior of poly(vinyl chloride)
compression at a strain rate of 3x10-4/s.
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The stress-strain behavior of polymers illustrated above is strongly time-dependent. Generally,

the yield stress required for plastic deformation and the initial elastic modulus increases with

decreasing temperature or increasing strain rate. A transition in the rate dependence of the yield

behavior over a wide range of temperature (-50 to 150 OC) and strain rate (10- 5 to 10-l/s) has been

observed in various glassy polymers including poly(methyl methacrylate) (PMMA) [41-44],

polycarbonate (PC) [45,46], and poly(vinyl chloride) (PVC) [45,47,48]. These studies revealed

that two rate processes are involved in activating inelastic deformation. As the temperature is

reduced and/or the strain rate is increased, in order for the material to yield, an additional stress is

required to activate the secondary (0) process that is related to polymer local relaxation motions.

1.3.2. Polymer Viscoelastic Behavior-Relaxation Processes

There are many types of relaxation processes that can occur in polymers. The viscoelastic

transitions of a typical amorphous polymer are illustrated in Figure 1-4 [49] and Figure 1-5 [50].

When considering amorphous polymers, a significant changeover in the mechanical properties

happens at the glass-to-rubber transition temperature. At the glass transition temperature, the

intermolecular motionss of polymer main chains are enabled and the modulus of polymer

decreases dramatically. Furthermore, at temperatures below the glass transition temperature,

more gradual secondary transitions (P, y, ...) have been observed in various amorphous polymers.

At the temperature and frequency where these motions are enabled, a specific energy is

dissipated, which is accompanied by a decrease in the mechanical modulus.

Secondary transitions are generally caused by motions involving the side groups, one or a small

number of the repeat units (local chain motions), or the entire molecule (Johari-Goldstein)

[51,52]. Examples for these molecular motions include ring flip, side group rotations,

cooperative motions among repeat units, and transition between unequivalent conformations. A

secondary transition, for example, 0, can also involve more than one motional process, and it is

attributed to different motions in different polymers. For instances, the 3-transition in

polycarbonate (PC) involves the phenyl ring motions[53,54], the motions performed by the ester

groups are associated with the p-transition in PMMA[55], and the p-relaxation in PVC is due to

movements of small segments of the main chain [56].
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Figure 1-5. A typical example of temperature dependence of the mechanical loss modulus,
showing a, Pi, and y transitions. [50]

The true occurrence of the glass to rubber transition is determined by techniques which exam the

polymer samples at rest, such as thermal measurements and spectroscopic techniques. Glass

transition temperatures determined by the above techniques are generally denoted as Tg. When

the techniques involve agitations of the sample, like dynamic mechanical testing and dielectric

measurements, the temperature corresponding to the glass transition is often referred as Ta, which

has a different numerical value compared to T,. For example, when choosing Ta as the
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temperature at which the loss modulus goes through its maximum, at a testing frequency of 1 Hz,

T, is 10 oC higher than the Tg measured by differential scanning calorimetry at a 20 oC /min

heating rate. Figure 1-6 shows another example of the discrepancy in relaxation transition

measurement between the dielectric measurement and the dynamic mechanical measurement.
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Figure 1-6. Discrepancy between dynamic mechanical measurement and dielectric
measurement. Showing tanS curves of PVC.

The temperatures of various relaxation transitions vary correspondingly with the frequency which

the polymer is subjected to. The temperature dependence of the process frequency can be

presented in a relaxation map, as shown in Figure 1-7. In a relaxation map, the logarithm of the

frequency is plotted as a function of the inverse of the absolute temperature. Since the a-

transition is characterized by the cooperative chain segment motions, its temperature dependence

of the frequency can be described by the modified Willams-Landel-Ferry (WLF) model:

--- DMA- f=1 Hz
r,%,l- A r' 0"0%0 1 i

It



log(f, / fg) = [C' (T-T )]/[C' + (T- Tg)] (1-1)

where Tg is the glass transition temperature, fTg refers to the frequency at Tg, C' is related to the

free volume fraction at Tg, and C, is related to the thermal expansion of the free volume at Tg. In

the case of the secondary transitions such as 13 and y, the temperature dependence of the

frequency can be described by the Arrhenius law:

fT = fo exp(-E, / RT) (1-2)

wherefo is a preexponential factor, Ea refers to the activation energy of the considered relaxation

process, and R is the universal gas constant. Figure 1-7 clearly shows that a higher transition

temperature is observed when a higher frequency is experienced. Note that a lower process

transition temperature corresponds to a smaller activation energy and a faster shift in transition

temperature with a change in frequency.

log f a - r

2

1/T

Figure 1-7. A typical example of relaxation map with a, P, and y transitions [50].

1.3.3. Rate-Dependence ofPolymer Mechanical Behavior

The rate-dependent mechanical behavior have been well documented for various amorphous

polymers including polycarbonate (PC) [46,47,57-59], poly(methyl methacrylate) (PMMA) [41-

44,57,58] , poly(vinyl chloride) (PVC) [45,47,48,59-61], and polystyrene (PS) [44].



Eyring's theory is perhaps the first model that is used to describe rate-dependent plastic flow in

amorphous, glassy polymers [62]. Erying's general theory considers that the deformation of a

polymer is a rate activated process that involves the polymer chain segments at one equilibrium

state overcoming a potential barrier and transitioning to another equilibrium state. The theory

results in a model describing the shear strain rate (j) as a function of shear stress (r):

S= o exp(-- ) sinh(- ) (1-3)
RT RT

where 'o is a lumped parameter related to material properties, Q is the activation energy required

for the transition, R is the universal gas constant, T is the absolute temperature, and L is the

activation volume. With assumption based on physical understandings of the plastic flow 2, Eq.

(1-3) can be written as:

Y -Q+n-r= exp( ) (1-4)
2 RT

Rearranging Eq. (1-4), shear stress (r) can be expressed as a function of shear strain rate (j):

I = A' Iln(2C)') +. 1 (1-5)
T RTJ

R 1
where A'= and C'= are lumped model parameters. This model predicts a linear

relationship between the shear stress and the logarithm of the shear strain rate.

2 Using the definition of hyperbolic sine, Eq. (1-3) can be rewritten as:

S=_ exp(- • -) exp( - )

2 RT 2 RT

The first term represents the forward process of the plastic transition, and the second term
captures the reverse/backward process. The second term has been shown to be non-negligible
only in the unloading or low stresses conditions. In the work presented here, the stresses (r) in
loading are assumed to be sufficiently high and unloading is not an interest. When Dr >> RT,
the second term can be approximated to zero and omitted. This simplification then gives rise to
Eq. (1-4).



Bauwen-Crowet et al. applied the Eyring theory to the rate-dependent yield behavior of

amorphous polymers [45,47]. In order to express the tensile yield stress (oe) as a function of the

axial strain rate ( ), Eq. (1-5) was rewritten as:

'e=AIIn2C+ + QT (1-6)

where A and C are again lumped parameters with values different from A' and C' of Eq. (1-5).

Eq. (1-6) was used by Bauwen-Crowet et al. to predict the rate-dependent yield behavior of PC in

tension. The yield data of PC and the Eyring model predictions are presented in Figure 1-8, with

corresponding parameter values shown in Table 1-2.
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Figure 1-8.Tensile yield data of PC presented by Bauwens-Crowet et al. [45]. The set of
parallel curves were calculated from Eq. (1-5).
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Table 1-2. Eyring model parameters for the PC data of Figure 1-8.

A 4.16 x 10-4  kg/mm2-OK

Q 75.5 kcal/mol

C 1031 Sec

Figure 1-9. Tensile yield data of poly(vinyl chloride) presented by Bauwens-Crowet et al.
[45]. The set of parallel curves was calculated from Eq. (1-6).

The rate-dependent yield behavior of PVC from -50 to 70 OC over a range in strain rate of 10-5 to

10-1/s is shown in Figure 1-9 (Bauwen-Crowet et al. [45]). In the case of PVC, within the

30



temperature and strain rate studied, a clear transition in rate dependency was observed and

marked as line d. This transition in rate sensitivity was attributed to the local p-relaxation

motions of the polymer chains by the researchers. Below the indicated line d, the molecular

motions governing yield mainly correspond to the main-chain a-relaxation motions, commonly

associated with the glass transition. Above line d, the [-motions associated with local relaxation

movements of small groups along the chain become important, and a nonnegligible stress is

required to activate p-motions to enable yield. The intersection of each ay/T curve with d reveals

the character of the frequency or rate dependence of the [-transition temperature.

To capture the transition in rate-dependence, Bauwens-Crowet et al. took the P-process into

account and explained the yield data using the Ree-Eyring theory [63,64]. The Ree-Eyring

theory simply allows multiple rate-activated processes to be acting in tandem, and in this

simplified two-process equation, the polymer total yield stress is derived to be the sum of the a-

and P-contributions:

C- - + = A, sinh-' C,, exp( + A sinh-I' C,6 exP(R (1-7)
T T T RT)] RT

where T is the absolute temperature, i is the strain rate, Q, (i=a, P) is the activation energy, R is

the universal gas constant, and Ai and C, are lumped parameters. Here the approximation seen in

footnote 2 can be applied to the first term, since the a-process is considered to be in a high

enough stress over the entire range of interest. However, the assumption is not valid for the 3-

process since the stress level of the P-process is much lower. Eq. (1-7) can be rewritten as:

e= C a+ a = Aa ln2Ca+ + A sinh -'- Cexp (1-8)
T T T RT RT

The predicted yield behavior calculated from Eq. (1-8) is shown as the paralleled curves in

Figure 1-9, and the constant values are presented in Table 1-3. Note that the activation energy

for the P-process (Qp) is only approximately one quarter of the value of the a-process activation

energy (Qa).



Table 1-3. Ree-Eyring model parameters for the PVC data of Figure 1-9.

Aa 7 x 10-4  kg/mm2-OK

Qa 70.5 kcal/mol

Ca 10-38  sec

Ap 10.1 x 10-4  kg/mm2-oK

QP 14 kcal/mol

Cp 4.26 x 10-'0 sec

The parallel curves shown in Figure 1-9 can be shifted along the d line and generate a master

curve over a wide range of strain rate for a specific temperature. Figure 1-10 shows the master

curve of tensile yield stress reduced to 0 OC for PVC, where the transition can be clearly observed.

From Figure 1-10 it is possible to extrapolate the yield stress value of PVC to rates that were not

accessible experimentally at the time.
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Figure 1-10. Master curve of tensile yield stress reduced to 0 OC for PVC [45].
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The rate-dependent stress-strain behavior of PVC at 70 oC under three different strain rates in

tension was investigated by Bauwens et al. [47], shown in Figure 1-11. The PVC was tested at a

temperature near its glass-to-rubbery transition, and glassy material behavior with a well-defined

yield point was observed at the highest strain rate (4.16x10-5/s). With decreasing strain rate, the

elastic modulus and the stress level decrease, and the PVC transitions from glassy to rubbery

with gradually disappearing yield point. Since the PVC was tested at a temperature near the glass

transition, the observed glassy-to-rubbery transition with decreasing strain rate is attributed to the

a-relaxation process.
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Figure 1-11. Rate-dependent stress-strain behavior of PVC in tension near the glass
transition temperature [47] .

Earlier studies on polymer rate-dependent mechanical behavior were limited by the experimental

techniques. Due to the lack of ability in high strain rate mechanical testing, characterizations in

compression and tension could only be done at strain rates less than 1/s. Testing temperatures

were often manipulated, as seen in Figure 1-9, in order to capture the transition in rate sensitivity.
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With the development and advances in high rate mechanical testing techniques, researches can

now capture the rate-dependent behavior of materials over a truly wide range of strain rates (10-
6/s to -6000/s). Recently the rate-dependent elastic-plastic deformation of PC and PMMA was

investigated by Mulliken and Boyce [57,58] over the strain rate range of 10-3 to 3000/s and a

constitutive model was developed to predict the rate-dependent mechanical behavior. Both PC

and PMMA were found to exhibit increased rate sensitivity of yield under the same strain

rate/temperature conditions as the 0-transition.

The aims of this study were to investigate the effect of incorporating POSS on the elastic and

plastic deformation behavior of PVC at different strain rates, to understand the rate-dependency

of PVC/POSS systems utilizing constitutive modeling, to compare and contrast the influence of

POSS as nanofiller for PVC to conventional small molecule additive, and to explore the possible

novel applications of PVC/POSS nanocomposites.
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Chapter 2: Miscibility and Thermomechanical Properties of POSS-

Filled and Plasticized Poly(vinyl chloride)

[Part of this work has been published previously, in slightly different form, in "Rate-Dependent Deformation

Behavior of POSS-Filled and Plasticized Poly(vinyl chloride)" by S.Y. Soong, R.E. Cohen, M.C. Boyce, and A.D.

Mulliken, Macromolecules 2006, 39, 2900-2908 [1].]

2.1. Introduction

Polyhedral oligomeric silsesquioxanes (POSS) can be incorporated into a homopolymer matrix

by either chemically attaching the POSS cages onto the polymer backbones or by direct physical

blending. As mentioned in Chapter 1, covalently attaching POSS to the polymer backbones can

lead to improve physical and mechanical properties, such as increased glass transition

temperature (Tg) [2,3], improved thermoxidative stability [4], and higher storage modulus at low

temperature [3], due to reinforcement at the molecular level [5]. Compared to chemically grafted

POSS-polymer systems, relatively few studies have been conducted regarding the physically

blended POSS-polymer nanocomposites. Physically blended POSS-polymer systems imply that

there are no covalent POSS-polymer linkages; therefore crystallization or aggregation of POSS is

likely to occur and limits the miscibility of POSS in polymer. When POSS crystallizes or

aggregates in the polymer system, the aggregates can act like stiff fillers [6,7].

Fu et al. studied a few non-reactive POSS-polymer nanocomposite systems. Their work includes

the influence of phenyl-trisilanol-POSS on the thermomechanical properties and curing of epoxy-

amine networks [8], the rheological behavior of octamethyl-POSS filled ethylene-propylene (EP)

copolymer [9], and the crystallization in isotactic polypropylene (iPP) containing octamethyl-

POSS [10].

Fina et al. [11] studied the influence of the functional group chain length of POSS on the

properties of polypropylene (PP), and a good dispersion was found particularly at low loadings of

POSS functionalized with longer organic chains.



Kopesky et al. [7,12,13] studied the rheological and thermomechanical properties of various

POSS filled poly(methyl methacrylate) (PMMA) systems, including cyclohexyl-POSS, isobutyl-

POSS, methacryl-POSS, and modified (hydrogenated) methacryl-POSS. Both the cyclohexyl-

and isobutyl-POSS are in the form of crystals, while the methacryl-POSS is a non-crystallizable

cage mixture. They showed that cyclohexyl-POSS or isobutyl-POSS can be blended into PMMA,

producing nanocomposites with excellent dispersion up to a volume fraction of 0.01. At higher

volume fraction, the POSS was found to aggregate and crystallize into larger particles. Selection

of the non-crystallizable methacryl-POSS increases the miscibility of POSS in PMMA. It was

found that when POSS was molecularly well dispersed in PMMA, it behaved like a plasticizer.

The unmodified methacryl-POSS showed better compatibility with PMMA than the

hydrogenated type. At a loading of 0.2 volume fraction, the unmodified methacryl-

POSS/PMMA composite appeared to be transparent while the hydrogenated methacryl-

POSS/PMMA one appeared to be opaque. A larger reduction in Tg was also observed in the first

case. Significant phase separation was observed in wide-angle x-ray analysis for both the

unmodified and modified methacryl-POSS/PMMA nanocomposites when the loading is above a

0.2 volume fraction.

Incorporation of POSS was also shown to affect the high rate mechanical behavior of a

homopolymer. Mulliken and Boyce showed that when 5 wt % of the trisilanophenyl-POSS was

incorporated into polycarbonate (PC), the effect POSS on the a-transition region was

insignificant, but the POSS enhances the mobility of the j-motions significantly and therefore

reduces the resistance in high rate deformation [14].

2.2. Experimental Section

2.2.1. Materials

The poly(vinyl chloride) used in this study was custom-made by Scientific Polymer Products, Inc.

(Ontario, NY) with an approximate molecular weight of 90,000 g/mol. Methacryl-POSS was

obtained from Hybrid Plastics (Fountain Valley, CA). It is a non-crystallizable mixture of 8-, 10-,



12-, and 14-comer POSS cages, with 10-corner cages having the highest weight fraction (Tlo =

47.5 wt%; T12 = 27.3 wt%;T 14 = 21.4 wt%; T8 = 3.8 wt% as measured by NMR [7,12]).

Methacryl-POSS appears in the form of a light brown heavy oil at room temperature. Figure 2-1

shows the chemical structure of a 10-comer methacryl-POSS molecule. Methacryl-POSS had a

density of 1.19 g/cm3 [12,13].
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Figure 2-1. Molecular structures of a 10-corner cage methacryl-POSS molecule and a DOP
molecule.

2.2.2. Blend Preparation

Neat PVC; 10, 15, and 20 wt % of methacryl-POSS in PVC; and 5, 10, 15, and 20 wt % of

dioctyl phthalate (DOP, Sigma-Aldrich) in PVC were prepared for this study. After a targeted

percentage of methacryl-POSS or DOP was mixed into PVC powders, the mixture was then

melt-blended for 1 min in a lab scale extruder (DACA Instruments) at 180 oC. The PVC used in

all of the polymer blends contained 3 wt % of thermal stabilizer (Thermolite 890S, Atofina) to

minimize degradation. While some thermal and thermomechanical analyses were performed on

direct polymer extrudates, most of the extruded polymer strands were pelletized and then



compression molded into different specimen geometries for various testing. Figure 2-2 shows

the schematic of the experimental procedures from blend preparation to sample characterization.
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Figure 2-2. Schematic of blend and specimen preparation and mechanical characterization.

2.2.3. Differential Scanning Calorimetry (DSC)

The thermal analysis was performed on TA Instruments Q1000 DSC. Materials tested were the

polymer extrudates from DACA. Samples were heated at 10 oC/min and then cooled at the same

rate. Data were collected on the second heating ramp. The glass transition temperatures (Tg)

were identified as the inflection points in the heat flow vs. temperature curves using the TA

Universal Analysis software.

2.2.4. Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) was performed on a TA Instruments Q800 DMA to

observe and investigate the a- and P-transitions of the materials in this study. Storage modulus

and loss modulus were measured as a function of temperature by the equipment. The storage

modulus in viscoelastic solids measures the stored energy, representing the elastic portion that is

in phase with the loading. The loss modulus measures the energy dissipated as heat, representing
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the viscous portion that is out of phase with the loading. For example, for a strain controlled

sinusoidal loading, the strain can be described as:

E(t) = o sin at (2-1)

where t is the time, co is the amplitude of the strain, and co is the oscillating frequency. The stress

response can then be written in two components as:

r(t) = ro sin(cot + S) = co cos 1 sin t + ao sin 4 cos wt (2-2)

where ao is the amplitude of the responding stress and 8 is the phase lag of the viscous response.

Eq. (2-2) can be rewritten as:

a(t) = .g G' sin ct + o G" cos cot (2-3)

where

G' = Co cos S (2-4)

and

G"= (' sin 6 (2-5)

G' is known as the storage modulus and G" is known as the loss modulus. The corresponding

tan 8, which is the ratio of the loss modulus and the storage modulus, was calculated using TA

Universal Analysis software. A typical example of polymer responses in DMA through its glass

transition is illustrated in Figure 2-3. The storage modulus (G1) of polymer changes dramatically

through its glass transition, where transition peaks are seen in the loss modulus (G2) and tan 8

curves.
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Figure 2-3. Schematic of the storage modulus (G1), loss modulus (G2), and tan 6 curves of a
polymer through its glass transition [15].

Cylindrical polymer samples extruded from DACA with a diameter of 2.5 mm and a length of 15

mm were tested in the single cantilever mode in DMA with a fixed displacement of 25 gm. The

testing temperature ranged from -140 OC to 140 oC with a 2 OC/min heating rate at frequencies of

1, 10, and 100 Hz. The particular frequencies of these tests were converted to corresponding

average strain rates, giving a range in strain rate of 5x10 -3 to 5.8x10-1/s 3 . Since the storage and

loss modulus are frequency-dependent, converting the frequencies to corresponding strain rates

allows us to relate the DMA data to the compression testing results. The same tests were

repeated at least three times for each blend composition using three different specimens.

3 The frequency co of each test is converted to a strain rate by examining one-quarter of the
sinusoidal loading cycle. The time duration of this quarter cycle is known from the test frequency,
and the maximum strain amplitude achieved during this time is measured during the test. It is
assumed that the increase in strain over this time is approximately linear, and an average strain
rate can be calculated: & = strain /time = 4cow, where eo is the maximum strain amplitude
achieved at one quarter of the loading cycle. The value of so in each test was calculated using TA
Universal Analysis Software.
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2.3. Results

2.3.1. Miscibility

Figure 2-4 shows the images of PVC with various methacryl-POSS contents. All PVC/mPOSS

blends with POSS content below 15 wt % were transparent, while the 20 wt % POSS sample is

opaque. Miscibility of the PVC/POSS blends was further examined using transmission electron

microscopy (TEM). Figure 2-5a shows a micrograph of 15 wt % POSS in PVC, and it appears to

be a homogeneous and miscible system. Figure 2-5b shows a micrograph of 20 wt % POSS in

PVC, revealing a second phase of submicron-sized aggregates throughout the sample. Since

methacryl-POSS appears to be heavy oily liquid at room temperature, the POSS aggregates were

squeezed and deformed during microtoming, resulting in the long elliptic morphology seen in

Figure 2-5b. Additional evidence of POSS aggregation in the 20 wt % blend is seen in DMA

results and will be discussed later. All of the PVC/DOP blends in this study are transparent and

homogeneous.

PVC PVC/IOmPOSS

PVC/15mPOSS PVC/20mPOSS

Figure 2-4. Images of compression molded disks of PVC with 10, 15, and 20 wt %
methacryl-POSS.



Figure 2-5. Transmission electron micrographs of the PVC/POSS blends: 15 wt %
methacryl-POSS (a) and 20 wt % methacryl-POSS (b).

2.3.2. Differential Scanning Calorimetry (DSC)

Figure 2-6 and Figure 2-7 show the DSC results of PVC/DOP and PVC/mPOSS blends,

respectively. The neat PVC has a glass transition temperature (Tg) of 71.84 oC in the DSC

analysis. The addition of DOP decreases the glass transition temperature monotonically. The

transition temperature range also broadens with the increasing DOP content. With 20 wt% DOP

added, the inflection point became difficult to identify.

Broad and gradual transitions were also observed in the DSC curves for PVC/mPOSS blends,

and exact inflection points of PVC/mPOSS blends were found difficult to identify. An additional

small inflection point was observed at near -50 oC in the 20 wt% POSS blend. This is attributed

to the aggregated methacryl-POSS, which has a Tg of-55 oC [13]. Due to the broad transition

observed in DSC, the glass transition temperatures mentioned in later chapters refer to the a-

transition temperatures measured in DMA, unless noted otherwise.
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Figure 2-6. DSC curves (exotherm down) of PVC/DOP blends at 10 OC/min heating rate.
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Figure 2-7. DSC curves (exotherm down) of PVC/mPOSS blends at 10 OC/min heating rate.



2.3.3. Dynamic Mechanical Analysis (DMA)

Storage modulus, loss modulus, and tan 8 curves of neat PVC at a converted strain rate of 0.005/s

(1 Hz) are shown in Figure 2-8. As temperature is increased and PVC goes through the 3-

transition, the storage modulus gradually decreases from 4.2 to 3.0 GPa, and a broad transition

peak appears in the loss modulus and tan 6. At the a-transition, the storage modulus drops

sharply from 2.5 GPa to 5.0 MPa, and a narrower and more intense peak can be seen in the loss

modulus and tan 6. On the basis of the peak values of tan 6 at 0.005/s strain rate, PVC has a 3-

transition temperature of -50 'C and an a-transition temperature of 85 'C. Both the a-transition

and the p-transition are known to be rate-dependent. By testing the material at higher frequencies

in the DMA, the strain rate experienced by the sample is increased. The rate dependent DMA

data will be discussed in the next chapter.
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Figure 2-8. PVC storage modulus, loss modulus, and tan 8 curves as a function of
temperature at 1 Hz (0.005/s).

PVC/mPOSS. Figure 2-9 shows the storage and loss modulus curves for 5, 10, 15, and 20 wt%

methacryl-POSS in PVC. The a-transition temperature decreases monotonically for 5, 10 and 15

wt% blends, suggesting that free volume increases in the PVC upon addition of POSS molecules.
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Thus, the POSS is acting as a plasticizer. A small inflection in the storage modulus and a bump

in loss modulus were observed near -45 OC in the 20 wt% blend, which are consistent with the

small inflection observed in the 20 wt% methacryl-POSS DSC curve near -48.5 oC (Figure 2-7.

DSC curves (exotherm down) of PVC/mPOSS blends at 10 oC/min heating rate.). Thus, the

observation of a bump at -45 OC in the DMA is attributed to the aggregated POSS pools in the 20

wt% blend. The maximum amount of this methacryl-POSS that could be incorporated into PVC

homogeneously through melt-blending is somewhere between 15 and 20 wt%. Therefore, the a-

transition temperature no longer decreases with increasing POSS concentration at concentration

greater than 15 wt% POSS. The 3-transition temperature shifts to a lower temperature, and the

P-peak lowers and broadens when methacryl-POSS was added. Therefore, the POSS has a

plasticizing effect on the p-transition as well as the a-transition due to the liberating effect of free

volume on the local motions.
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PVC/DOP. Figure 2-10 shows the storage and loss modulus curves of 5, 10, 15, and 20 wt%

DOP in PVC. The a-transition temperature decreases monotonically with the addition of DOP

up to 20 wt%, and the a-transition peak also broadens. In the case of the 20 wt% DOP

compound, the storage modulus dropoff begins at approximately -20 'C and reaches fully

rubbery behavior at around 40 oC. The p-transition is heavily suppressed with increasing DOP

content, as evidenced by the dramatic reduction in the magnitude of the 3-transition loss modulus

peak. Only a very small hump was seen near -70 'C in the loss modulus of the 10 wt% blend,

and the peak becomes unrecognizable when DOP concentration is at or above 15 wt%.

Furthermore, the storage modulus of the 5 and 10 wt% DOP blend (Figure 2-10a) were slightly

higher than the pure PVC in the temperature range between the 0- and a-transitions.

Such unexpected mechanical behavior has been observed in slightly plasticized PVC in the

glassy state below the glass transition temperature. An increase in modulus, a decrease in creep

compliance, and a decrease in impact strength have been documented in PVC containing

relatively low concentrations of plasticizers (typically less than 15 wt%) [16-19], and this

mechanical behavior is termed "antiplasticization". The decreasing intensity of the 3-peak has

been observed in many PVC-plasticizer systems since the late 1960s [16-23]. As the plasticizer

content increases, the P-peak gradually decreases and ultimately vanishes. The suppression of 3-

motions is explained by localized interactions between the plasticizer molecules and the PVC

repeat units. Vilics et al. [17] proposed that a strong affiliation is established between the

aromatic rings of the plasticizer and the PVC backbones, thereby hindering the local short

segmental motions (0). Such interaction continues to hinder these local motions even when the

temperature exceeds the p-transition temperature and therefore results in a higher modulus at

temperatures between the [- and a-transitions. In the case of PVC/DOP, the interaction that

hinders the 3-motions is the strong hydrogen-bonding between the carbonyl group (>C=O) of

DOP and the PVC repeat unit (-[CH 2CHCl]-) [24]. This antiplasticization effect will be further

studied and discussed in Chapter 5.
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Figure 2-10. Storage modulus (a), loss modulus (b), and tan 8 (c) of PVC/DOP blends as a
function of temperature at 1 Hz (0.005/s).

mPOSS vs DOP. Unlike DOP, the methacryl-POSS does not restrict the 3-motions in PVC and

therefore does not "antiplasticize" the PVC. The methacryl-POSS molecule is larger than the

DOP molecule, and its bulky, quasi-spherical structure restricts the molecule from such close

affiliation with the PVC backbone. The 3-motions of the PVC/mPOSS blends are not hindered

as in the case of PVC/DOP. It is seen in Figure 2-9b that the loss modulus P-peak is reduced in

the case of PVC/mPOSS blends, partially due to the decreasing PVC weight fraction and

partially due to the POSS plasticizing the local P-process. The a- and p-transition temperatures

were identified by the a- and P-peak values of the tan 6 curves. The methacryl-POSS is able to

reduce both the a- and p-transition temperatures in the PVC while the DOP reduces the a-

transition temperature but restricts the P-motions.



2.4. Conclusions

Methacryl-POSS and DOP were incorporated into PVC through a melt-blending process, and the

thermomechanical behavior of these materials was characterized using DSC and DMA. It was

found that methacryl-POSS can be incorporated into PVC and result in homogeneous and

transparent nanocomposites up to 15 wt% POSS. Above 15 wt%, material becomes opaque and

submicron-sized methacryl-POSS aggregates were observed in the blend under TEM.

Both methacryl-POSS and DOP plasticize the PVC. Within the homogeneous regime, Tg (a-

transition) decreases monotonically with increasing POSS content. The [-transition temperature

shifts slightly to a lower temperature, and the peak becomes broader with the addition of

methacryl-POSS. In the case of PVC/DOP blends, a larger reduction was observed in the a-

transition temperature and the a-peak broadens with increasing DOP content. However, for the

p-transition, the peak vanishes and becomes barely recognizable when the DOP concentration is

above 10 wt%. The significant suppression of the p-transition peak is attributed to the molecular

interaction between the carbonyl group of DOP and the PVC repeat unit. This interaction attracts

the DOP molecules along the PVC main chain and hinders the local p-motions, resulting in an

antiplasticization of the p-transition when DOP is added. The difference between incorporating

methacryl-POSS and DOP into PVC in the p-transition is explained by the differences in

molecular size and shape of POSS and DOP. The bulkiness and quasi-spherical shape restrict

POSS molecules from approaching the PVC backbone.
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Chapter 3: Rate-Dependent Mechanical Properties of POSS-Filled and

Plasticized Poly(vinyl chloride)

[Part of this work has been published previously, in slightly different form, in "Rate-Dependent Deformation

Behavior of POSS-Filled and Plasticized Poly(vinyl chloride)" by S.Y. Soong, R.E. Cohen, M.C. Boyce, and A.D.

Mulliken, Macromolecules 2006, 39, 2900-2908 [1].]

3.1. Introduction

3.1.1. Effect of Nanoparticles on Rate-Dependent Mechanical Behavior

The transition observed in the rate-dependent mechanical behavior of many glassy polymer is

related to the local p-relaxation motions of the material. A transition in rate sensitivity of the

yield behavior has been observed in various homopolymers, including poly(methyl methacrylate)

(PMMA) [2-5], polycarbonate (PC) [6,7], and poly(vinyl chloride) (PVC) [6,8,9]. As the

temperature is reduced and/or the strain rate is increased, an additional stress is required to

activate the secondary (0) process in order for the material to yield.

As nanoparticles are incorporated into a polymer, the molecular level modifications offer

opportunities to tailor the rate-dependent mechanical deformation and failure behavior of the

polymer. Polymer nanocomposites have drawn much attention due to the potential for

improvement in properties including modulus, strength, toughness, thermal stability, and gas

permeability. Research regarding ca- and P-relaxation processes of polymer nanocomposites has

been conducted to understand the influence of nanoparticles on polymeric molecular motions

[10-12].

B6hning et al.[10,11] showed that incorporating a low content of SiC nanoparticles in PC has no

effect on the a-transition; however, the p-transition is broadened and the activation energy of the

n-transition is reduced with increasing nanoparticle concentration [ 11]. Kuila et al. [12] showed

that the a- and p-transition temperatures and the melting point of poly(3-hexylthiophene) were

increased when montmorillonite clay particles are incorporated into the polymer system and the

1% clay content polymer nanocomposite exhibits the maximum thermal stability. Mulliken et al.

[13] demonstrated that the incorporation of TriSilanolPhenyl-POSS in PC, while having little
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influence on the a-regime, enhances the mobility of the P-motions significantly and therefore

reduces the resistance to high rate elastic and plastic deformation. Kopesky et al. [14] observed

toughening in PMMA in slow-speed tension when different POSS nanoparticles were

incorporated into PMMA.

This Chapter focuses on the rate-dependent deformation behavior of polymer compounds

comprised of polyhedral oligomeric silsesquioxanes (POSS) blended with PVC.

3.1.2. Split-Hopkinson Pressure Bar

The split-Hopkinson pressure bar system has been the primary testing method for obtaining

material mechanical properties in homogenous deformation at high strain rates. The theory of

high strain rate testing using a split-Hopkinson pressure bar apparatus has been well documented,

and examples can be found in ref. [15-17].

Bar Irel

Barrel

Figure 3-1. Schematic of a split-Hopkinson pressure bar apparatus (courtesy of O.
Samudrala).



Figure 3-1 shows the schematic of a typical split-Hopkinson pressure bar system. This apparatus

consists of two long pressure bars, an incident bar and a transmission bar, and a short striker bar.

The specimen is positioned between the incident bar and the transmission bar. A typical test is

initiated when high pressure gas is release from the pressure chamber, causing the striker bar to

eject from the barrel. When the striker bar impacts the incident bar, it produces a compressive

stress wave that travels through the incident bar until the specimen surface is reached. Due to the

mismatch of material properties at the interface of incident bar and specimen, a portion of the

wave is reflected back to the incident bar while the remaining transmits through the specimen

and travels down the transmission bar. Corresponding strains of the three compressive stress

pulses of interest - the incident, the reflected, and the transmitted - are recorded by the strain

gages mounted on the bars during the test. An example of recorded strain signals of

polycarbonate (PC) is shown in Figure 3-2.
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Figure 3-2. Strain gage signals collected from a split-Hopkinson bar test (PC).

To analyze the pulse signals and acquire the corresponding stress-strain behavior, significant

conditions in the system geometry and bar materials must be met in order to obtain accurate data

using theory to reduce the signals acquired during testing with the split-Hopkinson pressure bar.



Those system conditions and corresponding data reduction conditions include: 1. High aspect

ratio bars such that the wave propagation is one-dimensional; 2. Bar material and geometry

selection such that the strains in the pressure bars are only elastic strains; 3. Friction, radial

inertia, and longitudinal inertia can be neglected; 4. Stress waves recorded at the gage locations

are identical to the stress waves experienced at the interface between the bar and the specimen;

and 5. The specimen is in dynamic equilibrium.

With the assumption that wave propagation is one-dimensional, a general equation of motion for

wave propagation can be written as:

&2u 1 02 uS I- a(3-1)
Ox2  c2 0t2

where u is the displacement along the x-direction, t is time, and c = [E /p is the acoustic wave

speed in an elastic medium. Assuming the conditions mentioned above are true, Eq. (3-1) will

lead to the simplified final stress and strain rate equations:

S= 2r 
(3-2)

is

AbEe•cr = -- (3-3)
AS

where er is the corresponding tensile strain of the reflective pulse, Ft is the corresponding

compressive strain of the transmitted pulse, ls is the length of the specimen, Ab is the cross-

sectional area of the bar, and As is the cross-sectional area of the specimen. In practice, the strain

is obtained through numerical integration of Eq. (3-2).

Since there is no standard method for the split-Hopkinson bar test, nor a standard design, the

experiment faces many issues. These issues include: proper choice of the bar material, axial

alignment of the striker and pressure bars, optimization of the electronic settings for data

acquisition, accounting for the effects of friction and wave dispersion, and last but not least, the



selection of proper specimen geometry. More detailed discussions on split-Hopkinson pressure

bar can be found in ref. [15-18].

3.2. Experimental Section

3.2.1. Uniaxial Compression Testing

Uniaxial compression tests were performed over a wide range of strain rates (from 10-4/s to

nearly 4000/s) using four pieces of equipment including a Zwick mechanical tester, two split

Hopkinson pressure bar apparatus, and a MTS machine. Extruded polymer strands from DACA

were pelletized, compression-molded into disks, and then machined into right circular specimens

for compression testing. Specimen dimensions were modified to suit different compression

testing apparatus; however the ratio of diameter to height was maintained at 2 to 1. All

specimens tested in compression deformed uniformly until the final strains were reached, as

shown in Figure 3-3.

(a) (D)

Before After Before After

Figure 3-3. Images of specimens before and after compression testing: low rate
compression testing (a) and high rate compression testing (b).

Low Rate Compression Testing. Low rate compression testing (10- 4/s to 101/s) was

accomplished on a Zwick mechanical tester (Zwick Roell Group). All specimens were machined

to right circular cylinders with diameter of 9 mm and height of 4.5 mm. To reduce friction, thin

Teflon films were placed between specimen and compression platens, and WD-40 lubricant was

sprayed between Teflon films and platens. During low rate compression tests, a constant

engineering strain rate was applied to a final true compressive strain of-0.70.

Moderate Rate Compression Testing. Moderate strain rate compression testing was performed

on a MTS machine (1/s to 50/s) and a long split Hopkinson pressure bar (150/s to 600/s) in



collaboration with Professor Wayne Chen at Purdue University. Specimens for MTS machine

were machined to right circular cylinders with diameter of 9 mm and height of 4.5mm;

specimens for long split Hopkinson pressure bar were machined to right circular cylinders with

diameter of 5.08 mm and height of 2.54 mm. Specimens of both the MTS machine and the long

Hopkinson pressure bar were lubricated with a thin layer of petroleum jelly on both surfaces prior

to testing to reduce friction. Copper pulse shapers were used in the long Hopkinson pressure bar

testing.

High Rate Compression Testing. High strain rate compression testing (700/s to 4000/s) was

conducted on a split Hopkinson pressure bar apparatus located at MIT. It was designed in

cooperation with and built by Physics Applications, Inc. (Dayton, OH). This particular

instrument is described in Mulliken and Boyce [18-20]. Specimens for high rate testing were

machined to smaller right circular cylinders with diameter 5 mm and height 2.5 mm to meet the

particular requirements of this test. Specimens were lubricated with a thin layer of petroleum

.jelly on each surface prior to testing. In the case of high rate testing, samples were tested under

true strain rates at yield from 700/s to 4000/s.

3.2.2. Tensile Testing

Uniaxial tensile tests were also performed on the Zwick mechanical tester. All specimens were

tested at a constant engineering strain rate of 10-3/s until final failure. Extensometers were

employed to determine the tensile strains. Pelletized materials were compression-molded into

dog-bone-shaped specimens with gauge length of 25.4 mm, thickness of 1.6 mm, and width of

4.2 mm.

3.3. Results

3.3.1. Dynamic Mechanical Analysis

As mentioned in the previous chapter, both the a- and p-transitions are rate dependent and the

locations of both transition peaks shift to higher temperatures with increasing strain rate. By

testing the material at higher frequencies in the DMA, the strain rate experienced by the sample

is increased, which enabled us to characterize the rate-dependent behavior of a- and p-transitions.



Figure 3-4 shows the shifting of the a-peak and the P-peak in storage and loss modulus curves for

PVC. Since the p-transition has a much lower activation energy (-14.4 kcal/ mol) when

compared to the a-transition (-66 kcal/mol) in PVC, the p-transition peak in loss modulus shifts

faster than the a-transition. Based on the loss modulus curve, the P-peak shifted from -60 'C at 1

Hz to -20 'C at 100 Hz, whereas the a-peak shifted from 76 'C at 1 Hz to 83 OC at 100 Hz.

Wider a- and p-transition peaks are also observed at higher strain rates.
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Figure 3-4. Storage and loss modulus curves of PVC as a function of temperature at 1, 10,
and 100 Hz (corresponding to strain rate ranges from 5x10 3 to 5.8x10'/s).

Figure 3-5 summarizes the rate dependency of a-transition of all blends. Incorporating either

methacryl-POSS or DOP lowers the a-transition temperature. The a-transition temperature shifts

to higher temperatures with increasing strain rate. The a-transition of PVC shifts approximately

3.8 'C per decade increase in strain rate.
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Figure 3-5. a-Transition temperature of PVC/mPOSS (a) and PVC/DOP
of converted strain rate (tan 8 peak value in DMA).
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Table 3-1. Shifting of a- and p-transition temperatures (tan 6 peak value in DMA).

a (oC/decade strain rate) 13 (oC/decade strain rate)

PVC 3.8 19.5

5 wt% mPOSS 3.9 18.3

10 wt% mPOSS 3.9 18.5

15 wt% mPOSS 4.0 18.0

5 wt% DOP 4.4

10 wt% DOP 4.8

15 wt% DOP 5.1

20 wt% DOP 5.1
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Figure 3-6. p-Transition temperature of PVC/mPOSS as a function of converted strain
rate (tan 8 peak value in DMA).

Table 3-1 shows that within the DMA testing range the shifting rate of the a-transition

temperature in all blends ranges from 3.8 to 5.1 OC per decade increase in strain rate. The rate

66

* PVC
a 95PVC5mPOSS V
A 90PVC1OmPOSS

xx 85PVC15mPOSS

11

·

!

- I,



dependence of the [-transition of PVC/POSS blends is shown in Figure 3-6. The 3-transition

temperature is lowered approximately 7 'C when 10 or 15 wt% methacryl-POSS is added. The

3-peak shifting rate of the two blends remains approximately the same as neat PVC. The 3-peak

values in tan 8 suggests that 3-transition shifts nearly 17.4 'C per decade increase in strain rate,

which indicates that p-transition is more sensitive to the change in strain rate than the a-transition.

The P-process becomes significant in the mechanical behavior when its rapid shifting with strain

rate causes the 3-transition to move into the experimental window of deformation rate at the

testing temperature. PVC/DOP data are not included in Figure 3-6 since the P-motions are

suppressed and the P-peaks cannot be clearly identified when DOP content is higher than 10 wt%.

3.3.2. Uniaxial Compression Testing

Compression testing was conducted using the Zwick machine at MIT, the MTS machine and

long split Hopkinson bar at Purdue University, and the split Hopkinson bar at MIT for low to

high strain rate testing. All specimens were tested to large strains, capturing the elastic, initial

yield, and post-yield behavior. Deformation was homogeneous in all compression tests; no

cracks or other fracture events were observed.

Rate Dependence of Stress-Strain Behavior. Figure 3-7 to 3-10 show the compression true

stress-true strain curves for PVC, PVC with 15 wt% POSS, PVC with 20 wt% DOP, and PVC

with 40 wt% DOP, respectively, at tested strain rates. The rate-dependent behavior is clearly

seen in these figures, where the initial yield stress increases with an increase in strain rate.

Similar glassy polymer stress-strain behavior was observed in compression testing for PVC, all

PVC/methacryl-POSS blends and PVC/DOP blends with DOP content less than 15 wt%. With

increasing strain rate, PVC with 20 wt% DOP exhibited a transition from rubbery to glassy

(Figure 3-9). DMA revealed the PVC/20 wt% DOP material to have an a-transition at 45 'C at a

converted strain rate of 0.005/s based on the tan 6 curve. Therefore, a rubberlike deformation

behavior was expected and found in low rate compression testing (Figure 3-9). In the case of

high rate compression tests, the a-transitions shift to higher temperatures (a linear extrapolation

of Figure 3-5b estimates an a-transition temperature of 76 "C at 2000/s), and glassy polymer

deformation behavior was observed again.
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Figure 3-9. True stress-true strain curves of 80 wt% PVC/20 wt% DOP under different
strain rates (10 4-2000/s) in uniaxial compression testing.
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Yield stress as a function of strain rate is shown in Figure 3-11 for all of the PVC/mPOSS and

PVC/DOP blends. The neat PVC yield stress increases linearly with the logarithm of strain rate

in the low strain rate regime. As strain rate increases into the high rate regime, the yield stress

again increases approximately linearly with the logarithm of strain rate. However, the rate

dependence is much greater in this high rate regime. At strain rates beyond the transition point,

an additional stress is necessary to activate the P-process in order to yield the material.
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Figure 3-11 la shows the effect of methacryl-POSS on yield stress in PVC. The yield strength

decreases with an increase in POSS content due to the plasticizing effect of the POSS and the

corresponding increased chain mobility. Rate-sensitivity transitions were also observed in the

POSS-filled PVC materials and again this observation correlates with the rate dependence of the

p-transition observed in the DMA. The yield stress deceased monotonically with increasing

POSS concentration up to 15 wt%, and a larger reduction in the yield stress was observed due to

the existence of POSS aggregates in the 20 wt% POSS blend. The rate dependence of yield

stress on DOP addition is shown in Figure 3-1 lb. Antiplasticization was observed in the

PVC/DOP blends. A higher yield stress was found in PVC/5 wt% DOP in the low rate regime,

and the addition of 10 wt% DOP does not appear to alter the yield stress when compared to the

neat PVC. This observation results from the compensating effects of plasticizing the a-motions,

acting to decrease the resistance, and antiplasticizing the p-motions, which tends to increase the

resistance. More detailed discussions regarding the antiplasticization phenomenon will appear in

Chapter 5. Since the local P-motions were restricted from the low rate regime to the high rate

regime, no distinct rate-sensitivity transition in yield stress was observed in PVC/DOP blends

with DOP content from 5 to 15 wt%.

Two distinct yield stress rate sensitivities are observed in the 20 wt% DOP-modified materials;

however, it is the rate dependence of the a-regime that governs this behavior. The yield strength

of the 20 wt% DOP compound is less sensitive to the strain rate in the low rate regime because

the material is rubbery; in the high rate regime, this blend behaves like a glassy polymer again;

hence, the transition in overall magnitude with the yield stress in the PVC/DOP is a transition

from rubbery to leathery to glassy behavior as we go from low rates to very high rates.

Stress-Strain Dependence on Additive Concentration. The effect of methacryl-POSS and

DOP on the entire true stress-true strain behavior of PVC at both low and high strain rates is

shown in Figure 3-12 and Figure 3-13, respectively. The addition of POSS reduces the yield

strength and the flow stress of PVC in both the low strain rate (0.0003/s) and the high strain rate

(2000/s) compression tests. More substantial reductions in the true stress-true strain curves were

observed in the case of PVC/DOP blends, and the influence of DOP appears to be different in the

low (0.001/s) and high (2000/s) strain rates.
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A more substantial antiplasticization effect in yield was observed in slightly plasticized PVC at

0.001/s than at 2000/s. The yield strength of 5 wt% DOP is much higher than neat PVC at the

low rate and it becomes approximately the same at the high rate. The yield strength of the 10



wt% DOP blend is nearly identical to the neat PVC in both the low and high strain rates.

However, both the 5 and 10 wt% DOP compounds exhibit dramatic postyield strain softening,

and hence their flow stresses are reduced significantly at all strain rates.
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Previous publications have shown that a polymer undergoing active plastic deformation at

temperature well below Tg is locally in a state that is equivalent to an elevated temperature close

to Tgwithout deformation [21]. This explains the postyield stress-strain behavior of the 5 and 10

wt% DOP compounds. Prior to plastic deformation, the yield stresses of the 5 andl0 wt% DOP

blend reflect the combined effect of plasticized a-motions and antiplasticized 3-motions, which

appear to be higher than and approximately equal to the yield stress of neat PVC, respectively.

During active plastic deformation, the materials are locally brought to a state that is effectively in

the Tg, where the originally restricted 13-motions are liberated in addition to the liberation of the

main-chain motions. Therefore, the large reduction between the yield stress and the flow stress

in the 5 and 10 wt% DOP compounds is not only due to the conventional strain softening but also

due to effectively entering the Tg regime during active plastic deformation. This increased

postyield strain softening during plastic strain of materials very near their Tg has been observed

in other polymers (see, e.g., [22]). Additional discussions related to the antiplasticization are

included in Chapter 5.

In the low strain rate compression tests, the material behavior changes from glassy to rubbery

with increasing DOP content. However, in the high strain rate compression tests, PVC/DOP

blends all behave like glassy polymers.

3.3.3. Tensile Testing

Tensile tests were performed at a strain rate of 0.001/s to evaluate the tensile toughness and

-modulus (Figure 3-14) of the materials. Figure 3-14a shows the true stress-true strain curves of

PVC/mPOSS compounds in tensile testing. Neat PVC shows brittle behavior, and all specimens

fail before reaching the yield point. Although adding methacryl-POSS softens PVC and reduces

the modulus, all samples are still brittle and none are able to reach the yield point. In the case of

DOP-filled PVC (Figure 3-14b), specimens are brittle when 10 wt% DOP is added. However, 15

wt% DOP samples exhibit a dramatic increase in tensile toughness, and the strain at break is

increased to 65% true strain. 20 wt% DOP samples again are rubbery in the tensile tests and fail

at 60% true strain.
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3.4. Conclusions

The rate-dependent a- and P-transitions of PVC, PVC/methacryl-POSS, and PVC/DOP blends

were characterized in DMA. Both the a- and p-transitions of PVC shift to higher temperatures

with increasing strain rate, shifting 3.8 and 17.4 "C per decade increase in strain rate for the a-

and the p-transitions, respectively. No significant change in the shifting rate of the a-peak or the

n-peak was found in the PVC/POSS blends. In the case of DOP, the same trends in the shifting

of the a-transition temperature with increasing DOP content were observed; however the P-peaks

become barely recognizable when the DOP concentration is above 10 wt%.

Compression testing was conducted on four different pieces of apparatus, including a Zwick

mechanical tester at MIT for low rate regime (10- 4/s - 0.1/s), a MTS machine at Purdue

University for low to moderate rate regime (1/s - 50/s), a long split Hopkinson pressure bar at

Purdue University for moderate to high rate regime (120/s - 600/s), and last but not least, a split

Hopkinson pressure bar at MIT for high rate regime (800/s - 4000/s). Since the methacryl-POSS

plasticizes PVC, the compression yield stress of PVC decreases monotonically with increasing

POSS concentration. In the case of PVC/DOP, the antiplasticization of P-motions compensated

for the plasticization of a-motions in 5 and 10 wt% DOP blend leading to a higher and no real

change in yield stress when compared to neat PVC. The yield stress decreases beyond 10 wt%

DOP added.

A clear rate-sensitivity transition is observed in the compression yield data of pure PVC and

PVC/mPOSS blends between the low rate (<l/s) and the high rate (>500/s) regimes. This

transition is attributed to the need for stress-assisted activation of P-motions at high strain rates,

which provides a significant increase in the barrier to plastic flow and hence the increased rate-

sensitivity of yield. A transition in rate sensitivity is also observed in the DOP blends; this

transition is due to the rubbery-to-leathery-to-glassy transition as one goes from the low-to-

moderate- to-high strain rates.

Adding DOP also increases the tensile toughness of PVC. While the modulus decreases from

3000 to 1000 MPa with 15 wt% DOP added, the strain at break increased from 1% to 65% true

strain. Unlike DOP, the POSS-filled materials remain brittle in tensile tests.
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Chapter 4: Polyhedral Oligomeric Silsesquioxane as a Novel Plasticizer

for Poly(vinyl chloride)

[Part of this work has been published previously, in slightly different form, in "Polyhedral Oligomeric

Silsesquioxane as a Novel Plasticizer for Poly(vinyl chloride)" by S.Y. Soong, R.E. Cohen, and M.C. Boyce,

Polymer 2007, 48, 1410-1418 [1].]

4.1. Introduction

Poly(vinyl chloride) (PVC) is the third most consumed polymeric material worldwide, with wide

applications in areas including construction, tubing, medical devices and electronics packaging

[2]. Due to the brittle nature of the neat PVC, it is often compounded with plasticizers to

enhance its flexibility and toughness for various applications, and the most commonly used

plasticizers for PVC are phthalate esters. Since dioctyl phthalate (DOP) was introduced in the

1930s, it has been the most widely used plasticizer. However, it is known that conventional low

.molecular weight organic plasticizers for PVC, such as DOP, are somewhat volatile, leading to

plasticizer loss and unwanted deterioration of the material properties over the course of time.

Furthermore, phthalate esters recently have been scrutinized for environmental and health related

problems due to the leaching of plasticizer from the PVC matrix [3,4].

Many studies have been conducted to reduce the leaching and migration of plasticizers from the

PVC materials [2]. Several alternative plasticizers and polymeric (oligomeric) plasticizers have

been suggested to replace phthalate esters used in PVC [2,5,6]; surface modification techniques,

such as crosslinking or coating the PVC surface, have also been developed to prevent leaching

and improve the mechanical properties of plasticized PVC [2,7]. In our previous work, we have

investigated the rate-dependent mechanical behavior of polyhedral oligomeric silsesquioxanes

(POSS)-incorporated and DOP-plasticized PVC [8]. POSS has a hybrid organic/inorganic

structure, which consists of a silica cage in the center with functional groups attached at the cage

corners.

The experimental results showed that the methacryl-POSS is miscible with PVC up to 15 wt%,

and it reduces the glass transition temperature (Tg), yield stress, and modulus of the PVC.



Furthermore, unlike DOP and most of the other commonly employed small molecule plasticizers,

it does not result in antiplasticization [9] when incorporated in the polymer. Due to the hybrid

organic/inorganic structure, POSS is also more stable and less volatile compared to the low

molecular weight plasticizers. Unfortunately, its limited miscibility precludes the use of

methacryl-POSS alone as a satisfactory plasticizer for PVC. Although the PVC/methacryl-POSS

blends exhibited an increase in compliance over that of the neat PVC, the blends still failed in a

brittle manner in tension at an engineering strain of 2% [8], as shown in the previous chapter.

Here we explored the possibility of using a combination of methacryl- POSS and DOP as the

plasticizer for PVC. First, a small amount of DOP was premixed into the PVC, and methacryl-

POSS is then added. As will be shown, the small amount of DOP enhances the miscibility of

POSS in PVC, achieving a wide range of tailorable mechanical properties including tensile

ductility.

4.2. Experiment Section

4.2.1. Materials

The same PVC, methacryl-POSS, and DOP used in previous studies were again utilized here.

Various PVC/mPOSS and PVC/DOP binary blends and PVC/mPOSS/DOP ternary blends were

prepared through melt blending using a lab scale extruder (DACA Instruments). PVC powders

were first premixed with DOP, and then methacryl-POSS was added. The mixture was then

processed at 180 oC in DACA with a cycling time of 1 minute to achieve a homogeneous batch.

4.2.2. Dynamic Mechanical Analysis

The thermomechanical behavior of the materials was characterized using TA instruments Q800

DMA over a temperature range from -120 oC to 120 oC with a 2 oC per minute heating rate at a

frequency of 1 Hz. Cylindrical polymer samples with a diameter of 2.5 mm and a length of 15

mm were tested in the single cantilever mode in DMA with a fixed displacement of 25 Rm.

Storage modulus and loss modulus were measured as a function of temperature and the

corresponding tan 8 value was calculated by the TA Universal Analysis software.



4.2.3. Tensile and Compression Testing

The uniaxial tensile testing was performed on Zwick mechanical tester with a constant

engineering strain rate of 10-3/s until final failure. Extensometers were employed for the tensile

strain measurement. Sample preparation and dimensions and testing procedures were described

in Chapter 3, and at least three specimens were tested for each blend to ensure the repeatability.

The rate-dependent mechanical behavior of the ternary blends was characterized in uniaxial

compression testing. The uniaxial compression testing was performed at low rates (10-4/s to

0.1/s) and high rates (800/s to 4000/s) using the Zwick mechanical tester and the split Hopkinson

pressure bar apparatus at MIT, respectively. The equipment, sample preparation and dimensions,

and testing procedures were the same as described in Chapter 3.

4.2.4. Accelerated Test for Plasticizer Loss

The loss of volatile plasticizers from PVC compounds has been measured in various accelerated

testing schemes [10-12]. Here, we have held the compounds for two weeks in a vacuum oven at

85 oC to monitor this phenomenon. All of the plasticized binary and ternary blends were first

pelletized and tested in one batch in order to minimize the experimental error due to any vacuum

or temperature variations in the oven. The sample weight was measured before and after the

vacuum oven treatment, and the percent weight loss of each PVC blend was calculated.

4.3. Results

4.3.1. Dynamic Mechanical Analysis

PVC/mPOSS/5 wt% DOP. Previous research in our laboratories has shown that methacryl-

POSS plasticizes PVC [8]. However, methacryl-POSS was found to be miscible in the PVC only

up to 15 wt% with a reduction in a-transition temperature (Tg) of 10.8 oC. With methacryl-POSS

concentration above 15 wt%, the material became opaque and sub-micron sized POSS aggregates

were observed in the transmission electron microscopy images (Figure 2-4).

Ternary blends containing 5 wt% DOP in PVC with addition of 15 wt%, 20 wt% and 25 wt%

methacryl-POSS were prepared for this study. The addition of 5 wt% DOP increases the amount



of POSS that can be incorporated into the compound in a miscible manner up to 25 wt%. Figure

4-1 shows the images of the compression molded tensile specimens of various transparent ternary

blends.

80PVC15mPOSS5DOP 75PVC20mPOSS5DOP 70PVC25mPOSS5DOP

Figure 4-1. Images of PVC ternary blends with 5 wt% DOP and various methacryl-POSS
contents. Compounds are transparent up to 25 wt% POSS added.

Figure 4-2 shows the storage modulus, loss modulus, and tan 6 curves for the 95 wt% PVC/5

wt% DOP and the ternary PVC/mPOSS/5 wt% DOP blends. With increasing methacryl-POSS

content, the PVC is further plasticized. The addition of 25 wt% methacryl-POSS reduces the a-

transition temperature of the PVC/5 wt% DOP from 77 OC to 59 oC based on the tan 6 peak value

in DMA at 1 Hz. The addition of methacryl-POSS also broadens the a-transition peak; the 25

wt% addition of the POSS increases the FWHM4 of the a-transition loss modulus from a width of

18 oC to a width of 65 OC. Although the a-transition temperature of the 70 wt% PVC/25 wt%

mPOSS/5 wt% DOP blend is 59 OC based on the tan 6 peak value, the a-transition occurs over a

very broad temperature range (from -40 OC to 60 oC) (Figure 4-2). Therefore, the material is in

the leathery regime at room temperature with a storage modulus value around 1000 MPa.

Less distinguishable n-transition peaks and wider a-peak shoulders on the lower temperature side

were also observed in both the loss modulus and the tan 6 curves with increasing POSS

4 FWHM (full width at half maximum) here is defined as the breadth (duration of temperature) of
the transition peak at half of its maximum peak value.



concentration. The observation of the shoulder results from the merging of the n-transition peak

into the a-peak when the material is more plasticized and exhibits a lower a-transition

temperature.
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Figure 4-2. Storage modulus (a), loss modulus (b), and tan 8 (c) of PVC/mPOSS/5 wt%
DOP blends as a function of temperature at 1 Hz.

60 wt% PVC/mPOSS/DOP. Two heavily plasticized PVC blends containing 40 wt% of

plasticizer (60 wt% PVC/40 wt% DOP and 60 wt% PVC/20 wt% mPOSS/20 wt% DOP) were

prepared and characterized. Figure 4-3 shows the storage modulus, loss modulus, and tan 6

curves of the two materials as a function of temperature at 1 Hz. The peak values of the tan 6

curves indicate that the a-transition temperatures of the 60 wt% PVC/40 wt% DOP and the 60

wt% PVC/20 wt% mPOSS/20 wt% DOP are 5.6 oC and 25.6 oC, respectively. The onset of the

broad a-transition of both compounds occurs at a much lower temperature, near -60 oC.
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Figure 4-3. Storage modulus (a), loss modulus (b), and tan 6 (c) of PVC, 60 wt% PVC/40
wt% DOP, and 60 wt% PVC/20 wt%mPOSS/20 wt% DOP blends as a function of

temperature at 1 Hz.

DOP vs. mPOSS as Plasticizers. Table 4-1 summarizes the compositions, the a-transition

temperatures (Tgs) 5, and the FWHM 6 of all the PVC blends prepared. Incorporating DOP and/or

methacryl-POSS in PVC reduces Tg. Figure 4-4a and Figure 4-4b show the Tg as a function of

plasticizer content on a basis of grams of plasticizer in per gram of compound (weight fraction)

and moles of plasticizer in per mole of compound, respectively. DOP appears to be a more

effective plasticizer than methacryl-POSS when compared on the basis of weight fraction of the

plasticizer in the compound (Figure 4-4a).

5 a-Transition temperature is based on the tan 6 peak value at 1 Hz measured in DMA.

6 FWHM is defined as the FWHM of the loss modulus transition peak atl Hz in DMA.



If the effect of the methacryl-POSS or DOP is evaluated on a basis of moles of plasticizer in the

compound (Figure 4-5), both plasticizers have essentially the same influence on Tg. Furthermore,

the Tgs of the ternary blends show a linear combination of the plasticizing influence of the two

molecules when considered on the basis of the molar amount of plasticizer per gram of

compound. Figure 4-5 shows the linear regression curve that was constructed from the Tgs of

various PVC blends, and it can be used to anticipate the Tg of all other homogeneous binary and

ternary blends that can be produced with this system of components.

Table 4-1. a-Transition temperature (Tg) and FWHM of all PVC blends.

PVC mPOSS DOP Tg FWHM

(wt%) (wt%) (wt%) (oC) (0C)

PVC 100 0 0 84.8 15

5DOP 95 0 5 76.9 18

10DOP 90 0 10 65.0 10

15DOP 85 0 15 56.2 57

20DOP 80 0 20 47.5 64

40DOP 60 0 40 5.6 40

5mPOSS 95 5 0 82.5 20

10mPOSS 90 10 0 77.3 22

15mPOSS 85 15 0 74.0 20

15mPOSS5DOP 80 15 5 66.1 40

20mPOSS5DOP 75 20 5 62.5 51

25mPOSS5DOP 70 25 5 59.3 65

20mPOSS20DOP 60 20 20 25.6 47



0.1 0.2 0.3 0.4

gg,,Plasticizer Content (g/g)

90 -

80 -

70 -

60 -

50 -

40 -

30

20
10

A

0.5

I

Figure 4-4. Tg as a function of the plasticizer content: on a basis of weight fraction (g/g) (a)
and mole fraction (mol/mol) (b).

o;.*i

4
•.
A,

1 5mPOSS

20

0.OE+00

PVC/DOP
PVC/mPOSS
PVC/mPOSS/DOP

y = -79118x + 84.395
R2= 0.9851

nPOSS20DOP

5.OE-04
Plasticizer

'* 40DOP

1.OE-03 1
Content (mol/g)

Figure 4-5. Tg as a function of the plasticizer content: on a basis of moles of plasticizer per
gram of compound (mol/g).

90 -

80

70

60 -

S50 -
0)40 -I-

30 -

20 -

10 -

0

* PVC/DOP

0 PVC/mPOSS

(a)
U

* PVC/DOP

o PVC/mPOSS
A PVC/mPOSS/DOP (b)

0.8

(mol/mol)

90

80

70

60

50

40

30

O
%-

20 -

10 7

0

1.5E-03

0 0.2 0.4 0.6

rmm, Plasticizer Content

I

i - ----

20r
I I

I I I I I



4.3.2. Tensile Testing

Figure 4-6a shows the uniaxial tension true stress-true strain curves of the PVC ternary blends

containing 5 wt% DOP and various amounts of methacryl-POSS at 103/s constant engineering

strain rate. The PVC/5 wt% DOP blend exhibits brittle behavior in tensile testing, where all

specimens failed at a strain less than 5%. Incorporating 15 wt% methacryl-POSS in PVC

containing 5 wt% DOP changed the tensile behavior from brittle to ductile and the strain at break

was improved significantly to approximately 70% in true strain (nearly 100% in engineering

strain).

Figure 4-6b shows the uniaxial tension true stress-true strain curves of heavily plasticized PVC

containing 40 wt% of plasticizer. Both 60 wt% PVC/20 wt% mPOSS/20 wt% DOP and 60

wt%/40 wt% DOP exhibit rubbery behavior.
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Figure 4-6. True stress-true strain curves in uniaxial tension at 0.001/s: compounds
containing 5 wt% DOP with various mPOSS (a) and compounds containing 40 wt%

plasticizer (b).

4.3.3. Uniaxial Compression Testing

PVC/mPOSS/5 wt% DOP. Figure 4-7 shows the uniaxial compression true stress-true strain

curves of the ternary blends containing 5 wt% DOP at a strain rate of 10-3/s. With the increasing

amount of methacryl-POSS in PVC, the compounds become more plasticized. The materials

(a)

-5DOP
--- 15mPOSS5DOP
--- 20mPOSS5DOP

25mPOSS5DOP



transition from glassy to leathery behavior with significant reductions in the yield stress and the

flow stress.
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Figure 4-7. True stress-true strain curves of compounds containing 5 wt% DOP and
various amounts of methacryl-POSS. Testing was done in uniaxial compression at 0.001/s.

Figure 4-8 shows the true stress-true strain curves of 70 wt% PVC/25 wt% mPOSS/5 wt% DOP

under various strain rates. The material behavior transitions from leathery to glassy when the

strain rate increases from low rate to high rate.

Figure 4-9 presents the yield stresses as a function of engineering strain rate for various PVC

compounds containing 5 wt% DOP and different amounts of methacryl-POSS. The increasing

amount of POSS in the ternary blend reduces the yield stress over a wide range of strain rate.

PVC with 5 wt% DOP exhibits glassy mechanical behavior at all strain rates. Due to the

antiplasticization effect in the 95 wt% PVC/5 wt% DOP blend, the rate sensitivity transition is

not obvious in Figure 4-9. However, rate sensitivity transitions in the yield stress were observed

in the ternary blends. Based on the DMA results and compression testing curves, the observed



transitions in rate sensitivity were attributed to the leathery to glassy transition (a-transition) of

the compounds when the experienced strain rate was increased.
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Figure 4-8. True stress-true strain curves of 70 wt% PVC/25 wt% mPOSS/5 wt% DOP
under different strain rates (10-4-2500/s) in uniaxial compression testing.
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60 wt% PVC/mPOSS/DOP. Figure 4-10 presents the true stress-true strain curves of 60 wt%

PVC/40 wt% DOP and 60 wt% PVC/20 wt% mPOSS/20 wt% DOP in uniaxial compression

testing at a constant engineering strain rate of 10-3/s. Both PVC compounds are heavily

plasticized and exhibit rubbery behavior.
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Figure 4-10. Uniaxial compression true stress-true strain curves of compounds containing
40 wt% plasticizer, at a nominal strain rate of 0.001/s.

Figure 4-11 shows the true stress-true strain curves of 60 wt% PVC/20 wt% mPOSS/20 wt%

DOP over a wide range of strain rates. The material was seen to transition from rubbery in the

low rate regime to leathery in the high rate regime.

Since the heavily plasticized PVC blends containing 40 wt% were rubbery, the true stress at -0.2

compressive true strain was taken to characterize the rate dependent yield behavior. Figure 4-12

shows the true stress at a true strain of -0.2 as a function of applied engineering strain rate. The

true stress of both compounds increases linearly with the logarithm of strain rate in both the low

rate and high rate regimes. The rate sensitivity of stress increases significantly and a clear

transition is observed between the low rate and high rate regimes due to the rubbery to leathery

transition.
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Figure 4-11. True stress-true strain curves of 60 wt% PVC/20 wt% mPOSS/20 wt% DOP
under different strain rates (10"4 -4000/s) in uniaxial compression testing.

a.

(nC,C-U)
I-2U)

F_

40

35

30

25

20

15

10

0.0001 0.01
Eng.

1 100
Strain Rate (1/s)

10000
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4.3.4. Stability of the Plasticized Compounds

The stability of the plasticized compounds was evaluated by determining the percent weight loss

of the sample pellets after being held in a vacuum oven at the 85 oC/two-week oven test. Figure

4-13 shows the percent weight loss of samples containing various loadings of methacryl-POSS or

DOP in PVC as a function of the weight percent of the plasticizer. The weight loss is negligible

in all of the PVC/methacryl-POSS blends. A 5% weight loss was observed in the PVC/20 wt%

DOP blend and a 25% weight loss was observed in the PVC/40 wt% DOP blend. Assuming all

the weight loss is attributed to the loss of DOP, more than 20% of the original DOP added in the

PVC/20 wt% DOP blend and more than 50% of the initial amount of DOP in the PVC/40 wt%

DOP blend was lost over the duration of our accelerated test.
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Figure 4-13. The percent weight loss of the PVC/mPOSS and the PVC/DOP blends as a
function of the plasticizer content (wt%).

To compare the stability of methacryl-POSS and DOP on the basis of its effectiveness as a

plasticizer, Figure 4-14 shows the percent weight loss as a function of the original reduction in Tg

afforded by the added plasticizer. Due to the limited solubility of methacryl-POSS in PVC, the

performance of PVC/methacryl-POSS blends is indistinguishable from that of the PVC/DOP

blends in the limited range of overlap of the data.
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Figure 4-14. The percent weight loss of the PVC/mPOSS and the PVC/DOP blends as a
function of the original reduction in T,.

In order to evaluate the stability of the ternary blends compared to the PVC/DOP compounds, we

considered the resulting increase in Tg that arises due to plasticizer loss; we denote this parameter

as "Tg penalty" in Figure 4-15. Because of the observed molar character of the plasticization

phenomenon, this parameter is a better measure of compound stability than weight loss. Since

methacryl-POSS shows essentially no volatility in all of our oven tests, we assume that all the

weight loss in any ternary blend can be attributed to the DOP. The expected regain in Tg (Tg

penalty) was then calculated based on the loss of DOP using the linear regression equation

(Figure 4-5). Figure 4-15 shows that the Tg penalty for the PVC/DOP blends, PVC/methacryl-

POSS blends and PVC/methacryl-POSS/DOP blends all collapse into a single curve. Therefore,

as in the case of Tg reduction, the stability of the various ternary compounds over the time frame

of our accelerated test can be predicted from measurements on the two binary compounds. There

is no synergistic effect of the methacryl-POSS on retention of DOP in the compounds tested. In

all cases we expect that the formulated amount of methacryl-POSS would remain in the PVC

indefinitely.
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Figure 4-15. Tg penalty (calculated) due to the loss of DOP as a function of the original
reduction in Tg.

4.4. Discussions

In this section we will discuss the potential of using methacryl-POSS and/or DOP as a plasticizer

for PVC to engineer the mechanical properties of plasticized PVC blends possessing the same Tg.

4.4.1. Antiplasticization: DOP vs. Methacryl-POSS

Figure 3-10a shows the true stress-true strain curves of PVC/DOP blends in compression testing

at a nominal strain rate of 10-3/s. The yield stress of the 5 wt% DOP blend exceeded the yield

stress of the neat PVC; such behavior is known as antiplasticization and has been well

documented in PVC materials containing relatively low concentrations of plasticizer [9,13-15].

In the case of the 5 wt% DOP compound, antiplasticization is due to the strong affiliation

between the aromatic rings of the plasticizer and the PVC backbones, which hinders the local

short segmental motions (p-motions) [13,16]. The restricted P-motions in the 5 wt% DOP blend

impose an additional resistance at the point of yield, resulting in a higher yield stress compared to

neat PVC. However, a dramatic post-yield strain softening is observed in the 5 wt% DOP

compound and its post-yield strain-softened flow stress falls beneath that of the neat PVC.
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During steady plastic flow in a glassy polymer, the molecular mobility is locally enhanced to a

level equal to that of the rubbery state [17]. Here we see that this effect also acts to locally

liberate the antiplasticized 3-motions in PVC as evidenced by the post-yield flow stress of the 5

wt% DOP blend falling beneath the neat PVC flow stress. The significant antiplasticization

effect seen in the PVC/DOP compounds was not observed in the PVC/mPOSS blends, as shown

in Figure 3-9a, where the initial yield stress of the PVC/POSS blends is always lower than that of

the neat PVC. This observation is attributed to the differences in molecular size and shape of

methacryl-POSS and DOP account for this behavior [8].

4.4.2. Same Tg, Different Mechanical Properties
Figure 4-16 shows the storage modulus and tan 8 curves of the 95 wt% PVC/5 wt% DOP and 90

wt% PVC/10 wt% mPOSS blends. The two blends have nearly identical Tg based on the tan 6

peak value; however, their room temperature mechanical properties are quite different. Due to

the antiplasticization effect, the room temperature storage modulus (Figure 4-16) of the 5 wt%

DOP is greater than that of the 10 wt% methacryl-POSS.
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Figure 4-16. Storage modulus and tan 6 curves of 95 wt% PVC/5 wt% DOP and 95 wt%
PVC/10 wt% mPOSS as a function of temperature.
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The results of the two blends in compression testing are shown in Figure 4-17. The initial yield

stress of the 5 wt% DOP compound is much higher than the value exhibited by 10 wt%

methacryl-POSS blend in the compression testing (Figure 4-17a) since the 5 wt% DOP blend has

the extra barrier to yield due to the hindered n-motions. Interestingly, the post-yield strain-

softened behavior of the two materials is nearly identical since the initially hindered 1-motions of

the PVC/5 wt% DOP material are locally liberated during active flow. The rate-dependent yield

stress behavior of the two compounds is shown in Figure 4-17b. A clear rate-dependent

transition in yield stress was observed in PVC/10 wt% mPOSS, whereas the transition is less

significant in PVC/5 wt% DOP. The yield stress of the 5 wt% DOP blend is found to be higher

than the 10 wt% methacryl-POSS one at low strain rates due to the antiplasticization caused by

DOP.
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Figure 4-17. Compression behavior of 95 wt% PVC/5 wt% DOP and 90 wt% PVC/10 wt%
mPOSS: true stress-true strain curves in compression testing at 0.001/s (a), and yield stress

as a function of strain rate (b).

In a second example, we used the regression equation from Figure 4-5 to prepare a ternary blend

that has the same Tg (56.2 oC) as the PVC/15 wt% DOP compound. We fixed the ternary

compound to contain 10 wt% DOP and then backcalculated the amount of methacryl-POSS and

PVC required to achieve the target Tg. The regression equation predicted that 17.5 wt%
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methacryl-POSS with 10 wt% DOP in PVC should exhibit the same Tg as the PVC/15 wt% DOP

blend.

Figure 4-18 shows the tan 6 curves of the two blends. The two tan 6 peak values are

approximately equivalent, which confirms the prediction made by the regression equation. The

results in compression testing are illustrated Figure 4-19a and Figure 4-19b. Although the Tgs of

the two blends are nearly identical, their true stress-true strain curves are significantly different.

While the PVC/15 wt% DOP compound still shows a near glassy polymer behavior, the ternary

blend is leathery/nearly rubbery at room temperature in low rate compression testing. The

distinction in mechanical behavior between the two blends is attributed to the different molecular

level modifications offered by DOP and methacryl-POSS. Figure 4-19a suggests that the

methacryl-POSS in the ternary blend created a broader transition and shoulder on the lower

temperature side of the a-peak, and the onset of a-transition appears at a lower temperature

compared to the DOP-plasticized PVC. Figure 4-19a also shows that the storage modulus of the

ternary blend is significantly lower than the 15 wt% DOP compound when crossing the room

temperature regime due to the breadth of the a-transition.
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Figure 4-18. Storage modulus and tan 6 curves of 85 wt% PVC/15 wt% DOP and 72.5 wt%
PVC/17.5 wt% mPOSS/10 wt% DOP as a function of temperature.



Figure 4-19 demonstrates clearly the possibility to engineer a series of methacryl-POSS and

DOP-plasticized PVC compounds that possess the same Tg but exhibit significantly different

mechanical properties.
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Figure 4-19. Compression behavior of 85 wt% PVC/15 wt% DOP and 72.5 wt% PVC/17.5
wt% mPOSS/10 wt% DOP: true stress-true strain curves in compression testing (a) and

yield stress as a function of strain rate (b).

4.5. Conclusions

Previous research demonstrated that methacryl-POSS plasticizes PVC without causing

antiplasticization, which is frequently observed when small organic plasticizers are used.

However, using methacryl-POSS to plasticize PVC to room temperature-flexible compounds was

not possible due to the miscibility limit [8]. In this study we demonstrate that the addition of a

small amount of DOP increases the miscibility of methacryl-POSS in PVC substantially. With 5

wt% DOP added in the polymer blend, the amount of methacryl-POSS that can be incorporated

into the compound was increased from 15 wt% to 25 wt%. The Tgs of the ternary PVC

compounds can be reduced to near room temperature, and the material becomes leathery to

nearly rubbery and exhibits ductile tensile behavior.

Comparing methacryl-POSS and DOP on a basis of moles of plasticizer added per gram of

compound reveals that the two additives are equally effective in reducing the Tg of PVC. The
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Tgs of methacryl-POSS, DOP, and POSS/DOP-plasticized PVC blends formed a linear

relationship when plotted on this basis. The regression line can be used to anticipate the Tg of

other homogeneous binary and ternary blends. The POSS/DOP-plasticized PVC did not show

any synergistic effects in retaining the plasticizer in the PVC compounds through the duration of

the oven tests conducted. However, the POSS/DOP-plasticized PVC demonstrated considerably

different mechanical behavior in low rate compression and tensile experiments when compared

to the DOP-plasticized PVC which has the same Tg. Such findings reveal the possibility of using

POSS to engineer the material properties of plasticized PVC compounds.
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Chapter 5: Antiplasticization

[Part of this work has been submitted to Macromolecules (2007), in slightly different form.]

5.1. Introduction
It is a common practice to compound brittle polymers with plasticizers to enhance their

flexibility and toughness for various applications. However, the addition of a small amount of

low molecular weight plasticizer can result in an anomalous "antiplasticization" effect on the

mechanical and other physical properties of a polymer. Increases in modulus and yield stress,

decreases in creep compliance and impact strength, and reductions in gas sorption and transport

have been observed in many polymers including polycarbonate (PC) [1-6], poly(methyl

methacrylate) (PMMA) [7], polysulfone (PSF) [8-10], and poly(vinyl chloride) (PVC) [7,11-19].

Previous studies also suggested that antiplasticization is time and temperature dependent [13,20].

The antiplasticization phenomenon has been attributed to the influence of the additive on

'hindering the local p-relaxation motions of the polymer [21,22]. Since PVC has no side group, it

is suggested that its p-motions are due to the cooperative motions of the polymer main chain

[19,23]. As the plasticizer content increases, decreasing intensity of the p-transition peak in the

loss modulus curve has been observed in many PVC-plasticizer systems [14-16,19,24]. Vilics et

al. [16] proposed that localized interactions are established between the aromatic rings of the

plasticizer and the PVC backbone, thereby hindering the local segmental p-motions. Such a

restriction on the p-motions continues when the temperature is greater than the p-transition

temperature, resulting in a higher modulus and yield stress in the slightly plasticized polymers at

temperatures between the p- and a-transitions. In the case of PVC and dioctyl phthalate (DOP)

compounds, it is suggested that the interaction that hinders the P-motions is the strong hydrogen-

bonding between the carbonyl group(C=O) of DOP and the PVC repeat unit (-[CH 2CHCl]-)

[25,26].

Amorphous polymers are known for their thermodynamically nonequilibrium nature at the

glassy state [27,28]. As a polymer is cooled at a finite rate from a melt state through the glass

transition (Tg) into its glassy state, the mobility of the molecular chains decreases to a point
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where equilibrium conformation and packing cannot be reached with respect to the temperature.

Polymer molecules are essentially frozen in a nonequilibrium state with lower packing (higher

"free volume") and greater disorder in the structure. With time, the polymer continues to

gradually undergo molecular rearrangement/packing in order to reach the equilibrium state,

which results in the observed physical aging behavior. Typically the aging of polymers results in

increases in density, yield strength and modulus [27,28]. For example, Hasan et al. had

demonstrated that the local free volume, yield stress and post-yield strain softening are sensitive

to the thermomechanical history of the polymer [29,30]. Quenched (unaged) samples were found

to have higher initial free volume and lower yield stress when compared to well-annealed (aged)

samples. In both quenched and annealed samples, an increase in local free volume sites was

observed to accompany the strain softening of the yield stress until both the quenched and

annealed samples reached an identical steady state after sufficient inelastic strain. In this study,

we investigate the effect of thermal treatment and inelastic straining on the antiplasticization of

slightly plasticized PVC.

A transition in the rate sensitivity of polymer yield behavior has also been connected to the local

P-relaxation process [31-34]. In general, the yield stress required for plastic deformation

increases with increasing strain rate or decreasing temperature in an Arrhenius-like manner.

However, as the strain rate increases beyond a particular magnitude, a transition in the rate

dependence of the yield stress has been reported for various glassy polymers, such as PC [32,35-

37], PMMA [33-36,38,39], and PVC [31,33,37,40]. Above the transition threshold, an

additional stress is required to activate the P-process in order for the material to yield. Since both

the rate-dependent behavior and the antiplasticization phenomenon of polymers are related to the

local 3-motions, compression testing over a wide range of strain rates is conducted here in order

to investigate the influence of strain rate on the antiplasticization effect in slightly plasticized

PVC.
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5.2. Results and Discussions

5.2.1. Effect of Thermomechanical History on Antiplasticization

Physical aging is known to alter the microstructural states of glassy polymers [27,28]. Two

different thermal treatments were conducted to observe the effect of thermal treatments on

antiplasticization. Specimens were kept at 85 OC for 2 hours and then they were either cooled to

room temperature immediately (quenching) or slowly over a period of time (annealing). Figure

5-1 shows the effect of thermal treatments on the stress-strain behavior of PVC. Annealing

physically ages the samples and is seen to increase the initial yield stress and the amount of post-

yield strain softening which occurs after yield; quenching from above the Tg acts to freeze in a

more disordered, "higher free volume" state and results in a lower yield stress when compared to

the annealed samples [30]. Both materials exhibit substantial strain softening after yield,

resulting in very similar stress-strain behavior after sufficient inelastic strain. The inelastic

straining immediately post-yield is considered to "rejuvenate" or "de-age" the structure, creating

a more disordered, higher free volume state which gives the corresponding softening of the yield

stress [30,41].
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Figure 5-1. Effect of thermal treatments on PVC stress-strain behavior under uniaxial
compression at 0.001/s strain rate.
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Figure 5-2 shows the true stress-true strain curves of PVC and PVC with 5 wt% DOP after two

different thermal treatments. Antiplasticization was observed in the annealed PVC/5 wt% DOP

specimens as evidenced by the higher yield stress in the PVC/5 wt% DOP material, indicating the

p-motions are hindered by the interactions between the DOP molecules and the PVC (as

confirmed by dynamic mechanical analysis presented in Soong, et al. [40,42]). However,

antiplasticization was not observed in the quenched samples (Figure 5-2).
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Figure 5-2. True stress-true strain curves of PVC and PVC/5 wt% DOP: annealing vs.
quenching.

This observation suggests that the quenching treatment resulted in a more nonequilibrated, less

packed microstructure whereby p-motion hindering interactions between DOP molecules and

PVC repeat units were not fully established. Therefore the local P-motions were more liberated

and mobile in the quenched polymer than in the physically-aged (annealed) material. After strain

softening, both the annealed and quenched PVC/5 wt% DOP exhibit a lower flow stress when
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compared to the neat PVC in Figure 5-2. This suggests that the increased structural disorder and

free volume which accompanies inelastic straining [30,43,44] also liberates the P-motions in the

slightly plasticized PVC during the post-yield plastic flow. Hence the flow stress ofPVC/5 wt%

DOP falls beneath the neat PVC flow stress. Therefore, the dramatic magnitude of strain

softening observed in the annealed PVC/5 wt% DOP sample is a result of"liberating" the

hindered P-motions in addition to the more typical rejuvenation effect of inelastic straining

observed in amorphous polymers.

As discussed above, sufficient inelastic deformation is known to erase the initial

thermomechanical history of polymer. In order to more definitively exam the effect of inelastic

strain on antiplasticization, the annealed PVC and PVC/5 wt% DOP samples were first loaded in

compression to a true strain of -0.15, unloaded, and then immediately reloaded until the true

strain reached -0.7. Figure 5-3 shows the true stress-true strain curves of PVC and PVC with 5

wt% DOP in this two-cycle compression testing at 0.001/s. While the PVC with 5 wt% DOP

material exhibited antiplasticization (a higher yield stress) in the first loading (cl), no

antiplasticization was observed in the reloading curve (c2). This observation suggests that the

initially restricted p-motions in PVC/5 wt% DOP were locally liberated due to the increase in

local free volume generated by the inelastic deformation in the first loading step. Importantly,

this result demonstrates that active plastic flow is not necessary to liberate the n-motions, but that

the new structure (i.e., the increased disorder and higher local free volume) created by the

inelastic strain provides the liberation of the formerly hindered P-motions. This result is fully

consistent with the observation that the quenched PVC/5 wt% DOP material does not exhibit

antiplasticization.
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Figure 5-3. True stress-true strain curves of PVC and PVC with 5 wt% DOP under
uniaxial compression at 0.001/s. Samples were compressed to a true strain of -0.15 (cl),

unloaded, and then immediately reloaded to a true strain of -0.7 (c2).

To furthermore demonstrate the combined effect of thermal treatment and inelastic straining on

the antiplasticization behavior, thermal treatments were applied to the specimens between the

first loading (c ) and the second loading (c2). After being compressed to -0.15 true strain at a

strain rate of 0.001, specimens were either annealed (slow-cooling) or quenched (fast-cooling)

before the second loading process and the results are shown in Figure 5-4a and Figure 5-4b,

respectively. After the heat treatments, the original specimen geometry was recovered and the

sample heights returned to approximately the same as the initial values. The annealed specimens

exhibited the same stress-strain behavior in c2 as in c where antiplasticization was observed in

PVC/5 wt% DOP. On the contrary, the antiplasticization behavior was not found in the

quenched sample. This observation agrees with the previous finding in the effect of thermal

history on antiplasticization, which also suggests that thermal treatment erased the influence of

inelastic straining.
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Figure 5-4. True stress-true strain curves of PVC and PVC with 5 wt% DOP under
uniaxial compression at 0.001/s. Samples were compressed to -0.15 true strain (cl),
unloaded, and two different thermal treatments were applied before reloading (c2):

annealed (a) and quenched (b).
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5.2.2. Rate-Dependency ofAntiplasticization

Figure 5-5 presents the true stress-true strain curves of PVC and PVC with 5 wt% DOP at strain

rates of 0.001/s, l/s, 200/s, and 2000/s, and the yield data obtained from various compression

strain rates are summarized in Figure 5-5b. Due to adiabatic heating at high strain rates,

significant post-yield thermal softening was observed at 200/s and 2000/s in additional to the

strain softening seen at low rates. More detailed discussions regarding the thermal softening at

high strain rate compression testing were presented by Mulliken et al. [45]. For PVC, the yield

stress increases linearly with the logarithm of strain rate in the low rate and high rate regimes.

However the rate sensitivity is much greater in the high rate regime. Beyond the transition point,

an additional stress is necessary to activate the P-process to enable global yield [40]. At low

strain rates (<l/s), antiplasticization was seen in PVC with 5 wt% DOP. The strong affiliation

established between DOP molecules and PVC backbones results in restricted local P-motions in

PVC/5 wt% DOP; therefore a higher yield stress was required for the material to induce plastic

deformation. When the strain rate is above 100/s, the P-process in neat PVC becomes important

and a non-negligible stress is required to activate the P-process to cause yield. Hence, any

influence of an "antiplasticization" effect on the yield stress disappears gradually with increasing

strain rate since the P-motions are restricted in both the PVC and the PVC with 5 wt% DOP in

the high rate deformation regime.
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5.3. Conclusions
The effects of thermomechanical history and strain rate on the antiplasticization phenomenon in

slightly plasticized PVC were investigated in this study. The influence of thermal treatment was

demonstrated by applying annealing or quenching to the PVC and PVC/5 wt% DOP specimens.

Antiplasticization was seen in the annealed (aged) PVC/5 wt% DOP; however it was absent in

the quenched samples. This observation suggests that quenching not only leads to a more non-

equilibrated state than annealing, but the consequential higher free volume also locally liberates

the p-motions and hence undoes the antiplasticization in PVC/5 wt% DOP. Inelastic straining

also leads to an increase in the local free volume and erases the antiplasticization effect. While

antiplasticization was seen in the form of a higher yield stress in the first compressive loading of

PVC/5 wt% DOP, the post-yield strain softening was found to erase the antiplasticization effect

and antiplasticization was not observed in the immediate reloading curve.

The mechanical behavior of PVC and PVC with 5 wt% DOP was characterized in compression

testing over a wide range of strain rates (10-4/s to 3000/s). A higher yield stress

(antiplasticization) was observed in the low rate regime, and it gradually disappeared with the

increasing strain rate. In the low rate regime, the local P-motions in PVC/5 wt% DOP material

are restricted due to the strong interactions between the DOP molecules and PVC repeat units,

whereas the P-motions are liberated in the neat PVC. As a result, an additional stress is required

to activate the P-process and enable yield in the PVC/5 wt% DOP, but not in the neat PVC;

hence, a higher yield stress was observed in the slightly plasticized PVC at low rates. As the

strain rate is increased, the P-motions in neat PVC become less liberated. Beyond the transition

point, an extra stress is necessary to activate the O-process in neat PVC to enable yield.

Consequently, the antiplasticization due to the restricted P-motions disappears in the high rate

regime since the P-motions must be stress-activated to yield both PVC and PVC/5 wt% DOP

when deformed at high strain rates.
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Chapter 6: Constitutive Modeling

[Part of this work has been published previously, in slightly different form, in "Rate-Dependent Deformation

Behavior of POSS-Filled and Plasticized Poly(vinyl chloride)" by S.Y. Soong, R.E. Cohen, M.C. Boyce, and A.D.

Mulliken, Macromolecules 2006, 39, 2900-2908 [1] and in "High-Rate Thermomechanical Behavior of Poly(vinyl

chloride) and Plasticized Poly(vinyl chloride)" by A.D. Mulliken, S.Y. Soong, M.C. Boyce, and R.E. Cohen, J. Phys.

IV France 2006, 134, 217-223 [2].]

6.1. Introduction

6.1.1. Constitutive Model - Mulliken and Boyce, 2004

The constitutive model for the rate-dependent elastic-plastic behavior of amorphous polymer

proposed by Mulliken and Boyce [3,4] was employed to predict the strain rate dependence of the

yield stress of the PVC/methacryl-POSS and PVC/DOP blends in uniaxial compression tests.

The Mulliken and Boyce model may be considered as a revision of the three-dimensional rate-

dependent thermoplastic model described by Arruda and Boyce [5-8]. The model proposed by

Arruda and Boyce has demonstrated its ability to predict the stress-strain behavior of PC and

PMMA at low and moderate strain rates (10-3/s to l/s), at temperatures from 20 oC to 90 oC, and

in four states of deformation including plane strain compression, simple shear, uniaxial tension,

and uniaxial compression. The Arruda and Boyce model was meant to simulate only the a-

process. In order to capture the material behavior at high strain rates and low temperatures, this

revised Mulliken and Boyce model considers the contribution of the P-process and its

significance under those conditions. Using the experimental data of this study, predictive

capabilities have been established within the framework of this model, which was developed by

-Mulliken and Boyce specifically for capturing the rate-dependent mechanical behavior of two

other amorphous polymers, polycarbonate (PC) [7,8] and poly(methyl methacrylate) (PMMA)

[6,9]. It was shown that both PC and PMMA exhibit an enhanced stiffness and strength under

conditions of moderate and high strain rate related to restricted "P" molecular motions.

Figure 6-1 shows the 1-D rheological interpretation of the Mulliken and Boyce model. The

model consists of three main components, each capturing a different molecular-level resistance to

the macroscopic deformation. The model features two elastic-viscoplastic processes ("A"), a and
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0, acting in tandem, along with a non-linear Langevin spring ("B") for strain hardening. The

total stress of the material is the sum of the stress in these three components. The a-component

captures the intermolecular resistance to large scale main chain motions, while the n-component

captures the resistance to secondary local chain motions (for PVC, the p-motions are attributed to

cooperative motions between neighboring repeat units). The P-process in this model is

considered as its own elastic-viscoplastic component, which is in parallel with the existing "a"

elastic-viscoplastic component. The P-component requires stress-assisted activation and

becomes significant at low temperatures and high strain rates. The non-linear Langevin spring

represents the back stress of entropic orientation hardening, which is developed from the

alignment of polymer chains during increasing deformation.

Figure 6-1. 1-D rheological interpretation of the proposed constitutive model by Mulliken
and Boyce. [3,4]

Thermomechanical coupling is especially important at high rates of deformation where the

testing condition can be considered adiabatic. The model takes into account the

thermomechanical coupling through a conversion of the dissipative work of the viscoplastic

dashpots into heat, leading to a temperature rise in the polymer. The resulting temperature rise

alters the mechanical behavior of the polymer, as calculated through the thermal-activation
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model of yield together with the temperature-dependent elastic constants and shear resistance, as

well as thermal expansion effects.

Both the a- and P-components have unique material parameter definitions, and their relative

contributions vary with the temperature and strain rate. In order to define the elasticity of the a-

and P-component springs, an analytical decomposition of the storage modulus data (measured in

DMA) is conducted, taking into account the unique rate and temperature dependencies of the a

and p viscoelastic processes. Similarly, a component-wise split of the yield data in compression

testing is used to calculate the activation parameters for the a- and P-component dashpots.

Kinematics. The kinematic framework of the Mulliken and Boyce model [3,4,10,11] follows the

previous work of Bergstrom and Boyce (1998 [12], 2000 [13]), Boyce et al. (2000 [14]), and

Boyce et al (2001[15]), except that the elastic-viscoplastic relationship is developed in duplicate

to represent both the a- and P-components .

Here, we will show the formulation in a principal stretch frame. Upon loading, the total

deformation gradient, as expressed as a stretch tensor in the principal stretch frame, is given by

the diagonal tensor A where each diagonal component is the stretch ratio in a principal direction:

AAa = A Af = AB = A (6-1)

The deformation gradients in element A may be decomposed into elastic and plastic components,

via Kroner-Lee decomposition [16,17]:

AAa = AeaAa (6-2)

AAf = A e A A (6-3)

Assuming the plastic deformation is a volume-preserving process, i.e. det AP, = det AP, = 1,

thus all volume-changing deformation is elastic:
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det Ala = det A'p = J (6-4)

The plastic deformation gradients APa and AP are interpreted as the mapping of a material

point in the reference configuration to the "relaxed configuration", obtained by elastic unloading

to a stress-free state.

Next, the deformation rate in the body is expressed through the velocity gradient, L:

Bv
L=LAa =LA - - AA-A (6-5)AP -x

Decomposing the velocity gradient into elastic and plastic components:

LAa = LeAa + L,, aA- = LeAa + La (6-6)

A/AI e e LP A e-I + EL (6-7)

L,, = L A/ + •ALp..A/ = LeA/ + i p (6-7)

where

LP = DP (6-8)

L/A = DA (6-9)

Dni is a symmetric tensor (i=a, 1) represents the rate of plastic stretching of the relaxed

configuration, note that the rate of plastic spin of the relaxed configuration is zero since we are

considering principle stretch conditions only.

Aa, = A•- DPAA (6-10)

A Ae-l DP A (6-11)
A/I A/I A/I A/I

The plastic portion of the deformation gradient A , and A~I can be obtained through

integration of Eq. (6-10) and Eq. (6-11), and the elastic portion are then obtained via:
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A a = Aa AP 1  (6-12)

Af, = AA,,A fl  (6-13)

The kinematics derived here are for cases of principal stretch conditions only. Constitutive laws

can then be used to connect the rate of plastic stretching (shape change) and the stress in the

deforming material for a material-specific model. Each rate of shape change is given as:

D~a = "PNPa (6-14)

DaP = ",PNP (6-15)

where if (i=Qt, p) is the plastic strain rate and N , is a direction tensor. NPi is taken to be

coaxial with the deviatoric stress acting on the a- or P-component of the intermolecular network

A:

NP TAa (6-16)
ITAaI

T
NP T A, (6-17)

ITAf I

Material Description and Constitutive Relations. The material model provides constitutive

laws for the plastic strain rate, ý'P and C 6 , as well as the stress tensors, TAa, TAp and TB. For the

linear elastic springs, the intermolecular contribution (element A) to the material stress is related

to the deformation by constitutive laws:
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TAa = 10 L~In A ] (6-18)
Jd

T A- L, In A /l (6-19)
Ji

where TAi(i=a, p) is the Cauchy true stress; Ji is the elastic volume change; L. is the fourth-order

modulus tensor; and In A'1 is the Hencky strain. The material is assumed to be isotropic initially,

and the elastic behavior of the material may be decomposed into a- and P-components. The

modulus tensors can be derived from any two elastic constants that are component-specific, such

as the shear modulus [t and bulk modulus K:

LE = 2PaII + ia -- I a I (6-20)

Le = 2p lI+ •P -- pf Il (6-21)

where I and I are the forth-order and second-order identity tensors, respectively. The elastic

constants, in this case gi and ic (i=a, p), are assumed to be both temperature and strain rate

dependent.

The network (back) stress in the non-linear hardening component (element B) is taken to be

deviatoric and is defined using the 8-chain interpretation of molecular alignment in the Arruda

and Boyce model:

T,8=R- 1 i nR B' (6-22)
3 2chain B

where ain = trace(B) /3 is the stretch on a chain in the eight-chain network;

1
L = L(f/) - coth f -1 is the Langevin function; B' is the deviatoric part of the isochoric left

p B

Cauchy-Green tensor, B8 = (det A) -2/ 3 AA r; -J is the limiting chain extensibility; and
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CR - nk9 is the rubbery modulus, where n is the number of chains per unit volume, k is

Boltzmann's constant, and 0 is the absolute temperature. Note that the magnitude of this back

stress increases asymptotically as the chain stretch reaches its limiting extensibility.

The total stress in the material is given as the sum of intermolecular stresses of a- and p-

components and the network (back) stress:

T = TAa + TAf +TB (6-23)

The effective equivalent shear stresses r and cp are specified by:

ra = ITaTa (6-24)

r~ = T T', (6-25)

At last, two constitutive equations are assigned to the a and 3 viscoplastic behavior. When both

the forward and backward processes are considered:

AGa

AG = 2 ex +asinh (6-26)
S o kO) kO

Yo = 2 oP exp -k- (6-27)

where ",P (i=a, p) is the preexponential factor, AG, is the activation energy, k is the Boltzmann

constant, 0 is the absolute temperature, p is the pressure, ap, is the pressure coefficient, and si is

an internal variable which captures the material's shear resistance [9]. When the equations above
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are applied to glassy amorphous polymers, it is assumed that the stress in the a-process is

sufficiently high such that the backward process may be neglected (see footnote 2 in Chapter 1,

section 3). As a result, Eq. (6-26) may be simplified as:

AG _ _a
o, e k s +aa (6-28)

Such approximation is not appropriate for the P-process, where the backward process is

considered non-negligible at low strain rates and moderate temperatures.

Following Argon [18], the initial shear resistance si (i=a, P) is related to the shear modulus pi and

Poisson ratio ui:

So (, ) 0077 ( (6-29)
1-v

1 - V,

Here, only the shear resistance sa in the a-process evolve to a preferred state with plastic straining:

s= ha 1 Sao J (6-31)

where ha is the softening slope and 5s,, is the shear resistance at its "preferred state". This

internal variable si is both temperature- and rate-dependent, which allows us to capture the

rate/temperature dependence of the yield stress through mimicking the rate/temperature

dependence of shear modulus, and the evolution of s, in the a-process also enables us to access

the strain softening phenomenon. Further details of the model may be found in Mulliken (2006)

[1.1].

At yield point, the total stress (oy,total) of polymer can be described as the sum of the a-process

(Eq. (6-33)) and the P-process (Eq. (6-34)):
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y,total = O'y,a + Cay, (6-32)

V~k9(so,a +apaP) ( AGa
= ia + n (6-33)

Y" AG fP kO

r3k(sOf + a,,• p) sinh -' , (6-34)

1
where e = • P is the axial strain rate. Eq. (6-33) and (6-34) are obtained through rearranging

Eq. (6-28) and Eq (6-27), respectively.

6.2. Results

6.2.1. DMA Analytical Prediction

In association with the DMA data, analytical techniques have been developed to predict the

contribution of the restricted p-motions to the overall deformation resistance under strain rate

conditions well beyond the scope of the DMA apparatus. These techniques are based on an

analytical decomposition of the storage modulus into a- and P-contributions, using clues in both

the loss modulus and storage modulus curves. Figure 6-2 shows an example of a decomposed

PVC storage modulus and its corresponding a- and P-components.
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Figure 6-2. Analytical break-down of PVC storage modulus into the a- and P-components.

The a- and P-components are then taken to shift with increasing strain rate, according to the rate-

dependence characterized in DMA, and thus the entire modulus curve may be reconstructed for

any strain rate of interest. The analytical decomposition of the PVC storage modulus data is

given in Figure 6-3, along with the shifted a- and P-contributions at a moderate strain rate (5/s)

and at a high strain rate (5000/s). Based on the analytical results, the P-component becomes

significant at room temperature when the strain rate is above approximately l/s, where the PVC

p-motions are expected to require stress-assisted activation in order to enable plastic flow.

Therefore, above the "l/s" transition rates, according to the DMA analytical prediction, PVC is

expected to exhibit an increase in the rate-sensitivity of deformation resistance. Such prediction

is consistent with the yield stress results observed in compression testing shown in Figure 3-9a.
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Figure 6-3. Shifting of decomposed at- and 03- components (a) and recombined total
contributions (b), at three strain rates: 5x10 3/s, 5/s, and 5x103/s.
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6.2.2. Yield Stress Model Prediction

Figure 6-4 shows the model prediction of PVC yield stress in compression as a function of the

strain rate compared to the experimental compression data. Individual contributions of the a-

and P-processes to the yield stress at different strain rates are shown in the figure, and the total

model prediction is the sum of the a- and P-components. Noting that the model parameters,

including the activation energy and preexponential factor for both the a- and P-processes, were

fitted merely using the low and high rate compression data collected at MIT (without the

moderate rate regime data from Purdue). The model is seen to capture the strong transition in

rate sensitivity of the PVC as one transitions from low rates to very high rates. The moderate

rate compression data also confirms that the model is able to predict the gradual transition

accurately. Note that the a-contribution alone exhibits a gradual, small change in slope with

strain rate, but this does not capture the dramatic difference in rate sensitivity observed at high

rates. The models show that as the strain rate is increased, the p-motion requires stress-assisted

activation, particularly as the strain rate approaches and exceeds 100/s. The need for stress

activation of the p-motions at high rate is responsible for the increased rate sensitivity of yield

seen at high rates. The rate-dependent yield stress at different temperatures can also be predicted

by this model, and the results are shown in Figure 6-5.
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Figure 6-4. Model prediction of PVC yield stress as a function strain rate.
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Figure 6-5. Model predictions of normalized yield stress of PVC as a function of strain rate
at various temperatures.
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Figure 6-6 and Figure 6-7 show the total model predictions as well as the isolated P-contributions

plotted together with the compression yield data for the PVC/mPOSS and the PVC/DOP

compounds. Table 6-1 includes the model parameters of both the a- and P-processes calculated

from the experimental data. The a-process activation energy (AG,) is -4 times that of the 13-

process (AGp), which is consistent with the values obtained from the DMA data. The model is

seen to capture the transition in rate sensitivity of the yield stress and the increase in rate

sensitivity is attributed to the 1-component. In the PVC/mPOSS blends (Figure 6-6), the model

finds the 1-process to require stress-assisted activation at a slightly higher strain rate with

increasing POSS content. Such prediction is consistent with the DMA data, in which the 13-

transition temperature was found to decrease slightly when the methacryl-POSS is added. In the

PVC/mPOSS blends, the P-contribution results in the change in rate sensitivity of yield at high

strain rates giving as much as a 40 MPa increase in yield stress over that of the a-contribution

alone.
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104

Figure 6-6. Yield stress as a function of strain rate for PVC/mPOSS blends: model
prediction vs. experimental data.
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In the 15 and 20 wt% DOP/PVC compounds (Figure 6-7), the n-contribution is fully restricted

below the glass transition and thus does not manifest itself as a distinct additional contribution at

specific temperatures or strain rates. Therefore, yield is modeled as a single lumped activated

process. The model shows that the rate sensitivity of yield is fully captured using a single

activation approach for the PVC/DOP compounds. In particular, for the 20 wt% DOP blend, the

rate sensitivity of yield, as one moves from the low to the high strain rate regime, is because the

material transitions from being in a rubbery regime of response at the low rate to a glassy regime

of response at the high rate. Hence, the transition in rate sensitivity of yield is fully predictable

as a single lumped stress-activated event for PVC/DOP compounds, in stark contrast to the PVC

and PVC/mPOSS compounds.

C,)
U)
c)C,)
(1)
I..

F-

4 orA
I OV

160

140

120

100

80

60

40

20

0

203

10
-4

I I

10-2 100  102

True Strain Rate (l/s)
104

Figure 6-7. Yield stress as a function of strain rate for PVC/DOP blends: model prediction
vs. experimental data.
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Table 6-1. Model Parameters for the PVC/mPOSS and the PVC/DOP

AGa [J] AGp [J] "ro, [ -11] ; [s 1]

PVC 3.10x10-19  9.19x10-2 0  9.97x10 18  8.21x10 6

10mPOSS 2.62x10 -1' 9  7.06x10 -20 2.33x10'5  3.85x10 5

15mPOSS 2.39x10 -19  6.88x10 -20  5.09x10 3  1.07x105

15DOP 1.37x10-' 9  6.92x10 8

20DOP 1.11x10 -1 9  9.27x10 9

40DOP7 1.07x10 -20 4.45x10 3

6.2.3. True Stress-True Strain Curves Model Prediction

In fitting the constitutive model to the stress-strain behavior of PVC compounds, Matlab files

developed by Mulliken and Boyce [3,4] for PC and PMMA was modified and implemented. For

PVC and PVC/mPOSS materials, two elastic-viscoplastic molecular processes, a and 0, are

employed. The PVC and PVC/10 wt% mPOSS model predictions are given in Figure 6-8 and

Figure 6-9, respectively. At the low rates, where only the a-component requires stress-assisted

activation and the deformation is isothermal, the model predictions agree with the experimental

curves. The model predicts the dramatic increase in stress associated with high-rate deformation,

by accounting for the deformation resistance associated with restricted P-motions. Without this

consideration, in the case of PVC, the model would under-predict the yield stress at 1400/s by

almost 50 MPa. The inset of Figure 6-8 shows the model predicted temperature changes in PVC

during deformation at high rates. At 1400/s, the predicted temperature increases approximately

15 TC at 0.3 strain. Without considering the rise in temperature and updating the material

properties in the model, the flow stress at high rate would be over-predicted, as shown in Figure

6-10.

7 Backward process is important for PVC/40 wt% DOP since the stress is low. Therefore, the
full Eq. (2) was considered for fitting.
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Figure 6-9. PVC/10 wt% mPOSS true stress-true strain behavior in uniaxial compression:
model (thin, dashed lines) vs. experiment (solid lines).
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Figure 6-11 shows the model prediction and experimental results of the PVC/20 wt% DOP true

stress- true strain behavior. In this case, the model accounts for only a single lumped a- process

since the P-motions are fully restricted. The model is shown to also capture the rubbery-to-glassy

transition of the PVC/20 wt% DOP blend stress-strain behavior over low to high strain rates.

The model parameters used to capture the material behaviors of PVC, PVC/10 wt% mPOSS and

PVC/20 wt% DOP are given in Table 6-2, Table 6-3, and, Table 6-4respectively.
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Figure 6-11. PVC/20 wt% DOP stress-strain behavior in uniaxial compression, model (thin,
dashed lines) vs. experiment (thick, solid lines).

Table 6-2. Constitutive model parameters for PVC, as defined in ref. [3].

Elasticity Viscoplasticity Strain Hardening

Ea ( ,0) DMA data Pýa [sI] 9.97x10 18  -1 2.9

Ep( ,0) DMA data o)Kf [s-1] 8.21x10 6  CR [MPa] 13.0

Ka [MPa] 2550 AGa [J] 3.10x10 1'9  Adiabatic Heating

Pressure Dependence AGf [J] 9.19x10-2 0  Cp [J/kg/oC] 1400

a 0.22* ha [MPa] 450

ap 0.22* sss/So 0.53

* As determined by the pressure-dependent PVC yield data in ref. [19].
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Table 6-3. Constitutive model parameters for PVC/10 wt% POSS, as defined in ref. [3].

Table 6-4. Constitutive model parameters for PVC/20 wt% DOP, as defined in ref. [3].

6.2.4. Scaling of Constitutive Model Parameters
PVC/mPOSS. Model parameters AG, and o," (i= a , P) ofPVC, PVC/10 wt% mPOSS and

PVC/15 wt% mPOSS (see Table 6-1. Model Parameters for the PVC/mPOSS and the PVC/DOP)

were plotted as a function of POSS content, as shown in Figure 6-12. The addition of POSS

lowers the activation energy (AG 1 ) and the preexponential factor (f ,) for both a- and P-

processes since POSS is a plasticizer for PVC. Model parameters of 10 and 15 wt% POSS were

extrapolated to the point where no POSS is added, and the results were compared to the fitted
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Elasticity Viscoplasticity Strain Hardening

Ea ( ,0) DMA data Poa [S-l ] 1.03x1014  3.75

Ep(o,0) DMA data Ko,p [s'] 3.85x105  CR [MPa] 11.5

Ka [MPa] 2550 AGa [J] 2.42x10 1 9  Adiabatic Heating

Pressure Dependence AGf [J] 6.06x10-2 0  Cp [J/kg/oC] 1400

aa 0.22* ha [MPa] 525

ap 0.22* sss/so 0.53

* As determined by the pressure-dependent PVC yield data in ref. [19].

Elasticity Viscoplasticity Strain Hardening

Ea (,~ ,0) DMA data ;fa [s-1]  9.3x10 9  V 4.0

Ka [MPa] 2300 AGa [J] 1.26x10-19 CR [MPa] 10.5

Pressure Dependence ha [MPa] 200 Adiabatic Heating

a 0.22* ss/so 0.57 C, [J/kg/oC] 1400

* As determined by the pressure-dependent PVC yield data in ref. [19].



PVC model parameters. The extrapolated AG, value at 0 wt% POSS added was seen to be

identical with the fitted AGa of neat PVC, while the extrapolated values of AG,, Ka and "

were slightly below the fitted values of neat PVC. Overall, the scaling for model parameters

holds fairly well for the PVC/mPOSS blends.
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Figure 6-12. Model parameters of PVC/mPOSS as a function of POSS content: activation
energy, AG, (a) and preexponential factor, fo,"P (b).
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Figure 6-13. Model parameters of PVC/DOP as a function of DOP content: activation
energy, AGa (a) and preexponential factor, "o,a (b).

PVC/DOP. Figure 6-13 shows the model parameters of PVC/DOP compounds as a function of

the DOP content (g/g). Both the activation energy AGa and the preexponential factor o',a

decrease with increasing DOP content due to the plasticizing effect. However, the extrapolated

parameter values at 0 wt% DOP content are significantly lower than the fitted values. Note that

the PVC/DOP blends with DOP above 15 wt% were modeled as a single activated lumped a-
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process due to the restricted n-motions, while the neat PVC was fitted with both the a- and 3-

processes. Hence, the activation energy (AG, ) and preexponential factor ( A, ) of PVC/high

DOP compounds include an inseparable P-contribution, which would explain the under-

prediction of the extrapolated values.
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Figure 6-14. Model parameters of PVC/mPOSS/5 wt% DOP as a function of additive
content (mol/g): activation energy, AGa (a) and preexponential factor, " 'a (b).
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PVC/mPOSS/5 wt% DOP. Ternary PVC blends with 5 wt% DOP were also fitted to the

constitutive model. The values of model parameters are included in Appendices Table A-1.

Since the P-peaks were barely recognizable in the PVC/mPOSS/5 wt% DOP blends, the

materials were modeled as one single activated a-process. Figure 6-14 shows the model

parameters as a function of additive contents on the basis of molar amount plasticizer in per gram

material. Again both the activation energy (AGa) and preexponential factor (fra) decreases

with increasing additive content. However, the parameter extrapolations to no plasticizer added

were much lower when compared to the neat PVC fitted values, especially in the case of ;,' .

6.3. Conclusions

A constitutive model developed by Mulliken and Boyce [3,4] for finite strain deformation

behavior of amorphous polymers was used to predict the rate-dependent yield and stress-strain

behavior of the PVC compounds. In the case of PVC and PVC/mPOSS blends, both a and P

processes were employed following a Ree-Eyring form of model. The two-process model

captures the stress activation of the a-motions to govern the rate sensitivity of yield at low strain

rates; at higher strain rates, the p-motions also require stress activation to enable plastic flow and

hence provide the observed increase in rate sensitivity of yield at high rates. The model is also

able to predict the post-yield thermal softening due to adiabatic heating at high strain rates. In

contrast, the p-motions are suppressed over the entire glassy regime of the PVC/high DOP

content materials and the PVC/mPOSS/5 wt% DOP compounds. Therefore, the rate-dependent

yielding is captured by a single lumped activated process (a). The apparent increase in rate

sensitivity of the PVC/DOP blends is then naturally captured by the model as a result of

transitioning through the rubbery-leathery-glassy regimes at different strain rates.

The scaling of fitted model parameters was evaluated for three sets of materials: PVC/mPOSS,

PVC/DOP, and PVC/mPOSS/5 wt% DOP. The activation energies and preexponential factors

were found to decrease with increasing additive content in all cases due to the plasticizing effect.

The scaling holds for the a and P activation energy and preexponential factor of PVC/mPOSS

blends. When the parameters were scaled back to 0 wt% POSS added, the extrapolated values
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agreed with the fitted parameter values of the neat PVC. In the case of PVC/DOP and

PVC/mPOSS/5 wt% DOP compounds, the extrapolated values of parameters are significantly

lower than the fitted PVC parameter values. Since PVC/DOP and PVC/mPOSS/5 wt% DOP

blends were modeled as a single activated process, the inseparable O-contribution might be the

cause of discrepancy between the scaled back and fitted neat PVC parameter values.
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Chapter 7: Concluding Remarks

7.1. Summary of Accomplishment
The aim of this thesis is to investigate the rate-dependent deformation behavior of polymer

nanocomposites and establish understandings of the influence of nanoparticles on the rate-

sensitive mechanical properties of polymer. POSS was selected as the nanofiller for PVC due to

its hybrid structure and large selection of functional groups. Methacryl-POSS was successfully

incorporated into PVC through a melt-blending process using a lab-scale twin-screw extruder,

and various uniform binary (PVC/mPOSS and PVC/DOP) and ternary (PVC/mPOSS/DOP)

blends were produced. It was found that methacryl-POSS can be incorporated into PVC and

result in homogeneous and transparent nanocomposites up to 15 wt% POSS added. Being a cage

mixture, methacryl-POSS does not form crystalline structure at room temperature and was found

to plasticize PVC regardless of the rigid silica cage center. The rate-dependent yield and

postyield behavior of various PVC compounds were examined in uniaxial compression testing.

Utilizing four different mechanical testing equipments, we were able to characterize the materials

over seven decades of strain rates, ranging from 10"4/s to nearly 4000/s. Transitions in the rate

sensitivity of yield were observed in many blends; such behavior was explained and attributed to

either the need for stress-assisted activation of j-motions at high strain rates or the rubbery-to-

glassy transition in the a-regime, depending on the material.

The rate-dependent stress-strain behavior of the PVC compounds was modeled using the

Mullken and Boyce constitutive model. The two-process Mulliken and Boyce model was

developed for amorphous glassy polymers and was shown to capture the rate-dependent yield and

postyield behavior of polycarbonate (PC) and poly(methyl methacrylate) (PMMA). We were

able to expand the use of this model to fit the stress-strain behavior of our homogenous polymer

nanocomposite/blend systems. Different strategies were applied in order to model various PVC

compounds. In the case of glassy PVC blends, both the a- and P-processes were employed and

the model was shown to be able to capture the transition in rate dependence of yield through

triggering the P-process. The two-process model was modified to a single lumped process (a)

model for the heavily plasticized and antiplasticized PVC blends. In both cases, the model was
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shown to capture the rate-sensitivity transition in yield and the large deformation stress-strain

behavior over a wide range of strain rate of all the materials of interest.

When considered as a plasticizer for PVC, methacryl-POSS offers unique attributes compared to

the conventional smaller molecule plasticizers, such as DOP. Methacryl-POSS does not result in

antiplasticization due to the larger molecular size and its bulky, quasi-spherical geometry.

Furthermore, POSS molecule is more stable and less volatile in nature than conventional low

molecular weight plasticizers. However, the miscibility limit (15 wt%) precludes the use of

methacryl-POSS alone as a satisfactory plasticizer for PVC. Further exploring the idea of using

POSS as a plasticizer for PVC, we discovered that the addition of a small amount of DOP

increases the miscibility of methacryl-POSS in PVC substantially, and we demonstrated that the

ternary compounds exhibit desirable ductile behavior in tension. We also established a linear

relationship between the Tgs of various binary and ternary PVC compounds and the plasticizer

content on the molar basis, which can be used to anticipate the Tg of other homogeneous binary

and ternary blends. The POSS/DOP-plasticized PVC also demonstrated considerably different

mechanical behavior in low rate compression and tensile experiments when compared to the

DOP-plasticized PVC which has the same Tg. Such findings reveal the possibility of using POSS

to engineer the material properties of plasticized PVC compounds.

The effects of thermomechanical history and strain rate on antiplasticization in slightly

plasticized PVC were further investigated. We showed that inelastic straining and quenching

treatment erased the antiplasticization. Both inelastic straining and quenching are known to

increasing local free volume, which liberates the p-motions. As a result, the erasure of

antiplasticization was observed. We found that antiplasticization is more significant at low rate

and it gradually disappears with increasing strain rate. Such finding is consistent with our

interpretation of the relationship between rate sensitivity transition and local P-relaxation.
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7.2. Future Work

7.2.1. POSS as a Plasticizer for PVC

PVC/mPOSS/DOP ternary systems were investigated to evaluate the potential of using

methacryl-POSS as a novel plasticizer. The miscibility of various PVC/mPOSS/DOP

compositions was mapped on a ternary diagram, as shown in Figure 7-1. Although adding DOP

increases the amount of methacryl-POSS that can be incorporated into PVC, the maximum

amount of POSS that can be added into the compound is restricted by the melt blending process.

At a processing temperature of 180 oC, when a large enough portion of the mixture fed to

extruder is methacryl-POSS, the interspacing of the POSS molecules becomes much smaller

where the reactive vinyl groups on the cage corners starts to polymerize and crosslink throughout

the extruder chamber. The polymerization of POSS immediately increases the torque in the

extruder and hence terminates the melt blending process. For instance, the immiscibility of the

blend with a composition of PVC/mPOSS/DOP=50/30/20 is due to processing difficulty.

ble
5cible

0.0 0.2 0.4 0.6 0.8 1.0

PVC (Weight Fraction)

.0

Figure 7-1. Ternary diagram of the miscibility in PVC/mPOSS/DOP system.
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Figure 7-2 shows examples of immiscible blends due to the polymerization during processing

and the nature of PVC/mPOSS systems. There are possible solutions which may resolve this

processing issue. Alternative blending methods may be chosen to avoid the high temperature

involved in melt blending process, such as solvent casting. However, melt-blending is more time

efficient and inexpensive from the manufacturing point of view.

Figure 7-2. Pictures of polymer strands from extruder: PVC/mPOSS/DOP=50/30/20 (a) and
PVC/mPOSS=80/20.

The stability test conducted in the vacuum oven mentioned in Chapter 4 did not show any

preference in the mPOSS/DOP-plasticized PVC over the conventional DOP-plasticized PVC.

The oven test only recorded the total weight loss at the end of the two-week period; no

information on the progress of plasticizer weight loss was available. More sophisticated thermal

analysis can be accomplished by thermogravimetric analysis (TGA). Figure 7-3 shows the

preliminary TGA data, comparing the weight change of PVC, 85 wt% PVC/15 wt% DOP, and

72.5 wt% PVC/17.5 wt% mPOSS/10 wt% DOP as a function of temperature at a 4 oC/min

ramping rate. Note the later two blends have the same Tg. It was seen that the mPOSS/DOP-

plasticized PVC showed a more gradual decrease in weight when compared to 15 wt% DOP

blend due to the existence of POSS. By changing the temperature profiles given to the samples,

TGA may be able to reveal substantial differences between the thermal properties of

mPOSS/DOP-plasticized and DOP-plasticized PVC.
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Figure 7-3. TGA results for PVC, 85 wt% PVC/15 wt% DOP, and 72.5 wt% PVC/17.5
wt% mPOSS/10 wt% DOP: full temperature range (a) and zoomed-in temperature range

(b).

In the future, the idea of using POSS as a plasticizer for either PVC or other brittle polymers may

be explored through designing the functional groups on cage corners. POSS is shown to be able

to plasticize polymers with unique attributes when the system is miscible. Characteristics of a

good POSS candidate for this application include: 1. being a cage mixture, which prevents POSS

molecules crystallizing in the polymer matrix; 2. having long functional groups at the corners,

which increases the polymer free volume more efficiently; 3. having functional groups that help

establish good interactions between the POSS molecules and the surrounding polymer matrix,

which further increases the miscibility of the system; and 4. having non-reactive functional

groups, which averts any unwanted cross-linking reaction and undesirable deterioration of

material property.

7.2.2. Rate-Dependent Mechanical Behavior ofPolymer Nanocomposites

The transition observed in the rate dependence of yield has been related to the secondary

transitions in polymer. Incorporating nanoparticles into polymer matrix may potentially

influence the local molecular motion of polymer and thus affect the high rate/low temperature

mechanical behavior of the material. Interestingly, POSS has been found to affect the rate-

dependent mechanical properties differently in various polymer/POSS systems. In the case of
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PVC/methacryl-POSS studied in this thesis, the addition of methacryl-POSS reduced both the a-

and p-transition temperatures, and no significant influence on the local 3-motions was identified.

As a result, the rate dependence in yield behavior of methacryl-POSS filled PVC appeared to be

similar to the neat PVC. Mulliken et al. [1] studied PC/trisilanophenyl-POSS nanocomposite

system, and trisilanophenyl-POSS was shown to have very little effect on the a-regime while

liberating the local 1-motions of PC. Consequently, trisilanophenyl-POSS showed nearly no

influence in the yield stress of PC at low strain rate while reducing the deformation resistance in

the high rate regime significantly. Future work may focus on understanding how POSS or other

nanoparticles alter the local molecular motion of a polymer. Such understanding would be very

informative for designing polymer nanocomposites with applications in high rate or low

temperature in the future.

7.2.3. Antiplasticization

Antiplasticization has been observed in many commonly used polymers like PVC, PC and

PMMA. Alterations in the mechanical properties such as increases in modulus and yield stress

and decreases in impact strength and elongation due to antiplasticization may be undesirable [2].

Other property changes such as reductions in molecular mobility and gas permeability may also

be unattractive [3-5]. In Chapter 5 we demonstrated that quenching and elastic straining can

erase the antiplasticization effect in yield behavior of slightly plasticized PVC. The time-scale of

this erasure through thermomechanical history may be an interest for future study. Furthermore,

the influence of thermomechanical history on other property alterations due to antiplasticization

may worth investigating. Understanding how thermal treatments and mechanical history

influence the antiplasticization effect may potentially enable us to utilize "antiplasticization" to

our advantage in engineering future polymer/low molecular weight plasticizer systems.
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Appendices

A.1. Supplementary DMA Data
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Figure A - 1. Shifting of storage and loss modulus: PVC/10 wt% mPOSS.
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Figure A - 2. Shifting of storage and loss modulus: PVC/15 wt% mPOSS.

150

10 UU



A ~AfA"-
'wvu

4000

CL 3500

S3000

7 2500
0
2 2000

1500

Cu-0 1000
500

0

LDU

200
0.

150 c)
03

o

o

0

-120 -80 -40 0 40 80 120
Temperature (oC)

Figure A - 3. Shifting of storage and loss modulus: PVC/20 wt% mPOSS.
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A.2. Supplementary Compression Testing Data

5.2.1. Strain Rate in High Rate Compression Testing
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Figure A - 4. Engineering strain rates as a function of true strain for PVC in high rate
compression testing.
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Figure A - 5. Engineering strain rate as a function of true strain for PVC/10 wt% mPOSS
in high rate compression testing.
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Figure A - 6. Engineering strain rate as a function true strain for PVC/15
high rate compression testing.
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Figure A - 8. True strain rate as a function of true strain for PVC/10 wt% DOP in high rate
compression testing.
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Figure A - 9. Strain rate as a function of true strain for PVC/15 wt% DOP in high rate
compression testing.
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Figure A - 11. Engineering strain rate as a function of true strain for PVC/40 wt% DOP in
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Figure A - 12. Engineering strain rate as a function of true strain for 80 wt% PVC/15 wt%
mPOSS/5 wt% DOP in high rate compression testing.
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Figure A - 13. Engineering strain rate as a function of true strain for 75 wt% PVC/20 wt%
mPOSS/5 wt% DOP in high rate compression testing.
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Figure A - 14. Engineering strain rate as a function of true strain for 70 wt% PVC/25 wt%
mPOSS/5 wt% DOP in high rate compression testing.
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Figure A - 15. Engineering strain rate as a function of true strain for 72.5 wt% PVC/17.5
wt% mPOSS/10 wt% DOP in high rate compression testing.
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Figure A - 16. Engineering strain rate as a function of true strain for 60 wt% PVC/20 wt%
mPOSS/20 wt% DOP in high rate compression testing.
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5.2.2. Stress-Strain Behavior of Various PVC Compounds in Uniaxial Compression Testing
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Figure A - 17. True stress-true strain curves of PVC/10 wt% mPOSS under different strain
rates in uniaxial compression testing.
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Figure A - 18. True stress-true strain curves of PVC/5 wt% DOP under different strain
rates in uniaxial compression testing.
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Figure A - 20. True stress-true strain curves of PVC/15 wt% DOP under different strain
rates in uniaxial compression testing.
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Figure A - 22. True stress-true strain curves of 75 wt% PVC/20 wt% mPOSS/5 wt% DOP
under different strain rates in uniaxial compression testing.
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Figure A - 23. True stress-true strain curves of 72.55 wt% PVC/17.5 wt% mPOSS/10 wt%
DOP under different strain rates in uniaxial compression testing.

A.3. Supplementary Modeling Results
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Figure A - 24. PVC/15 wt% mPOSS true stress-true strain behavior in uniaxial
compression: model (thin, dashed lines) vs. experiment (solid lines).
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Figure A - 25. PVC/15 wt% DOP true stress-true strain behavior in uniaxial compression:
model (thin, dashed lines) vs. experiment (solid lines).
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Figure A - 26. PVC/15 wt% DOP true stress-true stain curves in uniaxial tension: model
(thin, dashed lines) vs. experiment (solid lines).
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Figure A - 27. PVC and PVC/20 wt% DOP model-predicted temperature rise at high rates.
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Figure A - 28. Yield stress as a function of strain rate for PVC/mPOSS/5 wt% DOP: model

prediction vs. experimental data.
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Table A - 1. Model parameters for PVC/mPOSS/5 wt% DOP.

AGa [J] "c,a [s1]

15mPOSS5DOP 1.55x10 -19  9.07x10 9

20mPOSS5DOP 1.42x10 1' 9  8.85x10 9

25mPOSS5DOP 1.40x -~ 9 8.58x10 9
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