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1.  Introduction

This  workshop focused on failure and aging of molecular (covalently bonded) materials.  We think that characterization and understanding of the fundamental, underlying processes will contribute significantly to predictive models of aging, degraded performance, and failure.   Valid models of the aging process will enable:  1) design of new materials with longer useful lifetimes, and 2) development of rational maintenance and replacement schedules.  These schedules will anticipate the need for maintenance and for replacement before the part fails.  The consequent improvements in safety and cost savings for the Army and for society, in general, will be enormous.

Our planning for this workshop identified a list of issues.  For example, can we accelerate aging to enable experimental measurements (and theoretical calculations) to proceed in practical times?  Past practice has increased temperature to accelerate aging.  But this method will not work unless all-important aging processes have the same temperature dependence.  Various possible competitive modes of slow change may occur :  covalent bond breaking, tunneling, oxidation/reduction, diffusion to the aging site, and catalysis by impurities (especially H2O).  These processes may depend differently on temperature.

Measurements may be difficult:  experimental methods must have high sensitivity and selectivity to detect very slow changes.  The long times required for aging also complicate some theoretical approaches; for example, the usual chemical dynamics calculations with femtosecond steps cannot describe processes occurring over long times.

This workshop brought together a small number of experts (Appendix A) with a wide range of skills.  We asked them to prepare talks based on the workshop focus, to outline how current computational and experimental tools could contribute to the understanding of slow processes and to recommend specific studies.  The participants then separated into two groups (called "Alpha" and "Omega") to discuss and develop recommendations for research on slow processes.  This report comprises the participants' background papers and the reports of the research groups.

Short Term Workshop Objectives:

1.
Identify characteristics of needed tools to study slow changes.

2.
Choose most promising current tools to study long term processes.

3.
Choose experimental system for initial studies:

a.
Simple enough to yield results within reasonable time (1‑3y).  Results means information to provide increasing focus to experimental and theoretical approaches.

b.
Relevant to Army interests.

Long Term Research Objective

Establish experimental and theoretical tools to characterize chemical processes causing aging.  Aging means slow changes leading to degraded performance.  Slow means 106 ‑ 109 s (10 d ‑ 30 y).  Focus  on processes at molecular level in molecular materials (not metals).

2.  Summary of Conclusions and Recommendations for Research

Workshop discussions did not reveal substantial disagreements; hence this summary represents the participants' consensus:

1.
A useful definition of "slow":  a process with at least two time scales ((1, (2) such that (1/(2 (( 1 and events at these scales speak significantly to each other simultaneously.

2.
The principal problem:  how to bridge the gap between femtosecond atomic-scale events and processes taking seconds, hours, years, etc.  Can the time scale of slow processes be accelerated while not altering the basic mechanisms?  Can the accelerated model and/or experimental results be "inverted" to deduce the true events? 

3.
Related to 2. (above):  is there a relation between time scales and length scales?  At the molecular scale, can slow motion subspaces be identified?  Expressed another way:  what is the role of long‑range (many‑atom, collective motions) states on chemistry (which tends to be very local ‑‑ only involving directly a few atoms)?

4.
The system is most likely to fail:  at surfaces, around internal impurities, at the boundaries between amorphous and crystalline phases, because of phase changes (e.g., changes in polymer character).

5.
Multiple and changing potential energy barriers may be studied by following the diffusion of particles through the energy landscape:  create a set of point defects in a crystal or on a prepared surface, dope a polymer with small gas molecules.  Observe diffusion or change.

6.
Processes that are likely important in aging: cyclic processes (thermal, mechanical stress), energy exchange into complex molecules in bulk and at surfaces, photo-induced changes in materials. diffusion, transport, and nucleation processes, structure and evolution of polymers in solution.

7.
Perturbations to induce aging behavior include:  periodic disturbances, high field excitations of defects and excited states, low field effects on molecular dynamics, pressure (both static and fast shocks).

8.
Promising experiments to study the chemical basis of aging include reactive molecular beams scattered off surfaces and reactive molecules generated in bulk solid materials.

9.
Processes must be studied in well-characterized materials in controlled environments where surface and impurity effects have been eliminated.

10.
A library of well characterized samples should be begun and maintained over long periods (decades) for periodic study and validation of accelerated experiments and models.

11.
Because their role is uncertain, systems with strong quantum effects (microscopic processes/elementary steps) should be chosen for study.

12.
The workshop did not identify new phenomena involved in slow processes. Study may show that, for aging systems, our present chemical rate models plus corrections to be determined will be adequate. 

13.
Considerable work has been done on multiple time scales, but chemistry is missing.  For example, current treatments of protein folding are physical.

14.
The participants agreed that further exploration of this topic promises to pay-off with a capability to assess and manage long term materials evolution and significantly to enhance long term reliability of materials and equipment.

3.  Workshop Background

3.1  Previous Meetings and Reports:

Materials aging and degradation have been the subject of considerable study the results of which appear in many reports and meetings proceedings.  These results rarely touch on the role of underlying, fundamental processes at the molecular level - the subject of our workshop.

The 1995 symposium, "Long-term Performance Issues in Polymers-Chemistry and Physics"
,  explored photo- and thermo-oxidative degradation, role of stabilizers, evironmental and other factors thought to affect aging of materials.  This meeting, concerned mostly with phenomenology, did not discuss the underlying, fundamental molecular processes, although various speakers pointed to problems with Arrhenius rate equation extrapolations and transport models.  We note here that failures of Arrhenius expressions, used to extrapolate rates measured at high temperatures (to accelerate aging) down to temperatues of interest, are not surprising - simple use of these expressions cannot model aging processes with more than one temperature dependence.

The JASONs issued their report, "Signatures of Aging"
 in 1998, providing recommendations for assessing potential aging problems that could affect performance of energetic materials, organics and plastics, and other parts of nuclear weapons.  The JASONs give an especially clear description of important goals of aging assessment:  

1.
Establish diagnostics for aging in which readily measurable physical quantities can be uniquely related to the required functional performance of the materials.

2.
Establish diagnostics for aging in which readily measurable physical quantities can be uniquely related to the safety of the materials.

3.
Establish the stage of materials aging at which decomposition products endanger the performance of other components of the weapon.

4.
Establish criteria and procedures for the replacement of the materials and components."

The JASONs refer to historical surveillance programs that have generated information on aging of explosives by measuring density, binder molecular weight, tensile strength, etc.; and they recommend correlation of these data with manufacturing history, performance studies, etc.  They also remark that "archiving of data, characterization of materials, and preservation of samples lacked proper attention...".  The JASONs do not discuss the fundamental processes of aging.   Participants at our workshop also emphasized the importance of data archives based on measurements over time on well characterized and carefully chosen samples.

The International Conference on Ageing Studies and Lifetime Extension of Materials
 was held in July 1999 in St. Catherine's College, Oxford. The sessions included:  Experimental Techniques, Modeling and Theoretical Studies, Lifetime Prediction and Validation, Lifetime Extension, and Material Design for Ageing.  Participants described work on polymers, metals, glasses, ceramics, explosives, and nuclear and structural materials.  No work on the fundamental, underlying processes at the molecular level was discussed.

3.2  Discussions at Princeton

The Duke August 2000 workshop was preceded by a small group discussion at Princeton University in September 1997. The participants at the Princeton meeting were:  Professor Herschel Rabitz, Princeton, a theoretician working on chemical dynamics and familiar with Army research; Professor John Yates, University of Pittsburgh, a surface chemist, also familiar with Army research; Drs. Richard Behrens and Leanna Minier, Sandia-Livermore, xperimentalists studying the decomposition of energetic materials and working in the DOE program on aging of nuclear weapons; and Dr. Robert W. Shaw of the Army Research Office.

Dr. Behrens talked about the Sandia "Enhanced Surveillance Program" for the aging nuclear stockpile and about his own studies on the chemical and physical degradation of PETN based energetic materials.  Dr. Minier spoke about aging of propellants and provided copies of two studies on "Service Life Prediction Techniques".  Professor Yates discussed new experimental techniques to study molecular motion at surfaces - these methods may provide information on the slow chemistry occurring at normal temperatures, i.e., under normal "aging" conditions.  Professor Rabitz described new theoretical methods related to the aging problem, but emphasized that new tools were needed:  these include methods to exploit cooperative motion in complex systems and management of extreme noise fluctuations that may drive systems over potential energy barriers.

Appendix B provides more details of the 1997 Princeton meeting.

4. Workshop Presentations

4.1  Chairman's Remarks:

To begin the workshop, Professor Rabitz posed the principal problem:  we must bridge the gap between femtosecond atomic-scale events and processes taking seconds, hours, years, etc.  Systems that exhibit these disparate time scales include aging energetic materials, folding proteins, defects propagating through solids, and phase changes in amorphous, glassy materials.  Understanding these phenomena may enable alteration of long-time evolutionary behavior - we may be able to design materials with longer useful lives.  Professor Rabitz then presented a list of issues and questions to the participants in considering Long Time Scale Chemical Evolution:

1.
Molecular dynamics or chemical kinetics --- where can we start?

2.
Nature of the evolution:  a) the activated, infrequent event (i.e., barrier crossing), b) a long sequence of slow complex processes, c) both together?

3.
Is transition state theory a valid model?

4.
Are special stochastic models or techniques relevant?

5.
At the molecular scale, can slow motion subspaces be identified?  Can 4. (above) be included?

6.
Are hybrid discrete-continuum models suitable?

7.
Can automated molecular substructuring methods be found for dynamics?

8.
Is there a relation between time scales and length scales?

9.
Do quantum phenomena (e.g., H-atom tunneling) play a role?

10.
Does initiation occur at local defects in solids?

11.
With molecular dynamics, can we live with modest (moderate?) potential errors?

12.
For molecular dynamics, does fast motion contribute to the slow motion?  

13.
Will it be necessary to swing from one model to another as different time regimes are entered?

14. Can multiple time-scale (non-perturbative) theory lead to systematic modeling at a hierarchy of time scales?

15.
Can the time scale of slow processes be accelerated, while not altering the basic mechanisms?  Can the accelerated model and/or experimental results be "inverted" to deduce the true events?

16.
What laboratory techniques are needed to identify infrequent, but fast, events?

17.
Can kinetic models be directly generated by inversion from concentration observations?

18.
Can experiments be devised to hone in on small parts of the mechanism?

19.
Are there suitable archival samples readily available for analysis?

20.
What observation techniques are suitable for different time scale regimes?

21.
Will "pump and probe" experiments be useful?

22.
Can special closed loop learning experiments be adapted to unravel the underlying complex processes?

Current molecular dynamics cannot cover the needed range of time scales.  Molecular vibrations occur on the femtosecond scale.  Even with 106 steps, we only reach the nanosecond scale.  Can we find a systematic means of filtering out the high frequency jitter during the dynamics?  Early work indicates that a low frequency subspace exists which is nearly invariant over long times and the dynamics in which we are interested are mostly in that subspace.

One may also take a hybrid dynamics approach (discrete-continuum).

4.2  Summary of the Participants' Talks

Participants wrote extended abstracts on which they based their talks.  Those abstracts follow this section.  The opening talks focused on modeling and measurements of specific systems.  Professor Balazs described her models for the properties and fracture of polymer interfaces.  Dr. Goldrein outlined new methods for rather complete measurements of strain in composite materials consisting of crystalline explosives bonded in polymer matrices.  Dr. Behrens provided a general framework for thinking about aging and failure of energetic components ranging from the underlying physics and chemistry of reactive processes to the performance and safety of components.

Other talks provided more general perspectives on studying slow processes.  Professor Thompson proposed theoretical and computational studies for atom-scale modeling of pathways and rates.  Professor Dykman presented some new work on the surprising influence of thermal fluctuations on particles trapped in potential wells and the control of these fluctuations. Professor Dlott discussed the power of the "energy landscape" picture of structural evolution and proposed fast, short shock waves to push the system high on the landscape followed by study of its relaxation.  Dr. Voter discussed the power of transition state theory as a framework for characterizing infrequent events and described several approaches to enable calculations to cover greater time scales.

Dr. Tsang spoke from the kineticist's perspective about characterizing chemical reaction mechanisms in polymers.  Professor Yates described tools for measuring properties of weakly and strongly bound molecules on well-defined surfaces and proposed these systems as models for studies of slow processes.  Professor Weber estimated the time required to perform experiments on slow processes.

INDIVIDUAL PAPERS GO HERE IN ORDER:  Balazs, Goldrein, Behrens, Thompson, Dykman, Dlott, Voter, Tsang, Yates, Weber

5.  Reports of The Focus Groups

5.1 Alpha Group Report And Recommendations

I.  Identify Classes of Slow Phenomena and Systems

1.Three practical systems that exhibit aging

Systems for Study
Criteria to Determine Aging
Processes Leading to Aging

PBXs (plastic bonded explosives) - crystalline explosives embedded in a polymer matrix
Mechanical Strength

Performance

Sensitivity (premature explosion)
Degradation of Binder

Adhesion

Plasticiser Migration

Crack Growth

Coupling/bonding agents

Filled Polymers

Fiber-reinforced composites
Strength

Failure under stress or tension

Evolution of meso-structure (e.g., aggregation of  filler particles)

Sedimentation
Diffusion

Crack growth

Chemical degradation

Surface phenomena

Coupling/bonding agents

Energetic Materials

e.g. PETN particle size variation with age
Organic crystal morphology
Structural evolution of granular materials

Particle growth

Formation of bulk defects

Crack initiation and growth 

2.  Focus on aging of a filled polymer composite (simplest system showing almost all processes needed to understand the general problem of aging).

Classes of Slow Phenomena

Polymer chemical degradation
Thermal


Reaction with environment or evolved gases


Photochemical

Polymer surface interfaces
Loss of Adhesion (e.g., polymer for filler)

Physical Aging
Polymer Crystallization causing loss of strength

Diffusion
Nucleation  causing change in meso-structure


Sedimentation  "          "         "           "

Aging Pathways

High-energy barriers - a long time elapses before a thermal fluctuation enables the system to surmount the barrier.

Entropic barriers - the system explores many degrees of freedom before encountering a decomposition path.

II.  Identify the Experimental/Theoretical Tools to Study the Phenomena

To discover Phenomenology

One should search for stockpiles of progressively aged materials with well-documented compositions and histories.  One should begin archives of materials for study at regular intervals.  Perform chemical and mechanical testing of new and aged materials.  Finally, one should develop methods for accelerated aging (experimental methods are suggested below; theoretical methods were described in the presentation by A. Voter).

Calculation of Rates

Quantum chemical calculations for energies at minima of the potential energy surface are good; but calculations of rates require accurate barrier heights and more development is needed.

Monte Carlo techniques may be the only feasible means of approaching some aspects of the problems extremely slow rate processes

Can gas phase data be used to describe condensed phase kinetics?

Theories of chemical kinetics in the gas phase have been very successful and they are backed by a vast experimental literature.  What of this can be transferred to the condensed phase?  For example, can liquid phase reactions be treated as perturbed gas phase reactions or do many body effects require new approaches?  This issue is crucial because time does not permit our carrying out experiments on every system of interest; rather, progress depends on our developing general formalisms that can be parameterized using a smaller set of good experiments.  To begin, we need better understanding of simple chemical reactions in solids.  For the aging problem, we must also understand the effects of structural evolution of solid state chemistry.

Can we find well-defined solid state experiments that can be used to determine whether gas phase data are relevant?  Considerable data exists for simple gas phase - like reactions in noble gas matrices.  For more complex matrices (e.g., molecular crystals, polymers) few measurements have been made.  We should compare related systems:  oxygen + ethane in the gas phase vs. oxygen reacting with solid polyethylene.

Experiments Suggested To Understand Chemical Basis of Aging

1.  Beams of reactive molecules (e.g. oxygen) can be reactively scattered off polymer surfaces (gas-surface scattering) using the techniques of gas-phase reaction dynamics and kinetics.

2. Reactive molecules (radicals) can be generated in the bulk of a solid by photolysis or radiolysis of the material or of impurities (e.g. peroxides), and chemical reactions studied in the solid state using spectroscopic probes.  Besides being interesting this has possibilities for accelerated aging.

3. Very slow evolution of gas from polymers (e.g., NO2 outgassing from nitrocellulose or fluorocarbon outgassing from fluoropolymers) can be measured with a sensitive spectroscopic probe hovering right over the surface. 

Cavity ring-down spectroscopy seems well suited to these measurements.

4. Mass spectroscopy, high performance liquid chromatography, nuclear magnetic resonance can be used periodically to analyze bits of archived samples to determine very slow chemical degradation. 

Aging and Failure:  Mechanical  & Chemical Properties of Interfaces

Make a model interface (e.g. by gluing two flat or curved pieces together) and measure the critical failure stress and strain with aging.  Vibrational sum frequency generation may be a useful real time probe of molecular dynamics at the failure interface.

Micromechanics:  Probing Mechanical Processes in Real Time

Experimental methods include:  a) laser driven nano-shock waves to explore fast structural relaxation under large mechanical strain (see presentation by Dlott).  b) Electron, optical, and x-ray microscopy and laser and ion microprobes to provide spatial images of mechanical degradation (e.g., cracking) and of chemical changes.  d) Real-time measurements of strain using moiré, etc. (see presentation by Goldrein).  e) Finite element modeling will assist interpretation of these tests.

Modeling

1.  Map energy landscapes of chemical aging, strain & density changes

2.  Develop best possible physical/chemical model of polymer degradation for a selected system from literature to identify weakness in understanding and gaps in data

Suggested Research Program

1. A filled polymer provides a reasonably faithful model system; it is not too simple. Choose a model composite – e.g., a filled polymer such as SiO2 in hydroxy terminated poly butadiene or polyethylene.  Although SiO2 is relatively inert, one can functionalize the surface.  One can buy well-characterized shapes and sizes of  SiO2  and properties of the crystal surfaces are well known.  One can characterize the silica surface reactions with various monomers using the tools of surface science.  This model system comprises multiple length scales; potential energy surfaces for filled polymers may be, however, difficult to develop.

2. Characterize the basic failure mechanisms:  Failure on meso-scale (possibly early consequences of polymer-filler interactions), failure on the macro scale (later, cumulative failure - cracking), failure of model joints.

3. Characterize failure mechanisms with naturally aged and artificially aged materials.  Induce artificial aging using:  light, heat, vibration, impact, and reactive atmospheres.

4. Observations will suggest new diagnostic and modeling tools as aging continues

5. Identify critical effects of age - what changes?  what is important?

6. Use analytical tools to determine composition and structure of aged material

7. Relate composition and structure to mechanical changes.

5.2  Omega Group Report And Recommendations:

I.  Identify Classes of Slow Phenomena and Systems

A.  Characteristics of Slow Phenomena to be studied

1. The system is likely to fail:  at surfaces, around internal impurities, at the boundaries between amorphous and crystalline phases, because of phase changes (e.g., changes in polymer character).  So studies of these system properties should be emphasized.  The role of stress is especially important.

2.  Different slow processes may have very different kinetics.  The process may be governed by a single critical step or multiple steps with their own time scales and contributions to the temporal evolution of the systems.  These processes may be fit by Arrhenius expressions or not.  The coupling of chemical processes to slow transport may be crucial to a range of slow processes (e.g., the diffusion of reactive species to a reaction site); chemical engineering has already developed tools to manage this coupling.

3.  The crux of the problem appears to be linking atomistic behavior and macroscopic phenomena and thus linking fast and slow time scales. This topic addresses a key issue that is involved with many applications where it is necessary to go back to the atomic‑ and molecular‑scale processes in order to properly capture the origins and true

behavior of the long time scale events.  Furthermore, even if one started at higher than atomic scale, an analogous problem exists in relating the broad spectrum of time scales inherent in any application.

Links will be improved by better communications between chemists and molecular scientists on the one hand, and engineers and polymer scientists on the other.  

B.  Processes and systems that may be important in aging:

1.  Various cycling processes (thermal, mechanical stress) cause materials degradation. 

2.  Energy exchange into complex molecules in bulk and at surfaces.

3.  Photo-induced changes in materials.

4.  Diffusion, transport, and nucleation processes.

5.  Slow chemical processes/cumulative or collective processes, e.g.,  structure and evolution of polymers in solution.  Workers should be aware of considerable current work on biopolymers.

6.  To improve our understanding of slow kinetics, processes should be studied in well-characterized materials in controlled environments where surface and impurity effects have been eliminated.  We cannot emphasize too much the need for well-defined, well-characterized systems to obtain a basic understanding of multi-time scale phenomena.

Modern analytical techniques are well capable of detecting minute amounts of materials that arise from slow processes.  However, in order to learn anything one needs to perform experiments under extremely well controlled conditions.  This is especially so in the 'single critical step' scenario.  Beyond surfaces and impurities, this might include temperature, pressure, light, dissolved gasses, and possibly, nature of the surfaces involved.  Any experimental study of slow processes must be able to identify the sources of reactions in order to be able to connect to a theoretical understanding. 

7.  Some aging processes may not occur on the ground potential energy surface.  Transitions may occur between different electronically excited states (e.g., radicals diffusing together).  Hence, non-adiabatic processes should be included.  This issue is related to photo-induced changes.

8.  Because their role is uncertain, systems with strong quantum effects (microscopic processes/elementary steps) should be chosen for study.

II.  Identify Experimental and Theoretical Tools

A.  Materials

1.  Design and synthesis of homologous series of molecules with a tailor-made range of barriers. This topic speaks to the matter of dealing with molecular materials tailored to cover a broad window of time scales by including conformational barriers of different magnitudes.  The demands on material designs are only modest, as they just need to give a reasonable suggestion on the likely barrier magnitudes.  The experimental observations of

conformational changes over various time scales could provide rich data for modeling and analysis with feedback to additional syntheses as desired.

2.  Materials enabling study of critical nucleation. This and item 4 address the general class of phenomena where migration in materials, and especially of defects, can strongly influence the long time scale evolution of the material.  It seems possible to develop well‑defined experiments to explore this class of phenomena.

3.  Materials with free radical traps.

4.  Materials to study production, stabilization, and transport in condensed phases.

B.  Experiments to study the response to perturbations:

All of the items for this topic have some overall relevance to attaining a better understanding of long time dynamics

phenomena by virtue of employing a variety of disturbances and observing their impact.
1.  Periodic disturbances to synchronize slow processes:  lock-in discrimination, frequency spectrum, matched filtering.

2.  High field excitation of defects and excited states leading to materials decomposition (sharp tips with high fields can create defects and induce chemical processes).  The development of scanning tunneling methods will enable a wide range of experiments.

3.  Low field effects on internal molecular dynamics leading to slow processes. This topic addresses how very low fields may work in cooperation with naturally present fluctuations to enhance the rate of barrier crossings.  The ability to have minimal disturbance enhancement would be of significance for accelerating long time scale processes in the most benign fashion.  In addition, theoretical arguments suggest that basic information may also be learned about the dynamics of infrequent critical events by this approach (see presentation by M Dykman).

4.  Static pressure effects on materials can increase diffusion into condensed phases, change transition states.

5.  Effect of medium on transition states. 

6.  Creation of artificially induced slow processes including nanosecond shocks and photo-excitation.  These experiments use the pump-probe method.  The pump step could be a photo-excitation, a pressure wave, or....

7.  Unraveling multiple barrier processes by low temperature studies of kinetic phenomena.

C.  Measurement and detection 

1.  Coherent determination of trace species-enhanced detection sensitivity.  We wish to exploit the progress in coherent control to enhance the detection limits of specific species. The ability to detect trace species is a rather generic problem in many long time scale problems involving chemical reactions.  Besides the traditional techniques of detection, the recent developments in the field of coherent laser manipulation of molecules may offer a new means for high finesse detection of trace species.  This comment arises from the observation that these techniques inherently rely on enhancing discrimination between one chemical versus another, and this capability should be transferable to also enhance detection sensitivity.

2.  Detection of single molecule reaction products in one mole using non-invasive methods, e.g., single photon emission.  One can overcome the long time scales by examining single reactions in a large quantity of materials (1024molecules in a mole). The ability to identify the occurrence of single molecule transformations in a bulk medium is a very important and challenging task for dealing with infrequent events.  The best general way for approaching this objective is to let the individual molecules involved directly signal their transformation.  Signals may be possible either by building the molecules so they contain a chromophore for absorption or by chemiluminescent emission in some favorable cases.

3.  Insert microdevices sensitive to aging: e.g., detection of NO2 from degradation of nitrocellulose.  The DOD Smart Materials Program may provide directions for this approach.

D.  Modeling

1.  Revealing the underlying dynamics of slow fluctuational processes (infrequent events)

2.  Dimensionality reduction-retaining slow processes  (see presentation by H Rabitz for details).

3.  Accelerated dynamics simulation methods (see presentation by A. Voter for details).  This and the previous two items speak to basic theoretical computational issues necessary to reach out from the fastest time scale events to those occurring on much longer time scales.  The nature of modeling in this area is very much open for development with achieving computational reliability and efficiency as central criteria.  These developing capabilities will interface with all of the aforementioned phenomena and key experiments.

4. Interplay of diffusion and conformational changes and chemical reactions.

The Omega group suggested that this field of study be called "Diagnostics and Control of Slow Processes".
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Appendix B:  Summary of the 1997 Princeton Preliminary Meeting

I.  Richard Behrens - on Sandia Enhanced Surveillance Program:
1)  Long term effects of aging are largely unknown.

2)  Energetic materials aging has high likelihood and high potential for bad consequence.

3)  Materials aging at atomic scale are precursors to performance changes.

4)  Goals include early identification of critical degradation; forecast safety, performance, service life; provide signatures for monitoring; provide tools for age-tolerant design.

5)  Have computational power to model at macro-scale, but need micro information base.

II.  Richard Behrens on Chem/phys degradation of PETN-based energetic materials:
Observations about PETN:
1)  Frequently used in stockpile, lots of components (20-30 y old) available for study.

2)  Preliminary observations of aged PETN show no significant changes.

3)  Literature values for PETN decomposition show great variability.

4)  Energetic materials in use may be complex mixtures - binder, etc.

5)  Simultaneous thermogravimetric modulated beam mass spectrometry (STMBMS) is being used to analyze decomposition from accelerated aging (elevated temperature) experiments - these experiments are highly relevant to safety issues - consequences of a fire. Isotopic labeling suggests solid-phase decomposition products; LC/MS identifies products.

6)  Acidic and hydrolytic conditions cleave the nitrate ester (yielding NO2 - the common degradation product for nitrate esters).

7)  Binder degradation more complex.

III.  Leanna Minier on Aging Issues with Solid Rocket Motor (SRM) Propellants
Most rocket catastrophes attributed to increased surface area - cracks in grains, grain 
unbonding from walls, etc. -  of combusting materials leading to accelerated burning rate.

Fundamental processes are not understood:
1) Chemical aging of individual constituents and how they affect each other.

2) Chemistry at particle/binder and binder/liner interfaces.

3) Initiation of chemistry:  applied stress strain initiation of chemistry, correlation of chemistry to microstructural change.

Potential System for Study:  Hydroxy-Terminated Poly Butadiene (HTPB)
1) Most SRM propellants are HTPB; more are being developed.

2) Can transfer information, models, etc. to other propellants.

3) Propellant is low energy (not detonable), provides inert base.

4) Formulation is not difficult.

Leanna's Handouts:

 a)  Pritchard on service-life prediction:  discussion of JANNAF program to predict solid rocket motor life.  Various codes and approaches are available; those that use chemistry depend on elevated temperatures to derive heats of activation for, e.g., gas generation, solubility, stabilizer depletion.  Associate chemistry of aging with cracking, unbonding, etc.

b) Oberth on solid propellant aging:  slow chemical reactions lead to softening, hardening, fissuring.  Accelerate aging by raising temperature.  Deriving activation energies from Arrhenius behavior neglects gas diffusion, humidity, autocatalysis, chain reactions. Gas fissuring seen as major problem.

IV.  John Yates on Tracking Molecular Motion at Surfaces
1.  Can observe the zero point motion of chemisorbed molecules and thermal excitation leading to surface diffusion using momentum resolved - electron stimulated desorption ion angular distribution.  This gives information about constraints at surface site to motion. Can infer shape of potential energy surface from motion deep in well.

2. Perhaps we can observe early onset of surface reactions.

3.  First stages of surface oxidation show unusual self-organization effects - insight to surface passivation.

V.  Herschel Rabitz on Long Time Scale Dynamics
Situation:  

Individual atom motions (o) 10-15 s; computer calculations can reach 106 steps   ->  (o)  10-9 s;

Dilemma:  so how handle long time scale motion?  How focus on slow (important) events and not on atomic jitter?  It is also not clear if the notion of slow dynamics includes, or is separate from, the picture of an infrequent, but locally fast process in time ( i.e., a rapid barrier crossing  that happens very seldom).

Possible and complementary approaches:
1) development of long time scale dynamics, of collective/cooperative atomic motion - compare to Born-Oppenheimer approx.

One approach - reduce degrees of freedom to lower dimensional space, but how find this space?  Use dynamics equations, derive Jacobian matrix, diagonalize -> collective degrees of freedom ordered by their frequencies -select low frequencies to lower dimension space of slow equations.

2.  development of tools to incorporate the role of noise driven large fluctuations(i.e., barrier crossings or bond breaking events)

VI.  Group Discussion:
1.  What should activity be called?
Possibilities:  aging -> failure, very slow reactions, infrequent events...

Choice was "molecular dynamics on long time scales

2.  Are there other means to identify the subspace of slow variables?

3.  What are promising systems for study?
Possibilities:  
energetic materials

polymers, especially very thin layers, e.g., by spin coating

diffusion on surfaces or in solids

4.  What communities should be involved?
a) Experimental:  surface scientists, especially using various atom probe microscopies; condensed matter chemists, polymer degraders

b)  Theorists:  protein folders, nucleators

5.  Key Experiments
Besides developing the slow dynamics/kinetics tools, a reasonable goal would be to identify particular experiments that could verify the theoretical concepts.  At first these might be either simple unimolecular decompositions or even slow diffusion processes.

� Proceedings of the 1995 Fall Meeting of the Materials Research Society (dns.mrs.org/meetings).


� S. Drell, R. Janloz, et al. "Signatures of Aging", JASON Report, The Mitre Corporation, January 1998.


� "International Conference on Ageing Studies & Lifetime Extension of Materials", L. G. Mallinson et al., AWE/Hunting-BRAE, St. Catherine's College, Oxford, 12-14 July 1999.





