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SHEAR BAND FORMATION IN PLASTIC BONDED EXPLOSIVE (PBX) 

T. N. Dey and J. N. Johnson 

Los Alamos National Laboratory, Los Alamos, NM 87545 

Adiabatic shear bands can be a source of ignition and lead to detonation. At low to moderate 
deformation rates, 10-1ooO s-', two other mechanisms can also give rise to shear bands. These 
mechanisms are: 1) softening caused by micro-cracking and 2) a constitutive response with a non- 
associated flow rule as is observed in granular material such as soil. Brittle behavior at small strains and 
the granular nature of HMX suggest that PBX-9501 constitutive behavior may be similar to sand. 

A constitutive model for the first of these mechanisms is studied in a series of calculations. This 
viscoelastic constitutive model for PBX-9501 softens via a statistical crack model. A sand model is used 
to provide a non-associated flow rule and detailed results will be reported elsewhere. Both models 
generate shear band formation at 1-2% strain at nominal strain rates at and below lo00 s-'. Shear band 
formation is suppressed at higher strain rates. Both mechanisms may accelerate the formation of 
adiabatic shear bands. 

INTRODUCTION 

Thermal softening as a cause of shear band 
formation in materials has been extensively studied. 
Such adiabatic shear bands in explosives may be a 
source of ignition and lead to detonation (4,5,8,10). 
At low to moderate deformation rates, two other 
mechanisms can also give rise to shear bands, and 
require only a small strain to do so. By concentrating 
deformation, these mechanisms may accelerate the 
formation of adiabatic shear bands. The two 
mechanisms are mechanical softening caused by 
micro-cracking and a constitutive response 
characterized by a nonassociated flow rule. 

In order to better understand the characteristics of 
these mechanisms, we have carried out a series of 
numerical calculations that simulate deformation of a 
plastic-bonded explosive (PBX) subjected to various 
loading conditions. In this paper we report results for 
calculations that use a constitutive model that 
generates a visco-elastic response together with 

mechanical softening due to micro-cracking. This 
model is intended to mimic the behavior of PBX- 
9501. 

CONSTITUTIVE MODEL 

The constitutive model separates the material 
response into volumetric and deviatoric components. 
Because of the low pressure obtained in the 
simulations discussed in this paper, a volumetric 
response characterized by a constant bulk modulus is 
sufficient. The deviatoric response is divided into 
two components acting in series with each other. 

One component is modeled as five Maxwell 
spring and dashpot elements acting in parallel to each 
other. This component produces a viscoelastic 
response. A Maxwell spring and dashpot element is 
the ideal behavior of a linear spring and a linear 
dashpot acting in series with each other. The spring 
is characterized by its contribution to the shear 



modulus of the material while the dashpot has 
characteristic relaxation time. For deformations 
occurring more rapidly than the characteristic time, 
the Maxwell element adds its stiffness to the other 
elements. For deformations on a time scale much 
longer than the characteristic time, the Maxwell 
element adds no stiffness. 

In series with the viscoelastic component is a 
fracture mechanics component. Addessio and 
Johnson (1) developed this model as a simplification 
of a statistical crack mechanics model of Dienes(3). 
The model is characterized by a critical stress 
intensity factor, a mean crack size, an exponent that 
determines the crack growth velocity for conditions 
both below and above the critical stress intensity, and 
a maximum crack growth velocity. Model values are 
based on data from room temperature experiments on 
PBX-9501 by Gray et al. (7). 

CALCULATIONS 

In order to understand the general characteristics 
of shear band formation associated with this model, 
we performed a series of simple plane strain 
calculations each at a different nominal strain rate. 
The mesh was 0.01 m wide and 0.02 m high. Roller 
boundary conditions (no normal displacement but 
free tangential slip) were applied to the left and 
bottom edges. The right side was a free surface. The 
top surface was displaced vertically with no lateral 
constraint at constant velocity. The average vertical 
strain rate in each calculation was chosen from the 
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range of 10-1ooOO s.'. The meshes had 20 cells i n  
the horizontal direction and 40 in the vertical 
direction. The time scale associated with the 
maximum crack growth velocity implies an internal 
length scale for this model and a finite width for any 
shear band that may form. The mesh used was found 
to resolve these shear bands adequately. 

One cell at either the lower right or left of the 
mesh was given a slightly larger initial mean crack 
length causing it to be slightly weaker. Some form of 
perturbation like this is required to trigger shear band 
formation in  the absence of loading inhomogeneity. 

Figure 1 shows a mesh deformed at a nominal 
rate of 100 s.'. A shear band has clearly formed from 
the perturbation at the lower left corner of the 
sample. The width of the shear band near the 
perturbation is limited by the small size of the 
perturbation. Away from the perturbation, the shear 
band broadens to a width of five or so computational 
cells. 

Figure 2 shows average vertical stress plotted as a 
function of average vertical strain for a number of 
different average strain rates. A stress drop is clearly 
visible in the curves for the lower strain rates. The 
beginning of this stress drop is coincident with the 
beginning of localization. The shear band is fully 
formed by the time the stress drop is complete. For 
strain rates of lo00 s-' or less, the peak stress is 
reached at about I % axial strain. 

Figure 3 shows a plot of the mesh for a 
calculation with a nominal strain rate of 1000 s-'. It 
is clear from that no significant localization has 

FIGURE 1. Deformed mesh showing shear band formed when 
average strain rate is 100 s-'. 

FIGURE 2. Average vertical suess vs. average vertical ma in  for 
each calculation. 
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happened. The stress-strain curve in Figure 2 for this 
calculation shows a stress drop, but it is apparent that 
the drop is gradual. Evidently, inertial effects are 
now sufficiently large and the internal length scale 
for this material model is sufficiently long that there 
is not enough time for localization occur. At this and 
all higher strain rates, this model exhibits no 
tendency to generate shear bands. 

DISCUSSION 

A number of studies of shear band formation 
caused by thermal softening in metals indicate that 
strains must be substantial, 10-50%, before shear 
bands form (6,9,11). The numerical studies 
described here indicate that the mechanical softening 
in the viscoelastic microcracking model can lead to 
shear band formation at much smaller strains, only 
1% strain in the examples shown here. 

The shear band width generated by the model 
studied here is much greater than observed for the 
thermal softening mechanism. The numerical results 
give widths of a few mm, while the thermal 
mechanism is associated with shear bands that are 
one to three orders of magnitude narrower. It is 
unlikely that the mechanism studied here is, by itself, 
able to generate sufficiently high temperatures to 
cause ignition of the explosive since the deformation 
is still being spread over a substantial volume due to 
the large shear band width. 

The mechanism studied here may trigger 
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FIGURE 3. Deformed mesh indicating no shear band formation 
for strain rate of 1 OOO s-' . 

adiabatic shear band formation at much smaller 
average strains than those occurring if the thermal 
softening mechanism were acting alone. Even 
though the viscoelastic microcracking model by itself 
produces a shear band too wide to generate high 
temperature, locally it does produce high strain. 
These locally high strains, which are one to two 
orders of magnitude greater than the average strain, 
may activate the thermal softening mechanism. This, 
in turn, may lead to more localization and to high 
temperatures while the average strain is still only a 
few percent. The current viscoelastic microcracking 
model does not include any thermal softening effects; 
however, our research plans include examining this 
issue. 

Localization and shear band formation was only 
observed at average strain rates less than lo00 s-' for 
the model studied in this work. At sufficiently high 
strain rate in a metal, above lo5 s-*, Wright and 
Walter (11) noted that shear band formation was 
inhibited due to inertial effects. The shear bands 
observed to form in this work are about two orders of 
magnitude larger than those in (1 1). The ratio of 
critical strain rates is about the same, indicating 
results consistent with that previous study. 

This low critical strain rate means that the 
softening mechanism studied here cannot contribute 
to shear band formation under shock conditions. In 
many accident scenarios, however, deformation rates 
are below lo00 s-'. Consequently, the mechanism 
discussed here may contribute to sensitivity in these 
cases. 

We have performed similar studies on a model 
with a non-associated flow rule mechanism for 
generating localization, and found similar results. 
We have also performed some initial calculations of 
experiments described by Asay et al. (2) and found 
good qualitative agreement when either of these 
models is used, but not when only a thermal softening 
mechanism is used. These results will be reported as 
they become available. 
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