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’

The behavior of an energetic solid subjected to shear is modelled. Data from torsional split-
Hopkinson bar (TSHB) experiments are first reduced to calibrate a constitutive model for stress,
accounting for the effects of strain and strain rate hardening, in an inert simulant, Mock 900-20,
of the high explosive LX-14. This stress model is employed in a transient one dimensional
model which includes effects of thermal softening, thermal diffusion, plastic heating, and
exothermic reaction. For an event with an average strain rate of 2.8 x 10°s ™!, reactive shear
localization with local strain rates and temperatures in excess of 5x 10°s™' and 5000K,
respectively, is predicted. It is predicted that within a domain of length comparable to that of
the largest heterogeneities, around 250 pm, reaction evolves over sub-nanosecond times scales.
Localization and ignition are found to be sensitive to changes in mechanical properties, specific
heat, and activation energy, and insensitive to changes in kinetic rate constant, heat release, and
thermal conductivity.
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1. INTRODUCTION

Initiation of reaction in energetic solids due to mechanical insult is an
important, yet poorly understood process. In a typical class of events, a
sharp blow will result in an input of mechanical energy into the solid which
will initially manifest itself in the form of internally propagating stress
waves. These waves will interact with themselves, material interfaces, and
boundaries, all the time dissipating mechanical energy into thermal energy.
Should the dissipation rate be sufficiently high and concentrated, it may be
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possible to initiate a temperature-sensitive exothermic chemical reaction,
which can lead to detonation.

Detonation in solids has been the subject of numerous studies; Fickett
and Davis (1979) give a thorough review. There is less understanding of the
initiation process induced by mechanical insult, especially for commonly
used heterogeneous materials which are insensitive enough to be used in
many applications. Many studies, such as that of Baer and Nunziato (1986),
use empiricism and modeling assumptions to prescribe when an ignition
event has occurred, model the solid as a continuous material beyond its yield
stress, and focus on the late-time hydrodynamic events which lead to
detonation. There are fewer studies which focus on early time initiation
events under dynamic loading conditions in which material strength is
important. In this regard, it is thought that the key to initiation is the
formation of localized hot spots, ¢f. Field, et al. (1982). Mechanisms for hot
spot formation are often thought to include jetting, void collapse, viscous
heating, shock interaction, friction, and shear localization, also known as
shear banding.

We focus on the shear localization mechanism, which is commonly
described as follows. A material undergoing a uniform shear stress will in
early stages respond by undergoing straining in which the displacement has
linear variation with distance. This state is known as homogeneous
deformation. Increased straining into the plastic range results in material
hardening. In addition, if there is a geometric discontinuity or other
material inhomogeneity, straining near that discontinuity will occur at a
higher strain rate, which also hardens the material. This increased local
deformation also causes plastic heating of the material. If straining occurs
at high average strain rates (typically greater than 10%s™'), there is not
enough time for generated heat to be conducted away. The local increase in
temperature results in thermal softening of the material. If this process
dominates over the hardening due to strain and strain rate effects, the
material strength decreases. As a result of this local softening, deformation
is concentrated into a thin planar region. This final process is known as
shear localization or shear banding. Due to the potential concentration of
thermal energy in a shear band, it is hypothesized that this energy could
trigger a localized reaction in an energetic solid which could spread
through the material. In addition, it has been argued by Frey (1981) that
this shear banding initiation mechanism is closely related to the friction
initiation mechanism in that many of the same ingredients, large localized
deformations, viscoplastic work, and large temperature rises, are present in
both.



SHEAR IN ENERGETIC SOLIDS 351

While there is a large body of work describing shear banding (e.g., Bai
and Dodd 1992, or Dilellio and Olmstead, 1997) in inert materials, relatively
less has appeared for reactive materials. That which exists includes Swallowe
and Field (1981); Coffey, et al. (1981, 1989); Frey (1981); Field, et al. (1985);
Kipp (1985); Howe, et al. (1985); Dienes (1986); Boyle, et al. (1989); Mohan,
et al. (1989) and Chen et al. (1997).

Bai and Dodd review much of the existing experimental evidence
supporting shear bands as an ignition mechanism. They conclude that in
cyclotetramethylene-tetranitramine (HMX)-based, plastically bonded ex-
plosives (PBX), with polyethylene binders that “...it is clear that the
susceptibility of some polymers to adiabatic shear banding can have
significant effects on the explosiveness of PBXs”. Mohan et al., give detailed
photographic evidence of shear localization in many reactive materials.
Howe et al., show additional photographic evidence of what they call “shear
cracks” in TNT subjected to impact loading. These shear cracks are often
accompanied by significant material melting and have measured widths of
10—-100 um. The study of Chen et al., is representative of recent studies of
shear localization in various reactive powder metallurgical systems and
reports local strain rates up to 10’ s~ and exothermic reaction initiation.

The theoretical work most relevant to this study is that of Frey, who
models a reactive linearly viscoplastic material in which the coefficient of
viscosity has temperature dependency. Strain dependency is not included in
his constitutive model, nor is his model calibrated to experiments under high
strain rate conditions. In some calculations a melt layer is included. The
shear band is initiated by assuming that a thin region of width 0.05 pm exists
which has already shear localized. Also relevant is the study of Dienes, who
performs a spatially homogeneous analysis without considering the detailed
influence of stress. Lastly, Coffey (1989) gives a complementary discussion
and analysis of reactive shear banding on a crystal lattice length scale. Based
on an analysis of the motion of dislocations within a crystalline material due
to a shock, he estimates shear band widths on the order of 10um; also
experimental evidence of shear band formation on nanosecond time scales
following shock waves is cited. Coffey rightly suggests that a complete
understanding of shear band formation may be impossible in the context of
continuum physics and requires consideration of quantum and statistical
effects.

While a full theoretical understanding must consider the effects of both
material heterogeneities and the finite sized crystal lattice, strong pragmatic
reasons remain to render continuum models useful. Practical systems which
are currently under widespread examination require consideration of
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engineering length scales on the order of up to tens of centimeters, and
typical models consider constitutive theories similar to that presented here.
A typical two-dimensional calculation of a 20 cm x 20 cm problem on a uni-
form 2000 x 2000 grid (near the limits of present common computational
hardware) fixes a computational cell size at 100 um, far from molecular length
scales, and at scales where modelling of detailed heterogeneity is question-
able. Moreover, it is useful to study the properties of continuum models, so
as to expose both their inherent abilities and limitations. In fact, once a
modeling choice such as that of the existence of a continuum is made, there is
an obligation to explore its limiting behavior. One important require-
ment for contintum models is for solutions to converge as time and space
discretization levels approach zero. Another is for those solutions to converge
to physically appropriate values. Consideration of such issues for many
models of energetic materials, including the present, is always a legitimate
exercise, but sometimes leads one into fine scale domains beyond which the
models are representative of actual materials. While unsettling, such con-
sideration can have inherent value in provoking either more tempered
ambition on the part of modeling efforts or development of accurate
subgrid models to better represent the true physics.

This study extends earlier work, especially that of Frey, and is dis-
tinguished primarily by the inclusion of an empirically based constitutive
model which is believed to be representative of the continuum behavior of
the PBX material LX-14, which models the effects of strain, strain rate, and
temperature on stress. Additionally, we do not presuppose that shear
localization has occurred, but instead allow such a process to develop
naturally from a small perturbation. Lastly, we report results which give full
details of the temporal development of spatial distributions of velocity,
displacement, stress, temperature, and reaction progress; in contrast, earlier
results are more limited, which can render assessment more difficult.

The explosive we study, LX-14, is a common PBX material developed
at Lawrence Livermore National Laboratory. Dobratz and Crawford (1985)
report a chemical formula for LX-14 as C; s;H; 95N 500266 LX-14 is
95.5% mass fraction HMX, a crystalline energetic solid which is formed of
particles of diameter of 250 um or less, bound in a 4.5% mass fraction
Estane 5703-P (a co-polymer of polyester and polyurethane) binder. The
material, initially in powder form, is pressed to its final form, which at
ambient temperature and pressure, is hard and brittle. There is some data
for LX-14 which demonstrates the relationship between stress and strain,
strain rate, and temperature under quasi-static low strain rate (4 < 0.1s71)
conditions (c¢f. Groves et al., 1998; Wiegand, 1996). Groves et al., report at
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T = 294K and 4 = 1.25 x 10~3s~!, a peak stress around 10 MPa is reported
at a strain of 0.012. The material also exhibited thermal softening; for
T = 333K, the peak stress decreases to near 3.0 MPa at a strain near 0.01.
Some new high strain rate results (Gray et al., 1997) have been obtained for
PBX 9501, a very similar material with a slightly different binder. At
v = 2000 s~! a peak stress near 70 MPa is reported, while low strain rate
results are similar to that of LX-14.

To outline the paper, we first describe experiments performed to
characterize the stress-strain—strain rate behavior. Rather than implement-
ing the resulting constitutive equation into a large scale design code, it can
be beneficial to test first in a simpler model. With such a model one can
quickly and unambiguously focus on the performance of the constitutive
equation in a computational environment which contains the key modeling
ingredients: sensitivity of stress to strain, strain rate, and temperature, finite
rate exothermic temperature-sensitive chemical kinetics, and thermal
diffusion. Such a model is presented. Finally, the sensitivity of the elapsed
time to the onset of localization is determined as a function of key
mechanical and thermochemical parameters. While we employ a continuum
model for the heterogeneous material LX-14 which has particle sizes less
than 250 um, it is noted that the method has sufficient generality to make it
well suited to model crystalline reactive materials, for which the hetero-
geneities typically occur on length scales orders of 0.001 pm (Eiland and
Pepinski, 1955).

2. EXPERIMENTAL CALIBRATION TECHNIQUE

A torsional split Hopkinson bar (TSHB) is used to investigate constitutive
behavior for material subjected to simple, dynamic shear. The split
Hopkinson bar was first adapted for tests in torsion by Baker and Yew
(1966); the TSHB as used in this study is discussed by Hartley et al. (1985).
There are several reasons why the TSHB is appropriate. It can be designed
to produce a torsional pulse of almost any length, and hence, large
deformation in the specimen is possible. The apparatus can be designed to
produce more deformation than the specimen can withstand. In addition,
shear is one main form of deformation present in high rate deformation
events such as penetration; hence, it is desired to determine behavior in
shear, as opposed to compression or tension. Disadvantages of split
Hopkinson bar compressive testing result from the Poisson’s ratio effect,
which gives rise to friction between the specimen and bar. In torsional tests,
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there is no Poisson’s ratio effect, no radial contraction or expansion and no
frictional effects.

There are, however, some limitations to the TSHB. First, tests may only
be run on a limited range of average strain rates (10° < y < 10*s~'). We
note that the overbar indicates a spatial average over the length L of the
specimen. In the lower limit, the signal to noise ratio is too low; in the upper
limit, the elastic limit of cylindrical bars in the TSHB, described in the
following paragraph, is approached. In addition, data analysis for this ap-
paratus assumes homogencous deformation. Hartley ez al. (1985) have shown
that it takes a few reflections of the loading pulse from the ends of the specimen
before a state of homogeneous deformation is reached, thus rendering the
early time results of the TSHB inaccurate.

The TSHB, depicted in Figure 1a, consists of two elastic cylindrical bars:
an incident and transmission bar, each of length about 3m; a torsional
pulley; and a hydraulic clamp. The two bars are aligned along a common
axis, with a thin walled cylindrical specimen joining them. The end of each
bar in contact with the specimen is milled to produce a hexagonal socket,
into which the specimen or an adaptor is inserted. The adaptor is used for
cases in which it is desirable to glue a weak specimen, such as for the
material examined in this study, in place, rather than grip it with the
hexagonal socket. The torsional pulley is attached to the end of the incident
bar far from the specimen, and the clamp is placed at a variable distance
from the pulley, typically about 1 m. The clamp is used to prevent rotation
of the incident bar while the torsional puiley is rotated, thus storing a
torsional pulse in the bar between the pulley and clamp. The sudden release
of the clamp propagates an incident shear strain pulse down the incident
bar. This pulse reaches the specimen, transmitting some shear strain through
the specimen into the transmission bar and reflecting some back into the
incident bar. Dimensions of the specimen are given in Figure 1b.

The key to achieving constant strain rate tests is rapid release of the
clamp. The clamp is engaged by a hydraulic pump, then hydraulic pressure
is increased until a break element fractures, causing the rapid release of the
clamp faces. Ideally, the incident pulse would be a square pulse of torsion,
with nearly instantaneous rise and fall time and constant magnitude, thus
producing deformation in the specimen at a constant strain rate. The typical
rise time from 10% to 90% of the maximum strain achieved is 30— 50 ps for
all tests.

Values of average shear stress, average shear strain and average shear
strain rate in the specimen are determined from a standard analysis (Hartley
et al., 1985) of the transmitted and reflected strain, yr and -y, respectively,
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FIGURE 1 (a) Schematic of the TSHB (not to scale); (b) Scaled diagram of the cylindrical
specimen used in the TSHB tests (all dimensions in millimeters).

in the transmitting and incident bars:

70 =22 (2) )
70 =-%(45) [ wda ?)

Here ¢ is the elastic shear wave speed in the bar, d is the specimen outer
diameter, D is the bar diameter, ¢ is the time, G is the shear modulus of the
bar, w is the wall thickness of the specimen, and 7 is a dummy variable of
integration. Strain rate can be determined from differentiation of strain.

Shear strain due to pulses in the both bars are recorded by electric resistance
strain gages and Wheatstone bridges. Since the gages are equidistant
from the specimen, it is ensured that the reflected and transmitted pulse
will arrive at the gages at approximately the same time. There is also a
strain gage mounted to record the stored torque, which is used to obtain
the expected average strain rate in the specimen.
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3. MODEL EQUATIONS

A simple mathematical model with a minimum number of ingredients
sufficient to describe shear localization is given here. This model neglects
many features of real systems, for example, detailed chemical kinetics,
variable material properties, porosity, material compressibility, glass tran-
sition, material melting, effects of microstructural heterogeneities, crystal
lattice effects, and gas phase behavior of reaction products, which in princi-
ple can influence the process, but which are not fundamentally necessary
features for localization.

We model a thin walled cylindrical specimen and take z to be the axial
distance, @ the azimuthal angle, and r the radial distance. The specimen has
a prescribed initial distribution of circumferential velocity, vy such that it
varies linearly from vg=0 at z=0 to vg=v, at z= L. The following
assumptions are made. There is no component of velocity or displacement u
in the radial or axial directions: v, = v, = u, = u, = 0. Due to axisymmetric
and thin walled geometry, there is no variation in the circumferential or
radial direction: 3/86 = 8/8r = 0. In order to induce localization, we allow
the specimen wall thickness to vary with axial position z. We make the ad
hoc assumption that this perturbation is sufficiently small so as not to
introduce gradients in the radial or circumferential directions. Under these
assumptions, the stress tensor reduces to one component, oy, the stress on
the axial face in the circumferential direction, which will be referred to as the
shear stress, 7. The work of plastic deformation is assumed to be completely
converted to heat. The material is taken to undergo a one-step chemical
reaction dictated by Arrhenius kinetics. Density, p, thermal conductivity, k,
and specific heat ¢ are assumed to be equal in the unreacted and reacted
material, and constant. Under these assumptions, the dimensional govern-
ing equations are

8119 8
PWE—E(WT), (3)
Oe  Ovg 0, .
Pw—é; = WTE - E’(qu)a (4)
ouy _

5 = (5)
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Ouy

-Bt_ = Vg, (6)
oA E
E—:Z(l—)\)exp(—ﬁ), (7)

where e is the internal energy per unit mass, ¢, is the heat flux in the axial
direction, -y is the shear strain, A is the reaction progress variable, restricted
so that 0 < A <1, and T is the temperature. The parameters Z, E, and R are,
respectively, the kinetic rate constant, activation energy, and universal gas
constant. Equation (3) models conservation of linear momentum. Equation
(4) models conservation of energy. Equation (5) is the definition of strain.
Equation (6) defines velocity as the time derivative of displacement. Finally,
Eq.(7) is a one-step Arrhenius kinetics law. This model predicts a con-
tinuous spatial distribution of stress 7 and strain . Spatial averages of these
quantities are employed for later comparison with observations.
The constitutive equations are:

T\" _[8yL\*

= S N —L==

r=o(7;) 7(50) ®
" oT
qz__kgz'W (9)
e=cT—\g. (10)

Equation (8) is a constitutive law for stress, proposed by Clifton et al. (1984)
where v, n, and p are the exponents which characterize thermal softening,
strain and strain rate hardening, respectively, a is a constant with units of
stress, and T, is the ambient temperature. It is noted that while models such
as that of Eq. (8) are common in the literature, work remains to be done in
demonstrating that multidimensional tensorial extensions can be developed
which satisfy the principles of frame and material indifference, along with
the entropy inequality. Further, while the constitutive model is likely to be-
have well within the domain in which it is calibrated, it is not likely to be valid
in either the elastic limit or in the fluid limit. Equation (9) is Fourier’s law
of heat conduction. Equation (10) is a caloric state equation which accounts
for energy changes due to chemical reaction.



358 R. J, CASPAR et al.

The following boundary conditions are used:

ve(£,0) =0, wve(t,L) = v, ug(1,0) =0,
aT T (11)
= == =0, —(t.L)=0.

up(t, L) = v, P (¢,0) =0, 5 (t,L)
The velocity and displacement are constructed so that one end is held fixed
and the other has a constant velocity. The boundary conditions on tem-
perature are such that the ends of the specimen are insulated. The initial con-
ditions are

w0,2)=ng, w0,2)=0, T0z)=T, A0,2=0.  (12)
The velocity distribution is initially linear, and the specimen is initially
undisplaced, unreacted and at a uniform temperature. In order to induce lo-
calization at the center, the thickness of the tube is perturbed so that it is

thinner there. The form of this perturbation is taken to be

w=w0—h3p[l—-cos (%)] (13)

Here, A, is the amplitude of the perturbation; the ratio 4,/w, is maintained at
0.1 in all calculations.

We also introduce a supplementary criterion to quantify commencement
of localization. Zener and Hollomon (1944) stated that adiabatic shear bands
typically initiate at a point, z, after a maximum stress is reached in the shear
stress —shear strain relationship for the material at that point, (87/67)|. <0.
Adapting this notion for a material for which r = 7(T,, ¥) where 7 = (8v/
Ot)| , one can show by application of the chain rule that localization
occurs when

or
oy

or

Ty 97

Ty 37/642 - (9’)’/8['2 oT Yy

(14)

The first term represents strain hardening of the material. The second term
represents the product of strain rate hardening and a problem-specific factor
which is the ratio of the rate of change of strain rate to the rate of change of
strain. The right side represents the product of the ratio of the rate of change
of temperature to the rate of change of strain and thermal softening. Terms
on the left side of Eq. (14) are defined as ¥ and those on the right side as ®
so that the Eq. (14) is expressed as ¥ < ®. By identifying the time when
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equality, ¥ = &, is achieved, one quantifies the time of onset of shear lo-
calization provided the strain and strain rate are monotonically increasing
functions in time.

The governing equations are reduced to a form suitable for numerical
solution as follows. First, by differentiating Eq. (5) with respect to time and
Eq. (6) with respect to space, and equating the resuits, one determines that
07/0t = Ovy/Oz. The relation and Eqgs. (5) and (8) are inserted into the linear
momentum equation, Eq. (3). The energy equation, Eq. (4), is reduced by
similar substitution. Finally, Egs. (3), (4), (6) and (7) are restated as a system
of four non-linear partial differential equations in the four unknowns, vy,

T, ug, and \:
Ovg_ 1 0 o T\ (Ous\"( v L\" (15)
ot pwoz T Oz 0z v ’

IO NO) (16)

k 0 oT E

aug _
e )
oA E

Using the method described by Whitham (1974), it has been rigorously
shown by Caspar (1996) that this system, when linearized about a reference
strain rate, is fully parabolic, as all eigenvalues of the resulting characteristic
determinant are formally zero. Caspar’s analysis can be trivially extended to
yield the same conclusions for the full system. Thus, the system can be
solved via a marching technique; here, a method of lines is used. First, all
terms involving spatial derivatives are replaced by a spatial discretization
using second order central differences. The result is a set of stiff first order
non-linear ordinary differential equations in time. These equations are re-
presented in a Fortran 77 computer code and are numerically solved as an
initial value problem with the implicit method embodied in the code LSODE
(Hindmarsh, 1983). In all simulations reported here, a domain length of
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2500 um is used, which is broken into 50 finite difference cells, yielding a cell
size of 50 um (somewhat less than the mean size of large particles). In
contrast to explicit methods, there is typically no time step restriction for
numerical stability for the implicit method. However, a Newton’s method
iteration is required at each time step to solve a resulting set of non-linear
algebraic equations. In order to insure that the implicit solver is able to
converge to a solution at each time step, an adaptive time step routine is
employed to inhibit large changes in the magnitudes of primitive variables.
In the vicinity of localization and reaction events, this imposes severe
restrictions on the time step, which often reduces to values less than 107 %s.
During periods of such rapid change, a fast time scale is employed
numerically to avoid problems associated with finite machine precision. To
avoid impractically large data files, we do not plot full details of the time
variation, but only values at selected representative points. Nevertheless,
results shown are the fruits of a calculation which has a temporal accuracy
fully appropriate for the level of spatial discretization employed. Calcula-
tions are performed on a Sparc Ultral workstation; a typical case requires
about five minutes; although at the halt of calculation, the computational
behavior is extremely sluggish due to stiffness. Increases in spatial resolution
do not fundamentally alter the results. Additionally, Caspar (1996)
described three code verification tests. In each test, exact solutions with
time and space variation displayed excellent agreement with numerical
simulations. More importantly, the L, norm of the global difference between
numerical and exact solutions was converging to zero as spatial resolution
increased at a rate consistent with second order spatial discretization.

4. RESULTS

This section will present experimental results which we use to form estimates
of mechanical properties of LX-14 and theoretical predictions for its
behavior in a reactive shear banding situation. For reasons of safety, all tests
were performed on an inert simulant known as Mock 900-20. In it, the
reactive HMX crystals are replaced with granular barium nitrate and pentek
with similar mechanical properties and size distributions. A nearly identical
binder is used as for LX-14. The mass fractions are 0.440/0.504/0.042/0.014
barium nitrate/pentek/Estane/tris-beta chloroethylphosphate (CEF). The
material was prepared in powder form at Los Alamos National Laboratory
as Blend #9201 and was pressed at Eglin AFB at 20000 psi without heat or
vacuum to a density of 1855kg/m>.
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The parameters employed for what we refer to as the baseline case, are as
follows: a =42.39 x10°N/m?, »= —1.280, n=0.320, u = 0.080,
p = 1849kg/m3, ¢ = 1130T/kg/K, k = 0.439W/m/K, Z = 5.00 x 10"°1/s,
g =5.95x10%T/kg, E=2.206x10°J/mole, R = 8.314J/mole/K,
v = 7.00m/s, L =0.0025m, w, = 0.0025m, A, = 0.00025m, T, = 298 K.
The parameters p, g and k are taken from Dobratz and Crawford (1985) for
LX-14. As Dobratz and Crawford do not report a single numerical value for
¢, but instead give a graphical data showing its weak temperature de-
pendency, we use the reported value for the very similar PBX 9501, which
is well within the range reported graphically for LX-14. In order to model
thermal softening for some of the materials they tested, Johnson and Cook
(1983) assumed a linear decrease in the stress as a function of tempera-
ture, with the stress reaching zero at the melting point. Since LX-14 reacts
near the HMX melting point, its thermal softening parameter, v, is chosen
such that stress is decreased by approximately 50% at the HMX reaction
initiation temperature, 531 K. The remaining mechanical parameters, «, n
and u, are determined from experimental results on explosive simulants.
Since LX-14 is overwhelmingly composed of HMX, the values of Z and E
for HMX are used. The remaining parameters are chosen to match experi-
mental conditions employed in our specific tests, with the exception that a
low strain rate calibration required v; = 0.75m/s. The baseline case corre-
sponds to an average strain rate of 7 = 2800s~!, while the low strain rate
case has 7 = 300s !

4.1. Constitutive Model Calibration

Figure 2 shows results from tests performed with the TSHB on the LX-14
inert simulant at two different average strain rates along with predictions of
this model, each at T = 298 K. The results are repeatable. The values chosen
for @, u and 7 result in a reasonably accurate representation of the mag-
nitude and large scale trends observed in the experiments.

The test at the lower average shear strain rate of ¥ = 300s~! lasted for
about 350 us. The material in this test exhibits an early time stress overshoot,
occurring at 4 = 0.015. The stress reaches a maximum of 4 = 14 MPa when
7 = 0.065. These values are somewhat higher than those reported by Groves
et al., for LX-14 in quasi-static tests, which is expected under the high strain
rate conditions we study. Failure occurs at 4 = 0.09. Observation of the
post-test specimen reveals a planar failure with a rough failure surface
including small voids. This is as would be expected in microvoid coalescence
induced ductile shear fracture.
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FIGURE 2 Measured average stress versus average strain for LX-14 inert simulant (Mock
900—20) along with model predictions at two different strain rates; 7, = 298 K.

The test performed at the higher v = 2800s~! lasted only 75 us, due to
higher strain rate deformation. No early time overshoot is observed in this
test. Failure occurs at 4 = 0.20 at which time 7 = 25 MPa, which is near its
peak of 26 MPa. The increase in peak stress as strain rate increases is con-
sistent with the trends observed in the quasi-static tests. Examination of the
post-test specimen revealed fragmentation of the center section as well as the
flanges. By a fractographic study of fragments, it is determined that cracks
initiated in the center section and propagated outward into the flanges
at an angle to the axis of the cylinder, which is indicative of brittle failure.
The failure mechanism for this material is dependent on loading rate, and
in no cases observed is due to shear banding.

It is, however, hypothesized that if observed failure mechanisms were
suppressed, such as might occur upon application of hydrostatic stress,
localization would occur in the tested materials. Chou et al. (1991) stated
that brittle reactive materials become more ductile under the application of
hydrostatic stresses and concluded that localization becomes significant in
mechanically constrained explosives. Also, Dodd and Atkins (1983) report
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that increased hydrostatic stresses tend to decrease microvoid nucleation.
Deformation under these circumstances could result in the suppression of
these other failure mechanisms and hence increase the susceptibility to
localization and initiation. Moreover, the heavy confinement which is likely
to provide a hospitable environment for shear banding is indeed a likely one
for energetic solids to encounter.

4.2. Model Predictions for LX-14

Figure 3 shows the results of a typical reactive shear localization simulation.
The velocity profile, Figure 3a, shows a three stage localization process,
which was initially observed experimentally in metals by Marchand and
Duffy (1988). At the initial state, Stage I, the profile has a linear distribution
in space, a state that is often referred to as homogeneous deformation. Since
the specimen is thinnest at its center, it is also weakest at that point. Material
is thus locally less resistant to deformation in the center, hence an in-
homogeneous velocity profile with the greatest slope at the center devel-
ops. This is referred to as Stage II. Stage II localization is not readily dis-
cerned. As + increases, so does 7 by Eq. (8) and consequently 7" by Eq. (16);
the combined effect of increased shear stress and shear strain rate causes
the temperature to increase. This rise in temperature causes the stress to
drop, which results in further straining and further heating. This interaction
continues until, after 1.30 ms, thermal softening dominates over strain and
strain rate hardening. Consequently, deformation rapidly localizes to a
narrow region, referred to as Stage III localization. It is this final stage that
is termed shear banding. At this time, the rate of change of temperature
increases dramatically at the center of the shear band. The peak strain rate
in the shear band, calculated by a finite difference centered over two cells, is
predicted to be 5.18 x 10*s™!, This should be considered a lower bound
dictated by the finite spatial resolution employed, as it is seen that it is of the
same order of magnitude as (v,/2Az) =7 x 10%s™!. The corresponding
displacement field is shown in Figure 3b.

Figure 3c shows a plot of the stress field. For ¢ < 1.30 ms the stress field
rises in a nearly spatially homogeneous manner until it reaches a peak of
50.3 MPa; in this period, strain and strain rate hardening are dominant
mechanisms. For ¢>1.30ms, the stress begins to decrease in a spatially
homogeneous manner due to global thermal softening. Thermal softening
accelerates at the center of the specimen near the geometrical inhomogene-
ity, giving rise to a rapid drop of stress, and the consequent localization and
reaction.
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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, ® and left hand side, ¥, of Eq. (14) are
plotted as functions of time in Figure 3d. It is seen that both ® and ¥ are
always positive, indicating that the material is experiencing strain and strain
rate hardening as well as thermal softening. The time when ¥ = &,
t = 1.30ms, 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 ¥ and @ 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 of localization.
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 1 ns. Computation is ceased following the
complete reaction (A = 1) 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 107",
This is consistent with a simple estimate of reaction time scales, given by
tr = (1/Z)exp(E/RT), which at a typical reaction zone temperature, I =
4000 K, yields tg = 1.4 x 1075,

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 AT = g/c, which
for our baseline case has a value of 5265 K. Given that the material’s initial
temperature 1s 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 ¢p
for a pulse of thermal energy to undergo appreciable diffusion across one
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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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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.
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