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In this work, the mesoscale processes of consolidation, deformation and re- 
action of shocked porous energetic materials are studied using shock physics analy- 
sis of impact on a collection of discrete HMX “crystals”. High resolution three-di- 
mensional CTH simulations indicate that rapid deformation occurs at material con- 

, tact points causing large amplitude fluctuations of stress states having wavelengths 
1 of the order of several particle diameters. Localization of energy produces “hot- 

spots” due to shock focusing and plastic work near grain boundaries as material 
flows to interstitial regions. These numerical experiments demonstrate that “hot- 
spots” are strongly influenced by multiple crystal interactions. Chemical reaction 
processes also produce multiple wave structures associated with particle distribution 
effects. This study provides new insights into the micromechanical behavior of het- 
erogeneous energetic materials strongly suggesting that initiation and reaction of 
shocked heterogeneous materials involves states distinctly different than single 
jump state descriptions. 

INTRODUCTION 
Nearly all energetic materials, including explosives, 

pyrotechnics, propellants and intermetallics, at some scale, 
are heterogeneous and typically consist of a mixture of 
crystalline constituents and binders. By their nature, these 
materials exhibit distinctly different thermal/mechanical/ 
chemical behavior than pure materials because microstruc- 
ture has a profound influence on macroscale response. For 
high explosives, the shock sensitivity of initiation and sus- 
tained reaction is known to be controlled by processes 
occurring at the grain level.’ For example, the threshold to 
reaction can be greatly influenced by changes in crystal 
morphology, size, defect content and particle distribu- 
t i ~ n . ~ . ~  

Time-resolved measurements4 of the shock wave 
structure in heterogeneous materials have provided a better 
understanding of the high strain rate processes associated 
with compaction waves in porous explosives; however, 
these measurements resolve averaged wave fields associ- 
ated with the interactions of internal boundaries. At the 
grain level, the initiation of heterogeneous materials takes 
place because shocks interact with material heterogene- 
ities, causing “hot-spots’’ that lead to reaction. Localization 
of energy produces associated space-time fluctuations in 
the thermodynamic fields (such as pressure and tempera- 
ture). When averaged over a sufficiently large space, these 

* Sandia is a multiprogram laboratory operated by Sandia 
Corporation, a Lockheed Martin Company, for the United 
States Department of Energy under Contract DE-AC04- 
94AL85000. 
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variations produce an average heat release that is a combi- 
nation of mechanics, dissipation and chemistry. A variety 
of physical phenomena result in the creation of “hot-spots’’ 
and it is generally agreed that plastic deformation is a key 
feature of the energy localization. This deformation is due 
to material rearrangement near grain boundaries or at inter- 
nal dislocations within crystals. The prevailing theory of 
shock-induced “hot-spots”, such as that proposed by 
Coffey’, is the result of photon energy transport/dissipa- 
tion along moving dislocations. This atomic-level view, by 
itself, may be too simplistic; the chemical and physical 
processes associated with “hot-spots’’ involve space-time 
fluctuating states at the mesoscale whereby multiple grains 
or crystals interact. 

Prior modeling has been based on continuum mix- 
ture t h e ~ r i e s ~ - ~  that can replicate the averaged wave behav- 
ior measured in impact experiments at conditions of weak 
and strong reaction”. Unfortunately, these ensemble-aver- 
age descriptions fall short of adequately describing the fun- 
damental processes associated with the dispersive nature of 
reactive waves in heterogeneous media. Detailed modeling 
of the initiation and detonation in porous energetic materi- 
als at the discrete particle level has been attempted in prior 

resolution or present models based on two-dimensional 
simulations. In this study, numerical experiments are 
described using high resolution three-dimensional shock 
physics analysis and the Sandidntel TFLOPS (10l2 float- 
ing point operations per sec) parallel computer. 

1-13. , however, these studies lack adequate numerical 
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In this work, heterogeneous materials are represented 
as ordered and disordered arrays of “crystal” grains follow- 
ing an approach introduced by Jacobs and S a n d ~ s k y ’ ~  in a 
study of quasi-static compaction of granular materials. 
This approach is applied in a preliminary study of shock 
loading on an ordered array of discrete HMX “crystals”. 
Numerical simulations reveal the fluctuating stress states 
and localizations of energy that evolve in three-dimen- 
sional analysis with appropriate EOS and elastic-plastic 
material strength descriptions. In comparison, a model for 
a HMX/binder system is modeled whereby the particle 
configuration is encased in a polymeric binder filling the 
interstitial space. Similar to the highly porous material, 
multiple shocks form as a result of focusing and release 
waves that traverse through material interfaces having dis- 
similar shock impedance characteristics. 

A more realistic geometry of granular material with a 
distribution of particle sizes, randomly-oriented particle 
configurations and high packing density is created using 
Monte Carlo and molecular dynamic methods. Numerical 
simulations, with and without the effects of reaction, show 
that the shock loading on disordered systems leads to large 
space-time fluctuations of the wave fields. This mesoscale 
modeling study provides new insight to the micromechani- 
cal reactive behavior of heterogeneous energetic materials. 
This suggests that shocks (including detonation waves) in 
heterogeneous materials are not simple jump states as clas- 
sically viewed, but rather are dispersive waves having a 
broader spectrum of states. 

MODELING OF REACTIVE COMPACTION WAVES 

Time-resolved measurements of shock wave stmc- 
ture in porous, heterogeneous materials has provided new 
insight into the shock behavior of granular explosives 15. 
Shock impact experiments have measured detailed particle 
velocities and stress fields associated with compaction 
waves in granular HMX. In these gas-gun tests, stress rate 
and particle velocity histories are measured in separate but 
nearly identical experiments with projectile velocities 
maintained as close to the same as possible. In this test 
configuration, a 3.9-mm thick HMX powder compact is 
confined between a polychlorotrifluoroethylene (Kel-F) 
plastic front disk and a polymethylmethacrylate (PMMA) 
plastic back disk. Magnetic particle velocity or polyvi- 
nylidene difluoride (PVDF) stress-rate gauges are used on 
the front and back surfaces of the HMX. Projectiles faced 
with Kel-F impact the Kel-F front disk covering the com- 
pact. A gauge at the interface of the Kel-F front disk and 
HMX determines the input loading profile whereas a gauge 
at the interface of the back disk and HMX measures the 
transmitted wave profile. For the sake of brevity, details of 
this experiment are given in Reference 4. 

To model these experiments, the response at the mac- 
roscale is studied using a continuum mixture theory6 
implemented in the shock physics code, CTHI6. All of the 
details of this theory and its implementation into shock 
physics analysis are not repeated here and the interested 
reader can find these details in References 8 and 16. The 
continuum approach describes well the ensemble-averaged 
wave behavior of reactive granular HMX including initia- 
tion, growth of reaction and reflected wave behavior. To 
appropriately model the gas-gun experiments, the coupled 
response of the polymer impactor, the cell front, and the 
backing materials must also be included in the analysis. 
Separate gas-gun tests, using symmetric impacts of poly- 
mer, were conducted for the purpose of generating vis- 
coelastic data required for a single element Maxwell 
viscoelastic de~criptionl~. 

Various impact conditions ranging from 0.08 to 0.99 
k d s  (corresponding stress input of 2 to 25 Kbar) are stud- 
ied. At impact conditions between 4 and 7 Kbar, the onset 
of reaction is observed. Figure 1 shows an overlay com- 
parison of experimental particle velocity measurements to 
one-dimensional CTH calculations at the input and output 
locations of the HMX layer for an impact condition of 4 
Kbar. At this impact, weak reaction is triggered as a thin 
compaction wave traverses the HMX layer and reflects off 
the backing surface. Clearly, the compaction wave evolves 
with a structured input load corresponding to the viscoelas- 
tic response of the Kel-F font disk and becomes dispersive 
as a propagated wave. It is estimated that thickness of the 
region of high strain rate corresponds to roughly 10 particle 
diameters. 

A comparison of CTH calculations to experi- 
mental particle velocity data at the input and 
output locations of the HMX layer for impact 
conditions at -4 Kbar 
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At a higher loading condition of 7 Kbar, seen in Fig- 
ure 2, shock-induced reaction leads to grain burning of the 
granular HMX. The CTH calculations compare well with 
the measured particle velocity at the input and output ends 
of the porous layer. At this impact condition, the coarse 
HMX begins to react as soon as the wave passes the front 
gauge and enters the powder. The front particle velocity 
decreases because the reacting HMX decelerates the cell 
front where the input gauge is located. Stress measure- 
ments, at this same experimental condition, indicate that 
the stress field is also increasing. The transmitted wave 
grows and steepens considerably. By the time the wave 
reaches the back of the HMX layer, the particle velocity 
has nearly doubled as predicted by the mixture model. 
Even the reflected wave behavior in the front gauge is cor- 
rectly modeled. In striking contrast to the 4 Kbar input, the 
increased reactivity is manifested as a less dispersive wave 
front. 
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Fig. 2 A comparison of CTH calculations to experi- 
mental particle velocity data at the input and 
output locations of the HMX layer for impact 
conditions at -7 kbar 

acting “crystals” is studied to provide new insights of the 
shock states associated with heterogeneous energetic mate- 
rials. 

MESOSCALE MODELING 

The reactivity of porous energetic materials greatly 
depends on the nature of the “hot-spots” formed by shocks 
as they move through the material. As observed in the gas- 
gun  experiment^'^, coarse HMX produce “hot-spots’’ that 
are large enough to persist for a long time whereas tine 
material seems to produce “hot-spots” that are smaller in 
size and dissipate quickly. The threshold-to-initiation is the 
limit where exothermic chemical energy release is bal- 
anced by energy dissipated away from the “hot-spot” reac- 
tion. A detailed study of the nature of energy localization 
has been undertaken to better characterize the processes 
occurring at the mesoscale. 

In this study CTH shock physics analysis” is used to 
determine the shock loading processes associated with a 
collection of discrete HMX “crystals”. Three-dimensional 
wave structure is resolved to study the detailed shock wave 
fields in complex multi-material geometries including 
many relevant aspects of material physics. 

As a preliminary study, the shock physics analysis 
considers an idealized geometry of an ordered array of 
spherical HMX “crystals” with a uniform diameter 100 pm 
packed in a face-centered cubic configuration to a density 
of approximately 75% TMD. A Mie-Griineisen equation of 
state is used for the HMX and an elastic-perfectly plastic 
model, with yield at 1 Kbar, is included for material 
strength. A list of model parameters is given in Table 1. 
The intent of this idealized model is to investigate the 
micromechanical behavior that is attributable to geometric 
interactions of crystals. 

Table 1. HMX EOSlStrengtNFracture Parameters 

Although the continuum mixture modeling accu- 
rately replicates overall gauge response, the high strain rate 
processes associated with the initiation occur in a thin 
region consisting of a few grains of energetic material. At 
this length scale, an ensemble average, the basis of contin- 
uum mixture theory, become invalid. Furthermore, there 
may be important information associated with the fluctuat- 
ing chemical and physical states of shock loading in dis- 
crete materials that has eluded prior theoretical and 
experimental study. Currently, there does not exist well- 
defined experimental techniques to measure the nonequi- 
librium processes occurring at the grain level. It is impor- 
tant to establish what is needed to be measured and at what 
scale in space and time. To bridge the gap of understanding 
between the continuum and atomistic scales, detailed 
mesoscale simulation of the impact on a collection of inter- 

~ ~~~ 

Parameter Value 
Mean Particle Size - dp 100 pm 
Crystal Density - po 1.9 g/cm3 
Sound Speed - co 2 . 7 4 ~ 1 0 ~  c d s  
Slope of Us -Up Hugoniot - s 2.6 
Griineisen Parameter, - r, 1.1 
Specific Heat - cy 

Yield Stress - Y 
Poisson Ratio -V 0.25 

1.45~10” erg/gm-ev 
1 .O Kbar 

Fracture Stress - of -20.0 Kbar 

In the first set of calculations, inert HMX spheroids 
are impacted at 1000 m/s. Figure 3 displays the material 
interfaces, pressure and temperature contours at 300 ns fol- 
lowing impact. This initial study focuses on the thermal- 
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mechanical fields without any chemical or dissipative 
effects. Thermal conduction dissipation is a relatively new 
addition in CTHI9 and the inclusion of multistep chemistry 
is planned as a future addition. 

HMX “crystals” 
\ Pressure Temuerature ___.. . 

100 Kbar 1Mo K 
80 1MO 

Sho 60 840 
40 Mo 

480 
Mo 

20 

Fig. 3 Impact on a ordered lattice of 100 pm diameter 
HMX spheres at 1000 m / s  at a time 300 ns after 
impact. The stress and temperature fields cor- 
respond to the midplane of the array. 

Symmetric lateral boundary conditions are imposed 
on the domain of particles. A reverse ballistics calculation 
is represented whereby stagnation of material at a hard wall 
boundary produces multiple shocks that pass back into the 
crystal array. The simulations show the details of the rapid 
deformation occurring at material contact points. The 
nature of the dispersive fields includes large amplitude 
fluctuations of stress with wavelengths of several particle 
diameters. These fluctuating fields are due to the effects of 
shocks interacting with individual material surfaces and 
multiple crystal interactions. Interestingly, the amplitude 
of the fluctuating pressure field is of the same order in 
amplitude as the mean pressure state. Localization of 
energy produces “hot-spots’’ due to shock focusing and 
plastic work as material flows to interstitial regions. Since 
the effects of thermal dissipation are not included in these 
calculations, the effect of thermal decay is not predicted. 
Numerical simulations have been performed which indi- 
cate that the size of the “hot-spots’’ directly scales with par- 
ticle size. 

As a comparative numerical simulation, impact on a 
cast plastic bonded material is modeled with the HMX 
“crystals” in a polyurethane binder (shown in Figure 4). 
Here the interstitial regions are filled with the polymeric 
binder using an appropriate tabular equation of state for 
polyurethane. An elastic-perfectly plastic material strength 
model is applied for the binder with a yield stress of -0.1 
Kbar and a Poisson’s ratio of -0.45. The distorted material 
surface is displayed along with midplane contours of tem- 
perature and pressure at 150 ns following impact. 

Due to the higher total mixture density, multiple 
shocks move at nearly twice the velocity as that seen in the 
prior porous HMX simulation. Since the pores are filled 
with polyurethane, the shocks pass through material inter- 
faces having different shock impedance characteristics and 
multiple waves evolve as the crystals interact with them- 
selves and with the binder. As one expects, much of the 
material distortion occurs in the binder material; however, 
the effect of shock focusing in the HMX crystals is also 
evident. Again, the stress field exhibits fluctuations and 
nonequilibrium behavior. 

Binder 
\ Pressure Temperature 

100 Kbar 8 W K  
90 100 

80 Mx) 

70 500 
60 400 

50 300 

HMX “crystals” 

Fig. 4 Impact on a ordered lattice of 100 pm diameter 
HMX spheres and binder at lo00 m/s. at a time 
150 ns after impact. The stress and temperature 
fields correspond to the midplane of the array. 

To represent a more realistic crystal morphology 
geometry, the next impact simulations consider HMX 
cubic particles with random orientations. In contrast to 
“smoothed” particle surfaces, the effects of angular mor- 
phology are studied. Lagrangian tracer points are included 
at the center of each HMX crystal along the centerline, and 
the pathlines are plotted in the characteristic plane dis- 
played in Figure 5. These pathlines show that compaction 
is normal to the impact direction and the nonuniform 
motion is due to crystal interactions. At these locations, the 
stresses are monitored and the lower plot overlays the pres- 
sure histories along the centerline. As seen in the ordered 
particle simulations, fluctuating fields are due to the effects 
of shocks interacting with individual material surfaces and 
crystal interactions. In this calculation, the mean pressure 
field is - 40 Kbar and the amplitudes of the shocks, travers- 
ing the crystals, are of the same order. These highly fluctu- 
ating stress states persist for many particle diameters. In 
contrast, the pressure histories of the ordered spherical sys- 
tem exhibit much higher pressure fluctuations due to reso- 
nance. Not surprisingly, disorder of particle orientation 
reduces this resonance effect. 
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Fig. 5 Particle pathlines and stress histories along the 
centerline of the nonreactive HMX crystal ar- 
ray modeled as randomly-oriented cubes of 
size 100 pm. 

In considering more appropriate material configura- 
tions, it is recognized that one must ultimately address the 
effect of grain size distribution. Since the prior simulations 
strongly suggest that the “hot-spot’’ localization of energy 
directly scales with particle size, a more realistic geometry 
is studied to analyze disordered systems. 

To generate a random packing of arbitrary polyhedral 
“crystals” several strategies were considered. Initially a 
drop-and-fill method, following the work of Preece, et 
aL2’, was used whereby an arbitrary number of spherical 
particles are numerically introduced into an arbitrary ran- 
dom space and the distinct rigid body motion, under the 
influence of “gravity”, leads to interbody collision and con- 
tact frictional effects. Unfortunately, this produces a stereo- 
logical field with a directional bias and nonuniformities 
near boundaries, thus this approach was abandoned. 

A more efficient means of generating a random 
structure of particles is based on the statistical mechanics 
theory of In this approach, Monte Carlo and 
molecular dynamics methods are used to generate closely 

packed particles of arbitrary distributions. Briefly, a large 
region of three-dimensional space is filled by placing a 
specified number of particles on the lattice sites of a simple 
cubic array. The particle size is chosen randomly from a 
prescribed discrete distribution. The starting packing frac- 
tion is chosen to be sufficiently low such that the initial 
configuration is free of any particle overlap. The particles 
are then given random velocities and a hard sphere molecu- 
lar dynamics (MD) simulation is conducted using a stan- 
dard collision algorithm. Given the low packing fraction 
( i e .  O.Ol), the initial lattice configuration quickly disinte- 
grates and evolves to a low density equilibrated fluid mix- 
ture. This equilibrium configuration forms the starting 
point for an efficient densification MD run in which the 
density is increased dynamically until the particles are 
essentially locked in place. The densification algorithm 
employs growing particles whose size increases at a con- 
stant rate, while the particles continue to move through 
space and undergo collisions. The MD evolves until the 
packing configuration reaches a specified target volume 
fraction or a maximum packing condition. 

In modeling a more realistic packing structure of 
unpressed Class A HMX particles, the size distribution 
data for Holston lot 920-3223 is used as given in Figure 6.  
Five classes of particle sizes were selected and the fine par- 
ticles lumped into the smallest size category. 

0.30 A 
0.25 

u 0.20 
0 
.I 
Y 

SIf 5 0.15 
6 

O.1° 0.05 

0.00 
0 50 100 150 200 250 

Sieve Size (pm) 

Fig. 6 Particle weight distribution vs. sieve size for 
HMX Holston lot 920-32. 

In keeping with improving the granular microstruc- 
ture geometry, the following set of numerical simulations 
include the effect of thermal dissipation. Again, only the 
thermal-mechanical fields are of interest and the HMX par- 
ticles do not include chemical or anisotropic property 
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effects. The resolution of these calculations using 5 pm cell 
size requires well over 27.5 million computational cells. 
Figure 7 displays three time planes at 200 ns intervals after 
impact at 1000 m/s. The upper figures display the material 
deformations with temperature and pressure contours of 
the midplane. 

Material Deformation 

Pressure Contours 
10 10" 

0 8 10" 

0 6  10" 

0 4  10" 

0 2  10" 

10 10'0 

Temperature Contours 

200 11s 400 ns 600 ns 

Fig. 7 lo00 m/s impact on HMX Holston 920-32.U~- 
per time planes are materials, center are pres- 
sures and lower are localized temperatures. 

MESOSCALE REACTIVE MODEL 

In the previous sections, numerical simulations con- 
sider only thermal and mechanical effects without the 
effect of reaction. At the 1000 m/s impact condition the 
localized temperatures are seen to exceed those required 
for prompt reaction and an appropriate model for chemis- 
try should include multi-step endothermic and exothermic 
steps similar to that proposed by McGuire and Ta rvep  and 
kinetics rate data such as measured in diamond anvil stud- 
ies by Russel, et Multi-step chemistry with multi-state 
formulations, currently used in finite element 
are to be implemented in shock physics analysis codes. 

For an initial application, however, an ignitionl 
growth two-state history variable reactive bum (HVRB)27 
model, is first studied. In this approach, reaction is trig- 
gered at a pressure threshold (as opposed to a temperature 
criteria) and a pressure-dependent rate law describes the 
extent of reaction. This single reaction progress variable 
has generally led to good agreement with experimental 
run-to-detonation Pop-plot and other data. Hence, it is 
assumed that all reaction pathways are self-similar to aver- 
aged state data. Utilization of this model approach was 
made to provide insight as to what can be expected when 
more physically-based combustion descriptions become 
available for the crystalline HMX. 

Fig. 8 HMX crystal array and 0.2 mm thick copper 
plate impacting at 1000 m/s. 

In the following example, a numerical simulation is 
shown with a spatial extent that bridges the mesoscale to 
the macroscale. In this calculation about 1900 HMX crys- 
tals are impacted by a copper flyer plate at 1000 m/s and 
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reaction is triggered by the HVRB model. Reaction param- 
eters were set for short run distance-to-detonation in order 
to explore the nature of the detonation wave through the 
random crystal structure. Figure 8 shows the computational 
space defined by about 12 million evenly-spaced 5 pm 
cells. The crystal array considers the HMX Holston 920-32 
particle size distribution packed to a 68% TMD density. (A 
dime-sized sample of 190,000 crystals resolved with 1.3 
billion cells requires the entire Sandia TFLOP parallel 
computer with 4500 processors and 104 Mbytes/proces- 
sor). 

To display the transient initiation and growth of reac- 
tion at the grain scale, it is convenient to show several 
cross-sectional cut planes of pressure contours at various 
times. Figure 9 shows the x and z planes at times 10, 30 
and 50 ns after initial contact with the copper impactor 
plate. It is to be noted that spatial fluctuations also occur in 
directions normal to these two-dimensional surfaces. 

Z plane pressure contours 

X plane pressure contours 

10 ns 30 ns 50 ns 

io8 io9 iql0 10” 
(dynelcm ) 

ture of reactive heterogeneous materials is far more 
complex and greatly different than that based on singular 
state analysis2g. 

SUMMARY AND CONCLUSIONS 

These studies have focused on providing detailed 
wave information needed to define the appropriate length 
and time scales of measurements that may lead to a better 
understanding of the processes associated with mechanical 
initiation of granular energetic materials. Continuum mix- 
ture modeling has been successfully applied to replicate 
gas-gun measurements; however, these ensemble-averaged 
models are inadequate and do not currently include 
descriptions of the highly transient fields near shock fronts. 
These effects may be the key to describing shock initiation 
of heterogeneous materials. 

Mesoscale modeling has been applied to the study of 
dispersive waves that have been experimentally observed 
in prior studies. Detailed shock physics analysis reveal that 
the shocked heterogeneous materials exhibit highly fluctu- 
ating stress states and the localization of energy due to 
plastic deformation and crystal interactions. This model- 
ing suggests that the shock waves (or even detonations) in 
heterogeneous materials are not single jump states. Future 
modeling is planned to investigate the effect of defects 
within crystals (such as bubbles or shear bands), blends of 
material (such as metals) and will include improved mate- 
rial strength and reaction models. 
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