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Abstract

This is the final report of a three-year, Laboratory-Directed Research and
Development (LDRD) project at the Los Alamos National Laboratory
(LANL). The objective of this project was to develop improved
methodologies and techniques for performing and analyzing accelerated
aging studies on polymer-based materials so that more reliable methods for
predicting the changes in mechanical properties of these materials over their
service lifetime could be developed. Two model systems of relevance to
both LANL and industry were chosen for in-depth analysis and sets of
accelerated aging experiments were designed. A variety of experimental
means for characterizing the pertinent mechanical properties of the materials
and for characterizing the chemical and structural changes (at a variety of
length scales) were applied and/or developed. Theoretical treatments and
modeling simulations were devised with which to interpret these results and
to integrate them into a comprehensive model for the systems.

Background and Research Objectives

Polymer-based materials are used in a wide variety of applications throughout DOE,

DoD, and industry. One of the fundamental questions that must be answered in order to

confidently field a product containing them is how these materials age. Changes in their

properties over time will affect how well and for how long these components continue to

fulfill their design role. Because both the chemical susceptibility and flexibility of

polymeric materials are typically higher than that of metals or ceramics, polymeric materials

often represent a focal point, unintentional or otherwise, for chemical and physical aging

processes within an overall system.

* Principal Investigator, e-mail: emk@lanl.gov



Unfortunately, the same physio-chemical features that provide desirable engineering

performance make it extremely difficult to develop comprehensive models for the material

aging. For pure polymers, factors that figure prominently in the formulation of material

behavior models include chain length distribution and its effect on entanglement and

microstructure, cross-linking of chains by chemical or physical processes, formation and

organization of higher-level domain structures, and the time response the preceding to

physical or chemical stresses. For polymer-filled composites (in which reinforcing fillers

are added to create novel composites), the nature of the polymer-filler interaction,

distribution of the filler within the system, and non-linear coupling between the polymer

and filler mechanical properties must also be considered [1].

Thus, a complete description of such systems will entail physics that span the

domain from the atomic detail of chemical reactions and physical interactions (10-10m) to a

scale where the material can be viewed as a homogeneous substance (10-3m). Similarly,

the appropriate time scales vary from that for molecular motion (10-12see) to the desired

lifetime of the material (109 see) [2]. It is this vast spread of phenomena, time- and length-

scales and how to integrate results across these domains that this project was designed to

address. In particular, neither industrial nor academic laboratories have access to the wide

range of instrumentation and modeling capabilities required to examine the entire problem.

Consequently, most accelerated aging studies conducted previously have focused on more

narrow aspects of the problem, e.g. how the molecular weight of the polymer chains

changed or how the ultimate mechanical properties were affected. The result of these

studies would typically be an empirical fit to the generated data, but the models would have

limited extrapolation capabilities because the fundamental cause-and-effect relationships

were not established.

The goal of this project was to develop the methodology, capabilities and

infrastructure required to address this important area, Many of the capabilities needed to

address this class of problem were already in place, although they were not necessarily

focused on this particular problem. The primary focus was to link, using both experiment

and theory, the large domain of scales inherent to the study of elastomeric materials in order

to accurately predict how changes in chemical structure, physical morphology, and the

stress history impact the mechanical properties of the system over time. Several

experimental techniques were developed to probe the structure and properties of the

materials on a variety of length and spatial scales. Modeling techniques have also been

identified and developed so that the complete domain range is covered. Additionally, the

crucial connections between experiment and theory, and between analyses centered about

different spatial and temporal scales, have been established.
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These connections ensure that the maximal amount of information is garnered from a given

experiment, and that the models are based on well-validated simulations. Thus we have

provided a solid basis from which a comprehensive and physical solution to the problem

can be achieved.

Importance to LANL’s Science and Technology Base and National R&D

Needs

For the nuclear weapons stockpile, the aging of organic-based materials has been

highlighted as an area of concern, and similar considerations arise for many industrial

products as well. Failure of these materials in nuclear weapons or industrial products can

result in decreased performance or even complete system malfunction, and the ability to

predict the onset of this failure plays an important role in weapons surety issues. It is also

to be emphasized that the development of polymer-based engineering materials, particularly

those that combine optimal mechanical properties with a minimum of weight, is an area of

extreme interest and growth for industry. Thus, potential problems arising from their aging

behavior can only be expected to increase in significance for both LANL and national R&D

needs.

The development of a reliable methodology for evaluating aging requires an

approach that can examine critical phenomena down to the molecular level and then

propagate the effects of these upward to bulk material properties. An approach that

considers all of these features has not been previously pursued because it requires a

multidisciplinary effort in high-performance computing, materials modeling and complex

experimentation to develop a truly science-based foundation. These represent several of the

Laboratory’s core competencies and capabilities and emphasize why such a challenge must

be undertaken at a national laboratory.

Two particular polymeric systems have been selected for study which are closely

related to critical materials used with nuclear weapons, but which also have great

significance to industry. Thus, the direct results of this project will be highly relevant to

the core Laboratory mission of Science-Based Stockpile Stewardship (SBSS). The

application of the general methodology and capability developed hereto alternative systems

should, however, be relatively straightforward. This will maintain the vitality of the

experimental and modeling capabilities and stretch LANL’s competency into new materials

areas of more general, national interest.



Scientific Approach and Accomplishments

Two polymeric systems of relevance both to the weapons program and to industry

were chosen for detailed study. The first is Estane@, a segmented polyurethane-pol yester

copolymer. Estane@ 5703 is used as a binder agent for some plastic-bonded explosives

(PBX) in the stockpile, and other members of that class have industrial applications as

adhesives, coatings and structural materials. The second class is silica-filled

polydimethylsiloxane (PDMS), which is used as adhesives, foams, and structural materials

in both weapons and industrial applications. These were chosen because 1) some

foundation work had already been done in Los Alamos that provided the opportunity for a

more cohesive and comprehensive effort; 2) both materials have been identified as being in

need of better understanding from surveillance, enhanced surveillance and general science-

based stockpile stewardship perspectives; and 3) both classes of materials have significant

industrial applications and thus should facilitate meaningful industrial partnering. These

considerations proved beneficial in leveraging against programmatic efforts, and in the

development of agreements through the Defense Programs Technology Partnership

Program (DPTPP) for collaborations with DOW and PPG.

These materials also represent two different aspects of aging characteristics

observed for polymeric materials. The Estane@ class of materials is a segmented copolymer

made up of so-called hard segments of polyurethane and soft segments of polyester, which

tend to ~crophase segregate. The hard segments, which contain phenyl rings and

carbamate functionalities, form semi-crystalline domains that function as physical cross-

links and give rise to the strength of the material. The level of microphage segregation is

reversible and temperature dependent, resulting in the thermoplastic behavior of the

materials. A result of this is that accelerated aging experiments must be carefully

interpreted because the physical structure at elevated temperatures is not the same as at

ambient conditions and simple extrapolations by empirical Arrhenius models for chemical

reactions must be evaluated carefully. Further, the physical structure (and resulting

mechanical properties) was found to evolve quite slowly (with changes still being observed

after three years), so that the timing of these measurements was a very important parameter.

These materials are known to degrade both by hydrolysis from water, and oxidation from

air and NO, species. The matrix of aging and testing conditions was specifically selected to

address these issues.

For comparison, the silica filler of the PDMS system is the origin of the strength

properties there, playing an analogous roll to the hard domains of the Estane@.



However, the PDMS matrix that surrounds them is chemically cross-linked through vinyl

groups so that this basic structure is not highly temperature dependent. Neither species is

very chemically reactive, and the exact aging mechanisms are uncertain. Proposed aging

mechanisms include hydrolysis of the PDMS backbone, additional cross-linking as the

material ages, changes in polymer-filler interactions, a fractionating effect of adsorption or

resorption of oligomeric chains onto the filler, slipping of the polymer chains on the filler

surface, fracturing of filler agglomerates, and mobility of the filler particles through the

polymer. An aging matrix and tests was designed to study the relative importance of these

mechanisms to the aging behavior of filled PDMS elastomers.

An important first step in these studies was determining the initial primary structure

of the polymeric materials. Because of the high molecular weights and large number of

repeat units involved, such information is usually not well determined for polymeric

materials. Two techniques were found to provide excellent results for at least the starting

materials in these two systems. One method is Matrix Assisted Laser Resorption Ionization

/ Time of Flight Mass Spectrometry (MALDJ.ITOFMS) [3]. This allows the mass spectra

of polymeric species with molecular weights (MW) of up to 40,000 Dalton to be determine

with high accuracy, providing information about the absolute MW and its distribution for

these materials. The second method is Two Dimensional Nuclear Magnetic Resonance

(2D-NMR). This method allows highly congested and overlapping NMR signals to be

resolved, so that relative contributions of different chemical moieties to the primary chain

could be successfully enumerated [4]. As the end groups of the chains could also be

observed, this provided another means of determining the absolute MW and chemical

structure of the starting materials. This information, which heretofore has not been

available, is extremely important to establish the basis for quantitative models for these

systems.

These techniques could also be applied to the analysis of the chemical degradation

of the Estane@ system. Both methods clearly showed that the hydrolysis reaction occurred

almost exclusively (95&5~o) at the ester functionality rather than at the carbamate. The

absolute MW’s of the degradation products could also be determined by this means. When

coupled with the more conventional methods of determining relative MW’s by Gel

Permeation Chromatography (GPC), these methods allowed for the determiriation of the

absolute rate constants for the hydrolytic degradation in the Estane@ system [5,6]. This is

the first time this has been achieved for this type of system. Unfortunately, these methods

could not be applied to the crosslinked PDMS systems. However, Solid-State NMR (SS-

NMR) was found to have applicability in the determination of the extent of crosslinking

though its resolution was not as high as the solution studies [7].
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GPC and UltraViolet/Visible (UV/Vis) absorption spectroscopy were found to be useful in

the analysis of the reaction of NOXgases with Estane@ 5703. Model compounds containing

phenyl rings with both carbamate and nitro functionalities had similar W/Vis spectra,

suggesting that nitration must be occurring on the hard segments. The results from that

study compared reasonably well with results found for the aging of Estane@ 5703 in the

presence of species containing NOZ (as in PBX 9501), suggesting the likely reaction

mechanism for the latter [8]. Overall though, oxidative degradation of Estane@ proceeded

quite slowly with minimal changes in properties.

Other techniques that were applied for the analysis of aging products, particularly

for radical species, were Electron Spin Resonance (ESR), Thermally Stimulated

Luminescence (TSL), Radioluminescence (RL) and optical absorption measurements.

These techniques were all applied in the study of X-ray induced damage of Estane@ (l).

There it was found that the damage induced by X-rays resulted primarily in the generation

of radical species that were centered in the hard segment (1,2). The initial steps in the

formation of these species likely involved local ionization and trapping of the ejected

electrons by the hard segment phenyl rings. Luminescence measurements clearly showed

the presence of excited states of the phenylcarbamate moieties in the relaxation subsequent

to the irradiation. The radical species would readily react with oxygen to form peroxide

radicals whose subsequent degradation chemistry was rather complex. By irradiating the

samples at low temperatures, and then monitoring the luminescence as the temperature was

raised, various polymer relaxation processes (particularly the gamma relaxation) could be

identified which are difficult or impossible to characterize by other techniques (3).

The predominant focus of the aging studies here was to determine how the

mechanical properties of the systems were affected. For the Estane@ system, this required

careful study. As mentioned above, the mechanical properties of this system were found to

be a strong function of temperature because of the changes in the extent of microphage

separation. The rate at which thes ystem would equilibrate from the higher temperatures

(30-70”C) of the aging ovens back down to the ambient conditions (23”C) at which the

mechanical properties were typically measured was quite slow [9]. These rates could be

measured easily in a Dynamic Material Analyzer (DMA), which monitors the shear

modulus of the material. This process was found to have an induction time of 3-5 hours,

which depended on the extent of hydrolysis of the material. The materials with greater

extents of hydrolysis and shorter chain lengths were found to have shorter induction times.

This is expected since they should have less chain entanglement, and this experiment

provided a novel means of measuring this behavior.

6



,,

Similarly, the amount of water present in the Estane@ also affected the mechanical

properties and also had to be monitored and corrected for [9].

The mechanical properties of Estane@that were most sensitive to the extent of

hydrolysis were observed in “dog bone” tensile test. Here, a small sample in the shape of a

dog bone is slowly stretched and the stress as a function of elongation is monitored. All of

these experiments were performed at ambient conditions. The initial slope (for c 50%

extension) showed little dependence on the amount of hydrolysis. However, the stress at

higher extensions gradually decreased as the MW of the system decreased (greater

hydrolysis), with virtually no change in the amount of extension at failure (-700%).

Finally, when the MW weight of the system decreased to about 40% of its initial value, the

material lost almost all elastomeric properties with failure occurring at much lower

extensions (-100%). This clearly showed that there is a catastrophic failure in tension

awaiting any system with unlimited hydrolysis, proceeded by an extended period of mildly

degraded properties. These properties are empirically related to the extent of hydrolysis

and so could be readily predicted by that model (4)[5]. The decreased amount of chain

entanglement for the shorter, hydrolyzed chains easily explains these results.

The properties of hydrolytically degraded Estane@ in compression were also

determined [10]. Quasi-static and dynamic compression tests were conducted as a function

of temperature and strain rate for a variety of samples. Quasi-static testing was conducted

at 25°C at a strain rate of 0.001 s-l, while the dynamic stress-strain was measured at -15,0,

and 23°C at a strain rate of 2000 S-l. In contrast to the tensile experiments, the degraded

samples were found to exhibit higher absolute flow stress levels compared to the baseline

material. That is, the material was clearly stiffer in compression as it degraded. This

response was most pronounced during testing at -15°C, which is close to the glass

transition temperature (T~) of the soft segment. One possible explanation for this behavior

is that the hydrolyzed Estane* appears to be more crystalline and dense than the starting

material, but this has not been completely quantified, Finally, it should be noted that the

compressive stress-strain response of the degraded Estane@ samples was found to be

anisotropic. No evidence for this was found in other experiments and its origin is

uncertain.

These Estane@ samples were also characterized at very high strain rates (-105 s-l) by

means of flyer plate impact studies [11]. These revealed that while Estane@ (and other

polymers) behaved similarly to most solids at high pressures (>0.5 GPa), they exhibited a

noticeable softening at lower pressures.
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This could be explained in terms of a porous material model with -1% void fraction being

present (5), which is typical of most polymers. The shock wave profile observed in all of

these studies exhibited a viscoelastic behavior (6). These could be fit with an empirical

Maxwell element model with a relaxation time on the order of 100 ns (600 Poise viscosity).

Experimental resolution was not sufficient to determine the dependence of this on the extent

of hydrolysis. These experiments were also designed to subject the material to a strong

tensile wave subsequent to the initial shock loading (7). The Estane@ was found to exhibit

a highly unusual spallation signal. Rather than a segment of material breaking lose as in

more normal fracture experiments, the material retained its integrity but was clearly

weakening as it was being pulled apart. This behavior was quite similar to that observed in

the tensile experiments described above, though this is the first time polymeric materials

had been subjected to tension at these high strain rates. This data was fit with a novel

viscoelastic, void growth model. The hydrolytically degraded Estane@ was clearly weaker

and showed a larger damage signal than the initial material. These samples were

successfully recovered and, rather amazingly, showed no obvious signs of damage.

The mechanical properties of the PDMS systems were also the primary focus of that

aging study. To try to distinguish between the proposed aging mechanisms, a matrix of

materials was designed with three different levels of crosslink density (<O.1%, 1?40 and

7.5%) and three different levels of fumed silica filler (O%, 10%, 20%). These samples

were subjected to aging conditions at different temperatures and varied humidity content.

The basic mechanical properties were determined by DMA (8). These showed the expected

stiffening (increased shear modulus) for increased filler concentration and increased

crosslinking, and provided a quantitative measure of these changes that could then be

compared with aging related changes. From the temperature dependence of the moduli, it

was demonstrated that the so-called time temperature superposition principle could not be

applied to this data. This shows that multiple relaxation phenomena must be occurring and

that extrapolations from accelerated aging experiments must be evaluated carefully.

Dielectric relaxation studies were also carried out on these materials which again

demonstrated that the time-temperature superposition principle could not be applied to these

systems (9). The relaxation processes observed by this technique could probably be used

distinguish the roles played by crosslinking vs. filler particles, though this needs further

investigation.

Changes in the shear and compression moduli were observed for these samples

under the more severe aging conditions [12]. Unfortunately, the results were not

monotonic with respect to temperature, indicating some inconsistencey in the experimental

procedure.
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There was no correlation of the aging properties with humidity, though samples were not

subjected to extremely dry conditions (<209Z0RH). Changes in the cross-link density as a

function of aging were inferred from swelling experiments for all of the materials. For the

most highly cross-linked materials, infrared (IR) measurements clearly showed that the

initial material was not completely cured. The sensitivity of this technique could not

determine if this also applied to the less highly cross-linked samples. Transmission

Electron Micrographs (TEM) of the initial and aged samples were taken in order to

characterize the structure of the filler (8). These showed that the filler retained a highly

reticulated structure in the processed materials, but there were no readily apparent changes

arising from aging. Changes in cross-link density are suggested to be the most likely aging

mechanism for these materials.

Both polymer systems have been characterized with experimental and modeling

techniques at a variety of length scales in order to understand what changes could be

observed and how these were related to aging induced changes. These studies were also

carried out with the idea of establishing a comprehensive basis from which to form

physically-based and predictive models for the behavior of aging polymers.

At the very finest, atomistic scale, ab initio quantum chemical calculations (Density

Functional Theory at theB3LYP//6-31 lG** level) were carried out on representative

monomer species for each polymer. This level of calculation and the more complicated

monomer species studies are significant advances over previous studies [13]. For the

Estane@ system, most of the studies focussed on the phenylcarbamate (or urethane) hard

segment [14]. One aspect was to quantify the relative energies and barriers to

interconversion for the different conformers of the phenylcarbamate species, particularly

the phenyl-carbamate rotational barrier and the cis-trans interconversion of the carbamate

function itself. Another aspect was to characterize the energies and vibrational band (IR)

shifts for different modes of hydrogen-bonding between the carbamate and ester

functionalities. These band shifts are well-established diagnostics for the microphage

separation in the polyurethane systems, though they have never been quantitatively

evaluated [15]. Previous work has always assumed that particularly diagnostic bands (the

N-H or C=O stretches in particular) could be interpreted in a simple two-state manner,

either bound or not bound in a hydrogen bond. The present work established that the

availability of different conformers, as well as hydrogen bonding to the ether type oxygens

made this a much more complex system. Analysis was also performed on hydrogen-

bonding between the surface of the silica filler particles and the PDMS chains. This

hydrogen-bonding is thought to be a major contributor to the adhesion between the filler

and the polymer, and the calculations substantiated this [15].
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The vibrational spectra of the polymer systems have been characterized by both

Foutier Transfom Infraed ~-IR)and Ramanspec&oscopies (10, n). For Estane@, the

bands characteristic of the hard and soft segments of the polymer were readily identified

through comparison with model compounds and the ab initio calculations. Isotonically

labeled model compounds of the hard segments were also studied to yield a quantified

normal mode analysis, which provides the atomic motion and polarization for each

vibrational mode and shows how it should respond to different hydrogen-bonding

interactions. The temperature dependence of the IR spectra from –70”C to 11O°C was

studied, where the glass transition temperature (T~) of the soft segment is at –28°C and the

disruption of the hard domains occurs at -J700C. Spectral features associated with these

changes could be clearly identified, quantifying the types of molecular motions and

interactions associated with them, and providing spectroscopic handles on evaluating the

level of rnicrophase separation from the amount of hydrogen-bonding. Similarly, the

temperature dependent behavior of the hydrogen bonding interactions in the PDMS system

were also characterized, providing a handle on the temperature dependence of the filler-

polymer interaction. This is likely to be one of the several relaxation modes available to

that system.

The IR spectra of the Estane@ were also used to study the kinetics of the rnicrophase

separation [17, 18]. This involved heating the samples past melting to 110”C, cooling them

back to room temperature, and then following the spectral changes for several days. The

spectral features identified with the microphage separation process showed exactly the same

kinetic behavior as the recovery of the strength properties: a 3-5 hour induction period with

a strong dependence on the extent of hydrolysis. This provided a relationship between the

strength properties and the amount of microphage separation, and it also provided the

fundamental kinetics of the polymer chain relaxation process, particularly as a function of

hydrolytic aging. Comparisons among the IR spectra of the different hydrolytically

degraded Estane* samples were also very enlightening. The changes observed here were

indistinguishable from the spectral changes associated from the phase separation process,

showing that the extent of microphage separation becomes more complete, as well as more

rapid, as the MW of the polymer is decreased. This is to be expected since the shorter

chains should experience less frustrated from entanglement as well shorter relaxation times.

The deformation of the Estane@ system was examined by infrared linear dichroism

(12, 13, 14, 15). From the polarization changes of the IR absorption bands as a function

of the stretching of the polymer, it is possible to deduce the orientation changes of the

polymer structure, e.g. alignment of the polymer chains with the stretching direction.
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These experiments can either be conducted with either a static or dynamic stretch, where the

latter is a novel methodology developed through this program. The static and dynamic

stretching experiments yielded similar spectral shifts, though with some subtle differences.

Basically it was found only the soft segments reoriented significantly for mild elongation

(c1OO%), both the hard and soft segments reoriented for moderate elongation (up to

500%), and then only the hard segments could continue to respond for the most severe

elongation (up to failure at 700%). This information establishes a firm foundation for the

details of a continuum model.

Molecular dynamics simulations were performed in order to evaluate the

fundamental properties of the polymer chains, particularly determining how they interact

with one another and characterizing the local dynamic behavior. The potential functions

used in these simulations were evaluated by comparison to results from the ab initio

calculations. One particular issue was to understand the forces that drive the hard segments

of Estane@ to aggregate into so-called hard domains. For systems with high hard segment

content, the domains are crystalline though the structure of these has never been

satisfactorily explained [19]. A novel possible structure was determined for these crystals

from these simulations that could explain certain of the observed diffraction peaks, though

not all of them (16). Fors ystems of lower hard content (such as the 209Z0of Estane@

5703), the hard domains do not exhibit any crystalline features and a disordered packing

motif had been proposed [20]. Simulations of aggregates of very short chain structures

revealed a likely candidate for this [21]. Basically, the hard segment structure consists of a

central diphenyl moiety, which is hydrophobic in nature, capped at either end by the

hydrophilic carbamate groups. The simulations showed that the hard segments would tend

to index themselves in order to align these respective portions, and though well organized,

these structures were far from crystalline in nature. Further, this would result in hydrogen-

bonding between the carbamate groups, a feature which has been shown to be diagnostic of

the hard domain formation, but demonstrates that there are additional forces beyond this

that drive the phase separation process.

Another aspect of the molecular dynamics simulations was to characterize the

fundamental properties of the polymer chains. For the PDMS system, the adsorption of the

PDMS chains onto the filler surface was analyzed, as well as how water would compete

against the PDMS chains for hydrogen-bonding sites on the surface. The forces required

to stretch a PDMS chain and to pull an absorbed chain off the silica surface were also

calculated [22]. For the Estane@ system, simulations were performed on various short

chain lengths of the hard and soft segments.

11



These were analyzed in terms of the typical end-to-end length distributions of these basic

moieties and determining the effective force constants for their elongation and relaxation

times [21].

These properties were then used to construct a coarse-grained model for the

polymer systems. The tool used for this application was based on the Bond Fluctuation

Method that has been used extensively to model homopolymer systems [23]. This

technique considers the polymer as a connected set of monomer units, and those units are

constrained to move on a lattice according to a Monte Carlo algorithm. This makes for a

highly efficient code for modeling the large-scale chain dynamics of the system. A code

was designed on this basis which was extended to include segmented copolymers,

surfaces, and moving boundary conditions. One aspect of this work was to study the

adsorption of polymer chains on attractive surfaces, analogous to the PDMS-filler attraction

(17, 18). Results from this study helped explain certain aspects of the adsorption of

polymer chains onto a surface from dilute solution, a model system that had been subjected

to extensive analysis and debate. This code has also been applied to the simulation of the

phase separation properties of Estane@, using polymer chains of appropriate length and

stoichiometry. It proved possible to observe the evolving phase separation process with

this technique, and to then characterize the resulting domain structure by the collective

structure factor [21]. One significant result from this study was that the phase separation

process is probably only about 50% complete due to frustration from chain entanglement, a

conclusion in line with previous analysis [20]. It was also apparent that more complete

phase separation would occur for systems with shorter chain lengths, as for the hydrolyzed

samples discussed above. Another result was that for systems with only 20% hard

segment content, the domain structure is more likely to be globular rather than lamellar as

had been previously assumed [20].

The domain structure of Estane@ was studied using Small Angle Neutron Scattering

(SANS) measurements [24]. This technique is most sensitive for detecting structural

features with characteristic lengths of 10-1000i& For Estane@ 5703, a scattering peak is

observed at Q = 0.04 ~-l. Assuming a simplified globular model for the domain structure,

this corresponds to an average spacing between the domains of -160& Upon heating to

50°C, this peak flattens significantly, and then disappears altogether at 80°C. This indicates

that the domain structure is lost before the material becomes liquefied at 110”C. The loss

of this scattering peak correlates well with the changes in the strength properties and IR

spectra discussed above, and show the clear roll of the domain structure for the material’

properties. For the hydrolyzed Estane@ 5703 samples, the scattering peak shifts out to

higher Q values.
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This is interpreted as a decrease in the spacing between the hard domains. This would be

consistent with the greater level of phase separation observed if this results from a greater

number of domains that are constrained to have a finite size, and thus must be closer

together.

A model for the physical behavior and role of the domain structure has been

developed using a mesoscopic, analytic approach (19, 20,21, 22). This theory is

constructed from considering the concentrations of the two components in Estane@ (soft

polyester blocks and hard urethane segments) as the order parameters. A Landau-

Ginzburg-type model was then constructed. The inability of the hard segments to phase

separate on a macroscopic scale from the soft segments, due to their covalent attachment,

was modeled based on ideas from gauge thee@. This leads to nonlocal forces that allow

the formation of stable aggregates of hard segments, of the size of tens of Angstroms. The

structure factors observed in the SANS experiments, in combination with other

characterization of the polymer structure, can then be used to calculate the specific increase

in the shear modulus of the material. This value agreed well with experiment. Further

research has shown that the elastic moduli of Estane@may actually arise not directly from

the formation of the mesoscopic domains, but rather from the entanglement or physical

cross-linking which occurs in the soft segment between these hard domains. The method

to extend this treatment to include strain-rate dependent moduli was developed.

At the macroscopic level, these results then suggest some novel approaches for

developing continuum models [25]. The slow evolution of the hard domain growth at

ambient conditions is reminiscent of the physical aging process observed amorphous

polymers near their glass transition temperature. An analogy between the chain dynamical

motion typically associated with glass transition temperatures and a domain dynamic

behavior and an associated “glass” transition is suggested. On this basis, creep data were

analyzed with a physical aging model developed by Struik, and an excellent fit was

observed.

Another approach examined is to use temperature dependent coefficients in the

Prony series, or spectral, representation used to calculate the time dependent viscoelastic

behavior. This has the advantage of being easily calibrated to the experimentally measured

temperature dependent shear moduli, and also gives reasonable behavior under long term

steady loading such as a relaxation test. The time dependent change in stiffness after

annealing is modeled by a state variable differential equation related to the Avrami equation.

Avrami’s equation is usually used to describe the kinetics of crystallization processes in

metals and polymers, and is used here to model the growth of the hard domains.
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The particular form and calibration factors used are obtained by comparison with the

experimental results from DMA experiments and the time dependent IR absorption spectra.

The exact functional form for the increase in stiffness is still uncertain, but the parameters

of the fit are being constrained by other experimental measurements besides the strength

properties. Thus, the fitting function is not completely arbitrary. Inclusion of the results

from the BFM simulations and the mesoscale analysis should provide the proper

constraints and interpretation, but this is not yet complete.

In summary, we had undertaken a comprehensive study of the aging characteristics

of two polymer systems. This included both the evaluation of techniques for elucidating

the changes effected by aging, as well as the evaluation of the accelerated aging techniques

themselves. For the Estane@ system, a fairly complete understanding both of these aspects

resulted, and the basis for a physically-based mechanical model was developed. Studies on

the PDMS systems were not as successful, but experimental and modeling techniques that

would be most useful were identified. These contributions are now in use at LANL for

further studies of these and other systems.
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