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Slope of the Hugoniot
Internal energy
Reference volume
Temperature

Specific heat at constant volume

History Variable Reactive Burn Model

Extent of reaction

t, Scaling constant

P Current pressure

p. Threshold pressure for reaction

P=» X, M, Z Reaction rate parameters
Chapter 3 Symbols
davg Average grain diameter

U, Shock velocity

Up Piston velocity
¢ Longitudinal wave speed
' Mass density

V. Flyer velocity

fly
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0 Pressure correction associated the artificial viscosity
| Characteristic grid length
C. G Viscous parameters for the linear term and the quadratic term
¢, Specific heat at constant volume
T Temperature
k  Thermal conductivity
t Time
h Fraction of plastic work that is converted into heat
WP, W™  Rate of plastic worland frictional dissipation

Pulse duration

—

Shock pressure

Energy fluence

T om T

Power flux
x., % Rarefaction point and decay distance scaling parameter
J James number
E..P. Cutoff energy fluence and power flux in the modified James relation
F Cumulative normal probability distribution
P Probability of ignition
M € Mean and standard deviationtb& J distribution
. Materialdependent timscale constant
R Hotspot ignition risk determinant

T.T. Initial reference temperature and critical thresheldperature to observe
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Chapter 4 Symbols

U Piston velocity
' Mass density
t Pulse duration
P Shock pressure
E Energy fluence
P Power flux
W  WalkerWasley number
n,C Material constants for the Walk&vasley relation
J James number
E..P. Cutoff energy fluence and power flux in the modified James relation
E Probability of ignition
M < Mean and standard deviation of théistribution
t  Materialdependent timacale constant

a Aluminum volume fraction

Chapter 5 Symbols

U Piston velocity

H Homogeneous sample

V Homogeneous sample with voids
M Microstructuressample

M+V  Microstructured sample with voids
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X Runto-detonation distance (RDD)
P Shock pressure
S, Pop plot material parameters
D Pop plot numbe(PPN)
P, Xo Shock pressure and RDD below which no SDT occurs
P Probability of ignition

m g Mean and standard deviation of the distribution

Chapter 6 Symbols

U Piston velocity
H Homogeneous sample
V Homogeneous sample with voids
M  Microstructures sample
M+V  Microstructured sample with voids
X Runto-detonation distance (RDD)
P Shock pressure
S, Pop plot material parameters
D Pop plot number (PPN)
P, Xo Shock pressure and RDD below which no SDT occurs
P Probability ofignition
m § Mean and standard deviation of the distribution

X,s Sample mean and standard deviation of the Pop plot distribution at a

XXVil



Prs Probability of the RDD ofA being shorter than the RDD Bf

Prcs Probability density of the RDD of a random sample in distribution bt
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SUMMARY

The ignition sensitivity ofheterogeneous energetic materials subject to shock
loading is analyzed using both a Lagrangian and Eulerian computational framework. The
specific focus here is on the various microstructure heterogeneities (including cracks,
granular anisotropy, voidsird aluminum additivesand their relative contributions to the
development of critical hotspots and macroscale detonation behavior characteristics, such
as the run distance to detonatidnprobabilistic approach is developed by generating
statistically egivalent microstructure sample sets (SEMSS) and measuring the ignition
behavior of each one under similar impact conditions. By varying the material and
microstructural characteristics in a controlled fashion, the contribution to ignition of each
specific ype of microstructural defects is rankdered.Thousands of simulationssing
dozens of microstructureare performed on high performance computing (HPC) clusters,
and all of these resulare combinal to create predictive, probability maps of material

response over entire regimes of shock loading.

The Lagrangiafbased cohesive finite element method (CFEM) is used to track
material response prior to the onset of chemical reactiotspots are categorized as
critical or noncritical based on chemical lgtics calculations and if a particular density of
critical hotspots is achieved, the sample is assumed to reach ignitipnob&blity
threshold is proposed $ad on a modified form of the igh James and Walk&Vasley
energybased ignition criterionsThecomputations focus on both 100% packed energetic
grains (HMX) as well as aluminized polymleonded explosives (APBXS). It is found that

increasing the HMX grain size as well as increasing the volume fraction of aluminum
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particulates decreasesthematérial sensi ti vity to ignition.
governing the development of hotspots are quantified, and the friction resulting from

transgranular and intergranular fracture is found to be the dominant dissipation mechanism.

The Sandia Nationalaboratories Eulerian hydrocode, CTH, tlsen used to
simulate the entire shock to detonation transition (SDT) of pressed HMX, and the material
sensitivity is ranked based on distance the shock wave travels before the detonation wave
fully forms. A range dimpact velocities are simulated to examine a wide range of potential
shock pressures and the resulting-toialetonation distances (RDDs) are predicted as a
function of this shock pressure (commonly referred to as a Pop plot). The initial probability
andysis used in the Lagrangian framework is expanded upon to generate a predictive map
of the SDT threshold. This analysis is carried out in both two dimensions (2D) and three
dimensions (3D), and it is found that 2D results have a wider variation among data
indicating the necessity of both a probabilistic framework and further 3D modeling efforts
in the future.The probability thresholds proposed in this study serve as a useful design
metric and may directly influence future shock experimentasonell aghe development

of new insensitive high explosives.
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CHAPTER 1. INTRODUCTION

1.1 Background and Motivation

The study ofhigh impact loadingnd resulting ignition of energetic materials as a
field of research has grown substantially over the past few decades. By better
understanding the nature of energetic initiation, explosives can be custom designed and
tailored for specific purposes. Inntiaular, the idea for an insensitive high explosive has
been of great interest to tekock physics communityn order to fully analyze the physics
governing the ignition of high explosives (HEs) under impulse loading, both experimental

data and multisda simulation modeling are required.

A common type of HE is a polymdaonded explosive (PBX), which consists of
energetic crystals mixed with a polymer binder. PBXse first developed in 1952 at Los
Alamos National Laboratory (LANL) andave many potential advantages over normal
HEs. Primarily, the polymer binder can act as a shock absorber, which makes them less
prone to accidental detonatiph, 2]. This in turn makes them far safer to machine into
specific shapes. A typical PBX usually cats of anywhere between 540% polymer by
mass, with the remaining material belong to the explosive crystals. Some common
energetics used include HMXO¢tahydrel,3,5,7tetranitrel1,3,5,#tetrazocing RDX
(1,3,5Trinitro-1,3,5triazinang, TATB (1,3,5triamino-2,4,6trinitrobenzeng and HNS
(Hexanitrostilbene)The polymer matrix in the PBX, once curean servas fuel to the
detonation, however the initial ignition of the PBX stems from the explosive cri8}als

Due to this, there is a traadf between the benefits associated wiBXB (such as reduced



ignition sensitivity) and the costs to performance (since adding more binder means there is
less room for explosive crystalthereby lowering the strength of the exploidBome
common binders used in PBXs include Estane, HTRB/draxyl-terminated

polybutadieng)andViton [4].

One of the longstanding challenges within the fidlérmergetic materials is making
accurate predictions of macroscopic ignition safety as well as performance, using
fundamental material attributes at lower size scales. For aspiggd impact scenario
(~kml/s), it is desirable to know what the likelihood is for ignition to o€dhrs asessment
relates to safety and reliability. On the other hand, it is also important to quantify the
minimum time and distance from the onset of impact to the development of steady state
detonationi the shockio-detonation transition (SDTi) this assessménmelates to the
performance of a material. Given the broad range and variability of different impact
scenarios, these assessments must be carried out undehavaliterized conditions to
allow applications to the varying scenarios via macroscopic stt@ables such as
pressure, energy, loading rates, and distance. It is also understood that a heterogeneous
energetic material (HEM) will exhibit greater sensitivity to shock than a corresponding
homogeneous material, as material heterogeneities and slefatiance localized

deformation, heating, failure, and chemical reactivity.

Specifically, the heterogeneous SDT prodés$] is fundamentally different than
what occurs during the shock initiaticof a homogeneous explosive, such as liquid
nitromethand7] or hydrogen peroxidg8]. When homogeneous explosives are shocked,

they are heated to a single bulk temperature immediately following the leading shock wave.



When this bulk temperature is sufeaitly high (i.e. for a thermal runaway to occur), a
superdetonation wave forms in the material that was held at elevated temperatures the
longest [9], usually near the interface between a homogeneous explosive and a
projectile/impactor. The supeletonation wave must overtake the leading shock before a
steady detonation is reached. Consequently, this initiatemhanism underlies the reason

as to why homogeneous explosives appear as relatively shock insensitive compared to
heterogeneous ones; a critical ignition temperature must be reached during the initial shock
or impact that is based on the chemical activagaergy (and it is typically higher for
solids than liquids). Over the times and distances associated with the SDT process,
homogeneous explosives are mostly treated with a continuum modeling approach, using

the appropriate mixture theories and rate |plG}.

In contrast, when a heterogeneous explosive is shocked, the SDT process is
dominated byhe details of the heterogeneous microstructure that lead to heterogeneous
reactions. A continuum model treatment suffers from a loss of detailed material
information at scales below the resolution of the computational elements or cells. In this
case, thegerage (shocked) bulk temperature is too low for a sdpmation wave (e.qg.,
see[11]); however, it is known that material heterogeneities camse energy to be
localized intoregions known as hot spoi$2] i it is at these sites where the chemical
reaction begins. A successful, heterogeneous SDT results in the more graduap tmfild
reaction behind the leading shock wave, which then strengthens the leading shock until it

transitions to aletonation wave without any overshoot.



Thus a pressed, porous explosive is more sensitive to slmatiill detonate in less
time anddistance than a pure explosive crystal, or a homogeneous liquid explosive such as
nitromethane, under similar loading ctitions. The increased sensitivity of HEMs is a
direct result of shock wave interactions with the heterogeneous microstructural features
such as small cracks, voids, and discontinuities in the forms of boundaries and interfaces
between constituents (bindergrains, metal particles, and oxidizer granules). These
heterogeneities cause energy to be localiztariegions known as hot speti is at these
sites where the chemical reaction also begins. These microstructural features can be unique
for certainHEMSs, and result from available manufacturing and processing methods that
must be employed. Typically, microstructural features range in size from tens of nm to
hundreds of um, and sometimes even as large as mm. For SDT, these features play a critical
roei n determining the explosivebs shock sen:
performance. For example, Welle et HL3] showed an empirical link between the
microstructure and shock initiation behavior of neMX via the class of the material
(class 3 vs. b The existence of this kind of a link was previously hypothesized by Baer
[14] who used realistic thre#imensionaHEM microstructures in a hydrocode simulation.
Hence, both experiments and computations indicate that the overall SDT behavior is

influenced by the processes occurring at the meso or grain scale.

Despite such general knowledge that HEM microstructurealizec shock wave
energy to form hot spots, there is little consensus as to the relative importance of the
different hot spot mechanisms, or as to which mechanisms are active in different loading
and material regimes. The hydrodynamic hot spot model,rasluted by Madgr 5], was

one of he very first to consider pore collapse and jet impingement following a shock wave;
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this raises the local temperature higher than the bulk (i.e., Hugoniot) temperature.
However, more recent pore collapse models by Austin §16]lshowthat the inclusion

of a viscoplastic crystal model will lead to shear banding and chemical reaction around the
site of the pore. Regardless of the fidelity dmel type ofdifferent models used, all rdict
numerical simulationsf shockinduced hot spots still require an explicit representation of
the material microstructure. With current progress in the field, it is now possible to
calculate the interactions of shocks with a much larger volume of the microstructure, which
has &d to a flurry of recent publications surrounding mesoscale modeling of explosives
initiation (MMEI) [17-23]. Historically, these mesoscale simulations were carried out at
the micronscale, with the an of predicting the effects that the microstructure has on the
shock response of the material. However, this scale is much smaller than the scale of the
full SDT process, which is observed over a few mm and may take several microseconds to
complete. In adtion, this scale is also well below the scale of heterogeneities on the order

of hundreds of microns or even mm as noted earlier of many common HEMs.

The necessity of a larggeale SDT simulations with explicitly defined microstructure
is of paramount imprtance to fully understanding the ignition sensitivafyan HE. In
order to achieve such larger scale simulations without them becoming prohibitively
computationally expensive, there is a strong need to determine which microstructural
effects are importa to consider at various loading intensities or stages of detonation. The
work presented in this thesis is focused on answering the question of relative importance

of both microstructural and chemical effects when considering the ignition of HEs.



1.2 Processof Ignition

Understanding the physical mechanisms governing the ignition behavior of high
explosives (HESs) is a critical challenge when designing insensitive munifibesmost
commonly accepted ignition theory involves recognizing the developmentspfdist or
localized areas of high temperatures. These hotspots lead to the onset of chgdtry
26] and are ofte the results of concentrated mechanical energy dissipation, usually due to
the presence of material defects or microstructure heterogeneities. Some of the most
common forms of heat generation leading to hotspots are pore collapsgramigiar and
transgranular fracture followed by frictional sliding, shear banding, and bulk shock
heating[27]. As the temperatures of hotspots rise, they may surpeasscal threshold
where the heat generation due to exothermic chemical reactions exceeds the rate of heat
lost to the surrounding material due to conducii28]. On the other hand, hotspots may
be quenched by rarefaction wawessding behind the shock fronOnce a hotspot ignites,
the chemistry leads to thermal runaway, resulting in melting and transformation to gas
phases. This chemical process is accompanied by intense and rapid pressure increases
which cause shockwaves to radifrom the hotspot ignition sites, leading to criticality at
other sites. This avalanche event ultimately results in the formation of a detonation wave
and theshockto-detonation transitiorSDT) when the detonation front catches up with the
shock front.The distance the shock wave front travels before overtaken by the detonation
wave front is known as the run distance to detonation etcraletonation distance (RDD)
and is a common metric used to gauge the sensitivity and explosive potential of an HE in

the form of a Pop pldR29].



Pore collapse has hestudied as one of the main hotspot formation mechanism under
shock loading. Bourne and Milr80] studied possible ignitiomechanism during pore
collapsefor a shocked material. THecus of tleir research, however, wast on stress
concentration at the pore, bratherthe temperature rise of the gas encapsulated in the pore.
Bourne and Field31] found that the hydrodynamipressures generated by hgteed
jetting during cavity collapse causes the ignition. Austin €t3a]. used ALE3D coupled
with a reactive model, and studied the effect of stress concentration at a gershwock
loading, accounting for shear banding on crystallographic planes. Yarrington et al. recently
studied the detonation or quenching of a continuum HNS based explosive incorporating a

statistical distribution of randomized void sizes and materiatioes using CTH23].

Heat generation due to frictional dissipation also affects the material sensitivity.
Chidester et al.33] experimentally tested PBX under low velocity impact, and measured
the threshold velocity for reaction. They obtained the frictional coefficient based on
frictional work calculation. ChaudhfB4 o b s er ved r e aleadazidenusifigr o n't
high-speed camera, and found that reactienerated stress wave induces new reaction
site ahead of the existing reaction front, and the new reaction is caused by frictional
dissipation. Browning and Scammi[8b] coupled three relations: intgranular frictional
dissipation model, chemical kinetics model, and heat transfer equation, and obtained time
to ignition and velocities required for reaction. Gruau e{3#] performed experimental
impact tests on PBX and compared the results with noaleresults adopted from
Browning and Scammaj85]. Curtis et al[37] used a similar test configuration as Gruau
et al. [36] (Steven Test) in their numerical study, and found that friction anbally

affects the ignition behavior. Specifically, Barua et [88-40] analyzed the energy
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dissipation in PBX and observed that frictionassipation is the dominant heating

mechanism.

Another type of material heterogeneity that induces hotspot formation comes from a
microstructure morphology such as grain sizes, shapes, andbgrder interactions.
Czerski and Prouf#]] studied the effect of grain shapes and size on material sensitivity.
They performed a Gap test on RDX granules and failed to observe any clear difference of
sensitivity between thsizesof B0 e m &8r0d X0 However, they
shape influences on the sensitivity. Grains that have greater surface roughness with many
dimplelike features showed more sensitive resutardenhagen et a[42] analyzed
microstructure morphology of a mock PBX (sucrose/HTPB) in 3D usingayX
microtomography, and obtained the bimodal grain size distribution. Skidmore[48]al.
compared the grain size distribution of HMd¢fore and after manufacturing PBX 9501,
and found that the peak volume fraction of large particles among bimodal size particles
shifted toward smaller diameter, indicating the press processing breaks the large particles.
Swallowe and Fieldl44] carried out dropweight sensitivity tests on P& with different
types of binder, and concluded that the mechanical interactions between a binder and
energetic crystals influence on the material sensitiiiynoli et al. studied potential
homogeneous ignition mechanisms for hotspots and found thelldastructures formed
at the sukgrain level of PETN as the result of slip lines led to higher local temperatures
than predicted by traditional crystal plasticity modpi§]. Welle et al.[13] studied
microstructural effect on ignition of pressed HMX. The authors measured specific surface

area and void distance distribution for different types of HMX microstructure, and plotted



the ignition criteria on Jamesage (power flux energy flux). The authors found that the

energy threshold is influenced by the microstructure.

All of these mechanisms play an important role in the generation of hotspots. Once
the temperature at the hotspot increases enough to owetbenactivation energy of the
exothermic chemical reaction, then the hotspot location becomes an initiation site.
However, it is also possible that a hotspot may not lead to ignition depending on its
characteristics. Field et )27 used t he concept of Acritica
hotspots which become salfstaining, and provided the variables that determine the
characteristics of critical hotspotshotspot size, temperature and duration. If a hotspot
cannot generate enough heat from its exothermic chemical reactions to cover the loss of
heat away from thedtspot due to conduction, the result is a quenched hotspot. Bowden
and Yoffe[12, 46] showed that the hotspot needs to have the size-4f0.1 ¢ m, t he dur

of 10%-103 s, and theemperature higher than 700K.

The concept of Acriticality t hreshol do
researchers, especially focusing the hotspot sizéemperature threshold for thermal
runaway.Semenoff[47] obtained a solution of the heat diffusion equation with heat
generation due to reaction. Fraklmenetskii[48] solved the same heat conduction
equation but with varying temperature distribution. Based on the works from Semenoff
[47] and Frankkamenetzky[48], Thomag49 studied the effect of surface cooling. The
author used onstep zereorder Arrhenius reaction equation together with heat diffusion
equation, assuming steady state. Boddington ¢b@l.considered the amount of reactant

consumption when using chemical reaction, and obtained the critical threshold. Tarver et



al. [28] developed 3tep chemical kinetics models for HMX and TATB decomposition,
and obtaned the critical sizéemperature relations. Later, Tarver et [&1] further
developed the model and proposeestdp chemical kinetics model for thermal
decomposition of HMX. Henson et §b2] compiled experimental data of temperature
ignition time and obtained a linear relationship on log timerse temperature scale over

a large range of time (from nanoseconds to a day) andgedm chemical decomposition
model and parameters are calibrated based on the relationship obtained. Walker and
Wasley[53] took a different approach to obtain the criticality. Instead of determining
critical hotspot thregtid, they focused on the critical energy flux input on the material,
and obtained the empirical threshold criteria knowrPas= constan. Jameg54] further

developed this empirical threshold by including energy cutoft.

1.2.1 Effect of Auminum

Aluminized HMX/Estane PBX has historically been used because of its higher net
energy output which increasgsostdetonation blast performance as compared to
nonaluminized PBXAluminum was first patented to increase explosive performance by
Roth in 1900[55], and over time experiments have optimized the volume fraction of
aluminumparticulatesequired to maximize explosive powél] at around 20%Reaction
of Al is, however, relatively slow due to the oxidized coating of Atiples which have
high melting point (2300K) that impedes the reactiB®]. Therefore, aluminium in
explosive composites behaves like an inert particle in the initial detonation zone. ©Oxygen
containing molecules in the reacted products froendecomposition of energetic solids

undergo a secondary reaction process with alumiffsin This twostep process enhances
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the postdetonation performance of aluminized PBX. Grishkin e{%] found thatthe
detonation velocity of explosives (RDX and HMX) decreases as aluminium content
increases, but the propulsion action of the explosives increases with the addition of Al up
to 7-14% and decreases, indicatingréhes an optimum range of aluminium contéefte

heat of explosion also increases as aluminum is introduced, which allows the explosive to
maintain its total output power while still being less sensitive to ignjB&h Gogulya et

al. [59] measured pressure and temperature of HMX/Al mixture, and observguebko
structure in pressure profiles. The temperature profiles the authors obtained indicate that
the energy absorbed for aluminium activation is compensated for by heat release from
aluminium reacti on. [6@ suggedted that dlumdigm dogsanbta g e v i
behave as an inert material, but partially oxidises in the detonation wave front, which
contradicts previously reported observatifhig. However, it is still widely accepted that

aluminium does not react at tetonation front under moderate or weak shock loading.
1.2.2 Material Shock Bsponse

If particle speed of a material is higher than the wave speed of its uncompressed state,
a shock wave forms. Under shock loading, the response of the material shows interesting
characteristics that the response under low intensity loading does not. For many solid
materials, however, these characteristics are often observed even when the particle speed
is less than its wave speed of uncompressed state. One example of shotkrdtmacs
a sharp rise of stress wave front. Even if a gradual impact wave is imposed on the surface,
the stress wave front becomes stiffer as it propaf@igecause the wave speed of highly

compressed part is faster than that of less compressed part of the material. Ideally, the
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stiffening of the wave front becams infinitely thin, which may malt in numerical

instability during simulatons The concept of adding fAartif
von Neumann and Richtmyf2], to assign a finite width of stress rise at the shock front.
Introducing a finite width at the shock front provides not only numerical stability but also

an acarate representation of the propagating shock fi@ijt

Modeling of material behavior under high pressure requires an accurate equation
of state (EOS), which provides a relation between state variables of the material such as
pressure, specific volume, and temperature. Some ofvithely used EOS models in
modelling shocked material are Migrineisen EO$4] and Birch Murnaghan EO$65|.
Measurement of pressuvelume relation called shock Hugoniot curve provides useful
information for parameter fittings of other EOS models. HugoRio¥ relation is also a
simple type of EOS, and it can be transformed to othesstgpéiugoniot relations with

different variables such as particle speed or shock speed using the jump coh@ions

The Hugoniotrelations commonly used ar&- V (pressurevolume), P- U, (pressure

particle speed), antl - U, (shock speegarticle speed). Using Chapmaauguet (CJ)

theory[67], we can determine the condition of discontinuity at stealdyd&tonation front,
assuming the detonation reaction zone is infinitesimally thin. The CJ point lideon
intersection of HugonioP - V curve (RankineHugoniot relation) of reacted material and
Rayleigh line. A theory of Zel'doviellon NeumansDoring (ZND) condition is an
extension of CJ theory with a consideration of finite reaction zone at the detonation front

[68].
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1.2.3 Chemistryand Reactive Burn Models

One of the most common HEs @ctahydrel,3,5, #tetranitre1,3,5, #tetrazocine
(HMX), and is the primary HE studied in the following chapters. Due to this, the chemistry

discussed here will be limited in scope to HMX in particular.

Many models have been propo$é6d] for the development of hotspots. The effects
of chemical reactions are often remmeted by Arrheniusype kinetics modelgr0] which
are calibrated using experimental dpta, 72], DFT/chemical kinetics calculatiorg3,
74], and results of molecular dynamics simulatif#§. For example, Mad¢i75] modeled
detonation initiation and propagation bbmogeneous HEs along surfac€sice the
hotspot temperature exceeds the activation energy,rémilgrHMX in PBX begin to
decomposeT he most common, st ghakeeanfomoclinic souctured MX i
[76]. Under high pr es s uphassHMX thermallyalecpngposestintor e , t
a stabl e hex agophase. Thesttrangiton aceurs at presaures abova 0.2
GPa. Karpowiz and Brill[77] f ound t he ¢ o n vpehrassieo-pleashds t Gve e n
dependdaMX @mri i c |-HMXbding raore statletattsmdilparticle sizes.
Both U and 9 phases of HMX etkMX teHWbatt ar e

ambient and high pressures and temperafui@s

Several different chemical reaction sequences involving the transformation of HMX
and RDX into their product gases have been propp&&81l]. McGuire and Tarvej82]
proposed a -3tep chemical kinetics model based on the slowessttion rates in the
system. The first major step involves the breaking of the carbon and nitrogen bonds, which
leads to molecular reorganization and the creatiob Of radicals. Finally the major
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exothermic part of the reaction comes from the decoitpoof HMX into its final gas
products:'O0, 6 0, 6 § and0 . Henson et al[52] developed a first order chemical
kinetics model whi ¢ h-HMiXt $HMX larel thdnetaits miab s i t i o
intermediariest 0, 6 "Q), and’O6 OIn his model,liese initial reactions account for the

majority of HMX exothermic chemical heat generation.

Modeling chemical reaction using simulation is a-tiavial task.Since the time rates

of changes of physical quantities in a detonation are extremely high and the RDDs for
different materials are on the order of nmiters, very short times steps and large sample
sizes are required to capture the full shock loading, development of hotspots, reaction
initiation, formation of detonation, and the ultimate SDT, making simulations very
computationally expensive. For hetgemeous materials, the challenge is even more
formidable because very fine meshes are required to resolve material microstructure and
defects such as voids. It is because of these reasons, fully resolved mesoscale simulations

of SDT at overall sample sizes the order millimeters have been rare.

To partly circumvent this computational issue, phenomenological models have been
used. One such model is the Ignition and Growth model of Lee and T&B/&#]. This
approach relatethe chemical reaction rate to the local pressure and reaction progress
variables. Other common models include the Forest[EDe85] and JTH11] models.

These reactive burn models have become a common tool for simulating detonation at
reasonable computational cost, as they do not account for microstructure morphology. The
History Variable Reactive Burn (HVRB) model expresses the chemical reaateons a

function of a time integral of the local pressure in the matg8&l87]. These models are
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just a few examples of the many w&$s, 52, 88-93] to account for the effects of chemical
reactions on hotspot ignition and growth, formation of detonation waves, and the SDT.
There is a common tradeoff between accuracy and simulation time or simulatiofrgcale.

this reason, many attempts to accurately model the ignition of HMX and subsequent
chemical reaction are generally performed on nanoscale size samples. The Lawrence
Livermore Nation Lab code ALE3D excels at handling both the mechanical deformation
due to plase change, as well as the chemical kinetics itself using the program CHEETAH
[94]. Larger scale simulations have a tendency to trade numerical accuraaictdation

size, as trying to implement both becomes computationally sibfeawith modern

capabilities.

1.3 Computational modeling of PBXs

With the ever increasing prominence of high performance computing (HPC) and the
development of material models, increasingly sophisticated simulations are able to capture
local material behavior that remain difficult to study experimentagme recent
approaches to mesoscale modeling include work by Jackson[@tlalwhich utilizes a
densitybased kinetics model, and a power deposition term in the energy equation to
phenomenologically representsdiete hot spots. Comparison studies are also given to
show the relative importance of the number density of hot spots, the microstructure of the
crystalline pack, and other numerical parameters. In addition, Wood[2jaéxamined
the role that the constitutive model plays in a mesoscale calculation by using the atomistic
code, LAMMPS, to tran a strain rat@lependent Steinbei@uinanLund (SGL)

viscoplastic strength model. Two mesoscale simulations were then run with and without
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the SGL model turned on (i.e., hydrodynamic only), where it was found that an increase in
the shocked temperaturesttibution occurs at lower impact velocities (less than ~1 km/s)

if the SGL model is in use. Hence, strong shock initiation (i.e., several GPa of pressure) is
most likely a purely hydrodynamic process. Finally, Yarrington ¢28).have shown the

full SDT process for a presspdrous explosive with nanoscale features in two dimensions.
These large Eulerian calculations make use of a representative microstructure and a tuned
Arrheniustype burn model to match experimental results. Although the full computational
domain was neveshown in the paper, the rio-detonation simulations employed a two
dimensional, 10 um by 200 um rectangular mesh with a total aspect ratio of 20:1 (which
is among the highest aspect ratios ever published). These simulations also consisted of 80
million finite volume elements. Such large computational domain sizes appear to be more
accessible in a pure Eulerian hydrocode, rather than one that is Lagrangian or arbitrary
LagrangiarEulerian (ALE). Yet, there are still advantages and disadvantages to all thre

types of numerical methods.

Mesoscale models, to various degrees, resolve material heterogeneities, defects, and
hotspot development under conditions of various mechanical, thermal, or electromagnetic
excitations[19, 95100. The energetics community has been developing new ways to
characterize microstructure and microstructure effects on the ignition &muhtien of
HEs. A few are mentioned here as examples. Wei gt@l} studied the effects of material
defects in the forms of interfacial debonding and grain cracks using a cohesive finite
element based Lagrangian appradghi et al[102] analyzed the collapse of a void under
shock loadng using an Eulerian framework. Ausfit, 32] used an arbitrary Lagrangian

Eulerian approach (ALE3D) to study melt lines and shear banding following poressolla
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Yarrington et al.[23] studied the SDT in HNS, accounting for a large population of
randomly distributed nano pores whose statistical attributes track those of an
experimentally scanned sample. The predicted threshold velocity required to cause
detonation matches experimdnteeasurement. The success can be partly attributed to the
resolution of the mesoscale void structure and the calibration of the chemistry model to
MD data[22]. These models are either 2D or at the overall sample scale of microns or tens

of microns.

Baer et al[103 are the first to carry out such 3D simulations using CTH, the Sandia
National Labs solid mechanics code. Thalgsis concerned in the compaction of granular
HMX in a cubic millimeter volume consisting of approximately 1900 grains under a
loading piston speed of 1000 m/s. The local pressure based HVRB was used. Due to
computational cost, the calculations at lowsad intensities could not be continued long
enough to reach SDT. Reaugh et[&D4] used ALE3D to analyzthe response of a 300
pm x 300 um %300 m block of PBX and found that a pressdependent deflagration
chemistry model yielded better results than an Arrhetyips hotspot growth model.
Recently, Rai and Udaykum4i05 modeled the local effects of pore collapseain
homogeneous 3D HMX block 1.3 um x 4 um x 18 [n size and found higher sensitivity
in 3D than in 2D. Jackson et f21] used a phenomological model with energy deposition
representing the effect of voids to study the effects of shock pressure on initiation times in
a PBX setting. A reactive burn model instead was used. Due to computatiefhanuch
of the work in the energetics community so far usesdwmensional frameworks, are at
micron/submillimeter scales, or involve various degrees of homogenization or

phenomenological treatment. To more realistically capture the 3D nature efiahat

17



microstructure and heterogeneity configurations, to resolve the length scale of physical
events such as the SDT of HE under shock loading, and to directly bridge the mesoscale
and the macroscale, there is a strong need for fully 3D models thatitexpésolve
mesoscale material structures (microstructures or material heterogeneities and voids) as
well as relevant thermmechanechemical processes. Ultimately, such 3D models can also

shed light on if and how 2D and 3D models differ possible inadgegiaf 2D models.

1.4 Modeling Ignition Thresholds

Broadly speaking, the modeling of shock ignition at the mesoscale level is typically
carried out as a part of modeling shdoldetonation transition (SDT). There are two
approaches, depending on whether pats are explicitly treated or not. In the literature,
the phrase fishock initiationo is o0f69.en use
The first approach involves treating hotspots explicitly based on a chosen mechanism of
energy localizatiofl14] (e.g., predominantly plastic pore collapse). The second approach
does not involve treating hotspots explicitly, instead ignition is treated via a numerical
switch to a burn model (rate law) in largeale enginering calculationg83]. Both
approaches have two basic features. The first is an assumption on the internal energy
function (equation of state). The most common is a masghted sum of constituent
internal energds which contains the fraction of reacted explosive mass (called progress
variable) and heat release from chemical reaction. The second is the rate law that controls
the evolution of Aburndo via the progress v
the mechanisms of ignition or hotspot evolution. However, it is known that these burn

models can be calibrated to match 50% threshold sensitivity of high explEd@ks
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To summarize some of the recent MMEI efforts aimed at shock initiation, Handley
et al.[17] published a review article that encapsulates the mesoscale modeling approach;
the review also includes many of the advances made through 2017. Yetmptistteto
translate all of the lessons learned from mesoscale modeling to the next higher scale (i.e.,
continuum burn models), several gaps were identified that remain unsolved to this day.
Note that continuum reactive burn models do not currently treah#thanisms of ignition
or hot spot evolution directly. Elsewhere, Rai and Udaykyid#jrhave demonstrated the
feasibility of an image to computation apach for mesoscale simulations of HMX, using
detailed material models and chemistry based on the H&redawitz multistep kinetic
mechanism. Their mesoscale simulations show that hot spots may or may not lead to
initiation, basedn whether the HMX is alss 3 or 5SHowever, this ignition behavior is
subdetonative, and it does not yet represkatfull SDT proces€8Browning and Scammon
[35] established an ignition model based on kggemular frictional dissipation, chemical
kinetics, and heat transfer, and obtained the time to ignition and velocities required for
reaction.Nichols and Tarvef90, 107] have attempted to model the detonation of HMX
using a statistical approach, rather than explicit modeling of microsteudtvhile they
were able to match experimental detonation velocity results, their continuum approach

makes it difficult to quantify the exact effects of microstructure on the detonation process.

Due to the fact that material heterogeneity is one of the most important sources of
stochasticity in material behavior, the quantification of the statistical variations of material
attributes at the microstructural level, such as grain shape and sidriti®sts, is essential
in the discussion of reliabilithased design of energetic materials and in the determination

of the ignition probability under given stimuli that lead to violent reactions. In spite of this,
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the stochasticity of ignition thresholdgspecially the influence of microstructural
variations of material attributes, such as grain size distributions and defects, has not been
systematically studiepll06, 108. In this study, this issue &ddressed in a manner that is
consistent with experimental quantification of uncertainty via the generation and use of

multiple statistically similar samples of each material design setting.
1.5 Objectives of this Study and Thesis Outline

This researchpresenéd in this thesisaims at understanding the effects of

microstructure morphology and constituents on seityitdf PBX under a wide rangef
loading intensityP=3 -11GP3, and establishing the correlation between microstructure

characterists and the initiation of the material. Additionally, the transition from thermo
mechanical heat generation to chemical initiagma subsequent detonationm®deled

and analyzed. Themainobjectives othis workare as follows:

(a) Analyze the ignition pradbility for granular HMX as a function of

experimental loading conditions.

(b) Thoroughly quantify the physical mechanisms governing the

desensitization of PBX by the inclusion of aluminum particulates.

(c) Develop a capabilityo model detonation of HMXinder shok loadingin

both 2D and 3D
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(d) Analyze how microstructural features, including grain anisotropy and
porosity affect the ruo-detonation distance (RDD) under various shock

pressures.

This researchconsists offour main parts divided into seven chapteChapter 1
provides a background on the topic sbfock initiation of energetic materialssearch
including aliterature review of important contributions and current work in the field.
Chapter 2 discussé®ththe Lagrangian and Eulerian computational feaorks that will

be employed in Chapters43and Chapters-6 respectively to study ignition

In Chapter 3fully packed HMX samples argimulated under shock loading, and a
rigorous statistical methodology for quantifying the probability of igniteodeveloped.
The response of stochastically similar sets of 2D microstructures will be simulated under
impact loading with piston velocities ranging from 500 m/s to 1200 m/s and pulse durations
of 30-280us. The local evolution of hotspassemonitored and threlative heat generation
due to both plastic work and frictional woikanalyzed. An ignition probability maig
generated over the design space of initial loading conditions and the results of
microstructural alterationare compared. This includes testing samples with large and
small grain size distributions (220dand 70 darespectively). Resulre thercompared
with experimental data in the literatufiéhis chapternllows for baseline verification of the
HMX materid model and constitutive properties, as well as new insights into the relative
effects of plastic work vs frictional work. In addition, the probabilistic analysis developed
here will serve as a useful tool for to the community at large, offering insitghthe

sensitivity of HEs as a function of experimental loading conditions.
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Chapter 4involves simulating PBX with the addition of aluminum particulates.
Aluminum often serves as a metallic fuel in PBXs, and experiments have reported their
inclusion decreses the sensitivity of PBX to ignition. The reason behind this phenomena
is still not well understood. This chaptexplores the thermemechanical effect that
aluminum has on the HMX grains and Estane binder, as it relates to the overall probability
of ignition. Similar to Chapter 3 ignition probability mapsare generated for samples
containing various volume fractions of aluminum, ranging from 0% to 18%. Additionally,
the effect of aluminum particle size examined. The generation of hotspots in samples
both with and without aluminunis compared, and reasons behind any discrepanoges

addressed. The aluminum used in these simulaiaihe aluminum alloy A¥570.

Chapter 5 involves a probabilistic study of the shtweletonation behavior of pressed
HMX. The current capabilities of the Lagrangian CFi&EMnework utilized in Chapters 3
and 4 isncapable of directly modeling tHell ignition and evolution of chemistryvhich
is critical for further modeling of the SDTh order to effectively study thelH behavior,
an Eulerian framework is applied to the problem using the Sandia National Laboratories
solid mechanics code CTH. Using CTkbur 2D microstructure cases are examined:
homogeneous (H), microstructured (M), homogeneous with voids (V), and trictased
with voids (M+V). By simulating the formation of a detonation wave in each of these cases,
the run distance to detonation (RDD) may be measured as a function of shock pressure to
generate a Pop plot. The effect each of these microstructuredesteities have on the
Pop plot is ranlordered, and a new probabilistic model is proposed to predict the
likelihood of observing the SDT at any input shock pressure and RBxesults of these

simulations are then compared to experimental data in énatlire.
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Chapter 6 further builds on the work presented in Chapter 5 by expanding the
microstructure and void simulations into 3B8%3x15 mm amples with realistic grain
morphology and0 um diametevoids are considered. The discrepancies between 2D and
3D simulations are quantified, atite probabilistic analysis first introduced in Chapter 5

is further refined to illustrate a pressure dependence in relative s8Dpleensitivity

Lastly, Chapter 7 summaries the methodology and results presented ier€&gp

and provides recommendations for future work.
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CHAPTER 2. COMPUTATIONAL FRAMEW ORK

This chapter discusses the computational frameworks used to model ignition and
detonation in Chapters-@ of this dissertation. Sectidh1 describes the microstructural
generation procedure used to create both 2D samples (used in Chapteasd3 3D
samples (used in Chapter 6). Sect®olays out the framework used for the Lagrangian
cohesive finiteelement code (CODEX), including constitutive relations, contact and
frictional algorithms, and the critical hotspot ignition eribn. Sectior2.3 describes the
Sandia National Laboratories Eulerdbased solid mechanics code CTH, including the

relevant constitutive models and chemistry medeled.

2.1 Microstructure Generation

2.1.1 2D Microstructure Generation

The grainaused in the 2D samples are generdg®oronoi tessellatioandhave
random, multifaceted surfaces interlocking with each othfer inserting a numbers of
Aseedso into a defined area, i ncreasingly
radii of these circles increases until they encounter a boundary from another circle
generated by another seed. Once this occurs, dhisected point stops expanding while
the rest of the boundary continues. After the entire perimeter of a single seed has
encountered a perimeter from another nearby seed, the grain geometry stops evolving. This
method of generation creates randomly face@hular geometries which serve as good
representations of a pressed microstructia. et al [109 showed that simulations of
Brazilian compression of PBXsing microstructures generated with this approach match
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expeiments reasonably well. Sincfictional dissipation along crack faces under
compression is an important mechanism for hotspot generatioptbeoi tessellation
method for generating microsttuires is preferred to ensure wedfined intergranular
interfaces. This method also allows for the generation of large numbers of microstructures
with random variatios in morphology and a highegree of statistical similitude in
microstructure attribuge such as grain shapand grain size distribution® sample

Voronoi output is shown ifigurel.

Figure 1 - Sample Voronoi tessellation output resulting in granular geometries

2.1.1.1 CODEX Meshing Scheme

After the granular microstructure has been generated, a Matlab preprocessor is used
to identify and pixelate the individual grain shapes, using the binary blatkvhite
Voronoi diagram. In the case of the CODEX framework, the sample is then meshed
according to a fixed element schenigach grain is subdivided into a number of two
dimensional constant strain triangular elements arranged in a fixed pattern displayed
Figure2. Between each set of elements, a cohesive element with zero area is inserted. This
element allows the user to define cohesive strengths for each matasalkl connection
and serves as the basis for handling fracture in the microstructure. More information on

this cohesive finite element framework can be found in Se2tid3
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.— Grain Boundary

+— Grain 2 Element

Figure 2 - Sample meshing of a randomly generated 3mm x 6mm fully dense
microstructure.

2.1.1.2 AluminizedPBX 2D Microstructure Generation

While the methodology of using a Voronoi tessellation scheme &@onéficient
for generating fullypacked microstictures, when samples have multiple different
constituents (as is the case with PBX), a more elaborate generation method is.required
order to generate the aluminized PBX samples discussed in Chapter 4, the procedure
descibed here is used to generate these complicated microstructuresh&hiX grain
distribution isstill generated using Voronoi tessellation. Two monomodal distributions of
grains are generated: one large (200 pm diameter) and one small {800 pm
diameter). Appropriately sized grains from each distribution are saved to a library, and

randomly redistributed into microstructures until the appropriate volume fraction of HMX
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is met to create a microstructure of desired attributgzatitular, thegrains from the two
monomodal distributions are combined to create microstructures with bimodal
distributions of grains of different volume fractions. Following this, 50 um diameter
aluminum particles (Al 7075 alloy) are randomly inserted into the emptyespot already
occupied by HMX, until a total volume fraction of 81% has been achieved. Any remaining
empty space is assigned to binder. This method of microstructure generation results in
realistic, randomized, and stochastically similar microstructuvesich allow for
statistically similar testingnecessary for studying initiation probabiliigure3 shows a

sample APBX microstructure.

Estane Binder

HMX Grains

Aluminum

Figure 3 - Sample PBX Microstructure with HMX grains, Estane binder, and Al 7075
particulate.

2.1.2 3D Microstructure Generation

The threedimensional microstructures used in Chapter 6 consikiusfmaterial
cases: homogeneous (H), microstructured (M), homagenevith voids (V), and
microstructured with voids (M+V)T'he granular distributionsed in the M and M+V cases

is generated using a similar Voronoi tessellation procedure gsli2fussed in Section
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2.1.7), but expanded into 3Bpace For the homogenous or microstructured samples with
voids, the individual voids are inserted randomly until a éaired void volume fraction

has been reached. No two voids overlagueng a constant void size and random void
distribution. A sample microstructure and void layout is showrFigure 4. For visual
clarity, a void volume fraction of 0% is shown irFigure4 (b). In CTH, the microstructure
geometry is input using the DIATOM subsection, which inserts all the grains first, and then
replaces the void location material with air (thereby replacindgdtie More information

about the DIATOM subsection is outlined in Sectib8.1

Microstructure

Figure 4 -(a) A sample 3D Voronoi tessellation microstruture. (b) A sample void
distribution consisting of 50 um diameter voids. The void volume fraction is 0.5%.
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2.2 Lagrangian Framework

The computational analysim Chapters 3 and 4 angerformed using CODEX
(Cohesive Dynamics for Explosives), a recently developed Lagrangian cohesive finite
element codeThe overall CFEM framework, including constitutive models, are discussed

in this section.

2.2.1 CODEX Overview

The CODEXframework allowdor quantification of the effects of microstructure
and thermahmechanical processes, including bulk deformation, interfacial debonding,
fracture of grains, and subsequent frictional heaft88y 95, 96, 11(. The constitutive
relations for the grainand aluminumarethose of a hydrostatic stredependent elasto
viscoplastic material. Specifically, the deviatoric part of the stress tensor carried by the
material follows an elastaeiscoplastic constitutive law and the hydrostatic part of the stress
tensor carried byhe material followseither aBirch-Murnaghanequation of stat¢B-M
EOS) or a Mie-Griineisen EOSdepending on the user preferenéalditionally, an
artificial viscosity model is used in association with the E@&nsuraumerical stability
The behavior bthe binder in the PBX simulations followrse generalized Maxwell model
for viscoelastic bindersA bi-linear tractionseparation model is used for the cohesive
elements to account for normal and tangential separations and fracture in grains. Details of
the cohesive models and the parameters for transgranular separatiinsius®ed further
in Section2.2.3 The cohesive strength at the grginain interfaces is set to zero. A contact
detection algorithm and a subsequent contact force model are used for surfaces after
fracture. The Coulomb friction damping model is used for surface elements that are in
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contact. The coefficient of friction is 0.5 at the contact points between initially debonded
surfaces as well as surfaces newly generat
heat conduction model is coupled with mechanical deformation and failodelsnto

account for thermal conduction in the material. Details of the algorithm and models can be
found in Ref.[95]. An outline of the constitutive and interfati®lations is given irthe

following section.

2.2.2 Constitutive Relations

2.2.2.1 HMX and AluminumDeviatoric StresStrainModel

The deviatoic part of the constitutive behavior bbth the HMX grainsand Al
particlesis described by an elastiscoplastic model. The specific form of the constitutive

relation used is
& £:(D-D,) (1)

whereL is the tensor of elastic modaind & is the deviatoric part of the Jaumann rate of

the Kirchhoff stresg-or isotropic elastic response,
L=2el+ lo- A @)

Here,| is the fourth order identity tensarands areL a m®6 s f i r sohsta@sn d s e c
Di in Eq. (1) is the deviatoric part of the rate of deformatiamich can be decomposed

into anelastic part and viscophstic part as

Di=D, iD, 3)
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where D'b is the viscoplastic part dDj in the form of

3€
D=t iwith 52 ti: ¢ @

Here, S is the Mises equivalent streds,& thedeviatoricpart of the Kirchoffstressand

@ istheequivalent plastic strain rate whiblas the fornof

9= 20 o
U+ 3
. -& G B :

E ég(ﬁ’)TH L (5)
9= el )6 T
e g° g1
g(U, i%ae ’g 0| el% 8@}
g oy

wheres ﬁ*de is the equivalent plastic straiE‘@ andén are reference strain ratesand
a are rate sensitivity parameters for strain rates belows® and abovess 10 s,

respectively,s, is the quasstatic yield stressg, is a reference straim\ is the $rain

hardening exponent], is a reference temperature, abdand | are thermal softening
parameters. The functiom(e, T) represents the quasiatic stresstrain response at

ambient temperate. The above relations consider strain harderand strainrate
dependence of plasticityhedetails of theaboveconstitutive relationand descriptions of
the parameters can be foundRef.[11]]. The material constants used in Es).for HMX

are listed inTablel and the constants used for Al 7075 are listeGable2 [117).
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Table 1. HMX material parameters for viscoplastic constitutive behavior

30 & N T, K b
(MPa)
260 5.88x10 0.0 293 0.0
4

= - a
% (S_l) m em (S-l) (]/Mpa)
1x10* 100.0 8.0x10% 22.5 0.0

Table 2. Al 7075material parameters for viscoplastic constitutive behavior

30 & N T, K b
(MPa)
415 6x10° 0.07 293 0.035

GG6sH M EBGY (g O
1x10* 50.0 8.0x10° 5 3.0

2.2.2.2 Equation of State (EOS)

The volumetrigoart of the response is descritiydthe BirchMurnagharequation

of state(B-M EOS) The specific form of the equation is

7 5 2] 2 £
t gKédV%d&/?’ﬁdV"?'@é v sa oo
"2 Ogaedvo?d Sd%Se%OZ }'d\g 2 t

wheret, =;1 = 1, i isthe hydrostatigart of the Kirchoffstresswhich is the
product of the Jacobian and the negative of the hydrostatic prassisthebulk modulus
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andd 1 0jT 0 .dV/dYisthe volume ratio of an initial volume elemedi) and

the current volume elemerd\(), which is equal to the Jacobian £ det(F ) with F being

the deformation gradientlor the implementation of the-B EOS, a time incremental

form is used. The time rate of change of the Jacobian is

padv dadv 0O
- 5ae— (D 7
w &y, 2Cav, %P) ()

and the rate of change of the hydrostatic Kirchhoff stress is a function of the Jacobian and

rate of deformation, i.e.,

o

Hf_adv ( g
= e ) ®

Previous studiegl13-115 show discrepancies in the parameters -&fl EOS for
HMX. Landerville et al[115 reported that the parameters vary to a large degree among
experiments due to inherent noise of experiments and inconsistencies in fitting ranges and
schemesThe parameter values uséat HMX are0  p & PpOO @ndv  X& uas
reported in Ref[115 which lie in between the values of Gump ef{4l3 and Yoo et al.
[114). The BM EOS is also used to model the aluminum particles, with values of are
X & "Owandy V& @,@s reported in Ref116. Figure 7 shows the presstireolume

relatiors from HMX modebk with and without thé8-M EQOS.
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Figure 5 - Pressure- volume relations with the Birch-Murnaghan EOS and without
the EOS.

2.2.2.3 Estane Viscoelastic Model

The Estane binders modeledfollowing the generalized Maxwell model (GMM)

[117] for viscoelastic binders, shown below in E9).

t D t g’
s(t)=pRo( - F—d it )-rtd ©

0 Wi 0 MZ i
Her e, O representand-t hefertoGlzeweviatgric ant hydresstic
portions of the Eulerian strain tensor, an
respectively. The shear modulus G is assumed to vary with the reduced or relaxation time
U according t ouladon[Rl7]ofrhgformer i es f or
N t

, ¢
a Aage § (10)
2 -

L
p

G(r)=6 A Ge" &

o >
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where G, =G, ﬁiN:"le and represents the instantaneous shear modulus at reference
temperatur€’Y, 'O represats the steadgtate shear modulug, =G/ g is the relative

modulus of thé®h term,0 represents the number of terms in the Prony serie$ aack
the relaxation times. Further details regarding the binder constitutive model, including the

parameters and calibration techniques used in this simulation, can be found in reference

[995]
2.2.3 Cohesive Finite Element Framework

The fracture of the microstructure under higipact loading is modetl using a
cohesive finite element frameworkhe cohesive elements are inserted between every bulk
element and are initially assigned zero af@gyre6(a)). In this vay, cohesive strength
may be assigned to each bulk material, or combination thereof, without modifying the
microstructure geometry itselfhese cohesive elements allow for arbitrary crack initiation
and propagation, while also giving CODEX the abilitgkplicitly model initial debonding

between the grains, commordigserved in experimental samples.

The fracture follows a bnear traction separation lagescribed by Zhai et §118
(Figure 6(b)). Until thed i s pl acement (U0) bet ween two bul
di st a)nteeohésire elements are considered elastic. Once this critical displacement
is exceeded, the cohesive element will begin to lose energy, and a resulting reduction in
elementstif ness occur s. I f the el emen)ithepotals ses a
energy lost equals the critical energy release rate and the interface between its two
connecting bulk elements is considered fractured. Once this point is reached nidjth stre

parameters of the cohesive element connecting the two bulk elements are set to zero. The
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cohesive paramet@alues for each pair of possible bulk element connections are listed in

Table3. Further details on this cohesive model can be found in refef@bce

A

a) b)  Sw
: g
Bulk element g=]
g
Cohesive element _°2’
v
'nltlally Zero area =

for cohesive element © 0

Cohesive separation d

Figure 6 - (a) lllustration of the connectivity between cohesive elements and bulk
elements. (b) Bilinear traction separation law.

Table 3. Cohesive Parameters for each bulk element combination

El ement U(Om) i Om) S ( MPa

Est-BEats 10 0.1 557
HMXH M X 5.0 0.005 101
AlA | 15. 4 0.015 345
H M XA | 4. 66 0.0014 70
AIEst an: 4. 71 0.0014 70
HMXEst a 4. 62 0.009 35

2.2.4 Contactrepulsion, and friction algorithm

Detection of contact is a computationally expensive procedure, as described by
Burago [119. This CFEM framework utilizes a Lagrangigenaltybased repulsion
algorithm. If a cohesive element is failed, the adjacent bulk elements are added to a list.
The contact detection is performed for bulk elements in thiat lesich computational time

step The calculation time of this algorithmpsoportional to second power of the number
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of failed elements. To reduce the computational time, a coarse grid is placed on a fine mesh,
and the contact search algorithm only considers elements that lie within the same cell of
the grid. Initially, each deexpands its size to have overlaps with neighbor cells, so that
searching process does not miss the contact of elements at the grid boAngemglty

force is applied to each node of failed surfacestrongly discourage interpenetration and
maintainproper contact of the surfaceghe direction of the repulsion force is normal to

the contact surface, and the magnitude is determined based on relative acceleration,
velocity and penetration depth of two elements that are in cobtietiled descriptionsf

the multistep contact algorithm and the penalty forces are given il Bj.. Frictional

heating due to sliding along surfaces in contact is assessed using the Coulomb friction law.

The stickslip state is determined by the normal fopedween contact surface pairs.

2.2.5 Ignition Criterion

In order to determine whether a sampaches ignition, a simplified critical hotspot
theory is employedlhefocus of this Lagrangian framework is not to explicitly model the
entire onset of chemistry, but rather identify the initiation of hotspbiss hotspot
criticality condition is basedn the assumption that once the rate of heat generation due to
chemical decomposition overtakes the rate at which heat can be conducted away to the
surrounding, cooler material, then the hotspot has become critical. As the temperature of
the hotspot riseshe rate of heat generation due to chemistry also increases. This criticality

condition is listed below.

Qchem = Qloss (1 1)
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To determine whether or not a hotspot has gone critical in CODEX, a temperature
analysis is performedlhe temperature field of a sample from the CFEM calculation is
scanned for localized temperature rises above a given temperature thrésheldAreas
of a temperature field with temperatures above the threshold are analyzed for hotspots.
Successively varyin@inresvalues allow the characteristics of a temperature field to be fully

analyzed.

After all hotspots in a sample are quantified in termsizé and temperature, a
recently developed criterion for ignitig@6] is used to determine the oh®é irreversible
chemical decomposition of the HMX phase in the samples. This criterion provides a

relationship between the size and the temperature states of critical hotspots. Specifically,

d(T)2 d.(T), (12

where d is the diameter of a hotspot resulting from a loading event whose interior
temperatures are at or above temperakudeis the minimal diameter of a hotspot required

for thermal runaway at temperatufe The quantitative information regarding the right
hand side oEq. (12) is taken from the work of Tarver et §28] who performed chemical
kinetics calculations to analyze the criticality issue for HMX and TATB explosives. The
calculations consider multistep reaction mechanisms and the pressure andttempera
dependence of reactants and products. More details about the ignition criterion can be

found in Ref[96].
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The lefthand side of Eq12) is obtained by analyzing the temperature fields in the
microstructures from CFEM calculations. To account for the variations of temperature
within a hotspot (note that temperatures at different spatial locations within a hotspot are
different and the tempature threshold is the lowest temperature at the periphery), the
hotspot threshold of Tarver et al. is treated as a band of £ 10% about the mean value, as in
Ref.[96]. A hotspot is considered to be critical when it crosses the lower threshold limit

(90% of the average value). The initiation of the material is regarded as being reached if

the criticalhotspot density is equal to or greater tA2MM* which corresponds to two

critical hotspots in a 3 mm square domain. The specific choice of the current critical hotspot
density (0.22 mm) is based on the observation of Barua ef@#] who observed a
negligible difference on the criticality results by changing the critical bbtdpnsity
between 0.11 mrh(single hotspot in the whole sample) to 0.44 @ hotspots in the
whole sample). This consistency is primarily because many hotspots develop
simultaneously and reach the threshold within very short time intervals from thachlb

has been contemplated that interactions among subcritical hotspots in close proximity of
each other might lead to one critical hotsposamplecriticality. If a critical hotspot is to
emerge from the interactions of multiple hotspot, it woulddtected by the approach used

here and accounted for by the ignition criterion.
2.3 Eulerian Framework
2.3.1 CTH Overview

While the Lagrangian framework of CODEX a useful tool fopredicing the

ignition threshold due to its explicit ability to track frictiornat generation at low impact
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velocities, a new framework is needed to explicitty model the stmdetonation
transition (SDT)In Chapters 5 and, 8heshock physics hydrocodeom Sandia National
LaboratoriesCTH, is used to modehe detonatiobehavior of pressed HMX his section
will only discuss a few of the key elements and constitutive relations chosen for these

simulations. For further information regarding CTH, see Referdi8ée87, 121].

In CTH, a Lagrangian stepith zero mass flux into or out of the elementised to
initially track the deformation followed by a subsequeaterianremap stp to return the
mesh to its original position. During the Lagrangian step, mass, momentum, and energy
are all conserved. Once the material has deformed as far as it can (as constrained by the
time step), a second order accurate advection scheme is impenemcalculate the new
material state properties in each of the reformed elements. During the remap step, CTH is
unable to conserve both kinetic energy and momentum. Due to this, momentum is chosen
to be conserved, while the internal energy is conveétegkinetic energy discrepancy is
discarded, meaning that the total energy in the system is not technically conserved. This
may lead to potentially erroneous temperature measurements in areas with particularly

strong deformation.

CTH is able to run in patlel on multiple processors, making large scale
simulations feasibleThe primary inputs for CTH include defining the material geometry,
an EOS model, a strength model for each material, and a chemistry model if the material
is reactive. The specifics tiiese models used for the HMX SDT modeling in this thesis
are provided in Sectiorn.3.22.3.4 Further details on CTH can be found in references

[86, 87, 121, 127
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2.3.2 Material Geometry Input

Generated 2D and 3D microstructures (as described in S@ctjoare defined in
CTH using the DIATOM subroutin€&eometrieslefined ashe microstructure are inserted
in the same order they are listed in the input déckvo geoméries overlap (e.g. two
grains), the DIATOM subsection will insert whichever one was listed first, and then
attempt to insert the second oA&y volume of the second geometry which overlaps with
the first is ignored. In order to generate the voids usé€hapters 5 and 6, the DIATOM
Ssubsection features a Areplaceo command,
previously defined material volume. Using these insertion and replacement commands, in
addition to the STL files defining each grain iretloronoi generated microstructure,
complicated and realistic looking microstructures may be accurately modelled in CTH.
Figure7 depicts a cartoon illustrating how CTdg¢nerates different geometries depending

on their order in the CTH input deck.
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Initial Geometry Definition Order of Insertion Final Geometry

j Insert Material 1
Insert Material 2

Replace Material 3

j Insert Material 2
Insert Material 1

Replace Material 3

Material 2

Example 1 Material 3

O

Material 2

Example 2

Material 3

O

Figure 71 Cartoon illustrating the importance of DIATOM ordering when defining
geometries in CTH.

2.3.3 Constitutive Relations

A simplified SteinbergGuinarrLund straindependent flow stress model (SGL) is
used to account for the viscoplastic behavior of HMX. This state dependent model is
well-suited for high straimate deformation and accounts for the effects of thermal

softening. Thematerial yield stress is calculated via

sy(‘eT) &.s . sT) gwith (13
f1_ ta.a s, ooc, f

'ep _riexp %_ gU&F u . (14)
[C1 @ T (o Sp —H S §'/

In the above relations,, is the athermal component of the flow stréssis the thermally

activated component of the flow stress, &ad C,, U, , andS; are material parameters.

The model has been calibrated to match the elastoplastic model used for HMX as
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described in Sectio®.2.2.] which in turn was based on available experimental data. The

values of the material parameters in the nhade listed below iTable4.

Table 4. HMX material parameters for the SGL flow stress model

Cl CZ UK SP
3.79 x 16%sT 1.45 Pe 3000 K 650 MPa

A

The bulk response to hydrostatic pressure is modeled using the firstMieder

Grineisere0OS

3 ep 3 or 0O
G R
p=—— & (15
(S a
d-sad -
e ¢ ' =

where p is the pressure,l is the initial density of HMX is the current density of

HMX, GO is theGriJneiserparameter,C0 is the bulk sound speed, apds the slope of the

Hugoniot. E is the internal energy which is found by integrating the specific heat with

respect to temperature at constant volume, i.e.,

E G dT. (16)

Y

-
Vo
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Table 5. HMX material parameters for the Miei Griineisen EOS model

Mo G, s G
1.33 g/cmior
1.90 g/cni or 2900 m/s 2.0 1.0
2.47 glcm

2.3.4 Chemistry Model

The process of chemical reaction initiation and progression follows the history

variable reactive burn model (HVRB) in the form of

& M %
| 4 A 0 where 17)
(; -
&(p- p) )
t -
f=pe— it (18)
e P 0

In the above relationd, is the extent of reaction{, is a scaling constantp is

the current pressurd); is the threshold pressure for reaction, BpndX , M, and Z are

reaction rate parameterReactiveburn models have been widely used to simulate the
ignition and detonation of HEM44, 83, 84]. These empirical models are often calibrated

to Pop plot data. As a result, the localized extent of reaction behind the shock front may
not be perfectly resolved (which is a known limitation for the HVRB mod&wvever,

with available data and models, this is a reasonable-tfide order to reach the

macroscale from the mesoscale, since the focus here is on analyzing macroscale material
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behavior. The HYRB model provides a straightforward method of accoudatiogemical
reaction at larger size scales which would otherwise prove more computationally intensive
if an Arrheniusbased chemical reaction rate model is used. Still, it is worthwhile to note
that if and when a more useful chemistry model is made a\lailia can be easily used in

the current framework there is no fundamental impediment to the use of other, especially
more mechanismBased, reaction models. The calibration parameters shoabie 6

have been fit to the average state data of HMX and are found in the CTH material properties
library. Once the chemical extent of reaction for the solid HMX reaches 100%, the material
behaviors following an internal eqimt of state reference table, also known as a

SEASAME table.

Table 6. HMX material parameters for the HVYRB chemistry model

t P Pe X M Z

1x10°%s 500 MPa 6 GPa 1 1.5 2.36
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CHAPTER 3. COMPUTATIONAL PREDIC TION OF
PROBABILISTIC IGNITI ON THRESHOLD OF PRESSED

GRANULAR HMX UNDER S HOCK LOADING

This chapter is based on the work published in Ré€}.in collaboration with Seokpum

Kim.

3.1 Introduction

The subject of ignition (go or rEO) occupies a central place in consideration of
explosivesd safety and performance. As a
covering a wide range of scenarios, from loading and environment, spatiaine scales,
to material composition and microstructure. In particular, the establishment of precise
conditions for the ignition of real energetic materials is especially important. The threshold
conditions are commonly expressed by simple analytictimms.SolovGev[123 reviewed
several such thresholds, each of which focusesdiffierent initiation mechanism. One of
thenewer andnost commoly usedthresholds isheJameselaion [54]. This threshold is
choserfor use in this Chapterot only because it accurately describes experimental data,
but also because it considers two macroscopic state variables, one is the daighat w
energy is imparted to a sample (energy flux) and the other is the total energy imparted to a
sample (energy fluence). So far, the establishment of ignition thresholds has been
exclusively an experimental endeavor. In t8isaptey a methodology is delopedfor
predicting the James type ignition threshdlid®ugh microstructural level simulation$

real explosive systesn The method is an extension of a novel computational capability
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based on the Lagrangian cohesive finite element method (CFEM@medents a pathway
toward building predictive tools for evaluating and comparing solid explosives at the grain
scale and for establishing relations between macroscopic safety/performance and
microscopic structures of the materials. The method and th®nsl& yields are such that

they can be used in the design of new explosives via heuristic improvement of performance
through microstructural, constituent and compositional engineering. In the pursuit of this
objective, emphasis is placed on (1) quacdifon of conditions of ignition under well
understood planar shock wave stimuli typically applied in experiments, (2) capture of
essential material attributes and physical processes that control ignition, (3) recognition of
the probabilistic nature of ¢hignition phenomenon, and (4) comparison with independent

experimental measurements.

This chapter consists of three parts. The first part describes the computational
framework used to study shock ignition and includes discussion on microstructure
represetation, loading configuration, and constitutive relations. The second part discusses
simulation results with focus on shock ignition thresholds in terms of the modified James
function and a probabilistic quantification of the thresholtgrmalized hotspot
temperature as a measure for thetignirisk of individual hotspots is then introduced
[referred to as the hotspot ignition risk determinant (HIRDIRJofThe third part focuses
on the major findings, which include predicted James type ignition thossfal pressed
HMX powders, the effect of particle size on the James ignition thresholds, comparison with
experimental measurements, and the probability distribution of the thresholds as a function

of the James numbeld)(as introduced by Gresshoff and Hsts[106].
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3.2 Framework of Analysis
3.2.1 Material

The material considered here jwessed granular HMX (Octahydig3,5,7
tetranitrel1,3,5, #tetrazocine) with microstructures consisting of HMX grains without
binder.In the experiments, materials with different grain sizes are referred to as different

Acl asseso. Of [Class 8, which haa an avenage grairesizg of 358
em, andClass 5, which has an average grain sizgagg]‘ = 6.7em initially. These HMX

grains are then pressed, causing the grain sizes to become somewhat smaller than their
original sizes (see Fige4 in Ref.[124]) due to fracture. Both classes have a density that

is 94% the theoretical maximumiensity (TMD). Figure 8 shows scanning electron
microscope (SEM) images of the microstructures of these two classes of HMX. A small
number of abnormally loarlgergrngi rmgChabsrpa feesrernd
material. Samples prepared for shocked experiments are cylindrical pellets with a diameter

of 0.5 inches and a height of 0.5 inches.
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Figure 8 1 SEM images of materials used in experiments, J&lass3 HMX and (b)
Class5 HMX. Images in the upperrow show HMX crystals and images in the lower
row show the microstructures made out of the corresponding HMX Classes after
pressng. The images are provided courtesy of R. R. Wixom at Sandia National
L aboratories.

The materials and the experimental procedure of Welle Et3}Iserve as a basis
and starting point for the computational analysis. In the experiments, multiple samples for
each material class and load condition are tested to quantify the ignition threshold
distribution. Similarly, for systematic computational quacdtion of the probabilistic
ignition behavior, statistically similar sample sets with multiple (5) samples are
computationally generated and tested under identical loading conditions. The
computationally generated microstructures mimic the attributeshefekperimental
microstructures. The generation uses 2D Voronoi tessellgtidh. The computationally
generated samples are designed to achieve two objectives: (1) maintain statistical

consistency among samples for each material setting (e.g., consistency in grain size
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distributions, grain volme fraction, and grain shapes for a given average grain size) and
(2) focus on trends in key microstructure attribute (grain size) among the different classes
of materials. To this end, each sample set follows a moodal grain size distribution

with a sgecific average grain size that lies between the average grain sizes of Class 3 and
Class 5. This approach allows primary trends in material beRanaostructure relations

to be identified and quantified while a significant degree of similitude is niaéuta
between the experiments and simulations for relative compafaother information

regarding the generation of these microstructures in found in S€ctidn

The differences between the experimental samples and computationally generated
sampl es are as f ol | ows . ClaBs5rexérimentallsanplésane g e
not considered in the computationally generated microstructures, as their perégentage
small (<10%) and accounting for such large grains would require much larger
representative volumes which are computationally prohibitive for the large number of
statistical calculations pursued here. The second difference between the experimental
sampés and computationally generated samples is that the experimental samples have a
densitythat is 94% of th@MD and, more importantly, the voids are too smdlRf]) to
be resolved explicitly via finite element meshing at the overall size scale of samples
analyzed. Therefore, a phenomenological approach for accounting for the effects of voids
is taken in the simulations. Specifically, the effects of the voids are coegitt@ough
variations in the bulk properties of the grains based on the fact thatsakell/oids
weaken the stiffness and strength of materials. This treatment applies to heterogeneous
characteristics including micro and nano scale voids, microcraakigtions in material

properties of the HMX grains, and directionality of constituent behavior due to crystalline

5C
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anisotropy. Here, these heterogeneities are phenomenologically accounted for in a unified
manner via random variations in the elastic modwtishe grains. Researchers have
analyzed the variations of the elastic moduli due to various factors including defects
through experiments and computation. Yang etlalg performed a MD simulation of a
copper plate with a void and found that the elastic modulus decreases as the volume fraction
of the void increases. Hudson et[dl27, 128 quantified the voids in RDX crystals and
assigned a defect score to each grain. By using-imalemtation, they measured the elastic
modulus and found grains with more defects (high defect scores) have a lower elastic
modulus. These findings provide jdgtation and serve as a guide for the use of varying
elastic modulus values of HMX to phenomenologically account for heterogeneities in the
microstructuresnalyzed hereThree levels of elastic modulus € 30.3, 20.0, and 12.9

GPa) are randomly assignadthe HMX grains. These levels are determined based on a
study of the anisotropy of the elastic behavior of HMX and data in the literature on how
voids affect elastic moduli. Specifically, the maximum and minimum values of the
Youngd6s modul etermimed froM M&stifnesetendor provided by Sewell at
al.[129. The intermediate value is taken to be the Voigt Ruess Hill (VRH) average of the
stiffness tensor. A similar case has been studied by Dimas [¢t38). who randomly

di stribute the Youngdés modulus in the micr
follow a lognamal distribution, with the mean value representing the effective modulus of
the simplified homogeneous material. Similarly, in our study, the effective modulus
corresponds to the VRH averadge=20.0 GPa) of the stiffness tensor. The grains with the
highl evel of Yo En3)8 6Papeataurhed to lig orientations that have

the highest stiffnessT'he high level of bulk modulus of these grains represkii@al
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crystals without voids ordefecEhe gr ai ns with the I|I(Bw | evel
12.9 GPapre assumed to lie Bn orientation that have a lower stiffnegse low level of

bulk modulus of these graimspresergthe crystals with significant amounts of voids or
defects A parametric study is carried out with further variatidresn these values. It is

found that the changes do not have a significant influence on the ignition behavior of the
materials. Part of the reason lies in the fact that heating is primarily an outcome of fracture

and inelasticity (see Fige 28 in Ref[12(). Isotropic constitutive relations are
implemented in our framework. Anisotpy i n the Youngdés modul us
for choosing maximum and minimum values for the isotropic model. Specifically, the
maximum and minimum bulk modulus and shear modulus values used differ by the same

ratio as the maximum and minimum values¥obungés modul us descr
Al t hough the computationally generated mi c|
reproductions of the experimental samples, major attributes are captured, allowing trends

in the effects of grain size on ignitionhsevior to be delineated. It is worth pointing out

t hat what i s pursued-imer a siisv emmote friemant tthatt
for all possible effects of microstructure on the ignition of the materials. Rather, it is meant

to be a novetffort aimed at the computational prediction of ignition thresholds, explicitly
accounting for major dissipation mechanisms other than heating due to Moédsffect

of voids on ignition and detonation behavior is examined in Chapters 5 and 6 in 2D and

3D space respectively.
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Figure 9 - Computationally generated microstructures and the size distributions of
HMX grains in the microstructures for d., = 70, 130, and 220 € m Each

microstructure image shown represents one sample in a setfivie statistically similar
samples which are random instantiations of the same microstructureonditions.

The average grain size of the experimental samples for Clags 3 858em) is
around 50 times larger than the average grain size of Clagsaggs 6.7em). Since larger

grains require a proportionally larger sample size or representative volume element (RVE),
to resolve the larg€lass 3 grain size with the sanfine mesh resolution as required for

the smallClass 5 grain size, computational models with an extremely large number of
degrees of freedom (DoF) would be needed. To keep the overall DoF at a reasonable level
for the large number of statistical rurgsparametric approach is takefiocusing on the

trend in the size effédather than the absolute size its&pecifically, we consider the

average grain sizes range®f_ =707 220em, which lie between the sizes of @@ikass 3
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and Class 5 HMX. The resulting microstructural domain of each sansp®x 6 mm

Although the computationally generated samples have much smaller domain size than the
size of experimental samples, the size of 3 mm of the computational sérgileEsast one

order of magnitude larger than the length scale of the largest average grai) sz&20

em) considered, giving sufficient volumetric representation of the microstructures. Liu
[131] reported the minimum size of the RVE to be 1.5 mm for a sample widverage

grain size of 12&m. Hisfinding supportghe choice of sample size here for the range of
grain sizes considered. Indeed, we have shown that the stir@ssbehavior predicted with

the current choice of domain size (3 mm) matches the experimental measurements, as seen
in Figure 10 of Ref.[95]. In addition, ast will be clarified in Sectior8.3.1, the height of

6 mm is long enough so that the stress attenuates significantly when it reaches the bottom
of the domain, such th#te ignition is determirgeby material events near the impact face

and materials and boundaries far away from the impact face have no influence on the

ignition outcome under the conditions considered here.
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Figure 10 - Multiple samples of computationally generated, statistically similar
microstructures with the average grain size oﬁjavg: 220 & m.

Three sets of microstructurase generated withverage grain sizes Qfavg: 70,

130,and220&em, respectivelyEach set consists of five samples which hsteéistically
thesame attributem terms ofgrain size distribution and specifigain boundargurface
area.ln total, 15 samples (3 sizes x 5 samples for each size) are genanat usedlhe
microstructure sets armbrrespondingyrain sizedistributions are shown iRigure9. To
illustrate the random variations in microstructumerphology within a particlar

microstructure segigurel0shows the fivesampledaving the samaverage grain size of

dyg= 220em.

The HMX grains of thesamples in the experiments are simply pressed
mechanically, leading to very weak or no bonding along the grain boundaries. In the

simulations, the bonding strength aldhggrain boundaries iassumedo be zero.

3.2.2 Loading Configuration

55



The shock experiments carried out use an Electric Gun to launch thin flyers,
generating a planar shockwave in the HMX sam[&s Each sample is placed in a steel
cup that only allows one face to be exposed to receiveybeifhpact. The samples are
subjected to shock loading with various combinations of pulse intensities and durations (as
determined by the velocity and thickness of the flyer, respég}tivieour different flyer
thicknesses ranging f r wsed. Far3eacls ftyer tthickneds8 3 €1
(corresponding to a specific pulse duration), different shots with different flyer velocities
are conducted on the same material. The ig
if the sampl e e x pthesample doasmat explade. ihe cesuljsambdthei f

experiments are plotted irigurell(a-b).

o 006 T T T T & 006 T L N e o
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Figure 11 - Ignition threshold determination from experiments using multiple
samples of a material with different flyer velocities at each flyer thickness (or pulse
duration), (a) Class 3, and (b) Class 5.

The simulations emulate the experiments directly. The computationally generated
specimens are indlly stressfree and at rest. Impact loading is effected by applying a

prescribed boundary velocity at the impact face (top bounddheafample), as shown in
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Figurel2(a). The left and right boundaries are constrained such that lateral expansion does
not occur. This confinement mimics the effect of the steel cup holding the experimental
sample. This is a 2model and the conditions of plas&ain prevail. This configuration
approximates the shock pulse loading of a sample driven by a thin flyer under conditions
of approximate macroscopic uniaxial strain. The pulse intensity and duration are chosen to
correspnd to the loading characteristics in the experiments. The experiment conditions

and relevant parameters are givei able7.
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Figure 12 - (a) Configuration of computational model of shock experiments, loading,
and boundary conditions considered, and (b) load history imposed on the top
boundary of the domain.
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Table 7. Material properties of flyer and specimen and condions of experiments

Parameters Flyer 1 Flyer 2 Specimen
ParyleneC
[132 Kapton[137 HMX
Material Longitudinal wave
properties Speedc (m/s) 2,228 2,741 3,750
Density; (kg/m°) 1,286 1.414 1,910

Experimental Flyer velocityvsy 21 4.2km/s 1.57 2 km/s | Stationary

condition ThicknesH 237 37em 1117 183em | 12.7mm

The imposed velocity at the top boundat&f,x of the sample is determined by the
ratio between the longitudinal wave impedange¥¢f the flyer and the HMX sample as

r.cC
U = fly ~fly Vv

r fInyIy + HR/IX CHMX

fly

wherel y, is density of the flyerCy, is wave speed in the flyef,;ux is density of HMX,

fly

Chux is wave speed of HMX, an\ﬁr'fIy is the launching velocity of the flyer. The range of

loading analyzed in the experiment corresponds to the imposed patrticle velocity range of

U, =500 -1200m/: (approximate flyer velocity range of 1-5 km/s) and the range of
pulse duration oft =20 -13Cns. The specific particle velocity levels considered in the
computational analysis afd, =500, 700, 900, and 1200 m/s and the range of pulse

duration analyzed ig¢ =10 -28Cns. The pulse durain increment between successive
durations depends on load intensity and varies betweerl -12ns, as listed ifable8.

The pulse duration is the tamt takes the longitudinal wave to traverse a round trip in the
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flyer. For each velocity and sample, 10 different pulse durations are considered, yielding
600 microstructurdoading combinations (4 velocities x 10 pulse durations x 3 grain sizes
x 5 micrestructures). The profile of the imposed shock pulse at the boundary is shown in

Figurel2(b). The velocity rapidly increases from zero to the particle velocitypafuring
the ramp time ot,,,,,= 10 ns. This velocity is kept constant until the pulse tilmeeached.

After the pulse timet( t ), the top boundary is released and no external loading is applied,

while the boudaries on the left, right, and the bottom remain constrained in their normal
directions. The computational pr edhapter i on o
follows the same procedurs ased in experiments Bigurell(a-b). As an example of the

resul ts, the Agoo and Ano goodo threshol ds f
220 em are plotted irFigure13(ac ) . The symbol s r epgroeos efnar e
each combination of flyer velocity and pulse duration. The data points are along vertical

lines inFigure 13 because the simulations are performed for different pulse durations at

each flyer velocitywhich determines the energy flux. On the other hand, experiments are
performed at different flyer velocities for each flyeickmess which determines pulse

duration, resulting in the data points to line up along diagonal lines in the energy fluence
power flux space. This slight difference in how the computational and experimental data
points populate the domain of analysis dnetaffect comparison of the two data sets in

any way. A total of five microstructures for each grain size are used for thputational

analysis, andrigure 13(a-c) show the results from only one microstructure of each grain

size.
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Table 8. Load conditions and load increments analyzed

Up (m/s) 500 700 900 1200
PQ, (Gwicn) 0.173 0.366 0.65 1.273
0.0169- 0.0132- 0.0094- 0.0045-
Range of (ki/cm) 0.0507 | 0.0416 0.042 0.0429
Range of pulse duratiob)(ns) 120800- 40-112 20- 65 10- 34
minimum Uinterval (s) 12 6 3 1
B e 006 006
4 dpe=220um @7 Z g =130m )] dpe=T0um ()
3 FC S : S F o
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Figure 13 - Ignition threshold determination from computation using one
microstructure of each grain size, (a)davg: 220 pm, (b)d, .= 130 um, and (c)d
70 um. Multiple pulse durations are used foreach load intensity.

avg avg —

3.2.3 Constitutive Relations

The simulations are performed using a recently developed Lagrangian cohesive
finite element framework39, 95, 96, 11(. This framework allows quantification of the
effects of microstructure and thersmakchanical processes, including bulk deformation,
interfacial debonding, fracture of grains, and subsequent frictional heating. The
constitutive relations for the grainseathose of a hydrostatic stredspendent elasto
viscoplastic material. Specifically, the deviatoric part of the stress tensor carried by the
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material follows an elastaeiscoplastic constitutive law and the hydrostatic part of the stress
tensor carried bthe material follows th8irch-Murnagharequation of statéB-M EQOS).

The term ApressuRdbed edred ttloe twvheaer ihayldireosit at i c
following discussion. Additionally, an artificial viscosity model for numerical stability is
used in association with the EOS. Alimiear tractiorseparation model is used for the
cohesive elements to account for normal and tangential separations and fracture in grains.
Details of the cohesive models and the parameters for transgranular sepauaigiven

in Ref.[95]. The cohesivestrength at the graigrain interfaces is set to zero. A contact
detection algorithm and a subsequent contact force model are used for surfaces after
fracture. The Coulomb friction damping model is used for surface elements that are in
contact. The coeffient of friction is 0.5 at the contact points between initially debonded
surfaces as well as surfaces newly generated as a result of transgranular fracture. Although
the coefficient of sliding friction is usually lower than the coefficient of static dnctihe

same value of 0.5 is used for both, for the lack of measured data. The value chosen is based
on the work of Green et 41133 who reported the range of 8087 for PBX 9404. Dickson

et al.[134] reported that thérictional coefficient for PBX 9501 is between 0.4 and 0.5.
Chidester et a[.33] used a value of 0.5 for X0 based on the experiments of Green et al.
[133. Details of the friction modeand the coefficients are provided in REE35.
Fourierds heat conduction model is coupl e
models to account for thermal conduction in the material. Details of the algorithm and
models can be found in R¢B5]. A more complete summary of the constitutive models

used in CODEX, including all relevaatjuationsis provided in Chapter 2.

61



An artificial viscosity scheme is implemented to obtain stable shock response under
hightintensity loading. The artificial viscosity is a commonly used practical approach to
solve issues associated with overshoot oésstrat shock wave fronts and spurious
oscillations behind the front. von Neuman and Richtmyeq first introduced the
artificial viscosity method with a quadratic term of velocityadjent for 1D wave
propagations. Later, Landshdft37] proposed a linear term for the velocity gradient.
Campbell et alf138 explained the effect of each term. The specific form used in this study

is

q_fér cla{tr(D)} - ql*{tr(D)}", if tr(D)<0
=1

20
70, if tr(D)2 0. 0

In the above relations}is a pressure correction associated the artificial viscosity,

} IS mass density of the materibis a characteristic grid length taken as the squanteoifo
the element area), andtr(D) =D, +D,, .. is the trace of the rate of deformation

tensor.co and @ are viscous parameters for the linear term and the quadratic term,
respectively. The values ase T8t @ndw  p@®has reported iRRef.[139. A material

with behavior described byé elasteviscoplastic modelinder shock loadinghows less
significant overshoot and oscillations of stress compavigd a material withelastic
behaviordue to energy dissipatiassociated witlplastic deformationStability analyses
arecarried out not only for conditions of viscoplasticity, but also for the conditions of the
morechallenging elasticityFigure 14 shows a comparison between the pressure profiles
of a shock wave withrtificial viscosity and withouartificial viscosityfor anelasticmodel

of HMX underloading withU, =4001/S The algorithm with the artificial viscosity allows
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stable shock profiles without stress overshoot and spurious oscidl&dite obtained. The
introduction of an artificial viscosity may lower the shock velocity. Therefore, the
parameters need to be calibrated such that the effect of the artificial tyismotiie shock
velocity is negligible. To verify the implementation of theMBEOS along with the
artificial viscosity, the calculated Hugoniot or relation between shock velocity and particle
velocity (Y  "Y) is compared to that from experimeft4(Q, as shown ifrigure15. The

black dotted line igrom the analytical solution of 81 EOS, and the red dots are from
CFEM calculations with the 1 EOS and the artificial viscosity. A slight decrease in
shock velocity from the CFEM calculations (red dots) is seen as compared to the
analytically obtainedick velocity from the BV EOS (black line), but the difference is

negligible. The numerical result agrees with the experimental data (blue marks).

4 4 ‘
3 1 . 3 [ b
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1r . 1 [ b
ol 0
Distance from impact face (mm) Distance from impact face (mm)

Figure 14 - Comparison between the pressure profiles of a shock wave, (a) without
artificial viscosity and (b) with artificial viscosity for an elastic model of HMX under

a shock intensity of U, =400m/s.
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Figure 15- Comparison of calculated Hugoniot Ug - U, relation) and experimental
data (Ref. [49]) of HMX.

Interfacial debonding and arbitrary fracture patterns are explicitly captured by the
use of cohesive elements embedded throughout the finite element model. The cohesive
elements follow a bilinear traction separation law described by Zhai [@1§l. The
cohesive relation embodies an initial revesilseparation processes with a certain
separation limit, followed by irreversible damage and separation beyond the limit. A
cohesive surface pair is considered as failed and, therefore, has no further tensile strength
if the separation reaches a criticabtdnce. A verification of the cohesive element

framework is provided in Ref95].

The formation of a crack (inside a gain or along a grain boundary) results in the
creation of two surfaces. At each computational time step, the entire domain is scanned
and such surfaces are identified. Theregponding nodal coordinates of all possible pairs

of surfaces are compared to detect surface contact and overlap. Penalty forces are applied
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to strongly discourage interpenetration and maintain proper contact of the surfaces.
Detailed descriptions of thaulti-step contact algorithm and the penalty forces are given
in Ref.[12(Q. Frictional heating due to sliding along surfaces in contact is assessed using
the Coulomb friction law. The stieklip state is determined by the normal force between

contact surface pairs.

Temperature in the material under dynamic loading rises locaéyta inelastic
bulk dissipation and frictional dissipation along interfaces. Heat conduction is considered.

The specific form of the heat equation is

L R (21)

pt

where C, is specific heatT is temperaturet is time, k is thermal conductivityd is the

fraction of plastic work that is converted into heat,is the rate of plastic work, ang"™

is the rate of frictional dissipation.

3.2.4 Initiation vs. Growth of Reaction

This chapterfocuses on the establishmentaofignition threshold associated with
the development of critical hotspoth& analysis does not attempt to address the issue of
growth to detonation transition that critical hotspots undergo. The model considers the
attenuation of the shock wave as it travels through the sample, without considering the
detonation waves from crital hotspots behind the shock froithis approach is quite
reasonablas the process leading up to the formation of critical hotspots does not involve

detonation which occurs later. Since of the relevant and dominant mechanisms of heat
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generation duringhis stage are mechanical irreversibilities (plastic deformation and
fracture/friction), the only mechanism of heat loss from hotspots is thermal conduction

which is @counted for in thisnodel.

The criticality condition for thermal explosion is identffieas the ignition
thresholds (boundaries between go anejop The justification for this assumption is
based on the careful analysis ofnraterial gauge records of HMX and TATB based
explosives by James and Lambo[&A1]. They showed that threaction (behind the shock
wave front) is a function of shock strength and time along the particle path, and is
independent of local flow variables behind the shock such as pressure and temperature. In
ot her words, it he gr owtHhelds does ndl feed packetstheu r e @
reaction rateo. This observation is fundam
the criticality of hotspots in the sense of thermal explogldd] directly correlates to the
initiation of detonation. It also implies that the collective behavior of hotspots may
influence the time to detonation, but may not affect the minimum shock threshold condition
for initiating detonation, at least to first order. However, the role of distributed hotspots on
the geno-go criticality is not yet well understogd43. Based on the observations above,
we assume thdhere is a ond¢o-one correlation between the existence of critical hotspots

which lead to local thermal runaway and the occurrence of eventual detonation.

3.3 Results and Discussion

A systematic quantification of thignition of the HMX samplesis carried o,
focusing onthe shock intensity, shock pulse duration, and the average grain size of the
microstructureThe overall procedure is illustratediigure16. The analgis is performed
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in the following steps. Firsthree sets of microstructures with three average grain sizes are
generated, with samples in each set having similar statistical attributes (e.g., average grain
size and grain sizeistribution), as shown irrigure 9 and Figure 10. Second, CFEM
calculations are carried out using gempésunderthe loading conditions atiscussedn
Sedion 3.2.2 and shown inFigure 16(a). Temperaturefields are obtainedirom the
simulations as illustrated rigure16(b). To ascertain thealidity of the results relative to
experiments, e attenuation of the stresmves as it traverses the samples is analyzed
Third, temperature fields and the simmperature state of each hotspot is determined, as
illustrated inFigure 16(c). The ignition criteriondescribed in Chapte2.2.5is used to
identify critical hotspotshat have reached tls&zetemperature threshol@he ignition of

the sample is determined by #vdastencef sufficientcritical hotspotsFourth the ignition

(go) or no ignition (nego) condition in terms of the power flux and the energy fluence
(measuwes for loading) for each sample is recorded, as illustratédgure 16(d). The

overall probability of ignition for each material set is determined using the aggcatat
set of geno go states of all samples in the power fllenergy quence(P - E) space.

Detailed discussions on the probability of igmitwill be given in Sectio.3.3
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Figure 16 - lllustration of the hotspot-based approach for ignition threshold

prediction. (a) Microstructure generation and CFEM simulation, (b) Temperature
field, (c) Hotspot characterizationfrom the temperature field and determination of
the criticality of the sample via hotspot sizéemperature states and (d)determination
of the i g @O n-@ o apndition for each sample inthe E 1Y space.
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3.3.1 Analysis of Stresand Temperature
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Figure 17 - (a) The calculated trajectory of peak pressure and (b) corresponding

temperature profile under shock pulse loading with  for a sample odavg: 220 pm.

Thetemperature of the meatal increases due to energy dissipafrem material
inelasticityand friction along crack facesder high stress. The dissipation also causes the

shock wave to attenuate as it propagaths.peak pressure trajectory from the calculations

and the coesponding temperature profile under loading Wdth=900m/s and t =38ns

are shown inFigure 17. Note that the peak pressureas well asthe average and peak

temperatures decreasgatially as the shock wave propagates into the material.
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Figure 18 - Effect of pulse duration on stress attenuation under shock pulse loading
with for a sample of davg: 220 um, (a) profiles ofpressure for the durations oft =

29, 38, and 47 nand (b) comesponding rarefaction point (X;) and decy distance
scaling parameter (X, ).

Impact by a thin flyer creates a short duration pugech attenuates as the shock
wave propagates through the material, as described in[Ref. Initially, the peak
pressure remainsonstantfrom the impact face tthe rarefaction poingx.), after which
release wavefrom theimpact face overtake the shock wave, aagisttenuatiorof the
peak pressure The distancex) and the degree of attenuation vary depending on the
material and initial pulse duratiowkich depends oftyer thickness)as described in Ref.
[145. The attenuation of pressure is often quantified with an exponential form in terms of

distancefrom the impact faceasdiscussedn Ref.[146. The exponential forrhas been
shown to modethedependence gfarticle velocity U») onthe shockvelocity Us) [147].

The trajectories of peak pressuoe differentpulse durationbetweent =29 -47n< are

shown inFigure18(a). Thetrend can be described by
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a x- o}
P o = R €Xpae % 6B, for x X, (22
Q -

where the rarefaction point is»at xc at which the peak pressure beginstt@nuatex is

ascalng parameter that defines the slope ofaktenuation.P, is the asymptotic pressure

at far distanceand (P, + B,) is the peak plateau pressumetheinterval 0¢ X @x.. The

trajectories of the peak pressaseshown ifFigurel8(a) are fited to Eq(22) for the range

of x ¢ 3mm. Figure12(b) shows thelependencef x. andx. on pulse duratiorJ As the

pulse duration increaseshe rarefaction distandg) increasesindicating that the peak
pressure plateaus for a longer distance before it stastsetauate. Likewise, as the pulse
duration (() increasesthe distance scaling parametey) (decreases, indicatingat the
pressure attenuates more slowly as it propagates through the maiguigd19 shows the

relationship between the pulse duration and the distance paranxetmns Xc) over the
range ofU, =700 -1200m/sThe relationships betweehe pulse duration andistance

parametersx and x., are linear The distance parameters for all shock intensities
considered fall along the same lines, indicating that Hreyhighly dependent on pulse

duration bufarenot strong functiosof theloadintensity. The effect of shock intensity on
attenuationis captured by P, and P,. The values of the parameters faohe linear
relationshipsbetweerpulse duratiorJand the distance parametetsandx., arelistedin
Table9. Thethresholdime (t(f) for xc in Figurel9 andTable9is 10ns which is equal to

the ramp time of thappliedboundaryloading Figure12(b)). This coincidencéndicates
that if the pulse duration is as short as the ramp time, the shockoegves toattenuate

instantly without staying at plateau
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Figure 19 - Relationship between pulse duration and distance paramets (Xr and XC)
over the loading range of U p = 7001200 m/s.

Table 9. Coefficients ofthe linear relations betweenX; and t,,, and betweenX; and
t

pulse

x =g O %) g=00118mmin  t =0ns
X =& (f)' tg:) a, =0.0080mm/n t(;: =10ns

3.3.2 Ignition Threshold

The samplgin the experimerstare12.7mmin length,which isasufficientdistance
to see the stresgtenuat to very low levels as the loading pulsaches the bottom of the
sampla. The attenuation is so pronoung¢étht onlya small portion of the samples ckos

to the impact face experience severe enough loading over the duration of the experiments
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to yield hotspots harg the potential to cause ignition. Indeele ttomputational results

show that most hotspots are generagitin a distance of0<X <-2timesx, from

impact faceand no hotspots aeeerfor any distanceX>4-5 times ofx, Therefore,the
shock pressure significantly diminishes as the wave reaches x = 6 mm. Specifically at this

distance, the pressure of a sample subjected tdinigawith Up:700m/5 and

U, =900 m/s decreases to 10% and 5% of the initial shock pressure, respectively. Welle

et al.[148 investigated the effect of sample height and found no significardtionsin

the ignition threshold fora height range of 619 mm.Because of thiswe stopour
calculatiors when the stress waweaches the bottom of the sampésd analyze the
temperature fieldor hotspots, knowing that further propagation and reflection of the wave
from the bottom haveagligible effects on hotspot formationhis approach iessentially

equivalent to using an infinitely long sample in which the stress wave does not reflect.
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Figure 20 - Minimum energy required for ignition from five samples and 50%
probability. The samples used here have statistically similar microstructures with the

average grain size ofdavg: 220 em aFgureslB.own i n

The critical energy thresholfdr ignition is analyzed using thkotspotignition
criteriondiscussedh Chapter2.2.5 Figure20shows theninimumenergyinput E required
for ignition (or energy fluence)-ive statistically equivalensamplesare computationally
analyzd at each energy input rate (or energy flux). The different samples, just like different
samples of the same material in experiments, require slightly different levels of energy
fluence (as reflected in slightly different pulse durations they requiredghing ignition)

under the same load intensity or energy flux (energy input fégg,the shock intensity
is expressed in a power fldarm (i.e., P =PU,). Althoughthe individual samples have

the same overaditatistical microstructural attributdserefore mimicking multiple samples
of the same material batch in experiments, the random grain shapes and grain distributions

cause the samples to have local fields that fluctuate, thereby giving rise to siidétentl
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behaviors and slightly different energy fluence values even under the same overall loading
condition The astask in the figure demardas the thresholdfor 50% probability of
ignition as determined by all samples over the entire load regimgzagial o determine

this 50% threshold, the following Jarrgpe relation is used to provide an overall fit.

1=5 L, (29
E P

where the cutoff energy fluende, and the cutoff power flu, are fitting parameters

which represent asymptotic thresholds for the critical energy fluence and the critical power

flux, respectively. This relation is based on the James relfidinand is obtained by
replacing the specific kinetic energéi (=0.8U,°) in the James relation by the power flux

(P =PU,), see Welle et al[13]. The data pointsabove the50% threshold curve

correspond tdgnition probabilitieshigher than 50%, and the points below tB8%

thresholdcurverepresent correspond ignition probabiliteslowerthan 50%.
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Figure 21 - Computationally predicted 50% ignition thresholds from all grain sizes

analyzed (davg: 70, 130, and 220 pinand experimentally measured thresholds for
Class 3 and Class 5 HMX.

Table 10. Parameters in the modified James relation for materials with different
grains sizes

Aoy (UM) O (kJ/cn) (GW/er)

. 358 (Class 3) 0.01157 0.2072
Experiments
6.7 (Class 5) 0.00377 0.2776

220 0.0205 0.0798
Computations 130 0.0163 0.0919
70 0.0135 0.0683

The 50% ignition thresholds for the threaterials withthe average grain sizes of

d,, = 70,130, and 2201 are shown irFigure21. The corresponding parameters for the
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modified James relation (ER3J)) for these three casase listed inTable10. In general

a highe loading rate (power flux) results & lowerenergyrequiredfor ignition (lower

energy fuence) as indicated by E(R3). For a given loading rate (powdux), smaller

grain size lead tdower ignition thresholdsThis effect is more pronoung@nder strong

shock loading (power flux greater than 0.5 GW/crKhasainov et al[149 mentioned

that heterogeneous explosiweith high surface area (corresponding to smaller grains) are
more sensitive than those with less surface area (corresponding to larger grains). They
observed this trend only at high intensity regiRd?¢ >> 1). As shown irFigure2l, the
discrepancy in the sensitivity levels of different grain sizes increases as the power flux
increases, whereas the sensitivity level discrepancy converge as the power flux decreases
until its critical value is reache@he trends observed in the computational predictions are

in good agreement witthoseobserved in experimental datas overlaid in Figure 21.

Moreover, the computationally predicted threshold®r grain sizes of

d,, = 70,130, and 220t lie in the same range &ise thresholds obtained by experiments

for Class 3 ¢l,,, =360 M) and Class 5d,,, =6.7 M) sampls with a marginadegree of

deviation. Overall, the experimentally measured thresholds are lower than the
computational predictions. The difference between the experimental observations and
computational predictions may be attributed to the following facterst, the average

grain sizes for Class 3 and Class 5 HMX in the experiments become smaller during the
pressing process. So, the actual grain sizesamnewhasmaller than the nominal values

stated here. Molek et dl124] reported that the gnaisizes of Class 3 and flughergy
milled HMX (davg =4 m) decrease by roughly one or two orders of magnitude after

sample preparation. Similar results can also be found in[&&f.Therefore, the ignition
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thresholds of Class &d Class 5 HMX shown iRigure21 are actually for gras sizes

smaller than nominal values stated in the figure. Second, the computational model is based

on a relative density of 100% (fully packed HMX) and provides only a phenomenological
account of voids and other defects in the material, whereas the egplisamples have

a relative density of less than 100% (94% TMD). Christensen Et5)} observed that

LX-17 PBX samples with higher relative densities are less sensitive (having higher ignition
thresholds) than samples with lower relative densities. T |, | arge Aboul d
experimental samples are not considered in the simulations, as pointed out earlier. What is
important to note is that the overall trends are consistent, with smaller grain yielding lower
ignition thresholds. Note that this séivity analysis does not account for subcritical

hotspots. More information illustrating the effect of subcritical hotspots is presented in

Section3.3.4
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the equivalent James relation.
78



In the modified James relatioEd. (23)), the power flux € =PU,) is related to

the shock intensity, similar to the specific kinetic ener§y=(0.5JP2). It also represents

the rate of energy imparted to the materi@l £ dE/ dt) per unit area of material surface.
The ignition threshold between input eneiyand power fluxd in theE - Y space can
also be represented in te Uspace. Specifically, the modified James relation as expressed

in theY - Uspace is

.. 2 E/P
P=PO, A3 O—{+— (24)
¢

1-: ™

where EC and P, are the same parameters as in E2f). This equation in the - Uspace

is an equivalent form of theadified James relation (E(R3)). The details of the derivation

of the modified James relation and the equivalent modified James relegi@ivan in
Appendix A.Figure 22 shows the 50% ignition thresholds (data points denoted by the
symbols) for the three grain sizes in theUspace and the corresponding equivalent James
relations obtained via curve fitting. To study the application ofeteivalent James
relation to experimental data, we examine the shock initiation threshold of TATB obtained

by Honodel et al[15]]. Figure23shows a comparison of the fits with the malent James

relation (Eq(24)) and the WalkeiWasley relatiofP"t = C) [53]. Both the Walke#Vasley

relation and the equivalent James relation have two fitting parameters. The equivalent
James relation follows more closely the data points over the entire range, while the Walker
Wasley relatiordeviates from the experiments in the longer pulse (lower load intensity)
regime. The closeness of the fit in tHe Uspace using the eiyalent James relation (Eq.

(24)) is the same as the closeness of the fit inEEhdd space using the odlified James
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relation (Eg.(23)), because Eq(23) and Eq.(24) are algebraically equivalent. The

difference is that thdd - Uspace directly relates to the physical conditions of the
experiments (thickness of the flyer required for ignition at given flyer velocity implied by
the energy flux), whereas tlie- B space emphasizes the amount of energy required for

ignition at given aergy input rate into the material.
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Figure 23 - Comparison of the ignition threshold characterizations using (a) the
Walker-Wasley relation and (b) the equivalent James relation. The ignition data of
LX-17 and TATB is from Ref.[60].

3.3.3 Probabilistic Quantification: Ignition Threshold for any given Probability of

Ignition

The ignition hreshold represented by E(R3) indicates the shak loading
conditions for 50% probability of ignition. To incorporate the energy and power flux
conditions required for greater than or less than 50% ignition probability, Gresshoff and
Hrousis[106 expandedn the modified James relation by introducing a James nuthber,

The specific form of the equation is
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whereJ = 1 is the modified James relatial> 1 corresponds to shock loading conditions
resulting in greater than 50% ignition probability, ahe 1 corresponds to shock loading
conditions resulting in less than 50% ignition probability. As an exawipgheapplication

of Eq.(25), Figure24 shows the modified James relatiwith J =0.75, 1.0, and 1.z using

the data for microstructures Witldavg=220 M. Each J number accounts for all

combinations of loading conditions (i.e., energy fluence and power flux) which results in

a certain probability of igtion. The three lines ifrigure 24 for J =0.75, 1.0, and 1.2

correspond to the three probability fits of 10%, 50%, and 90%, respectively.
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Figure 24 - Modified James relationwith J =0.75, 1.0, and 1.2 for the material with
d,, =220 m.

Figure 25 shows the relationship betwe@dn(James number) and the ignition
probability from the experiment and the computational prediction for all samples.
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truncated normal probability distributiofunction (P (J)) is used to fit the ignition

probability around a mean value 9f=1. The specific form of the function is

~0()- O 26
"D e) Tao) 9

whereq ( J) is cumulative normal probability distributig@0€ in the form of

_ 1 2 &(X-)ng, 1lé 3l - &
a(J= fexpe————— pdxeal erf (27)
sV2p- & 25 4 28 {2 sq
whereei s t he mean value, O i sa(t)meThesparammettrar d de

used to represent the ignitiggrobability of the samples are listed irable 11. By
combining Eqs(25), (26) and(27), we can obtain a direct relation betweka ignition

probabilityP and the shock loading condition parameteedt in the form of

o

1 e & EP m 0 & - mé#

P(E,P)= fop . & og
( ) 1- erf( _ m’i)gerg (PE €P) V2 Sgergeﬁ% (28

where erf(Q) is the Gauss error function. Under tbenditions of the current analysis,

(0(0)° 2 310°, therefore, for the range @¢ J ¢ ; the difference between ( J and
P (J) is on the order of2310°, which is negligible. As a result, withh = m%

representing an igndn probability of 50%, Eq(28) simplifies to

€ 1a
P(E,P):l+}erfé L = EP
2 2 a2sgPE+ER

&
1 a (29
S
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In the above relatign h e st an d a rcudoff elnergyiﬂuaemcEC @amd cudoff power

flux P, are material constants whose values are determined by experiments or
computations reported here (s€able 10 and Table 11). Once these parameters are
determined for a material, the probability of ignitiBnunder any loading condition as

measured b¥ andYd can be clrulated directly from Eq928) or (29). The prolability P

as a function ok andb can also be represented as a function of the pulse duradimh
either power fluxd or input energyE. In the previous section, we have shown that the
ignition threshold between input energyand power fluxd in the E - Y space can be
represented in th&) - Uspace (sedigure 21 and Figure 22). Similarly, the ignition

probability P in Eq. (29) can be recast in the - Uspace and in th& - Uspace as,

respectively,

1.1 e14&p/p O

P(P,)E-+—erfg < A u
( ) 2 2 "\/ES ﬁ; +[C/ ¢ 91 and (30)
11 ,614F E &
P(E, y==+=-erfg— 1 & 31
R azs et/ 39

where thet, *E_/P, is a materiadependent timscale constant. The values of from

experiments and computations are liste@iable12. Note that althougti . can be used as

a reference time, is not a measure related to the pulse duration required for ignition in any

sense. For higintensity loading, te pulse duration required for ignitiditan be smaller
thant, . Likewise, for lowintensity loadinglJcan be larger thah, .
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Figure 25- Relationship between] and the ignition probability from (a) experimental
results of Class 3 and Class 5 HMX and (b) computational results gfains sizes of

d,,, =70, 130, and 220

Table 11. Mean value and standard deviation for the ignitiorprobability distributions

d.g (um) " G
. 358 (Class 3) 1.0 0.143
Experiments
6.7 (Class 5) 1.0 0.048
220 1.0 0.18
Computations 130 1.0 0.19
70 1.0 0.24
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Table 12. Time scale parameterf ; obtained from experiments and computations

g (M) t. (ns)
358 (Class 3) 55.8
6.7 (Class 5) 13.6

Experiments

220 257
Computations 130 177
70 198

TheJ-probabilitydistributionfor Class 3 sampldsom the experimesthas a wider
spread than that for the Class 5 samples, as simokigure25(a). This trend is consistent
with whatis reported by with Schwaifa08 152 who found thatsamples withower

specific interfacearea (SIA) demonstrate avider spread of ignition probabilityThe

computational predictiafor thethree average grain siz(ad

vo =70, 130 and 220mi in

Figure 25(b) have similarJ-probability distributions. The difference between the
experimental and computational results may be attributed to the following factors. First,
the grain size disbution of the experimental Class 5 samples is much wider than that of
the Class 3 samples (see Table 1 in R&4g). On the other hand, the grain size
distributions of the computational microstructures/e the same spread ($agure9).

Second, the experimental samplesenavmuch larger average grain size difference while

the differences between the average grain sizes of the computational microstructure sets
are much smaller. The difference between Class 3 and Class 5 is 53 times, whereas the

differences among the comptitemal sets are at most 3 times. The similarity in the

distributions of ignition probabilitgmong the threeomputational sedoes not mean that
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average grain size does not significantly affect ignition. On the contrary, the average grain
size significatly affects the ignition thresholds for all ignition probalilievels (as seen
in Section3.3.2. For example, the thresholds fdr=1 (or 50% ignition probability) for

the different grain sizes are significantlifferent, as shown ifrigure 21 and by the

parameterss, and P, in Table10.

The distributions of ignition probability from the experiments have standard
devi at i=0048- 0.¢4fanddhe calculated di#utions have standard deviations of
0 =0.18-0.24 As mentioned earliesamples witHargerspecificinterfacearea (SIA)
result in narrower distributions of ignition probability. The experimental samples have
much larger SlIAs than the computatibreamples. Specificallythe SlAs of the
computationalf-generated microstructurase 0.03 0.09 nf/g + 0.0014 g, oneorder

of magnitude smaller than th&lAs of the samples used in the experimerst

(0.866- 1.62M /g[13]. One reason for this difference is that the computational samples

do not explicitly resolve very small voids and defects inside the grains as well as the surface
roughness of the grains. For example, the same order ofitondg of SIA with minimal
roughness on surfaces of Al particles is attainable for average particle sizes of a few
hundred nanometers (see Table 1 and the SEM images in Yarringtoj1&3pL. It is
possible to explicitly consider these features in the model in the future, but such an analysis
is beyond the®pe of the current woiik this chapterwhich focuses on a new method for
predicting ignition thresholdsThe differences in experimentally measurethd
theoretically calculated SlArediscussed b$anchezt al.[154 who compared measured

SIA values and theoretically obtainedllA valuesbased on particle size distributei hey
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reported that measur&lA values arean order of magnitude higher than theoret®

values due to particle morphology (roughness) and internal nporosity.

Overall, the similarity inthe distribution curves ifigure 25 shows is that (1)
serves as an effective normalizing parameter for the examination of the probability of
ignition distribution around a given reference probability level (which is takdredsor
50% of ignition probability herepr samples with different microstructural attributes, and
(2) the ignition probability spread or the distribution around a given reference probability
level depends on the microstructure heterogeneity fluctuations in the samples of a given
sample set or, simply put, how Asimilar toodo or fAd
samples in a set are statistically. Specifically, the matdependent 50% ignition
threshold can be analyzed in tkei Y space as seen HRigure 21, and the ignition
probability around this 50% threshold can be analyzed through the relation bétaretn

the probabilityP given inFigure25. By combining these two relations, we can obtain the

materialdependent ignition ptmbility map as shown ifrigure 26. This process is
equivalent to obtaining E¢29) by combining K. (25) and Eq(27). As Figure26 shows,

the ignition probability level intle ET & space is highly dependent on microstructure
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axes of all figures have the same scale and unit as shown in the left most plot in the
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3.3.4 Macroscopic and Microscopignition Risk Factors

While J allows overall, macroscopic, material level ignition risk to be quantified, it
is also possible and desirable to assess the ignition risk at the microscopic, individual
sample level by studying its unique hotspot evolutiorthtnend, a relationship between
the ignition of individual samples and the ignition risk of a material can emerge from such

ananalysis. To this end, this sectifmtuseson the state of individual hotspots in a sample
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and introduce a quantitative measerto assess the risk for ignition of each individual

hotspot, with the understanding that the most dominant hotspots with the highest risk
factors determine the ignition risk of a sample. The specific risk factor we define here is
theRv al ue, olwe fof aniingiWddial hotspot. It can also be referred to as the

hot spot ignition risk determinant (H4d RD) ai
temperature state to the criticglitondition embodied in Eq12). Ris a measure for the

proximity of a hotspot to the ignition threshold defined as

R= o (32

where “Yis the temperature of a hotspot of diameter’Y is the critical threshold
temperature for ignition for a hotspot of diameterand “Y is an initial reference
temperature (chosen here as 300 8ince the temperature and size combination of a
hotspot depends on the areasin to beanalyzel (smaller cores of a hotspot have higher
temperatures), the hotspot core size Radhlue are calculated for diffent temperature

levels (seeFigure27i i St ep 10) . Th e Rforeeach hotspot isvtakéniag o f
theR-value forthat particular hotspoF{gure27i i St ep 2 0) . TRhisiadireai e f i ni

measure of how close a hotspot is to the ignition threshoRI=ID, the hotspot is at the

initial temperature { = T,) of the material at the beginning of loadingRI 1, the hotspot

is deemed critical (=T,) or has reached tidality (as defined in Sectior.2.5.
Subcritical hotspots have OR< 1. TheR value of a hotspot is the maximum valueof
calculated using different cutoff temperatures in the analysis of théesigeerature state
of that hotspot. Th&-value allows hotspots to be grouped andlyred via arR-curve,
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based on a histogram of all tRevalues for a sampl&igure27illustrates the number and

states of critical and subcritical hotspotsinadarap ( see AStep 30) . It
that R>1 indicates hotspot states that are above the ignition threshold. Since the focus of

the analysis here is only on the attainment of the threshold, such values are rounded down

to 1 inthe analysis carried out here. This treatment simply meanfRt@at 1 i ndi cat
ignition, and since the ignition threshold is the sole concern here, no post ignition analysis

is carried out.
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Figure 27 - The evaluation ofR-value from a single hotspot and thdr-Curve from a
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Characterizing each sample with BRrcurve makes it possible to compare the
relative states of multiple samples in a holistic manner, accounting for the influesite of

dominant hotspis. Figure28 shows the averagecurves for the samples with the average
grain sizes ofd,,, =70, 130, and 22(mrunder identical loading conditionsl{ = 900 m/s

andU= 35 ns). EacR-curve shows the average hotspot count of the five statistically similar
samples in the set. The error bars show the extent of variations among the five samples.
When compared to the experimental results for varying grain siaese R-curves
demonstratehe correlation of hotspot quantity to overall sample sensitiwtyich has

been demonstrated to be related ® élverage grain size in Secti8r8.2 Samples with
increased sensitivity to ignition are found to have a higher number of subcritical hotspots
In other wordsfor any giverR value, the samples with lower average grain sizes have, on
average, greater than or equal to the number opbtisas samples with larger average

grain sizes.
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d_, =70, 130, and 220mr The error bars indicate degree of variations among

avg
multiple samples ineach material set

As a practical matter in the analysis reported here, in order to obtain aRingle
value for each loading condition and sample, the average of the tdg-vafoies in the
sample is used. Two hotspots in the RVE correspond to a hotspsitydof 0.22mmi?
Ten R-values are used for each loading condition: five samples and the higheRt two
values per sample. Sinde= 300K, R=0 corresponds td= 0. This makes intuitive sense

because the only way fdito remain zero is if the sample has not been subjected to loading

and no temperature increase is observed.

The R-value andR-curve focus on the local conditions of individual hotspots in a
particular sample. Both thg-value and thé-value (discussed iS8ection3.3.3 measure

the likelihood of ignition. Note that for a givdivalue, some samples in a material set have
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ignited (withR ©J) while other samples have not ignited (WRk J). For example, fod

=1 or an ignition probability of 0.5, 50% of all samples in a material set have reached
criticality by definiton WithRO 1) and 50% of the sampl es
(with R< 1). ThereforeR is inherently related td with some statistical deviation due to
microstructure stochasticity, reflecting the fact thaheasures the aggregate statistical
behavior of a material sample set &wheasures the behavior of individgamples in the

set. A practical difference betweBandJis thatR can be calculated from the outcome of

a single simulation after analyzing the hotspot map of the sample, Whiguires
analyzing the results from multiple samples (experimentaléporputationally)R can be

used to predict and relate to the ignition probability of a material under given loading
conditions. WhileJ quantifies the result of this analysis and does not have the predictive
powerorusagéi t s abi | ity etthe igritibneptobabilitymfra material srilyr
exists after the outcomes of a set of experiments or simulations haveradgred and
tabulated.Figure 29 shows thecomelation betweerkR and J and the 95% probability
envelop for the three grain sizes. The standard deviation of the data pointd alf®irt
Figure29is 0 = 0.17, 0.12and 0.14 for the three cases, respectivBly studying the
relationship betweed and R, the inherent connection between loading conditions and
hotspot development may be further underst8aate there is a strong correlation between

R andJ, it is possible to calculate the probability of ignition from a smaller number of
samples without having to run a large number of tests or calculations to determine where

the ignition threshold fad =1 lies.
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3.4 Conclusion

The ignition thresholds of energetic materialsvéehao far been exclusively
determined through experiments. In thigptera computational approach for predicating
the Jamedype ignition thresholds via multiphysics simulatiors presented The
prediction does not involve calibration or curve fitting with respect to the predicted
behavior (ignition threshold), nor does it require prior information about the predicted
behavior. Rather, the prediction is based on material microstructurddutss and
fundamental constituent as well as interfacial properties. The ignition thresholds are
determined via an explicit analysis of the size and temperature states of hotspots in the
materials and a hotspot based ignition criterion. The simulatiorssd=r the configuration
and conditions of actual experiments. Specifically, the simulations account for the
controlled loading of thisflyer shock experiments with flyer velocities between 1.5 and
4.0 km/s on pressed granular HMX explosives with averagiagsizes between 70n

and 220um. The choice reflects the interest in comparing the computational predictions
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with experimental results. Jamge relations between the energy flux and energy fluence
for different probabilities of ignition are predéct. To this end, statistically similar
microstructure sample sets are computationally generated based on features of micrographs

of materials used in actual experiments.

The results show that the grain size significantly affects the ignition sensitivitg of
materials at higher energy fluxes, with smaller sizes leading to lower energy thresholds
required for ignition. Specifically, the 50% ignition threshold of the material with an
average grain size of 220m is approximately 1-4.6 times that of the nerial with an
average grain size of 7@m in terms of energy fluence. The predicted thresholds are in
general agreement with measurements from shock experiments in terms of trends. The
statistical analysis on the ignition threshold lead to a probaimjitigion map with respect
to loading intensity and energy input. Once the material dependent parameters are
determined, the probability of ignition under any loading condition can be calculated. This
approach for the probability of ignition leads to theimiébn of a macroscopic ignition
parameterd based on the loading conditions of the samplenicroscopic ignition risk
parameteR is proposedased on the evolution afdividual hotspots within the sample.

The ignition risk parameté® represents thaékelihood of ignition of individual hotspots at
the microstructuralevel, whereas the ignition parameiaroncerns the loading intensities
and energy input at the macroscopic leVéle relationship between the two parameters is
obtained. Specifically tiis found thatR andJ are strongly correlate@ = R) with some
statistical deviatiorneflecting the fact that measures the aggregate statistical behavior of
a material sample set alimeasures the behavior iodividual samples in the sekhis

chaper has focused on pressed HMX only. However, the approach, relations, and
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capabilities developed here are useful for the analysis and design of heterogeneous
energetic materials such as polyrbended explosives (PBX) amptanular explosives in

general.
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CHAPTER 4. IGNITION THRESHOLDS OF ALUMINIZED

HMX -BASED POLYMER-BONDED EXPLOSIVES

This chapter is based on the work published in R&f.

4.1 Introduction

A common practice in designing higierformance insensitive energetic materials is to
incorporate initially inert constituents, which serve as fuel following detonation, but does
not directly participate in the detonation process. Aluminum is one suctiteensand is
commonly combined with a mixture of energetic grains and some form of polymer binder
to form an aluminized polyméyonded explosive (APBX)60, 156. Aluminum was first
patented to increase explosive performance by Roth in 1960 and over time
experiments have optimized the wwie fraction of aluminum required to maximize
explosive powef56] at around 20%. Experiments show that the addition of aluminum
particles decreases detonation velocity while increasing the chemical reactigé@me
The heat of explosion also increases as aluminum is introduced, which allows the explosive
to maintain its total output power while still being less sensitive to ignj&&h The
localized mechanical effects of aluminum particles in PBX during shock loading have yet
to be thoroughly analyzed. rifie hotspots are localized phenomena, understanding the
effects of aluminum and how it interacts with energetic granules on a microscale is critical
to the development of insensitive energetic materials. So far, there is a lack of systematic
and quantitatie study on the effects of aluminum on the ignition and detonation behaviors

of polymerbonded explosives (PBXs).
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In this chaptey we quantify the effects of aluminization by simulating the
thermomechanical processes in the microstructures of PBXs umoek bading from
impact by thin flyers using a recently developed Lagrangian cohesive finite element
method (CFEM)[95, 96, 110 157]. The focus is on the ignition behavior. The PBXs
studied are a combination of Octahydr@®,5,#tetranitrel,3,5,#tetrazocine (HMX)
grains, Estane binder, and Al ®walloy particles. The CFEM model accounts for
constituent elastwicoplasticity, viscoelasticity, bulk compressibility, fracture, interfacial
debonding, internal contact, bulk and frictional heating, and heat conduction. This
framework allows for explicitracking of frictional heating, which is an often overlooked
source of heat generation in many models and codes and can significantly affect the
generation of hotspots in fully packed HMXs shown in Chapter 3}19] and PBXg 38,

40, 157]. The formation of hotspots is extremely microstructiependent. In thishapter

multiple samples are analyzed in order to represent the natural stochasticity present in real
experimental ncrostructures. The sample sets halteninum concemations of 0%, 6%,

10%, and 18% by volume. The volume fraction of the polymer binder is 19% in all cases,
and the remaining volume of the microstructures are occupied by a bimodal distribution of
randomly distributed HMX grains. This bimodal size distritmtof HMX grains include

both large and small grains similar to those commonly seen in PBXs in experiments. At
different stages of shock loading, analyses are carried outntifydeitical hotspots using

an ignition criterion (see ChapteR.2.5 that factors in hotspot size and temperature
distribution and accounts for thermal and chemical efff@®. If a specified critical

hotspot density threshold is exceeded, the sample is assumed to reach criticality.
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As far as what can be found in the open literature, fttst reported attempt to
guantitatively characterize the desensitization effect of aluminum on the ignition of
aluminized PBX[112 focused on delineating the relative importance of each heating
mechanism by directly correlating the loading conditions with time to criticality after onset
of loading. While the analysis is insightful, the use of theetto criticality as the measure
for material behavior represents only an indirect approach as this quantity is not directly
measurable in experiments and is not normally used in application. Here, we adopt a more
direct approach by using a probabilistgnition criterion in the forms of the modified
James criterion proposed by Gresshoff and Hrousl§ and Welle et al[13] and the
WalkerWasley criteriorf53]. Since the criteria use macroscopically measurable quantities
that are routinely used in engineering and material analysesgjattkepresented in this
chaptercan be regarded ase ofthe first successful attengat linking the microstructral
attributes of APBXs to practically useful engineering performance measures. Furthermore,
guantitative analytical expressions for the probability of ignition as functions of loading
are explicitly established. Conversely, these relations also yielahdlaeoscopic ignition
thresholds in the James space and Walkasley space for any given level of ignition
probability. It is important to note that this analysis only examines the hotspot heating up
until the point of criticality;the focus here is ndb analyze the subsequent effects of
chemistry following hotspot criticality and the resulting thermal explosion. By definition,
once a hotspot reaches criticality, the heat generation due to chemistry occurs more rapidly
than heat loss due to conducti@y. (11)) which implies the sample will eventually reach
ignition. Studying the governing physics leading to hotspot criticality is sufficient for the

sensitivty analysis presented in this work. Future work studying the effects of hotspots
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post criticality, including the entire shock to detonation (SI3Tpresented in Chapters 5

and 6

4.2 Framework of Analysis

In this analysis, we focus on the ignition behavior of aluminized HdXed PBX
under shock pulse loading. The microstructure generation, physical models, and initiation

prediction models are outlined in this section.

4.2.1 Microstructure

The microstructures e8¢l in these simulations consist of HMX grains and
aluminum particulates distributed in an Estane matrix. The volume fraction of the Estane
binder remains a constant 19% volume fraction of an entire microstructure. The aluminum
and HMX combined constitutéé remaining 81% of the volume fraction in the following
four concentrations: 1) 0% Al, 81% HMX; 2) 6% Al, 75% HMX; 3) 10% Al, 71% HMX;
and 4) 18% Al, 63% HMX. Samples of these microstructures are on disgayuire 30.

A statistical analysis of the stochasticity among the generated samples is presented in
Figure31 For more informabn regarding how these microstructures were generated, see

Chapter2.1.1.2
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Figure 30 - Samples of computationally generated, statisticgl similar
microstructures for four levels of aluminization: 0 % Al, 6 % Al, 10% Al, and 18%
Al. Estane binder has a constant volume fraction of 19%.
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Figure 31 - Bimodal HMX grain distributions for the samples shown inFigure 30.
The error bars indicate the maximum and minimum values among the samples in
each set; (a) 0% Al; (b) 6% Al; (c) 10% Al; (d) 18% Al.
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Experimental samples have inherently heterogeneous pesaricluding nano and
micro scale voids, microcracks, and directionality of stiffness due to the anisotropic nature
of the HMX crystal. The heterogeneities are phenomenologically accounted for by
randomly varying the elastic modulus of the HMX grains. Bobmputational and
experimental results have previously shown how microstructure heterogeneity and defects
alter the effective elastic modulus of the grain. Yang ¢1af performed MD simulations
of a void in a copper plate, and demonstrated a negative correlation between the elastic
modulus of the plate and the volume fraction of the void. Hudson [gt28. found that
grains with higher defects have a lower elastic modulus. Using the stiffness tensor provided
by Sewell et al[129, the minimum, maximum, and VoireussHill average of the
Youngb6s modulus are calculated to be 12.9,
grain is randomly assigned one of these values. For simplicity, the aluminum particles are
assumed to be homogeneous and isotropic. For the purposes of this study,aho initi

interfacial defects in the forms debonding between different constituents are considered.
4.2.2 Loading Configurations

The specimen is initially stredeee and at rest. Impact loading is effected by
applying a shorturation velocity on the top boundary dietsample. The left and right

boundaries are constrained such that lateral expansion does not occur. This is a 2D model
and the conditions of plarstrain are applied. The pulse intensity  and duratior(t,,e

) are chosen to rement the loading characteristics of given combinations of flyer velocity
and thickness. For simplicity, a single imposed velocity is applied on the top of the sample

for the specified pulse width (séggure 32(a)). In real PBX microstructures, different

10z



materials have varying impedances, which would lead teumiform velocities along the
sample boundary from a single flyer. This discrepancy is assumed negligiblehelilyet
and the confinement materials are significahtlyder tharthe PBX. The specific loading

conditions used in the computational analysis are the particle velocities of

U, =400, 500, 600, 800, 1000n and the pulse duration &f,,, =40 -640n <, as listed in

Ise

Table 13. For each velocity, seven different pulse durations are applied to each sample,
yielding 700 microstructureloading combinations (5 velocities &pulse durations x 4

aluminum concentrations x 5 samples). The shock pulse profile imparted onto the sample
at the upper boundary is shownRigure32(b). The velody increases fromom/s to U,

over the period of a 10 ns ramp time. This velocity is maintained until the downward ramp
is reached ak,,,., , after which the pulse velocity linearly decreasezero over the course

of 10 ns. After the final time, U, the vel
constrained in the-direction, while the bottom boundary is constrained inytdeection.

These three boundaries servdrationless walls during the simulation.
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Figure 32 - (a) Loading configuration of an arbitrary microstructure sample with an
imposed particle velocity ofUP at the upper end. Only the top half of the samie
traversed by the downward stress wave is analyzed to avoid thefedts of wave

reflection. (b) Particle velocity profile imposed with a magnitude ofU, for a pulse

duration of ¢ . In all cases !,y =10 ns andt,,,,., = (¢ -10 ns).

Table 13. APBX loading conditions

% Al | Up 400 m/s 500 m/s 600 m/s 800 m/s 1000 m/s

0%, 6%, 10%, 18% Al | 5201 640 ns| 220- 340 ns 13°r'1519° 501 110 ns| 407 70 ns

4.2.3 Constitutive Relations

The computational analysis is performed using CODEX (Cohesive Dynamics for
Explosives), a recently developed Lagrangian cohesive finite element code. This

framework accounts for the dominant thermechanical processes including constituent
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elastovicopladicity, viscoelasticity, bulk compressibility, fracture, interfacial debonding,
internal contact, bulk and frictional heating, and heat conduction. The aluminum follows
the same constitutive model as the HMX grains, and uses different material pardineters.
is assumed HMX grains and the Al particles undergo eldstmplastic deformations. A
detailed description of the constitutive models used is in R&f. The viscoplastic
relations take into account strain harderasgwell as the strain rate dependefi@hlel
andTable2 detail the material parameters used for the viscoplastic relation of HMX and
aluminum respdively. The evolution of the hydrostatic part of the stress tensor is
governed by 8irch-Murnagharequation of statélhe Estane binder follows a generalized
Maxwell model with shear modulus varying based on relaxation as described by a Prony
series formlation. Further details on the constitutive models used in this chaptirding

the parameters and calibration techniques usedssithulation, can be found in Chapter

2.

4.2.4 Cohesive Element Framework

The fracture of the microstructure under higipad loading is modeled using a
cohesive finite element framework. The fracture followsliadar traction separation law
illustrated inFigure 33. These cohesive elemeraliow for arbitrary crack initiation and
propagation, while also giving CODEX the ability to explicitly model initial debonding
between grains and binder, commonly observed in experimental samples. The effect of
initial debonding on ignition sensitivitg ioutside the scope of thlsesisandmayserve as
the subject offuture work for aluminized PBX samples. Such studies were previously

carried out for PBX without aluminuf20, 101]. Further details on th cohesive model
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can be found Chapte?.2.3 and the parameters for the cohesive model between each
material combination (HMXIMX, HMX-Al, HMX-Estane, AlEstane, AlAl, and
EstaneEstane) are listed ifable 3 in Chapter 2 The determination of the cohesive
parameters for the bindétMX, aluminumbinder, and aluminusiMX interfaces follow

that in Ref[112. In particular, the cohesive parameters for the alumibinder interfaces

are determined based on experimental data in[R&§. It is understood thahere is an
oxidized layer with a thickness on the order of a few nanometers on the surface of the
aluminum particles. The cohesive parameters heeehccount for the effects of this layer
since the experimental samples themselves contained suchr @hagee surface of the

aluminum.
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Figure 33 - Bilinear traction -separation law for potential cracks.
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4.2.5 Hotspot Characterization

An ignition criterion developed by Barua et 6] is used in this study to provide a
standard for determination of hotspot criticalitis model is described in full in Chapter

2.2.5 and only a brief summary will be given here.

The ignition criterion assumes that a hotspot reaches criticality if its rate of heat
generation by means of chemical decomposition exceedsatbeof heat lost to its
surrounds, primarily through conduction. For this to occur, a certain amount of thermal
energy is required to overcome the activation energy of the chemical decomposition. When
a hotspot reaches a certain temperature, there isisammdiameter it must have in order
to obtain the necessary energy. If any part of the hotspot exceed this critical di@neter,
during the simulation, the hotspot is treated as a critical hotspot. This condition is

represented by E@33).

d(T)? d.(T), (33)

If two or morehotspots in a 3 mAdomain reach criticality, the entire sample is assumed
to proceed to ignition. This hotspot density threshold for ignition (0.22) s chosen

based on the work of Barua et al., and further information can be found if9gef.
4.3 Resultsand Discussion

A systematic quantification of thgnition ofaluminized PBXs carried out, focusing
on the shock intensityand shock pulse durationFive sampls of each aluminum

concentration are tested at various loading intensities and pulse durations in order to
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determine the 50% ignition threshold. This threshold is modeled using a modified James
relation in addition to a modified Walk&¥asley relation, and probability spectrum is
guantified by introducing the James numhkrirst proposed by Gresshoff and Hrousis
[106 and Walker Wasley numbeYy, first proposed by Kim et dl20]. The physical
mechanisms responsible for the decreased sensitivity to ignition in sampldsighigin

aluminum concentrations are delineated in sectiBrf

4.3.1 Ignition Sensitivity Threshold

The ignition threshold of PBX is fit using two models, the modifidugh James
relation(as first introduced in Chapter 8hd the modified Walkewasley relation. Each
model provides a different way of understanding the ignition sensitivity of energetic
materialsusing different loading parameters. It is possible tavdesin equivalent James

relation from the WalkeYVasley relation. This derivation can be found in the appefdix

4.3.1.1 Hugh James lgnition Threshold

The critical energy threshold is analyzed using himéspotignition criterion
described in Sectiof.2.5 Figure34shows the minimum energy required for ignition from
five samplessubjected to various shock intensiti#se shock intensities are represented

in a power fluxform, P, which is calculated as

P =PU_, (34)

p
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where P is the average hydrostatic part of the stress tensor at the impact fatk, isnd

t
the particle velocity at the impact face. The energy flueBcefiP dt, represents the total
0

energy transferred to the material by the shock loading per unit area of the impact face. For
each loading velocity tested, the power flux is found to be nearly constant, while each
successive test was cadi®ut with an incrementally higher energy fluence, which is
analogous to impacting the samples with increasingly thicker flyers at the same velocity.
The red circles ifrigure34represent samples that did not achieve criticality, and the black
crosses represent samples that did reach criticality. The 50% ignition probability data
points were calculated by averaging the energy fluences required for two and three samples

to reach criticality for a given power flux.

Due to the stochastic nature of the random microstructures, each sample requires a
different amount of minimum energy to ignite. A common way to model the probabilistic
nature of the ignition behavior is to caser the 50% ignition threshold. Take the James
relation[54], which is based on a minimum critical energy required for ignition, as example
first here. Gresshoff and Hrougis06 expanded on the James relation by introducing a
James numbet], which allows for extrapolation of the ignition probability above and

below the 50% threshold. The form of the modified James relation is

1_E P~
I°E B (39

where Ec and Y are fitting parameters which represent asymptotic thresholds for the

critical energy and the critical power flux, respeely. This relation originates from the
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James relatiof54], but uses the power fluxd =PU,) introduced by Welle et g113] to

replace the specific kinetic energg (= 0.5UP2). By definition, the threshold where 50%

of the samples ignite (i.e. 50% probability of ignition) occurs whend. Any combination

of power flux and energy fluen@bove the threshol@ > 1) would lead to a greater than
50% probability of ignitionSimilarly, any combination of power flux and energy fluence
below the thresholdl(< 1) would lead to a probability ignition less than 50%. A similar
probabilisticquantification can be cardeout using the modified Walkétasley relation

in the pressurdoading pulse duratiorP(U )  s[§8jaas discusselater.
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Figure 34 - Go/no go results of individual samples of APBX withdifferent levels of
aluminum: (a) 0% Al; (b) 6% Al; (c) 10% Al; (d) 18% Al.

The 50% ignition threshold®r all aluminum concentration®%, 6%, 10%, and
18% aluminum by volumjeare shown irFigure35, and thecorrespondingparameter$or
the modified James relation are listedlable14. For any given microstructug, a higher
loading rate (power flux)corresponds t@ lower energyfluence for ignition. As the
aluminum concentration increases, the energy fluence required for 50% of the samples to
reach criticality also increases, demonstrating that adding aluminum reduces the overall
sansitivity of the PBX to ignition. This trend matches the experimental observations of the
relative sensitivity of aluminized PBX as compared to-abiminized PBX of Prakash et
al., who measured the relative sensitivities using the standard fall hamnhedifi&iq) .

Figure35presents a clear trend of ieasing critical energy fluenes the volume fraction
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of aluminum increases, however the trend in the power flux parameter is not monotonous.
This is explained by the relatively fewer 50% ignition sensitivity data points available to
fit the vertical asymptote at lower impact velocities calculations at a lower piston

velocities require extremely long computation times.
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= 006 r
-M L
o L
8 L 18% Al
- 10% Al
= 004 | |
-E =
., [ 6% Al
B3 i : 0% Al
- 0.02 - o
QL L
: L
B L
0 1 1 1 1 1 1 1 1 1 1 1 1 1
0 0.5 1 1.5

Power Flux (GW/cm?)

Figure 35 - 50% ignition thresholds of APBX with different levels (0%, 6%, 10%,
18%) of aluminization analyzed in the James space.



Table 14. Modified James Parameter values fronfigure 35

Alumipum Yolume | £ yjen) P, (GWIen?)
0% Al 0.026: 0.057
6% Al 0.0321 0.045
10% Al 0.035° 0.037
18% Al 0.035° 0.047

The ignition sensitivities are easily distinguished at high power fluxes, and
relatively indistinguishable at lower power fluxes. As the aluminum concentration
increases the variation in energy fluence required for ignition decreases, which may imply
there is an optimal volume fraction of aluminum that corresponds to a minimized
sensitivity for ignition while maximizing power output. Various experiments testing
TNT/HMX/RDX based PBXs have suggesi@d5-20% volume fraction ofaluminum as
an optimal amounbtmaximize explosive power dt@Al increasing the heat of explosion

while decreasing the volume of gaseous prodiogs

4.3.1.2 WalkerWasley Ignition Threshold

An alternative method of mapping the ignition threshold uses the Walksley
relation[53]. First proposed in 1969, the Walkéfasley relation uses a power law fitting
to rdate the average hydrostatic part of the inputstl®ss(and pul se durati o

to reach ignition. A modified form of this relation is

Pnt — , (36)




whereC is a materiadependent parameter and the exponential fitting parametenften
set to the value of 2. This relationship provides adiamensional WalkeWasley number,
W, which relates to the probabilibf ignition. Similar to thel parameter in Eq35), W=1
represents the threshold where 50% of the samples reach igWiori andW <1

correspond tagnition probabilities greater than 50% and less than 50%, respectively.

The aluminized PBX initiation data is fit to the Wallk&fasley relation (E((36))
in the P-Uspace and the result is showrFigure36. The correspondingarametersised
are listed inTable15. As the volume fraction of aluminum increases, mateiggendent
parametef also increases, indicating a lower sensitivity to ignition under similar loading
conditions. At lower load intensities, the Wal&fasley fits, wherploted on the lodog

scale, do not distinguish the cases for different aluminum levels as well as the Hugh James

relation.
100 ¢ 11 .
- ,.) ’I
Pr=C | ~
pd 0% Al
~ 500 1t ’
QCE \ 50% Ignition Threshold . 6% Al 10% Al
O 10} 18% Al
~ r
=™
-l 2
1 I Te-a

0.01 0.1 1 0.02 0.6
Pulse (us)

Figure 36 - 50% ignition thresholds of APBX with different levels (0%, 6%, 10%,
18%) of aluminization analyzed in the Walker-Wasley space
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Table 15. Walker-Wasley Parameter values fronfigure 36

Alum::an;r:tiz)/rc])Iume C W
0% Al 2.507 1
6% Al 3.187 1
10% Al 3.489 1
18% Al 3.781 1

4.3.2 Ignition Probability Mapping

For the 50% ignition probability analysis aboveis taken to be 1 in the Hugh
James space and E85), with the understanding thatJiis greater than or less than 1, the
corresponding probability of igiidn is greater than or less than 50%, respectively. The
probability of ignition as a function dfis shown inFigure37(a). By the same token, using
the WalkerWasleyframework, the results of the ignition probability asiactionof Wis

shown inFigure37(b).
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Figure 37 - Ignition probability as a function of J (a) and W (b) for APBX with

different levels of aluminization, shown in terms of the cumulative distribution

function (CDF) of the Gaussiandistribution .

The relationship between the probability of ignition dnsl fit using a cumulative
Gaussian distribution, with a mean value bf1. The standard deviations= 0.081,

0.087,and 0.102 for sample sets with 6%, 10%, and 18% of aluminum, respectively.

Written in terms of the loading parametén the James space, igaition probability is

where erf QOis the error function. In the Walk&Vasleyspace, the probability of ignition
as a function ofV with a mean oW =1 has the standard deviation if 0.219, 0.168,

0.187 for microstructures with 6%, 10%, and 18% of aluminum, respectively. Written in

terms of shock pressure,

P(P,t)

and

1

1
“erf
2
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€ " O
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Figure38 andFigure39 provide the probability of ignition as functions of loading
in the entire loading conditio spectra in the James and Walkéasley spaces,
respectively. In each figure, the black line corresponds to all possible combinations of
loading conditions where 50% of samples reach ignition. The upper and lower red dashed
lines represent, respectivelpe loading conditions for which 90% and 10% of samples

reach ignition.
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Figure 38- Ignition probability distribution maps for the four levels of aluminization
analyzed; (a) 0% Al; (b) 6% Al; (c) 10% Al; (d) 18% Al in the energyfluence- power
flux(E-Y) space.
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Figure 39 - Ignition probability distribution maps for the four levels of aluminization
analyzed; (a) 0% Al; (b) 6% Al; (c) 10% Al; (d) 18% Al in the pressure- pulse
duration (P- 3 space.

The reason that the standard deviations of ignition probabilfigure37 for the different

levels of aluminization are similar to each other is tihat degree of microsctructure
variations among the samples in the sets relative to their respective averages are similar.
This can be partly seen from the similar standard deviations of grain size distributions of
the samples ifrigure31. The effect of aluminization on ignition probability is primarily

on the 50% ignition thresholds, as showrfigure 35, Figure 36, Figure 38, andFigure

39. On the othehand, the probability spread relative to the 50% thresholdeefteation

of how different the samples in each material set are from each other. Indeed, the fact that
samples of each material behave somewhat differently (statigtidations) because of

inherent materials heterogeneities, and the probabilistic analyses herel wsiagV
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captures these effects. To simply put, if all samples in a material set were identical to each
other (no material hetergenity, which isimposgible t her e woul dndét be s

in behavior.

It is likely that the standard deviations of th& andW-V relations obtained here
are smaller than what would be seen in experiments. Although the samples used in this
study are statisticallysiilar, variability among experimental samples cannot be controlled
as rigidly. In addition, there are additional sources of variation in real experimental samples
not explicitly modeled computationally. Specifically microstructure voids, which are
known toplay a significant role in the generation of hotspots, are not explicitly modeled in
this chapterFor more information on the effect of voids, see Chapters 5 afther
factors can also contribute to measured property variations in experiments, ngcludi

loading uncertainties and instrument error.

The correlation between the aluminum concentration and the modified James
parameterskc andYc, as well as the modified Walker Wasley parameferare shown
below inFigure 40. The data is fit to a simple | ine
being the concentration of aluminum. The resulting material parameters are |iGtdadien
16. It can be seen that increasing from 10% to 18% volume fraction of aluminum has less
effect on sensitivity than the increase from 0% to 6%. This coincides with the observation
of optimum PBX perfomance (as measured by the velocity of detonation or heat of
explosion)56]. This coincidence of optimum effects on the ignition threshold studied here
and performance in general may be a just coincidence, or there may be an intrinsic link. In

this chaptey only the ignition sensitivity, as measured by the minimum amount of energy
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required to cause ignition at a given energy input rate (the James threshold), is analyzed.

To draw comparisons to overall explosive performance, analysis of the pbayemnd the

point of critical hotspot initiatin into detonation is required.
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Figure 40 - Correlation between aluminum volume fraction and (a) critical power
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Table 16. Material Properties for the linear relationships shown inFigure 40
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By combining the relations above with the probability functions in E2j§.and

(38), we can write the probability of ignition directly as a function of the aluminum

concentrat.

on

, U, as well as the |
e 1 a EP 1@”_1% g
é & an
é\/ES E;ﬁj (EAI a Eo) E( aP ao)" P 6‘L

12C

oading

(39



el

Pla.P, § %—;erfgﬁs(ln(Pz) nG, GR

(40)

—— -

Conversely, the ignition tesholds as functions of the aluminum concentration are

1: EAIa +E0 + EI) a & Fand (41)
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4.3.3 Effect of Aluminum on Hotspot Criticality

The physics governing the effect of aluminum incorporated into PBX are outlined in
this section. Sectiof.3.3.1discusses the predominant mechanisms of heat generation, and
how they are influenced by the inclusion of aluminum. Secidh3.2discusses the

resulting effect of increasing the diamete

eEm.

4.3.3.1 Heat Generation in Aluminized Samples

In this analysis, three forms of heat generatdue to energy dissipation are
accounted for: frictional heating, plastic work in the HMX grains, and viscous dissipation
in the binder. The relative effects of frictional work and plastic work in the HMX grains
are analyzed irFigure 41. The heat generation from the viscoelastic dissipation in the
binder is not analyzed here since its contribution to heating is mostly in the Estane matrix
and the effect of heat transfera conduction is minimal in the examined time scale.

Additionally, it is found that shock heating is essentially negligible under the conditons of
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the pulse loading considered, primarily due to the fact that decompression occurs quickly.
Specifically, c&ulations show that shock heating raises the residual temperature (after
decompression) by less than 1 K in most grains. This is in contrast to what happens under
monotonic loading at high flyer velocities. It is important to study the effects of lodalize
heat generation, rather than total heat generation, since hotspots only initialize from

localized heating.
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Figure 41 - Breakdown of heat generation in HMX grains due to frictional work and
plastic work.

As seen irFigure4l, there is a greater amount of localized heat generation in HMX
grains in samples with no aluminum as compared to samples with 18% aluminum (by
volume). This dference is a direct result of the increased levels of frictional work
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occurring in the HMX when no aluminum is present. The plastic work density and resultant
heat generation from it remains relatively constant between samples regardless of the total

enggy fluence.

The crack density for three aluminum levels is showhigure42 for U, = 1000
m/s. This high piston velocity is chosen because the largest difference in ignition thresholds
occurs at higher power flux values. The data for 6% Al is not shown to keep the plot less
cluttered and easier to visualize. As the amount of aluminumorsased, the total amount
of cracking remains nearly constafigure42(a)), but the number of cracks associated
with HMX decreasesHigure42(b)). More cracks are forming between the aluminum and
the binder or between the HMX and the binder, instead of in the HMX grains in the form
of intergranular cracks. Since the main sourcéooélized heat generation is frictional
dissipation stemming from fracture and subsequent material interfacial movement, this
means part of the heat generation in the material is moving away from HMX, and towards

the Al particles instead. This phenomer®maexamined more thoroughly in sectidi3.3.2
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Figure 42 - Effect of Al volume fraction on crack density in relation to the imparted
enagy fluence when tre particle velocity is 1000 m/s(a) total crack density; (b)
density of cracks associated with HMX. The crack density ifb) has been normalized
to the volume fraction of the HMX.

4.3.3.2 Aluminum Particle Size Effect on Initiation

In addition to the above analysis wih= 50 um, the analysis is repeated using a
larger aluminum particle diameter df= 100um. In both cases, the aluminum volume
fraction is constant at 10%. The results are showrigare 43, with the corresponding
James equation parameters listed Tiable 17. Figure 44 shows the corresponding

probability variation ag varies.

Table 17. Modified James Parameter values fronfigure 43

Aluminum Diameter  E, (kJ/cn?) P. (GW/cn?)
50 Om 0. 035 0.037
100 Om 0.0321 0.030
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The larger particle diameter lowers the ignition threshold and increases the ignition
sensitivity. Over the entire range of input power flux analyzedi(Q.8W/cnf), the larger
aluminum particle diameter consistently corresponds to lonemg fluence for the 50%
ignition threshold. This is qualitativebonsistentvith experimental observations recorded
by Gogulya et al[159 showing that the detonation velocities of MNbased explosives
decreased as aluminum particle size decreased (while the mass fraction of aluminum
particles was held constant at 15%). As showhigure44, the variation of the ignition
threshold ag varies is essentially the same for the two aluminum patrticle sizes. As is the
case for different aluminum concentrations (volume fractions) disdusarlierfFigure44
does not imply that the ignition sensitivity thresholds for the two Al particle sizes are the
same, but rather that the probability variationatreé¢ to the corresponding 50% thresholds

essentially coincide.

First, as discussed in sectir8.3.] interfacial friction plays a more dominawole
in heat generation than bulk inelastic deformation. Any fracture energy spent on crack
propagation between the aluminum and binder is less energy available to the HMX grains,
where the development of hotspots is key to ignition. Therefore, an iadraasount of
fracture on the aluminum surfaces results in desensitization. When comparing the crack
density associated with aluminum particles
98% of the cracks associated with aluminum are surface cracksmitiiss that the total
aluminum surface area has a more significant effect on sensitivity than aluminum
concentration or volume fraction. Note also that smaller particles have higher gafface
volume ratios, therefore, for the same volume fraction of alumithe materials with

smaller particles have more overall aluminum surfaéegure 45a) shows how the

12¢



aluminum surface crack density compares between the 10% alanoiases with large

and small aluminum particle diameters. It is important to remember that no initial
debonding exists in any sample. The crack density is significantly higher for the smaller
particle cases, due to higher total surface area. When théleotalcking is normalized to

the total amount of Al surface ardadure45 (b)), the Al particle size becomes irrelevant.
This evidence supports the claim that Al agd area plays a domiramle in ignition

sensitivity.

The second reason why smaller aluminum particles lead to lower sensitivity to
ignition is because a greater number of smaller particulates can be more spread out
throughout the microstructure than fewer, larger ones. This allows for a more even
dissipationof energy via aluminum debonding, which lowers the total potential energy
available to the HMX phase. Since the aluminum particles are scattered randomly
throughout the microstructure, decreasing their size while simultaneously increasing their
guantity o maintain the 10% Al volume fraction), increases the likelihood of an aluminum
particle ending up near a potential hotspot location. The aluminum debonding can then

function as an energy fisinkodo, preventing

It is important to note that this study is only focused on the mechanical effects that
lead to hotspot formation, with aluminum particles in the micron scale. It is likely that
smaller aluminum particles play a larger role in detonation when chemistrysisiemad,
especially when dealing with Al particles in the nanoscale regime, but that is outside the

scope of thixhapter
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Figure 45- (a) Surface crack density as a function of energy fluence in 10% Al samples
with 50 en mandd amm@@ er alumi num particles.
aluminum surface area that has fractured.

4.3.4 Experimental Validation

So far in the open literature, there is no direct experimental measurement of the
guantities predicted here. As a result, direghparison with experiments is not possible
at this time. However, general trends seen in experiments concerning the ignition and
detonationof aluminized PBX are consistent withet trends reported in this chaptas
stated in the discussions above. Wrandying HMX samples mixed with Al and
ammonium perchlorate (AP), Li et .60 noticed that ignition sensitivity decreased with
theaddii on of al uminum, and concluded, néa pl
impact stress on explosive, accordingly diminishes the probability efgads formation.
Simultaneously, a vast [amount] of Al can improve heat transmit which hamper erplosio
propagation fromhes pot so0. A number of studies repor

as the aluminum volume fraction increases. Gogulya ef58).161] found that the
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detonation velocity decreased as the size of the aluminum particles decreased, while the
volume fractionwas held constant. It should be noted that rere aluminum patrticles

may also significantly alter the detonation phase, which this study does not directly
simulate. It is hoped that more direct experimental measurement concerning ignition

thresholds wi become available in the future.

4.4 Conclusion

The ignition behavior of APBX with microstructures containing 6%, 10%, and 18%
Al by volume is analyzed and compared to that of the corresponding unaluminized PBX.
The 50% ignition threshold for each Al contration are mapped as a function of the
power flux and energy fluence which are measures for loading condition. A probabilistic
map is created to quantify the likelihood of ignition of the materials. The results show that,
relative to the unaluminized PBXhe addition of aluminum reduces the 50% ignition
threshold sensitivity by 21.7%, 33.5%, and 35.7% for APBXs with 6%, 10%, and 18% Al,
respectively. In terms of the mechanisms responsible for the trendctiomél dissipation
between sliding crack siaces plays a much more significant role in the development of
critical hotspots than plastic deformation. At higher load intensities, the addition of
aluminum does not significantly change the total amount of cracking in the materials, but
it does encouge crack initiation in locations away from HMX, resulting in lower ignition
sensitivity of the materials. The reason is that more energy is dissipated in the debonding
of aluminum due to the lower cohesive strength between the Al particles and Estane binde
causing less localized heating in HMX. As the aluminum patrticle size is increased, the

materials are more likely to generate critical hotspots for the same reason. Since larger Al
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particles result in less total Al surface area (as compared to an etpurakevof smaller Al
particles), less energy is required to debond a majority of the Al particles, allowing more

cracks to form in HMX grains, leading to higher ignition sensitivity.

Finally, it is useful to point out that the goal of tlubapteris to illustrate the
important micromechanical effects aluminum constituents have on the ignition sensitivity
of PBXs. Through a thorough computational analysis, friction is identified as playing a
dominant role in hotspot generation.eBha findings can help guidbe direction of future
experiments to focus on studying the importance of frictional heat dissipation under shock
loading and efforts to modify the ignition sensitivity through material synthesis. A possible
mechanism is to enhance the bonding strengthgden different binders and constituents

via design of the microstructure and change of synthesis routes.
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CHAPTER 5. PREDICTION OF PROBAB ILISTIC
DETONATION THRESHOLD VIA MILLIMETER -SCALE
MICROSTRUCTURE -EXPLI CIT AND VOID -EXPLICI T

SIMULATIONS

This chapter is basedn work currently in submission to Propellants, Explosives,
Pyrotechnics (PEP). The work in this chapter was performed in collaboration with Drs.

David Kittell and Cole Yarrington from Sandia National Laboratories.

5.1 Introduction

In this chapter the dual nre of HEM shock initiation safety/performance is
explored for HMX using a new computational framework; one that explicitly resolves
microstructures, voids, and chemical reaction at the millimeter scale. These are mesoscale
microstructureexplicit (ME), wid-explicit (VE), and chemicaleactionexplicit (CRE)
simulations performed with the Eulerian hydrocode J8FA. The objective is to show
the SDT transition for the first time as a probability distribution map overlaid on a Pop
plot, with the source of uncertainty being material heterogeneities. As described by Dick
et al.[167], the Pop plot originated from shock initiation studies which varied the shock
pressure input to a HEM with an explosive lens/attenuator. The response measure is the
run disaince to detonation recorded via a streak camera. The shock pressure vs run distance
plot is usually in the lodgog space and called the Pop plot (PP). Here, the probabilistic Pop
plot (PPP) represents a further step beybegrevious work in Chapters 8ch4that have

predicted a probabilistic ignition threshold in the James spb@e20]. Randomized
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microstructural generation is employed in addition to explicit modeling of the void
distributions in order to qumify their rankorder effects on the total run distance to
detonation. The probabilistic analysis is made possible via the generation and use of
statistically equivalent microstructure sample sets (SEMSS). The multiple samples in a
specific material set igectly mimic the multiple samples in experiments, allowing

statistical variations in material and material response to be s{udiezD).

The microstructurexplicit (ME) and voidexplicit (VE) simulations shown in this
work not only resolve the material heterogeneities at the millimeter scale, they also capture
the probabilistic nature of the SDT process. kEsthsimulations, the constitutive relations
are based on a simplified form of the SGL model, following recent success at calibrating
this model in CTH22]. Finally, a simplified reaction model is used to represent each of
the individual HMX grains. This preliminary reaction model follows the work of Be@r
which has been used in the absence of a more physiedlyant reaction model and
equation of state (EOS) that are not currently available in CTH. Thestat® history
variable reactive burn modeHYRB), used here, has led to good agreement with
experimental run distance to detonation and other contifleueh measurements in the
past[14], and features a ret&mn rate that is based on local pressure. With these model
assumptions, the shock to detonation transition events are set in motion by loading effected
with an imposed piston velocity. This approach is often used to analyze the full SDT events

on modern omputing resourced.63, 164].

Overall, the objectives of this work seeko develop a novel probabilistic

representation for quantifying both the shock sensitivity and performance of HEMs. While
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the data sets used here to determine the parameters in the probabilistic representation come
from computational simulations with the SEMSS, the probabilistic formulation can also be
parameterized using independent experimental data sets. The resultsfalldhue
determination of the likelihood of observing SDT at a particular run distance under a given
shock pressure. This further advance is based on, but goes libgondrk presented in
Chapters 3 anddn thermal runaway and probabilistic ignition threlsis[19, 20]. In order

to achieve this desired outcome, a new -donensionalized Pop plot characteristic
paraneter (called the Pop plot number) is proposed. The different effects of microstructure
and voids on the probabilistic Pop plots are given in-@aler to gain insight into the
meso (grain) scale mechanisms that underlie the SDT process. While cuukspersain

only to HMX, this approach could easily be repeated for other HEM#iding PBXs,

which are either synthesized in a traditional mexror additively manufactured.

This chapterconsists of two parts. The first part describes the computational
framework used to study SDT at the mesoscale, including the design of the HMX
microstructuresanda brief summary of the constitutive relationshapsl reaction model.

The second part discusses the simulation results, focusing on therdanlof the dects
of different microstructural features as well as the development of the probabilistic Po

plot. This chapteconcludes with major findings as well as directions for future work.

5.2 Framework of Analysis

Two-dimensional microstructures are generated ased. The impact loading is
effected with a rigid piston traveling at different velocities. The run distance to detonation
is calculated as the simulation progresses. The Sandia National Labs Eulerian hydrocode,
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CTH, is used to simulate the full shetkdetonation transition (SDT) process. The
microstructure generation, constitutive relations, and computational framework are

outlined in this section.

5.2.1 Material, Model and Microstructure

The material of interest is appimately based on class@essed gnular HMX
[13]. Four types of models are considered: homogenous (H), microstructured without voids
(M), homogenous with voids (V), and microstructured with voids (M+V), as shown in
Figure46. The homogeneous (H) and microstructured (M) samples aredietige (100%
TMD). The voids in the V and M+V samples are circular in shape and have diameters of
50 um. This void size is chosen to all@wplicit resolution of each void in the 3x15 mm
samples without rendering the already very intensive computations prohibitipeiysxe
using 10,00€20,000 processor houns supercomputers. Further discussions on mesh size
and computational cost aresaction5.2.4 Sectiorb.3.1studies the effect of void volume
fractions rangig from 0% to 20%, while sectidn3.2compares the effects of granular

microstructure without voids relative to samples with 5% volume fraction of voids.

A set of five random but statistically similar granular HMX microstructures is
generated using Voronoi tessellation. These samples conform to the statistical grain size
distribution inFigure 47. This grain size distribution is monomodal, with a mean grain
diameter of 220 um. This method of microstructure generation results in realistic,
randomized, and statistically equivalent microstructure sample sets (SEMSS). For samples
with voids, individual voids are inserted randomly into either the homogenous or
microstructure samples until the overall desired void volume fraction (0%, 5%, 10%, or
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20%) has been reached. No two voids overlap, ensuring a constant void size and random
void distibution. For further details on the microstructure generation process, see Chapter

2.

15 mm
Homogeneous (H)

Microstructure (M)

Homogenous with voids (V)

A

Microstructure with voids (M+V)

Figure 46 - Four HMX material cases considered in this study: homogeneous (H),
microstructured (M), homogeneous with voids (V), and microstruatred with voids
(M+V). Multiple, randomized grain morphologies and void placements were
generated to create the four statistically equivalent microstructure samples sets
(SEMSS) for analysis.

e}
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Grain Density (mm-)
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HMX Grain Size (um)

Figure 47 - Monomodal HMX grain size distribution used in the granular
microstructures with and without voids.
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Actual samples in experiments have more heterogeneous characteristics than those
in the four sets of samples presented here. For example, aaghanicrescale voids,
microcracks, ad directionality of the material properties due to the anisotropic nature of
the HMX crystal all play roles in the response of the materials to shock loading. These
factors are too small and computationally expensive to be explicitly resolved in thd curre
model setting. To account for the effects of these factors via-lgnash heterogeneities,
the density of the HMX for each grain is set to one of three possible values: 70% TMD
(1.33 g/cm), 100% TMD (1.90 g/cd), and 130% TMD (2.47 g/cth These densy
variations emulate the effects of local variations in the material and represent one source
of variations in fields behind the shock front normally attributed to localized material
heterogeneities. It is important to note that even though 130% TMDnaphysical
description of a material, the variations in density are employed here as a modeling tool to
introduce the heterogeneous reactive behavior. More specifically, th€ieisen EOS
returns a different shock pressure for each initial density;sarce the HVRB chemistry
model used here is pressure depenffarther detailed in Sectiob.2.2, even the explicit
microstructure case (M) has spatial variationghe reaction rate. Such variations lead to
the heterogeneous behavior as seen in actual samples, while keeping the overall HMX
density consistent at 100% TMD. A variation of 30% about the 100% TMD was calibrated
based on the work of Hardin et §.65 who found the coefficient of variatiom ithe
longitudinal stress field in the quasteady region behind the stress wave front in
polycrystalline HMX varies from 0.08 to 0.16 at piston velocities around 400 m/s. In this

study, the grains are assumed to be perfectly bonded to one anothergdéims with the
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same density are positioned next to one another, they behave as a single grain of the same

density. For the H and V samples, the standard HMX 100% TMD (1.9G)g&kosed.

The present framework represents a simplified approach towalidityxpesolving
various microstructures commonly seen in HEM. While the method of varying the density
of the HMX grains may replicate the trends seen in experiments, it is difficult to fully
guantify the effect of heterogeneity into a single parameteiuah experimental samples
have clear defects not accounted for here, which are known to contribute to hotspot
initiation and subsequent detonatif#0, 101, 166, 167]. Other HEMs have binder and
additive components, such as aluminum, which can affect the sensitivity of the material to
ignition [155. It is entrely possible that microstructure heterogeneity plays an even larger
role than what is presented in the results of this study. However, the current framework
should be regarded as a step toward fully accounting for the most essential material

heterogenei¢s up to the overall mm macroscopic size scale.

5.2.2 Constitutive Relations

The elastieviscoplastic model, equation of state (EOS), and chemistry model are
most relevant to the community and the analyses here. Consequentbyretioéscussed in
this sectionOnly a brief summary is provided here, as the full details of these models have
already been described in Cha€e3: The specimen is initially stredgee and atest. This
is a 2D model and the conditions of plesteain prevail. A single piston velocityY() is
applied on one end of the sample to effect shock loading. The side (lateral) boundaries are
constrained in a frictionless manner to maintain the ovemititions of samphkevel
uniaxial strain typical of planar impact experiments.
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A simplified SteinbergGuinarLund straindependent flow stress model (SGL) is
used to account for the viscoplastic behavior of HMKis model has been calibrated to
matchthe elasteviscoplastic model used for HM Chapters 3 and 4 of this thegikich
in turn was based on available experimental data. The values of the material parameters in
the model are listeth Table4 in Chapter 2The bulk response to hydrostatic pressure is
modeled using the first ord&fiei GriineiserEOS This is a common EOS used to model
material subjected to shock loading. Unlike the Bikttrnaghan EOS used in the
Lagrangian framework in Chapters 2 and 3, Miei GriineiserEOSincludes an internal
energy dependence that is estimated at each time step by integrating the specific heat with
respect to temperature as described in(E@. The values of the material parameters in

theEOSmodel are listedh Table5 in Chapter 2.

The process of chemical reaction initiation and progression followsittery
variable reactive burn model (HVRB). This is a pressure dependent burn model which does
not explicitly track species of reactants or produBeactive burn models have been
widely used to simulate the ignition and detonation of HEMs83, 84]. These empirical
models are often calibrated to Pop plot data. As a result, the localized extent of reaction
behind the shock front may not be perfectly resolved (which is a known limitation for the
HVRB model). However, with available data and models, this is a reasonableffrate
order to reach the macroscale from the mesoscale, since the focus here is on analyzing
macroscale material behavior. The HVRB model provides a straightforward method of
accounting for chemical reaction at larger size scales which would otherwise prove more
computationally intensive if an Arrhenilimsed chemical reaction rate model is used. Still,

it is worthwhile to note that if and when a more useful chemistry modshde available,
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it can be easily used in the current framewiotkere is no fundamental impediment to the

use of other, especially more mechanidrmased, reaction models.

5.2.3 Shock Pressure and Run Distance Calculation

Run distance to detonati¢RDD) is acommon performance metric used to measure
SDT sensitivity and performance of an energetic material. In this analysiRDibes
defined as the longitudinal distance the shock wave travels into the explosive before the
detonation wave front is establishdditially, the stress field following the shockwave is
relatively uniform (in the homogeneous samples), due to the monotonic loading applied.
When voids or microstructure are introduced, the stress field deviates from this idealized
scenario as the shodkont encounters material heterogeneity. The reaction builds up
behind the shock front, and at later times strengthens it before eventually overtaking the

shock front and propagating through the uncompressed material as a detonation wave.

The relationshipbetweenthe RDDand pressure of imposed shock loading, or the

Pop plot, can be used to compare the relative performance of different materials. In the
analysis here, the relations are used to quantify the differences in performance due to
microstructure ath voids of the four HMX cases. The shock pressure is calculated based
on the spatially averaged pressure profile of each sample. The initial plateau of the stress
wave is measured and averaged over both sample distance and time in order to determine
the mat accurate monotonic shock pressure for a given impact velocity. In order to
calculate the run distance, the location of the shock front in the sample is recorded as a
function of time. Since the detonation wave propagates faster than the inert shock wave
the run distance is easily measured by examining the change in velocity of the shock front
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itself. An example pressure profile and shock front location of a granular microstructure

without voids under loading by a piston velocityldg =800 m/< is shown inFigure4s.
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Figure 48 - (a) Pressure profile behind the shock front at multiple time steps for a
microstructure sample impaded at U, =800 m/s. (b) Distance traversed by the
shock front as a function of time for the same microstructure sample impacted at

U p= 800 mys.
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delineate the effects of voids and granular heterogertaiure 49 shows the presse

fields at different stages of the SDT process for a microstructured HMX sample with voids

impacted by an aluminum flyer at 400 m/s. The fields cover hotspot initiation to full

detonation completion.
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Figure 49 - Pressure fieldsfor an HMX sample containing both microstructure and
voids impacted by an aluminum flyer atU, =400 m/s.

5.2.4 Mesh and Size Convergence

To ensure accurate results, a mesh convergence study is carried out to determine the
proper mesh size nessary to explicitly resolve both the grains and voids and ensure
convergence of solution of interest. To this end, shock pressur@@Ddare calculated
for samples including both microstructure and voids at mesh sizes ranging from 30 pum to
500 nm. The M¥ sample set was chosen for this purpose because it accounts for both
kinds of heterogeneities. Naturally, the mesh sufficient for modeling the most complicated
HMX microstructures should be sufficient for the less complicated microstructures as well.

As shown inFigure50, the shock pressure is found to converge at any resolution finer than
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20 um, while the run distance converges for any mesh size finer than 5 pmskeason,

a final mesh size of 5 um is chosen for all subsequent tests. It is important to note that this
study is focused on the macroscale detonation properties of the material. A finer mesh
resolution would likely be required to accurately resolvallbtemperatures which may be
required for an Arrheniubased chemical reaction rate model, as is commonly used for
small scale simulations in the literature. The HVRB chemical reaction model used here (as
outlined in sectiorb.2.2 is a pressuredependent model that does not require direct use of
temperature. For this reason, the convergence study here also provides a validh#on

average shock pressure.
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Figure 50 - (a) Shock pressure and (b) run distance to detonation for a sample with
granular microstructure and voids at mesh resolutions ranging from 30 um elements
to 500 nm elements.

In addition to a mesh resolution study, itimportant to determine whether the
sample size chosen serves as an acceptable representative volume element (RVE) for the
microstructure as a whole. While the smallest microstructure feature (voids) dictates the
necessary mesh resolution, the largestosicucture feature (grains) dictates the necessary

RVE size of the sample. To this end, five 1 mm x 5 mm samples, with the same randomized
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grain distributions as in the 3 mm x 15 mm samplesKgpee47), are subject to the same
impact loading and the detonation process is analyzed in the same as manner as that in the
3 mm x 15 mm samples. The resulting shock pressure prior to detonation and the run
distance to detonatn are calculated. The results are showRigure51. The overlap and

near full coincidence of the data points from the two sets of samples indicate that the 1 mm

x 5 mm sample size yields practically the same results as the 3 mm x 15 mm sample size,
and therefore the 1x5 mm samples are large enough to be RVESs. For the remainder of this
analysis, calculations are conducted using 1 mm x 5 mm sanmplerinimize

computatbnal cost.
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Figure 51 - Run distance to detonation as a function of shock pressure for five 1x5
mm samples (black circles) and five 3x15 mm samples (blue squares) with
randomized grain distributions and no voids. Piston velocitiesanging from 600 m/s

T 1000 m/s are used tgenerate the range of shock pressures seen here.
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5.3 Resultsand Discussion

A systematic quantification of the effect of granular microstructure and void volume
fraction on the performance and sensitivity of pressed HMX is carried out. SB@&i@n
compares the effects of homogenous samples with four volume fractions of 50 um circular
voids (0%, 5%, 10%, and 20%) on the Pop plot. Se&i8r2discusses thdifferences in
samples with and without voids and granular microstructure; a comparativerdering
of the Pop plot results is also given. A probabilistic model for the SDT transition is
developed in sectioB.3.3 using the results presented in sectd2 This formulation
allows the likelihood of achieving run to detonatiat a given distance to be mapped over
the entire range of loading pressugudied. Finally, in sectio®.3.4 the prediction

obtained in sectiob.3.2is comparedvith available experimental data.

5.3.1 Effects of Void Volume Fraction

It is well known that microstructuraheterogeneities contribute to increased
sensitivities of energiet materials to ignition. The presence of voids in the material results
in extreme shear stress and local plastic deformation at the defect locations under shock
loading conditions. The hotspot formations due to pore collapse are considered to play a
dominate role in the sensitivity, and subsequent detonation of HEMs. Accurately
characterizing the effects of voids is essential in mesoscale simul§tiégs In this
section, we examine theffect of increasing the volume fraction of voids on the run
distance to detonation of HMX samples without microstructure or other forms of

hetepgeneity.
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Homogeneous HMX samples with four levels of void volume fractions are analyzed:
0% (homogeneous), 5%40%, and 20%. These values are chosen to track void volume
fractions commonly observed in experiments of pressed HABK All voids are initially
circular with the same diameter of 50 um. The voids are placed randomly so that no two
voids initially overlap or directly contact the edges of the sample. For each of the four void
volume fractions, five statistically equivalent random sa@&®re generated, resulting in

five 5% void samples, five 10% void samples, and five 20% void samples. Each sample is
subjected to loading at each of the following piston velociliés: = 600, 700, 800, 900,

and 1,000 m/sThe use bmultiple statisticallyequivalentsamples over a range of piston
velocities allows for measurement of both shock pressure and run distance in a manner that
captures the stochastic variations in the material behavior. The results of this analysis are
shown in Figure 52. Clearly, the run distance decreases as the void volume fraction
increases. The average decrease in run distance with void volume fraction is normalized

with respect to the 0% void case and is liste@iable18.
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Figure 52 - Pop plots of samples with 0% void (black), 5% voids (blue), 10% voids
(red), and 20% voids (green) by volume. All voids are initially 50 um in diameter.
Other than the voids, the samples contain no other heterogeneities.

Table 18. Effect of void volume fraction on normalized run distance

Void VolumeFraction Average I;)ecrease In Run
Distance
0% 0%
5% 20.6%
10% 28.8%
20% 37.2%

For a given shock pressure, increasing the volume fraction of voids in turn causes
the run distance to detonation to decrease (and tmerkfwvers the PP line)lable 18
shows that the rate of decrease in the run distance decreases at higher void volume
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fractions. Specifically, a 5% volume fraction of voids causes the run déstardecrease

on average by 20.6% relative to the homogeneous material case over the entire range of
shock pressure. Increasing the void volume fraction from 5% to 20%, on the other hand,
causes the run distance decrease relative to the 0% case tofcbamg@.6% to 37.2%, a
smaller 16.6% change. While increasing the volume fraction of voids lowers the Pop plot
line, a trend that is associated with better detonation performance of a HEM by itself, trade
off must also be considered. Specifically, voidaseathe overall effective density of the
material to decrease, which leads to lower shock pressure under the same impact velocity.
This means a higher, more severe loading might be required to generate the same
performance or effect. In addition, voidsatiecrease the overall energy content in a HEM,
causing the overall energy output per unit macroscopic volume of the material to be lower.

These factors must be weighed.

5.3.2 Effect of Granular Heterogeneities

We now consider the effects of the granular mictasure, as well as the interactions
between the effects of the microstructure and voids, on the Pop plot. For this purpose, the
four material cases Higure46 are considered: homogeneous (H), granular microstructure
only (M), 5%voids only (V), and bit microstructure and voids (M49VThe overall results
are shown inFigure 53. As different forms of heterogeneities and material defects,
microstructure and voids each causes the Pop plot lines to shift to the lower left in pressure
run distance space. In other words, the run distance decreases at a given shock pressure as

more leterogeneities are included. The average decrease in run distaeaelfonaterial



case (H, M, V, M+V has been normalized with respect to the homogeneous case (H), as

listed inTable19.

Figure 53 - Pop plot lines for the homogeneous samples (black), granular
microstructured samples (red), samples with 5% voids by volume only (blue), and
samples with 5% voids and granular microstructure (gree).

Table 19. Effect of material heterogeneities on normalized run distance

SEMSS Average Decrease in Run Distance
Homogeneous (H) 0%
Microstructure (M) 12.3%
5% Voids (V) 20.6%
5% Voids and Microstructure (V+M) 27.5%

For therange of pressure considered, homogeneous samples have the highest Pop

plot line, or the longest run distance at a given pressure. Voids and granular microstructure
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