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Examination of the Zener-Hollomon criterion, Eq. (14) evaluated at the 
center of the specimen, gives results which are consistent with those of 
Figure 3c. The right hand side, <P and left hand side, IJI, of Eq. (14) are 
plotted as functions of time in Figure 3d. It is seen that both <P and IJI are 
always positive, indicating that the material is experiencing strain and strain 
rate hardening as well as thermal softening. The time when IJI = <P, 
t = 1.30 ms, is necessarily identical to the time of peak stress, and is a 
good estimate of the onset of localization. Near the end of the calculation, 
both IJI and <P increase sharply. This behavior could in part be a numerical 
artifact attributable to the previously described coarse spatial resolution 
in the neighborhood of the shear band; nevertheless, a sharp increase in 
thermal softening rate is not unexpected upon commencement of rapidly 
accelerated reaction rate in the reactive shear band. 

Significant reaction is predicted shortly following the onset oflocalization. 
At this time, reaction initiates in the localized hot spot as seen in Figure 3e, 
which shows the evolution of A on a logarithmic scale. Reaction is pre­
dicted to proceed extremely quickly, with A at the center of the specimen in­
creasing from 0.1 to 0.9 in less than I ns. Computation is ceased following the 
complete reaction (A = I) of the center-most cell, as by this time the system of 
equations is extremely stiff and gives rise to time steps on the order of 10-15 s. 
This is consistent with a simple estimate of reaction time scales, given by 
tR = (ljZ)exp(EjRT), which at a typical reaction zone temperature, T = 
4000 K, yields t R = 1.4 X 10- 16 s. 

Lastly, shown in Figure 3f are predictions of the temperature field. On the 
scales of the plot, a relatively small rise in temperature is detectable in the 
center region of the specimen. Though not obvious on the scale shown in 
Figure 3f, temperature at the center of the shear band at the onset of 
localization is 405 K. The shear localization induces reaction which induces 
an extremely rapid rise in temperature to a value of 5885.1 K in the center 
most cell at the final time considered. While this value may seem high, it is 
consistent with a rapid deposition of energy which has had insufficient time 
to diffuse away. Temperature rise induced by a simple constant volume 
combustion process in the absence of diffusion is simply = qjc, which 
for our baseline case has a value of 5265 K. Given that the material's initial 
temperature is 298 K and that it experiences additional energy conversion 
due to plastic work, the temperature predicted is plausible. Furthermore, it 
is easily verified that on time scales on which the reaction is occurring, 
diffusion plays an insignificant role in energy transport on the length scales 
which have been considered. This is verified when one considers the time tD 

for a pulse of thermal energy to undergo appreciable diffusion across one 
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computational cell width, 6.z = 50 Ilm: tD = pc6.z 2jk. 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 
10- 15 s, consideration of an extremely fine spatial length scale of less than 
0.015 nm 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 mayor 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* = 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 Q and the imposed velocity VI. 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, Tfjr/ rv 2.5 
('f} '" 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, t* = 1.30 
ms, as a) mechanical parameters UI> a, 1"/, p., v and b) thermochemical parameters k, c, q, Z, p, E, 
all scaled by their baseline values (*), 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- 19 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. 
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