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Introduction
The Army Chemistry Coordinating Group (Chem COG) provides planning and coordination for basic research in chemistry in the Army.  This meeting provided an assessment of the current ARO program on Energetic Materials (EM) Chemistry and recommendations for future projects.

Before this meeting, R Shaw, ARO program manager sent to participants:   1) current ARO EM project list, 2) EM slides from last annual ARO Chemistry Review.  He also set the following  discussion questions: 

1.  Are current research areas critical to the Army over the long term?

2.  Which areas of research are likely to have the most impact?

3.  Are any areas no longer critical?

4.  What new areas should be folded in?

5.  Can we find areas that serve more than one technology goal?

6.  Is there proper balance between needs-driven and opportunity-driven research?
Planning Meeting Participants

University*:

Prof. Herman Ammon, Dept of Chemistry, University of Maryland

Prof. Tom Brill, Dept of Chemistry, University of Delaware

Prof. Krzysztof Szalewicz, University of Delaware

Prof. Joseph Bozzelli, Dept of Chemistry, New Jersey Institute of Technology

Prof. Paul Dagdigian, Dept of Chemistry, Johns Hopkins University

* all know the Army research program and perform research relevant to energetic materials studies.

ARL-WMRD: Brad Forch, Betsy Rice, Cary Chabalowski, Martin Miller, Bill Anderson, Rose Pesce-Rodriquez, Dick Beyer, Mike McQuaid, Mike Schroeder, Barrie Homan, Robert Frey, Paul Conroy, Joe Colburn

ARO:  Bob Shaw

ARDEC:  Rao Surapaneni, David Downs – forced to cancel at last minute; their input was solicited for this report.

Technical Context of the Discussion

What are the most important experiments and calculations to enable improved modeling of the physical, vulnerability, and ignition and combustion properties of energetic materials? 

What do we want our combustion models to determine?  Which of these questions are well answered now and which are not?  

Have we done adequate sensitivity analysis of our models – do we know what elements of the models influence the results for a given output?  For example, model predictions of transient behavior (ignition delay, etc.) require more information about detailed chemistry than does steady state burning rate.

Major Recommendations for Research

1.  Experimental determination of species leaving the propellant condensed phase during ignition and combustion.         Large fragment radicals may be especially important.

2.  Ignition and combustion studies of complex nitramines (e.g., CL-20), thermoplastic elastomers used as binders,       and  high nitrogen compounds. 

3.  Determinations of reaction kinetics and mechanisms at high pressures.  Guidelines for extrapolation of data from       lower T, P.

4.  Method to measure vulnerability with small samples.

5.  Methods to grow crystals with reduced porosity.

6.  Many body force fields for computation of condensed phase properties.

7.  Studies of plasma/energetic materials interactions.

8.  Kinetics of gas/surface reactions relevant to gun erosion at higher T, P.

Discussion

The Condensed Phase

Question:  We can probe the gas phase experimentally and current models for temperature and species profiles appear successful.  How do we manage the condensed phase:  are reactions occurring there?

Experiments and calculations are most difficult for condensed phase.  Experiments providing the most information include the low temperature decomposition work by Behrens (supported by ARO), but they are most relevant to cook-off.  We are uncertain how far these results can be extrapolated.

The recent Martin Miller/Bill Anderson burning rate predictor (see their paper in Progress in Astronautics and Aeronautics, Vol 185, pp. 501-531, 2000) has successfully predicted thermal and species profiles for several propellants.  Their calculated burning rate is very sensitive to their assumptions for the identity of the species coming off the surface.  Experimental determination of these species is one of the most important current research problems.

Experimental Materials

Question:  What materials should be studied?

The RDX flame structure is now well understood, but not transient behavior (e.g., ignition).  Nitramines are likely to be important for future propellants (e.g., CL-20).  CL-20 is difficult to study – under most lab conditions, it chars and leaves a hydrocarbon residue, presenting a heterogeneous combustion problem.  Like HMX, CL-20 combustion substantially involves the condensed phase. 

We should study  energetic thermoplastic elastomers.

High nitrogen compounds have many advantages:  good gas generators; liberate N2, therefore not so erosive; high densities; reaction mechanisms not so complex as some other energetic materials; synthesis can be straightforward.

The new area of energetic nano-particles is emerging in importance at ARL. The new Defense University Research Initiative Nano-Technology (DURINT) topic, "Nano Energetics"* addresses this interest and will begin in 2001. We should watch this program for opportunities.

*http://www.onr.navy.mil/sci_tech/special/durint/DURINTtopics.htm#3

Discussions About Propellant Flame Structure

To develop their solid propellant Burn Rate Predictor (BRP) model further, Miller and Anderson most need to know what emerges from the condensed phase surface into the gas phase. Brill's work is closest to measurements of what emerges from the surface during combustion.  Behrens' experiments are more relevant to thermal decomposition (lower T, longer times).

Energetic Materials (EMs) of greatest interest now are the nitramine, CL-20, and the energetic thermoplastics BAMO, AMMO, BNMO, NMMO, GAP.  Among the compounds modeled by the BRP are:  NG, DEGDN, NC, NQ

Flame structure for nitramines and nitrate esters:

1.  Fizz Zone ‑ "primary" reaction zone or zone of first (nearest to solid surface) temperature rise.  The major feature of this zone is reduction by H2CO of NO2 ‑> NO

1.  Dark Zone (DZ) ‑ two principal slow reactions:

a.  NO slowly reacts to N2,

Most prop energetic ingredients contain NO2, which will scission off, form NO and, eventually, the N2 equilibrium product.

b.  HCN slowly reacts to H2O, CO2, N2 (nitramines), 

The CH bond energy, 130 kcal/mole,  is much higher than typical CH bonds (in, say, alkanes they are around 100 Kcal/mole).  Note that the CN bond strength is much higher (223 kcal/mole).

For both the fizz and dark zones, a pool of radicals (mainly H, OH) are building.  From the beginning to the end of these zones they have increased by orders of magnitude.  A major source of radicals, especially for nitrate ester propellants, is HNO + NO ‑> N2O + OH.

A DZ can form in simple 1‑d flames of NO2 with H2, hydrocarbon, CH2O, or HCN fuels.  Not many studies here because NO2, HCN, CH2O present experimental difficulties.  Low pressure (say 25 torr) burner studies by Sausa show clear evidence of slow reaction rates.  In these studies, NO2 flames usually just form NO in the products and little N2, because the pressure is too low and the distance (time) too short for reaction to reach N2 equilibrium products. Presumably, with increasing pressure, reaction rates would increase and a second stage flame would form.  Modeling by Anderson does show second stage formation at very large distances for H2/NO2.  Even these apparently simple flames present a challenge to the model (initial conditions, etc.).

No DZ appears in the combustion of the propellant M30  (composed of NC, NG, NQ). The NQ (nitroguanidine or (H2N)2C‑N‑NO2) releases NH2 that reacts fast with NO to form (eventually) N2.  Modeling of M30 combustion also shows no DZ..  

We may be missing some key reaction(s) in the nitramine DZ.  Alternatively, current measurements of conditions at the leading edge of the nitramine DZ may not identify the correct initial conditions to use in models of the DZ.  We are more confident that we have got the key chemical steps for nitrate ester DZ s; but experimental data for either propellant type is thin.  This means that initial conditions to use in DZ modeling are not well tied down.  This lack of information may cause inconsistencies in the model, e.g., changing the initial conditions can yield the correct DZ length or the adiabatic flame temperature, but not both.

Vulnerability:

Condensed phase reactions occur because of heat generated by mechanical action.  These reactions cause increased vulnerability.  [Increased vulnerability caused by cookoff may be a separate phenomenon.]

The basic kinetics may change dramatically as temperature and pressure change. Most kinetics experiments have been done at relatively low pressures temperatures (long reaction times). To study vulnerability one must consider pressures that range from a few GPa to several tens of GPa and reaction times down to 100 nsec or less.  Some experts judge that the kinetics determined in relatively slow, low-pressure experiments do not apply to these fast, high-pressure situations. For example, the activation volume, which is often ignored in low-pressure chemical kinetics, can be very important when the pressure is ten GPa or more.

Detonation failure diameter (or failure thickness)  is particularly important in determining the vulnerability of gun propellant systems.  Larger failure diameters are better. For fast core co-layered disk propellants, the burn rate of the center layer should be at least 3 times faster than the outer layer. This requirement may create a conflict:  a  rough correlation shows that higher energy materials yield higher burn rates, but are more shock sensitive and have smaller failure diameter. So a faster burning center layer might be expected to have a small failure thickness and increased vulnerability.  But some materials do not show this correlation and  we should try to understand what enables those materials to have a high burning rate (at low pressure) and also a large failure diameter (which implies a relatively low reaction rate at very high pressure).

Vulnerability depends strongly on porosity which, in turn, occurs over a wide range of dimensions.  We need efficient (economical) methods to grow crystals without pores or which have very few pores larger than about a tenth of a micron (e.g., French RDX).

We should study the new high nitrogen compounds being synthesized at LANL and elsewhere. We need information for new materials about burn rates, activation energies, reaction paths at high and low pressures. 

Quantum chemical modelers should predict the expected sensitivity of some of these compounds.  To enable experimental confirmation, we need a method to measure vulnerability with only small samples of material.

We should develop multidimensional models of inhomogeneous effects in heterogeneous propellants with detailed chemistry.  This may be a prerequisite for modeling nanocomposites. Brewster at U. Ill, Champagne, is working on this, but his group has been using one or a few global steps. 

The new MURI2001 topic,  Mechanisms Responsible For The Initiation/Detonation of Energetic Materials* managed by J. Goldwasser, ONR will provide a resource for exploration of vulnerability.

* http://www.onr.navy.mil/sci_tech/special/muri2001/topics.htm#5   [see topic 21]

Reaction Kinetics and Mechanisms

Question:  We know a lot about kinetics and mechanisms at STP.  Can we extrapolate over the range of T, P relevant to propellant combustion?

Livermore is measuring burning rates at high pressure in a diamond anvil cell as part of the DOE stockpile assessment program.

Piermarini studied reactions at high P in an anvil cell (ARO support).  We should go back and look at these results.

We can expect the solid band gap to change with P.

Question:  What are the most important species in the gas phase for which we need information?

Among the many gas phase reactions needing study are those with new propellant ingredients. We need computational chemistry to determine thermodynamic properties of radical fragments and of the transition states for reactions leading to the radicals.

Likely new ingredients include CL20, ADN (ammonium dinitramide), and TPEs (thermoplastic elastomers).  Reactions of glyoxal and formic acid are also important for NC modeling.

There are several pieces to flame chemistry.  The combustion chemistry in the "secondary" zone is similar to that of many flames.  There are considerable data now on the rates of the elementary reactions of the small, relevant combustion species.  Hence, a model based on reliable rate constants can be developed, although questions continue about the pressure and temperature dependence of some reactions. 

The chemistry is less certain earlier in the decomposition process (closer to the burning surface).  Using mass spectroscopy, Litzinger and Behrens have observed some interesting larger species about which the chemistry is almost totally unknown.  Research on these species will be challenging because they are difficult to make in a controlled way; but their study will tell us more about early decomposition steps. 

The measurements of thermal profiles of burning solid propellants by Zenin have provided essential information for the Miller/Anderson burn rate predictor model (BRP). Measurements are needed for all propellant formulations that are candidates for modeling. The BRP may be useful as a screening tool to evaluate changes in gas phase chemistry brought about by changing formulations until a first-principles condensed-phase model can be developed.  But there may be some cases where ingredient interactions are very important and the BRP approach fails.  Miller/Anderson think it may be possible to modify the BRP approach for ignition modeling.

Calculations based on first principles require condensed phase reaction rates and mechanisms and more information about even more complex issues (e.g., bubble formation).  We do not yet have reliable methods to measure or calculate this information. 

Computational Chemistry

Question:  What theoretical tools are most important?

We need reliable force fields  (many body forces) to model chemical reactions in the condensed phase.

Computation requirements for the condensed phase are large because we must include many molecules (many body problem).  Often these condensed phase calculations rely on periodicity in the structure to reduce computation time.  But chemical reactions break this order.

We should move our methods to determine low-energy crystal structures of energetic materials from classical molecular packing to quantum mechanical molecular packing.   This project may be appropriate for a graduate student thesis.

Screening Tools:  We want to use theory to screen notional materials (molecules that may not have been synthesized but which, based on their expected structures, appear to have good properties).  The first properties we want to predict are:  burning rate, heats of formation, densities.

Density:  Molecular packing calculations are the best method for predicting densities of new solid materials.  One must generate a variety of crystals corresponding to the various crystalline space groups from the coordinates of a single molecule.  Each crystal must be optimized (the crystallographic parameters are minimized with respect to energy, while the molecular parameters themselves remain fixed) and all energies are compared.  The current criterion for selection of the most probable structure is lattice energy; i.e., the structure that has the lowest lattice energy is assumed to be the “correct” crystal structure.  This criterion has proven to be insufficient and additional criteria, perhaps the evaluation of G for each crystal structure, should be included in the selection procedure. 

Additional improvements to such calculations would be improved intermolecular interaction potentials, and relaxation of the rigid molecule assumption to partial deformation of the molecules (inclusion of torsional rotations for example).  Although molecules like RDX may be adequately modeled as rigid structures, allowance for molecular deformation will likely be especially important for floppy molecules like PETN.  So we should consider a stepwise approach:  optimize G (requiring calculation of the energy second derivatives of the crystals, very time consuming) and allow some intramolecular motion.

All calculations discussed to date are classical; hence they require an intermolecular force field.  And, as mentioned above, do not include intra-molecular dynamics.   The energetic molecule intramolecular potential developed by Sorescu, Rice, and Thompson has successfully matched experimental crystallographic structures and lattice energies for a variety of explosives.  However, the force field was tested by generating the crystal structure of RDX assuming the experimentally determined space group, and doing an energy minimization. These results give crystal structures in good agreement with experiment.  Thus, predictions of densities are good.  It may be, however, that the force field, in the absence of space group information, would predict other crystal structures with more favorable G.  To truly test the force field, one must  pack RDX, for example, in every possible fashion according to the 230 crystalline space groups and find the best G.  To have confidence in the force field, it must generate the correct crystalline space group without reliance on experiment at all.

Electrothermal Chemical Propulsion

Question:  What research will support our understanding of  the plasma/propellant interaction for the electro-thermal chemical gun?

Ions may not reach the solid propellant surface.  Whether they do will depend strongly on the geometry of the experiment.  If ions are effective ignitors, the plasma generator should be configured to enhance them.

The work by Thynell et al. at Penn State to adapt their mass spectrometer system for molecular beam sampling of ETC plasma may enable us to identify the plasma species. The quartz sampling probe approach that had previously been used will not allow detection of radicals or ions. The need to characterize the plasma is urgent.

Plasma/organic interactions have been well studied for space exploration.  This literature may provide some information on relative importance of radiation, ions, and other species for plasma/energetic materials interactions. It may be that ARL must do more in-house work to focus the research questions (Schroeder plasma literature review) before expanding the ARO program

Erosion

Question:  How can we support ARL studies on erosion?

We need well-controlled studies of reactions, including catalysis, of small molecules on iron and steel over a wide range of T, P.  Gas temperatures in the gun barrel can reach 3500 C, but the barrel itself is significantly cooler (steel melts at about 1750 C).  Pressures can reach several hundred MPa.  Information of interest includes:  reaction rates, activation energies for gases on steel.

Some past studies have provided considerable information about the physico-chemical state of gun barrels after firing, but the sample histories are not well known, so the significance of the data is not clear.

The reactions on a liquid surface may be very different from those on a solid; so it is important to determine whether the gun barrel surface is melted during firing.

Before bringing sophisticated and expensive surface science to bear on these problems, we should do some coupon experiments to provide samples with well-defined histories.  These samples, which can be exposed to gases over a wide range of T, P can then be studied by relatively simple surface methods (available at ARL) to provide a data base enabling decisions about more fundamental studies.  Current studies at ARL may provide important information:  combustion gases are passed through nozzles which are then weighed to determine mass lost.  Different propellants are burned at high pressure.  The nozzles will provide a library of samples which may be studied further.

Can we extrapolate surface kinetics from one T, P to another?  These and other issues raised in this section should be discussed at the International Surface Chemistry Meeting sponsored by ARL in November, 2000.

It may be that ARL must do more in-house work to focus the research questions (Schroeder erosion literature review) before expanding the ARO program

Improving Communication among Army and Outside Scientists

Question:  How can we improve communication and foster opportunities for collaboration between ARO PIs and ARL scientists?

ARO and ARL scientists both have the responsibility to seek these opportunities.  ARO will continue to provide research summaries to ARL scientists and to maintain the current project list on their web site.  For example, a three-year summary covering all research projects, MURIs, workshops, conferences, SBIR projects, equipment grants, and graduate fellowships was circulated to ARL scientists in 1999.  Similarly, a summary of current Energetic Materials research projects and a workpackage overview was provided to ARL scientists several weeks before this planning meeting.  ARL should evaluate these summaries and identify those projects in which they are most interested.  ARO will continue to assist ARL scientists to receive annual reports and publications from projects of special interest.  When a clear opportunity emerges, ARO will assist in arranging for a visit by the PI to ARL.

Appendix:  Questions, Recommendations from Past EM Workshops

Nitramine Combustion:

1984 (ARO/BRL Workshop - M. Miller):

a.  What are the dark zone constituents?

b.  What are the gases leaving the surface?  The nature of the gasification mechanism?

c.  What is the dependence of surface temperature on P, Tflame?

d.  What processes occur below the surface?

1984 (ARO/BRL Workshop -R. Fifer)

a.  Take probe samples from dark zone,

b.  Analyze final products from low-pressure combustion 

c.  Measure species profiles for flames

1984 ARO/BRL Workshop - Other Questions and Possible Experiments

a.  Look for UV emission from dark zone, perhaps from large molecular free radicals

b.  UV photo-ablation of the solid surface may produce large radical fragments and provide spectral database for subsequent dark zone probing.

c.  Use molecular beam sampling to identify dark zone species

d.  Are HCO, CH2N important in dark zone?

e.  Is H + NO2 the inhibition reaction in the dark zone?

1986 ARO/BRL/Sandia Workshop:

Do reactions of H2CO and NO2 dominate the fizz zone?

1988  Preparation for UNC Chapel Hill Study Group: 

How detailed must the data be to choose among mechanisms?  Are the observables (flame speed, induction time, etc.) uniquely dependent on the models of the chemical reactions?

Are electronic structure calculations and dynamics codes good enough to:

a.  provide candidate species to guide and compare with experiments?

b.  provide adequate potential energy surfaces for dynamics?

c.  provide kinetics and mechanisms to guide and compare with experiment?

Changing Temperature and Pressure from Ignition to Combustion:

At low P, one expects the first unimolecular decomposition step to be temporally separated from subsequent reactions of fragments.  At high P, what is the effect of increased collision frequency and consequent blurring of this distinction?

What are other effects of increasing T and P?

a.  What are the effects on non-equilibrium energy distributions, e.g., high vibrational energies and consequent higher reaction rates, the collisional destabilization of reactive intermediates?

b.  Is there a high-density regime where diffusion is rate limiting and there is no distinction between gas and condensed phases?  If so, mobility (role of H atoms?) would be crucial.

c.  Are details of the mechanisms (e.g., state to state cross sections) important at ignition (low T,P) but averaged out in combustion (high T,P)?  

What is the role of the condensed phase surface?  Does it:

a. Simply transport species into the gas phase to react?

b. Promote (or, even, catalyze) decomposition and/or reactions?

c. Participate in ignition as well as combustion?

d. How does it change with T, P?

Rabitz (1987):  Sensitivity Analysis:

"...more physical insight may be gained by going beyond the raw rate constant sensitivities...relatively simple mathematical manipulations of the elementary sensitivities may be used to calculate the sensitivity of "observables" such as the flame speed, flame thickness, induction time, etc."

"...lack of understanding of how dynamical behavior draws on different regions of a potential energy surface.  New theoretical tools involving dynamical functional sensitivity analysis provide a powerful means of assessing the role played by different regions on a potential surface with respect to their control over resultant kinetic or other observable behavior."

R. W. Shaw
  31 October, 2000
