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computational cell width, Az = 50 um: tp = pcAz?/k. For the conditions
studied, this diffusion time is seen to be 11.9 ms, orders of magnitude greater
than the time scales over which this system is evolving during a reactive
shear localization, and comparable to the time scale over which the entire
event is modelled. In order to render thermal diffusion an important
mechanism during a reactive localization event evolving on time scales of
10735, consideration of an extremely fine spatial length scale of less than
0.015nm is required.

4.3. Sensitivity Analysis

A parametric study is performed in order to determine the sensitivity of
shear localization to variations in system parameters. In all cases studied,
reaction quickly followed localization, so it is fair to view the localization
criteria also as an ignition criteria. We perform a series of simulations in
which all parameters, save one, are held constant, and examine the effect of
variation of the parameter of interest on the time to shear localization, as
determined by Eq. (14). Each parameter studied was varied over two orders
of magnitude, one below the baseline state, and one above the baseline state,
so as to provide a common basis for comparison. It may or may not be
possible to induce such changes in actual explosive formulation; never-
theless, this analysis gives intuitive guidelines of relative trends.

Figure 4 gives plots of the time to localization scaled by the baseline time
to localization, ¢* = 1.30 ms, as a function of (a) mechanical and (b) thermo-
chemical parameters scaled by their values at their baseline states (indicated
here by a * superscript). It is clear that the localization time (and thus the
consequent induction time) is more sensitive to changes in mechanical
properties than to most thermochemical properties. The most critical
constants are the stress constant o and the imposed velocity vy, in that an
order of magnitude increase in each introduces nearly an order of magnitude
reduction in localization time. There is a similar sensitivity to changes in the
thermal softening parameter v; however below a critical value, the locali-
zation time becomes relatively insensitive. Localization is hindered by in-
creases in strain rate hardening, and for most of the range studied, strain
hardening. The stronger hindrance is due to strain hardening; below a
critical value, an order of magnitude of increase induces an order of
magnitude increase in localization time. Above a critical value, n/n"~2.5
(n~0.80), we predict increases in strain hardening to actually hasten
localization. Though the exact reason for this turnabout is unclear, such a
result indicates that for this non-linearly coupled system increases in strain
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FIGURE 4 Predictions of localization time scaled by baseline case localization time, * = 1.30
ms, as a) mechanical parameters u,, &, 7, i, ¥ and b) thermochemical parameters k, c, g, Z, p, E,
all scaled by their baseline values (x), are varied from their baseline states.
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hardening can induce changes in temperature as well as stress, and that this
dominates for high strain hardening. Increases in strain rate hardening
induce a lesser, though still positive, increase in localization time.

On the scales plotted there is essentially no sensitivity of localization time
to changes in thermal conductivity, heat release, or kinetic rate constant. On
very fine scales, it is seen that localization is hindered by increases in thermal
conductivity and hastened by increases in heat release and kinetic rate con-
stant. Though not shown on the plot, an order of magnitude reduction in
activation energy reduces the localization time to an unrealistically small
value of 7.3 x 10 '?s. Increases in activation energy sharply increase the
time to localization, until a critical value, above which the localization time
is insensitive to changes in activation energy. Orders of magnitude increases
in both density and specific heat induce corresponding orders of magnitude
increase in the time to localization.

5. CONCLUSIONS

Predictions of localization and ignition have been given for the first time for
a model which allows for time and space dependency, a realistic high strain
rate constitutive model, and finite rate exothermic reaction. In all cases
studied, ignition was an immediate consequence of a shear localization
event. It is also found that localization/ignition is far more sensitive to
changes in mechanical properties than to most thermochemical properties.
This suggests that explosive designers who are trying to reduce the ignition
sensitivity pay special attention to the mechanical properties. While the
many limiting assumptions render our results more appropriate for
qualitative, rather than quantitative guidance, a framework is present for
analyzing systems which model more of the details of real systems. With
sufficient details in place, it may be possible to achieve the goal of precise
selection of material properties to prescribe an explosive’s sensitivity to
ignition.

Acknowledgements

R. J. Caspar, J. M. Powers and J. J. Mason are grateful for the support of
AFOSR through the Summer Research Extension Program under contracts
RDL-96-0871, RDL-96-0870, RDL-96-0847, respectively. The authors also
recognize Dr. J. C. Foster, Jr. and Mr. A. Spencer of Wright Laboratory,



370 R. J. CASPAR et al.

Armament Directorate, Eglin AFB, for motivating this study and procuring
specimens, respectively and Dr. D. J. Idar and Dr. J. L. Mace of Los
Alamos National Laboratory for helpful critical reviews and discussion of
the revised manuscript.

References

Baer, M. R. and Nunziato, J. W. (1986) A Two-phase Mixture Theory for the Deflagration to
Detonation Transition (DDT) in Reactive Granular Materials. Int. J. Multiphase Flow,
12, 861.

Bai, Y. and Dodd, B. (1992) Adiabatic Shear Localization: Occurrence, Theories, and
Applications, Pergammon, New York.

Baker, W. W. and Yew, C. H. (1966) Strain Rate Effects in the Propagation of Torsional Plastic
Waves. J. Appl. Mech., 33, 917.

Boyle, V., Frey, R. and Blake, O. (1989) Combined Pressure Shear Ignition of Explosives. Ninth
Symposium (International) on Detonation, Office of Naval Research, Arlington, VA, pp.
3-17.

Caspar, R. J. (1996) Experimental and Numerical Study of Shear Localization as an Initiation
Mechanism in Energetic Solids. M. S. Thesis, University of Notre Dame.

Chen, H. C., Nesterenko, V. F., Lasalvia, J. C. and Meyers, M. A. (1997) Shear-induced
Exothermic Chemical-reactions. J. Physique IV, 7, 217.

Chou, P. C,, Flis, W. and Jann, D. (1991) Explosive Response to Unplanned Stimuli, Dyna East
Corporation Technical Report DE-TR-91-15.

Clifton, R. J., Duffy, J., Hartley, K. A. and Shawki, T. G. (1984) On Critical Conditions for
Shear Band Formation at High Strain Rates. Scripta Met., 18, 443.

Coffey, C. S., Frankel, M. J., Liddiard, T. P. and Jacobs, S. J. (1981) Experimental
Investigation of Hot Spots Produced by High Rate Deformation and Shocks. Seventh
Symposium (International) on Detonation, Naval Surface Weapons Center, Annapolis,
MD, pp. 970-975.

Coffey, C. S. (1989) Initiation of Explosive Crystals by Shock or Impact. Ninth Symposium
(International) on Detonation, Office of Naval Research, Arlington, VA, pp. 58 -65.

Dienes, J. K. (1986) On Reactive Shear Bands. Phys. Letters A, 118, 433.

Dilellio, J. A. and Olmstead, W. E. (1997) Shear-band Formation Due to a Thermal Flux
Inhomogeneity. SIAM J. Appl. Math., 57, 959.

Dobratz, B. M. and Crawford, P. C. (1985) LLNL Explosives Handbook — Properties of
Chemical Explosives and Explosive Simulants, Lawrence Livermore National Labs.,
UCRL-52997, National Technical Information Service, DE91-006884.

Dodd, B. and Atkins, A. G. (1983) Flow Localization in Shear Deformation of Void-containing
and Void-free Solids. Acta Mezall., 31, 9.

Eiland, P. F. and Pepinsky, R. (1955) The Crystal Structure of Cyclotetramethylene
Tetranitramine, Zeitschrift fiir Kristallographie, 106, 18.

Fickett, W. and Davis, W. C. (1979) Detonation, University of California Press, Berkeley.

Field, J. E., Swallowe, G. M. and Heavens, S. N. (1982) Ignition Mechanisms of Explosives
During Mechanical Deformation, Proc. R. Soc. London A, 382, 231.

Field, J. E., Palmer, S. J. P., Pope, P. H., Sundararajan, R. and Swallowe, G. M. (1985)
Mechanical Properties of PBX’s and their Behaviour During Drop Weight Impact. Eighth
Symposium (International) on Detonation, Naval Surface Weapons Center, Annapolis,
MD, pp. 635644,

Frey, R. B. (1981) The Initiation of Explosive Charges by Rapid Shear. Seventh Symposium
(International) on Detonation, Naval Surface Weapons Center, Annapolis, MD, pp.
36-42.

Groves, S., DeTeresa, S., Logan, R., Sanchez, R., Andreski, H., Cunningham, B. and Chiu, 1.
(1998) Accelerated Aging and Mechanical Modeling of Plastic Bonded Explosives,
Lawrence Livermore National Laboratory, UCRL-1D-129483.



SHEAR IN ENERGETIC SOLIDS 371

Gray, G. T., Blumenthal, W. R., Idar, D. J. and Cady, C. M. (1997) Influence of Temperature
on the High-strain-rate Mechanical Behavior of PBX 9501, Los Alamos National
Laboratory, LA-UR-97-2894.

Hartley, K. A., Duffy, J. and Hawley, R. H. (1985) The Torsional Kolsky (Split-Hopkinson)
Bar, High Strain Rate Shear Testing in High Strain Rate Testing, Mechanical Testing,
Metal Hand Book, American Society for Metals, Vol. 8, Edition 9, pp. 218 -230.

Hindmarsh, A. C. (1983) ODEPACK, A Systematized Collection of ODE Solvers, Scientific
Computing, Stepleman, R. S. er al., Ed., IMACS/North-Holland Publishing Company,
Amsterdam, pp. 55-64.

Howe, P. M., Gibbons, G. and Webber, P. (1985) An Experimental Investigation of the Role of
Shear in Initiation of Detonation by Impact. Eighth Symposium (International) on
Detonation, Naval Surface Weapons Center, Annapolis, MD, pp. 294- 301,

Johnson, G. R. and Cook, W. H. (1983) A Constitutive Model and Data for Metals Subjected
to Large Strains, High Strain Rates and High Temperatures. Proc. 7th Int. Symp. Ballistics,
The Hague, The Netherlands, pp. 541 - 548.

Kipp, M. E. (1985) Modeling Granular Explosive Detonations with Shear Band Concepts.
Eighth Symposium (International) on Detonation, Naval Surface Weapons Center,
Annapolis, MD, pp. 35—41.

Marchand, A. and Duffy, J. (1988) An Experimental Study of the Formation Process of
Adiabatic Shear Bands in a Structural Steel. J. Mech. Phys. Sol., 36, 251.

Mohan, V. K., Bhasu, V. C. J. and Field, J. E. (1989) Role of Adiabatic Shear Bands in
Initiation of Explosives by Drop-weight Impact, Ninth Symposium (International) on
Detonation, Office of Naval Research, Arlington, VA, pp. 1276-1283.

Swallowe, G. M. and Field, J. E. (1981) Effect of Polymers on the Drop- Weight Sensitiveness
of Explosives, Seventh Symposium (International) on Detonation, Naval Surface Weapons
Center, Annapolis, MD, pp. 24-35.

Whitham, G. B. (1974) Linear and Nonlinear Waves, John Wiley, New York.

Wiegand, D. A. (1996) Constant Critical Strain for Mechanical Failure of Several Particular
Polymer Composites and Other Materials, Proceedings of the Army Science Conference,
Norfolk, Virginia.

Zener, C. and Hollomon, J. F. (1944) Effect of Strain Rate upon Plastic Flow of Steel, J. Appl.
Phys., 15, 22.



