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ABSTRACT

The dislocation mechanics based properties of solid energetic materials, particularly, of
high explosives, are of particular interest in connection with issues of intrinsic chemical
stability and with their fast chemical decomposition when employed as propellants or in
explosive formulations. The ballistic impact and shock-associated plasticity responses of
such materials present great experimental and model challenges for establishment of
predictable performances. As demonstrated in the present report, much has been learned
through direct investigation with a full range of scientific tools of the individual crystal
and composite material properties and, also, through their comparison with relevant inert
ionic and metallic material behaviors. Thus, in relation to other solid material structures,
energetic crystals are elastically compliant, plastically strong, and prone to cleavage
fracture. Somewhat surprisingly perhaps for such materials, individual dislocation self-
energies are indicated to be relatively large while the intrinsic crystal-determined
dislocation mobility is restricted because of the complicated and rather dense molecular
packing of awkwardly-shaped molecules that are self-organized within lower-symmetry
crystal structures. Because crack surface energies are low, cleavage is able to be
initiated by relatively small dislocation pile-ups and, with the restricted dislocation
mobility, there is little additional plastic work requirement associated with cleavage crack
propagation. Nevertheless, when compared with indentation fracture mechanics
prediction, crack propagation appears to be controlled by the behavior of very limited
dislocation activity at the crack tip. Adiabatic heating associated with dislocation pile-up
avalanches provides an important mechanism for the thermal “hot spot” model of
explaining the initiation of rapid chemical decompositions and relates directly to
predicted influence of crystal (or particle) sizes. On such basis, desired characteristics of
greater mechanical insensitivity to initiation but afterwards greater power dissipation are
predicted to occur for energetic composite formulations made from smaller particle-sized
ingredients.
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1. INTRODUCTION

Solid energetic composite materials are included within the category of advanced
materials, first, because complete information remains to be determined both for the
individual component behaviors and for their interactions in relatively complex
formulations; and, secondly, because there is the need for understanding of the composite
performances, for example, under mechanics-based high rate loading conditions
involving very substantial rates of energy decompositions occurring within a shock wave
associated environment. Beginning from the late 19™ century until the present time,
much chemical- and physics-based information has been gained on the component and
formulated energetic material properties and uses. More recently, additional information
has been gained through a material science approach of establishing microstructurally-
based relations between the material compositions and their cumulative properties [1-4].
The multifunctional topic of reference [4] relates, in part, to the possible combination of
energetic and structural load-bearing properties of a composite material being built into a
single design package. As will be seen in the present report, the possibility is based in
part on the achievement of advantageous properties on both considerations at nanometric
dimensions of the composite ingredients [5]. In that regard, it’s interesting that
researches on the energetic materials themselves are often intertwined with studies of
their detonation influences on the dynamic deformation properties of structural materials
[6]. Such connection with the high strain rate properties of metals has been recently
reviewed [7]. An historical note in that regard comes from B. Hopkinson, son of J.
Hopkinson of split Hopkinson pressure bar (SHPB) fame, in contributing an early article
on the topic of measuring the pressures generated in the detonation of high explosives or
by the impact of bullets [8].

The occurrence of local thermal “hot spots” provides a historically-established
mechanism for explaining the initiation of fast chemical decomposition within the
various energetic materials; see, for example, reference [9]. The task of tracking such
proposed hot spots is made more difficult by having to ferret through the complicated
environment of energetic crystal responses occurring within a typical propellant
formulation, as schematically depicted in Fig. 1, or within the more heavily filled
constitution of an explosive formulation; see for example references [10-12], including in
the last reference the formulation of a reactive metal system. And, for whatever energetic
composite description is of interest, including that of a more heavily-filled plastically-
bonded explosive (PBX), the decomposition behaviors, whether from direct thermal
stimulus or under mechanical loading at the highest applied rates, including shock wave
loading, are connected generally with variously modified Arrhenius-type thermal
activation equation descriptions for either the measured or predicted temperature
dependencies of the hot spot ignitions and their growth [13-20]. A principal concern of
the present report is to relate to such considerations on two counts: (1) a dislocation
defect role in providing localized sources for potential hot spot development; and, (2) the
action of dislocation pile-up avalanches under mechanical loading in providing an
important mechanism for initiation of fast chemical decomposition [21]. On this basis,
special importance is attributed both to the role of dislocations in the original production



of an energetic crystal as well as to the subsequent deformation-induced crystal
responses.

2. CRYSTAL INGREDIENTS/STRUCTURES

There is an important role of structural chemistry in understanding the nature of energetic
crystal properties. Figure 2 shows the crystal unit cell structure of
cyclotrimethylenetrinitramine that is known by the substitute designation RDX and has
an individual molecular formula [CH,.N.NO;];. The bracketed manner of specifying the
formula relates to the configuration of the molecule. Eight such RDX molecules, with
individual covalent bonding between the carbon, C, hydrogen, H, nitrogen, N, and
oxygen, O, elements, are relatively closely packed then within a molecularly-bonded
orthorhombic unit cell with a Pbca crystallographic space group designation. The crystal
lattice parameters are a= 1. 3182 nm, b =1.1574 nm, and ¢ = 1.0709 nm so having a unit
cell volume of ~ 1.63 nm’ containing 168 atoms [20]. Identification in the reported
structural analysis of any smaller length for a typical covalent intramolecular bond
distance, for example, for a labeled C3 — H5 bond length of 0.11 nm may be compared
with a larger intermolecular bond distance, say, O1 — H2 of 0.25 nm length.

Two other energetic crystal materials to be especially referenced in the present article are:
chemically-related to RDX, tetramethylenetetranitramine (HMX), [CH,.N.NO;]4; and,
pentaerythritol tetranitrate (PETN), [C.(CH,.0.NO,)4]. The Arrhenius-based hot spot
model assessment mentioned above [9] lists RDX as being relatively stable thermally
when compared to HMX and PETN that, in turn, are individually about equally less so
but with PETN showing a stronger dependence of its critical hot spot size on temperature.
The energetic crystal triaminotrinitrobenzine, (TATB), [(NH,).C.C.(NO,)]s, that is
relatively more stable mechanically in comparison to RDX, is an important ingredient of
certain PBX formulations. Additional newer energetic crystals whose properties are
being researched are CL-20, 2[C.N.NO;]3, see [23], and FOX-7, [(NH;).C.C.(NO>),], see
[24, 25] . Research continues on the design and synthesis of new energetic crystal
structures and their thermo-mechanical response on the molecular scale [26-29].

Included among a number of other energetic composite ingredients whose properties are
of interest, as to be described here, are so-called oxidizer crystals such as ammonium
perchlorate (AP), [NH4.Cly], and the newer ingredient, ammonium dinitramide (ADN),
[NH4.N.(NOy),]. Aluminum, in polycrystalline form, is also an important additional
composite ingredient for energy release by oxidation. Recent research effort has been
directed to the increased burning rate achieved for aluminum at nanoparticle sizes [30,
31]. For comparison with the larger RDX unit cell volume, the well-known aluminum
face-centered cubic (fcc) unit cell volume is ~ 0.064 nm® and contains four atoms. On
balance, the mixture of covalent and molecular bonding among the elements in the RDX
unit cell produces a lower material density of 1.8 g/cm’ as compared with 2.7 g/cm” for
aluminum. In general, concentrated mixtures of formulated ingredients are cast or
pressed within a polymer binder matrix such as indicated in Fig. 1. The figure presents a
schematic representation of the range in dimensional scales from the macroscopic level to
the molecular scale within a hypothetical propellant material. As shown at the modeled



burning interface of the polygonal energetic crystal in the figure, chemical decomposition
occurs after melting ensues; and, this is experimentally demonstrated recently over a full
range of compositions measured in the determination of an HMX-RDX phase diagram
[32].

3. CRYSTAL CHARACTERIZATIONS

The energetic crystals themselves are generally produced by growth from supersaturated
solvent solutions [33, 34]. Figure 3 shows an example batch of RDX crystals produced
in the laboratory after a second crystallization from acetone solution of re-dissolved first-
crystallized material [35]. The solution growth process is a standard method of crystal
production, for example, as has been employed also in the obtainment of sucrose (sugar)
crystals whose hardness properties were investigated as a comparative inert, or possibly
energetic, material itself [36]. With regard to the later description to be given of the
compaction properties of energetic material particle systems, mention is made that
sucrose is also a model crystalline material that is employed in comparative
pharmaceutical powder compaction studies.

A particular advantage of the solution-growth method is that different crystal
morphologies may be produced with different solvents. The technique doesn’t easily
lend itself to the production of ultrafine crystal sizes except possibly by rapid expansion
of supercritical solutions [37]. Other crystal growth methods of achieving finer-scale
energetic crystal sizes are being investigated, for example, of membrane-assisted
centrifugal crystallization or of evaporative crystallization [38]. Otherwise, finer crystal
sizes are achieved by mechanical comminution under protective environmental
conditions [39]. And powder x-ray diffraction [40] is employed in most cases to evaluate
the produced crystals so far as internal (dislocation) strains and porosity (also assessed
through accurate density determinations) are important variables to be correlated with the
crystal performances [41]. Association of voids and mechanically-induced hot spots is a
long-standing research topic as exemplified in a recent report of necessarily ultra-small
angle x-ray scattering being employed to monitor pore size distributions in TATB-based
PBX-9502 materials and related formulations after being subjected to temperature
cycling [42].

For research laboratory purposes of tracking individual or dislocation group
characteristics, etch-pitting and x-ray diffraction topography methods have proved to be
useful [21]. Electron transmission microscopy is generally not a useful method because
of causing chemical decompositions. Figures 4(a) —(d) show two constructions of
modeled crystal growth configurations [43] and their match with optically etched [44]
and x-ray (transmission) topographic measurements [45, 46], respectively, obtained for
sectioned RDX crystal specimens. The optically-identified traces of different {111} and
{102} planes intersecting the viewed (001) planer surface of the RDX crystal in Fig. 4(c)
relate directly to the crystal habit planes shown in Fig. 2. For example, the tabular crystal
shown near the bottom-center of Fig. 2 exhibits four pyramidal planes of {111} type
meeting at the planar (001) top facet and there is indication of a {102}-type facet trace at
the top left crystal corner. The same crystal geometry is indicated for the edge-on view



of the larger tabular crystal shown in the top-left corner of Fig. 2. Thus the identified
planar traces in Fig. 4(¢c) are indicative of the sequential surface positions occupied by the
RDX crystal during its growth and are distinguished apparently in the crystal etching
process of Fig. 4(c) because of extremely small variations in solute concentrations
incorporated within the crystal during growth.

Very often, the initial crystal nucleation is known to occur on an inclusion or intentional
“seed” particle, as indicated schematically in Fig. 4(a). Figure 4(c) gives such indication
within the RDX crystal. The internal strains sometimes generated by such seeding
mechanism have been imaged in several RDX x-ray topographic images [47]. Also of
interest in relation to the dislocation line structures shown in Fig. 4(d) are the crystal
defect indications exhibited at the top surface and corner of the larger tabular crystal
viewed edge-on in Fig. 2. The steeply inclined (001) planar top is seen to involve a
partial twist about its normal [001] direction that must correspond to an internal defect
with displacement vector along the same [001] direction, that is the smallest repeat
distance for a dislocation Burgers vector in the crystal lattice. Generally but not always,
such smaller vectors are associated with the defect line characteristics modeled in Fig.
4(b) for dislocation-associated crystal growth. The mismatch of growth facets at one
corner of the larger crystal is seen to be associated with the formation of another crystal
appendage. Other x-ray topographic results reported for dislocation distributions within
solution-grown RDX crystals have indicated that the crystals contain relatively low
dislocation densities and have a variety of dislocation line directions and Burgers vectors
[48, 49], perhaps not unexpected for a relative weakly-bonded molecular crystal
structure.

4. EXPERIMENTAL MECHANICS

The relative brittleness of energetic crystals has been a main factor leading to the use of
indentation hardness testing as a method of evaluating their plastic deformation behaviors
and, likewise, has led to the use of indentation fracture mechanics (IFM) as a method of
assessing the material cracking behaviors. The susceptibility of the materials to initiation
of fast chemical decomposition under impact has been established in laboratory tests by
use of calibrated drop-weight tests, generally, of loose piles of the crystals. Higher
loading rate shock wave testing, via explosive loading or accelerated plate impacts or by
means of impacting with laser beams, has been applied to crystals while also their
decompositions are monitored with a variety of physico-chemical test diagnostics; see for
example [50, 51]. The material deformations and cracking behaviors when subjected to
granular compaction under controlled conditions are also of interest for both research and
manufacturing purposes.

4.1. Indentation hardness properties

In laboratory experiments, dislocation etch-pitting applied to microindentation hardness
impressions put into RDX crystal surfaces led to the observation of very limited
spreading of the dislocations having occurred in comparison with the well-established,
more extensive, patterns of strain rosettes observed at etched microindentations in LiF



[52]. Also, the observation of slip on {021} planes was identified at the RDX indentation
sites [53] in extension of other pioneering etch pit observations [33]. The {021} slip
system result was confirmed in accompaniment of the reported x-ray topographic results
mentioned above [49] and was included in a further analysis of operative slip systems at
RDX hardness indentations [54]. On the molecular lattice scale, mutual blockages to slip
across the {021} planes in an [001] slip direction were shown to be caused by
interactions of out-cropping molecular appendages, as modeled for RDX in Fig. 5 at the
sites of the partially labeled atomic elements. The interactions were associated with
reported nitroso-compound formations that have been detected in drop-weight impacted
crystals tested just below the initiation drop-height [55] and also were detected in
combustion residues [56]. Thus, the etch-pitting observations made on RDX crystals
provided a first indication of dislocation displacements being hindered in a particular
manner characteristic of complex molecular interactions occurring within the rather more
complicated energetic crystal lattices.

Figure 6 shows a hardness stress-strain method of analysis that provides for further
comparison of elastic, plastic and cracking behaviors among energetic and other material
crystal types [57]. In the figure, the plastic hardness stress, oy, is specified for a ball
indentation as the indenter load, W, divided by the surface projected contact area of the
residual indentation having a real or effective crater diameter, d. The hardness strain is
the indentation diameter divided by the ball diameter, D. The dashed lines sloping
steeply upwards in Fig. 6 from the lower left edges are Hertzian elastic line dependencies
for which the d values are taken as the elastic contact diameter in the expression

or = (43m)[{(1 = vs")/Ep} + {(1 - v¢’)/Es}]"'(d/D) (1)

In eq. (1), v, Ep and vs, Eg are the Poisson’s ratio and Young’s modulus for the ball and
specimen, respectively. The reciprocal factor in square brackets on the right side of eq.
(1) is normally replaced by an effective modulus, E,. Separate from the elastic
predictions, a number of crystal plastic hardness values are shown in the figure as filled
circle points vertically distributed along the ordinate scale at an effective value of (d/D) =
0.375, as determined for diamond pyramid or Vickers hardness (test) numbers (VHN).
The crystal materials that are listed for these hardness values include, in addition to the
crystals identified thus far, MgO, NaCl, ice, and anthracene. As shown in the figure, an
increasing hardness is determined for the materials of present interest in the order of AP,
PETN, RDX and HMX. For NaCl, the solid elastic loading line and connected plastic
flow curve were determined in a continuous loading test. Such elastic loading behavior is
more easily demonstrated in modern nanoindentation hardness tests, for example, as
reported for sucrose crystals that were investigated for comparison with energetic crystal
properties [58]. The series of open square points shown for an RDX crystal were
measured by means of a microindentation hardness tester fitted with a 1.59 mm diameter
steel ball indenter.

In Fig. 6, the open circle points specified at particular D values along the dashed Hertzian
lines are modeled hardness stresses for cracking, oc, computed in accordance with the
indentation fracture mechanics (IFM) expression:
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in which y is the true surface energy and the numerical factor (k;” + k,°) = 2.5 x 10~ was
taken as originally reported [59]. The highest average hardness (closed circle) point in
Fig. 6 was determined for a number of MgO crystal indentations made on (001) plane
surfaces. The D = 0.124 mm label at the highest value of o on the dashed MgO elastic
loading line was determined as the equivalent (average) ball size for the actual diamond
pyramid indentation measurements that are shown. At such indentations on (001)
surfaces of MgO crystals, dislocation pile-ups are known to produce distinctive,
crystallographically-defined, cracking patterns [60]. Very importantly, the dislocation
pile-ups are shown in the figure to initiate cracking at a significantly lower hardness
stress than that predicted on an IFM basis and, even so, the cracking occurs on {110}
cleavage planes that require a higher surface energy than the otherwise favored (001)
planes. The lowest o¢c value marked at D = 6.35 mm on the MgO Hertzian line,
nevertheless, demonstrates the reduction in predicted IFM cracking stress occurring in
accordance with the inverse square root of D factor in the coefficient of the (d/D)y "
strain dependence in eq. (2).

The cracking specified to occur for RDX at the larger strain, open square, measurements
in Fig. 6 are also positioned below the predicted oc value for a D = 1.59 mm ball as
designated at the terminal point of the Hertzian elastic line. Here too, the measured
hardness for cracking is lower because of a same dislocation pile-up-induced cracking
reason although very probably needing only a small number of dislocations in the pile-
ups. Thus, the difference in RDX stress levels between the cracking-associated plastic
hardness and the predicted IFM-determined cracking stress is shown to be significantly
smaller than that shown for the corresponding separation of stresses for NaCl, which is
not known to be an exceptionally ductile material. Such observation is indicative of a
lesser range in stress being available in RDX for any influence of dynamic loading. A
further comparison of the RDX and NaCl hardness results shows that NaCl is elastically
stiffer, as expected on the basis of its stronger ionic bonding, while RDX is plastically
stronger, because of its lattice hindrance to slip and, also, is more cleavage prone because
of its relatively lower surface energy [21]. Other comparisons have been made between
RDX and MgO crystals in terms of an IFM predicted ¢** crack size dependence of oy, or
¢* dependence in accordance with cracking being controlled by the hardness value [61].
The indication for RDX of the measurements fitting the latter dependence is in agreement
with crack growth being controlled by the limited extent of plasticity occurring at the
crack tip. The same conclusion had been reached in an earlier assessment of the [FM
measurements reported for the RDX cracking behavior [62].

Additional evidence for plastic flow being a principal cause of crack formation in both
energetic and ionic crystals was demonstrated for plasticity-induced cracking
observations made for diamond pyramid hardness indentations put into AP crystal
surfaces [63, 64]. The AP results in [63] included x-ray topographic evidence,
analogous to the case for {110} cracking in MgO, of substantial internal lattice strains
associated with locally-identified slip band stress concentrations that produced cracking.



In [63], a hardness measurement of 265 MPa was obtained for the newer ADN oxidizer
crystal. The value is greater than that for AP shown in Fig. 6 and is nearer to the level
shown for the RDX measurements. In [64], strikingly imaged terraced structures are
shown at dislocation etch pits imaged by atomic force microscopy on the (210) surface of
an AP crystal. The terrace structures are very likely a finer scale manifestation of the
layered-type growth structure features revealed in Fig. 4(c) for an RDX crystal [44].

4.2. Impact properties

A schematic representation of a drop-weight impact test is shown in Fig. 7 as applied to
measuring the impact sensitivity of loose piles of energetic crystals. The figure includes
a sample view of RDX crystals and, also, a model interpretation of crystal lattice shearing
for development of hot spots leading to initiation of the impacted crystals [65]; note the
1-2 mm size of the crystals in Fig. 7 compared to the ~50 micron-sized crystals shown in
Fig. 2. More detailed descriptions of drop-weight impact testing machines have been
reported [66, 67]; in the first case involving optical recording of the material deformation
and cracking behaviors and, in the second case, also including results obtained on a
number of explosive materials tested in a ballistic impact chamber (BIC). Figure 8 shows
a compilation of early results reported for the drop-weight impact height for 50%
probability of initiation, Hso, as a function of the average size of individual crystals
within the pile [68, 69]. As observed for the data included within the limits of the dashed
inset in the figure, a strong dependence of Hsy on crystal size is obtained; for example, an
order of magnitude increase in Hsy from 10 to 100 cm is produced for a crystal average
size reduction from 1.0 to 0.01 mm, while also indicating a reciprocal square root
dependence of Hso on the crystal size. The larger dimensional extension of the graph
comprising Fig. 8 was constructed for connection with current research emphasis on
measuring energetic crystal properties at nanometric crystal sizes. Determination of a
drop-weight height in excess of 100 cm has been reported for RDX crystal diameters in
the range of 110 to 300 nm, as referenced above to be obtained by the method of rapid
expansion of a supercritical solution of RDX in carbon dioxide [37].

Other methods of researching the impact-initiated properties of formulated composite
materials include: Taylor-type cylinder impact tests [70], as employed for characterizing
the strength properties of structural metals and alloys; split-Hopkinson pressure bar
(SHPB) or hybrid-SHPB tests [71]; ballistic penetrations [72], as mentioned above for the
historical article [8] of Hopkinson; and, especially, shock-induced impact tests achieved
by explosive detonation-type gap tests or gas-gun- or laser-launched projectiles [73]. For
example, the last-mentioned testing procedures of gap tests and laser launched flyer
plates were applied to evaluation of the shock sensitivity for PETN crystals of ~1 and 180
micron sizes pressed to 90% theoretical maximum density. Opposite size-dependent
crystal sensitivity results were obtained with the two test methods. The smaller particles
were more shock sensitive in the laser impact results and less shock sensitive in the gap
tests. The results appear to be particularly important because of the suggested
relationship made here of the neat crystal results being analogous to pioneering flyer
plate test results made on cast 70% RDX/30% polyurethane PBX formulations containing
individual monomodal RDX particle sizes ranging between 6 and 428 microns; see the



schematic Fig. 9 for the different shock pressure dependencies on the run-to-detonation
distances for different fine (F), coarse (C), and very coarse (VC) crystal sizes [74]. As
argued in the earlier PBX case for discriminating between proposed control by ignition of
hot spots within individual particles at low pressures as compared with control at high
pressures by growth of reaction through hot spot coalescence, the difference in PETN
results were attributed to the restricted growth of hot spots in the narrower pulse (and
higher pressure) laser tests as compared to initiation control in the longer pulse (and
lower pressure) gap tests. The (crystal or) particle size effect described in Fig. 9 has been
investigated more recently in development of an “extended statistical hot spot model”
description leading to predicted hot spot ignition and growth dependences for a neat
particle-sized material in which the hot spots are initiated at particle-to-particle contact
points and the thickness of a coalesced hot spot region is taken into account for the hot
spot growth mechanism [75]. Easier initiation in gas-gun experiments of reactive
AI/PTFE (polytetrafluoroethylene) formulations has been quantitatively demonstrated for
the composite material containing smaller aluminum particles [76].

The employment of laser-induced initiation behaviors deserves particular attention for
analogous use of the method to produce local melting/damage sites for examination in
individual crystal studies, for example, of AP crystals [63, 77]. Aquarium-type shock-
induced chemistry results have been obtained after pre-test microindentations had been
put into the crystal surfaces to serve as potential damage sites [78-80]. For an AP crystal,
both nanosecond and picosecond laser-pulse-induced cleavage-type cracking
observations were reported in association with sub-surface chemical decomposition sites
produced below an (001) crystal surface impacted with a Nd/Y AG-generated beam.
Sufficiently high temperatures were reached at the laser-impacted crystal regions to cause
the AP orthorhombic-to-rocksalt structure-type phase transformation and to cause
crystallographically-defined cracking on the (210) and {100} planes of the respective
structures. X-ray photoelectron spectroscopy was applied to detect chlorine as a
decomposition product. Scanning electron and atomic force microscopy observations led
to association of chemical decomposition with the micron-scale, sub-surface, hot spot
sites. A dislocation reaction model basis was developed to show local dislocation-
generated stress enhancement for chemical reaction. With regard to the role of cracking
in certain energetic crystal initiations, a statistical crack mechanics approach, based on
the well-established theory of penny-shaped cracks, has been proposed for wider
application to explaining the shock-induced impact sensitivity behaviors of both
propellant and high explosive materials [81].

4.3. Granular compaction

As might be imagined from the mention in Section 3 above of mechanical pressing
operations done to manufacture energetic material formulations and for the shock-
induced hot spot behavior of pressed PETN crystals [73] mentioned in the immediately
above Section 4.2, crystal compaction is of interest both for practical and research-driven
purposes. Considerable research effort has been devoted to adapting the knowledge
gained from powder metallurgical [82] and pharmaceutical [83] experience to that for
compacting energetic materials but with added concern, connecting to the latter industry,



for the material brittle cracking behaviors. Such pharmaceutical connection has been
mentioned in obtainment of recent nanoindentation test results reported for sucrose as a
model brittle molecular crystal [58]. Elegant nanoindentation test results were reported
also for AP in [64]. The hardness of such materials might be imagined to be intimately
connected with their compaction behaviors as well. Figure 10 shows compaction results
reported for two commercial energetic material formulations and as fitted in each case
with a model description of the compaction process; FLUID A is a solid material [84]. In
the figure, the compaction model parameter, f., is determined as the mass fraction of
simple cubic lattice site positions distributed among presumed simple cubic and face-
centered cubic particle organizations; and, py is the mean hardness stress applicable at the
deforming particle-to-particle contacts.

In [84], experimental results were reported also for the quasi-static compression of
different crystal sized HMX particle beds. In another investigation employing the same
results, a model description was developed for the particle size influence on combustion
through plasticity-induced hot spots developing at the particle-to-particle contacts and
relating to the material contact hardness properties [85]. Figure 11 shows the modeled
results as later analyzed on a reciprocal square root of particle diameter basis [57]
consistent with the display of the crystal sensitivity measurements shown in Fig. 8 [69].
In construction of the figure, the modeled piston velocity was taken to be proportional to
the logarithm of the plastic strain rate, as will be described below for conventional
dislocation mechanics based constitutive equation behaviors. The break in the linear
dependence, distinguishing between sustained combustion and extinction, is seen to occur
approximately at the point of full plastic yielding behavior of the particle bed. The
results demonstrate again a greater resistance to initiation of decomposition, this time for
combustion, at smaller particle sizes.

5. DISLOCATION MECHANICS

Thus far in the information covered above, correlations have been indicated for a number
of described energetic material properties and various aspects of the material dislocation
behaviors, for example, as centered on the several levels of: (1) individual dislocation
characterizations; or (2) the dislocation pile-up avalanche model proposed to explain hot
spot formations and crystal (particle) size effects; or (3) the related consideration of
dislocation pile-up-induced cracking behaviors.

5.1. Dislocation characterizations

Figure 12 shows a schematic (001) plane representation of an edge dislocation with [100]
Burgers vector on an (040) slip plane in the orthorhombic RDX crystal lattice [86]. The
(010) slip plane had been identified in the referenced pioneering etch pit study [33]. The
dislocation is naturally fully capable of cross-slipping onto the (021) plane that has been
described with respect to promoting the nitroso-compound formation detected in drop-
weighted impact specimens falling short of full initiation behavior [55]. From a most
basic dislocation mechanics evaluation, the total dislocation energy, Er, is specified for
unit molecular length, A, of dislocation line as
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In eq. (3), G is the shear modulus, b is the dislocation Burgers vector (displacement), o is
(1 —v) for an edge dislocation or 1.0 for a screw dislocation or a (reciprocal) average
value for a mixed dislocation, R is an outer cut-off radius, 1y is the dislocation core
radius, and Ec is the non-linear elastic dislocation core energy.

Table 1 provides in the first column after the material identifications a comparison among
several materials of the bracketed coefficient of the logarithmic factor in eq. (3). And the
adjacent column presents the same coefficient divided by the heat of formation per
molecule. Comparison of the different material numbers shows that dislocations in RDX
and PETN have relatively higher self-energies, consistent with relatively low dislocation
densities being measured by etch-pitting and x-ray topography. The result is a
consequence of the relatively large Burgers vector and unit line length factors out-
weighing a relatively lower shear modulus. The dislocation line energy in eq. (3),
particularly including the anisotropy of G values, is proposed to be an important factor
along with b in determining the line orientations of dislocations participating in such
crystal growth processes as indicated in Fig. 4(b) and (d) [43].

The dislocation core energy and radius, 1y in eq. (3), are associated with another
interesting feature for molecular crystals and other materials exhibiting large Burgers
vectors. For them, an early dislocation model computation showed that a lower energy
condition was favored by having a cylindrical hole or liquid core running along the
dislocation line [87]. Recent calculation has been given for the hole possibly having an
elliptical shape [88]. The presence of water in the dislocation cores of sucrose crystals
has been employed to explain an enhancement of their electrical conductivity [8§9]. An
early report was made of solute-containing inclusions occurring during the growth of
RDX crystals [90] and, more recently, gas bubbles, sometimes elongated into channels,
have been reported in a careful study of the growth characteristics of (organic) benzil
crystals [91]. Hollow “micropipes” have been imaged at surface intersections for silicon
carbide crystals and have been proved via x-ray topographic examination to be centered
on dislocation lines [92]. Related nanopipe influences have been described for epitaxial
layers of gallium nitride grown onto sapphire crystal surfaces [93]. Such special
dislocation core considerations are particularly important for energetic crystals because of
their relatively low surface energies, as has been mentioned [62] and will be discussed
with regard to the cleavage cracking behaviors too.

The Peierls-Nabarro (P-N) stress evaluations identified in Table 1 are those defined on a
continuum mechanics basis for which d is the slip plane spacing. On such basis, that can
only be considered very approximate because of the molecular complexity pointed out for
the modeled shear-type displacements occurring for slip in an energetic crystal lattice, for
example, for RDX in Fig. 5, both it and PETN have relatively higher P-N stresses when
normalized with regard to their shear moduli. A pioneering molecular dynamics
calculation has been described [94] for an edge dislocation in anthracene that is
plastically relatively soft, as indicated on the basis of the plastic hardness comparison



demonstrated in Fig. 6. Other analysis of the relative difficulty presented by
intermolecular interactions of the type mentioned for Fig. 5 had been described earlier for
different slip systems in anthracene [95]. More recently, a molecular dynamics
description has been developed for anthracene so as to distinguish on a model basis
between hydrostatic and non-hydrostatic influences in compression tests [96]

The deformation behavior of HMX, though not included in Table 1, is of special interest
because of twinning being the main response in this case to mechanical loading. Fig. 13
is an illustration of the HMX monoclinic unit cell for the structure of the ambient
temperature B-polymorph, among three other polymorphs occurring at higher
temperatures and pressures [97]; and, Fig. 14 provides a model description of the
(101)[10-1] twinning shear of lattice points. In general, the fixed shear strain
characteristic for twin nucleation requires that local stress concentrations from micro-slip
of dislocation pile-ups be involved; and, consequently, for polycrystalline materials, a
relatively strong grain size dependence is observed for the applied twinning stress [98].
Such pre-twinning slip is indicated to be a minor consideration for HMX, however,
because of the twin occurrence being reversible at small strains [99], as is documented
for the classic case of deformation twinning in calcite crystals. The comparison of slip
being dominant in RDX as compared to twinning being dominant for its chemically
related counterpart has been attributed to the flexibility of the larger HMX molecule
[100], in agreement also with the changed shape of the HMX molecule in its different
polymorphs [97].

5.2. Pile-up avalanche model

The dislocation pile-up avalanche model for mechanically-induced hot spot generation is
shown schematically in Fig. 15(a)-(d). The sequential pictures step through the following
stages: (a) isothermal development of a pile-up under a shear stress, t;, and blocked, for
example, at a polycrystal grain boundary or at an internal crystal boundary or at crystal-
to-crystal contacts produced in earlier deformation; (b) consequent achievement at larger
dislocation number, n,, and higher shear stress, t,, of a critical stress concentration, tc*,
corresponding to collapse of the obstacle; and, (c) dynamic release of the pile-up to form
a localized hot spot [65]; see also the earlier presented model hot spot depictions shown
in Fig. 7. Figure 15(d) is included to indicate association of a discontinuous stress drop
with the occurrence of significant hot spot generation, as had been discriminated among
stress records compiled from calibrated drop-weight tests conducted on a number of
energetic and related crystals [66]. The dislocation pile-up avalanche model in Fig. 15
builds onto an earlier continuum mechanics description for characterization of the release
of a pile-up [101] and, also, builds onto a numerical model description that was given for
dislocation pile-ups “breaking through” a polycrystal grain boundary region offering
viscous resistance within a limited width of the boundary [102].

The temperature rise, AT, for pile-up release was modeled from that reported earlier for
the thermal dissipation of work associated with individual dislocation motions [103] but
taken for the pile-up as a multiple Burgers vector dislocation of strength, nb, in the



avalanche. With n being the number of dislocations in the released pile-up, then in one
approximation [65]

AT = (ks0"*/16m)(2v/c*bK)"2 (4)

In eq. (4), that applies for the combined material parameters (2K/c*vb) < 1.0, ks is the
microstructural shear stress intensity generated by the pile-up sufficient to cause pile-up
breakthrough, € is the grain or crystal diameter, v is the dislocation velocity, ¢* is the
specific heat at constant volume, and K is the thermal conductivity. A largest k occurs
for shear induced cleavage cracking, as has been estimated for a number of materials
[104]; and, the particular ks values listed in the fourth and fifth columns of Table 1 show
that (ky/G) is relatively large for RDX, PETN and AP. An immediate result worthy of
notice in eq. (4) is that a higher temperature rise is potentially generated for a larger
crystal diameter.

Equation (4) has been applied to explaining the crystal size dependence of the drop-
weight impact results shown in Fig. 8 [63]. The influence of material loading rate was
estimated from the dislocation velocity parameter, v, expressed as

v =voexp[- (G - | bA*dty)/kT)] (5)

In eq. (5), vo is the reference dislocation velocity limited by the shear wave speed, Gy is a
reference Gibbs free energy, A* is the dislocation thermal activation area, and k is
Boltzmann’s constant. This equation, that also forms the starting point for derivation of
the so-called Z-A constitutive equations which have been applied to material dynamics
calculations of structural face-centered cubic (fcc) and body-centered cubic (bcc) metal
deformation behaviors [7], is seen to have a stress-modified Arrhenius form not unrelated
to the thermal initiation equation analysis employed for the critical temperature
dependence on hot spot size [9] and involved in the subsequently listed references [13 -
20]. With the several conditions: first, of the dislocation velocity being connected to the
material shear strain rate in the normal thermally-activated manner and A* taken
inversely proportional to t4; and, secondly, the velocity taken to have a power exponent
dependence on the material drop-weight sensitivity, then the result was obtained [68]

log Hso ~ log Hso* + (KT/mW) log(f{AT, T, ...} %) (6)

In eq. (6), m is the power exponent for an assumed dependence of 14, on Hso, Wy is the
constant product of bA*ty, and f{(AT, T, ...} represents a combination of the other factors
in eq. (4). Thus, for a fixed AT presumably being needed for a critical hot spot, eq. (6)
gives a reasonable explanation of the drop-weight height dependence on the inverse
square root of the crystal size [21, 69, 104]. With the hot spot size taken proportional to
the spacing of the leading dislocations at the pile-up tip prior to release, see Fig. 15,
further comparison was made for RDX and PETN to show in Fig. 16 intersection of the
mechanical and thermal model predictions for initiation of decomposition, as illustrated
also for different crystal sizes. The crystal size effect is consistent with that shown in
Fig. 8. In Fig. 16, RDX is seen to be relatively less sensitive to mechanical initiation



because of the lesser thermal stability of PETN; an observation in general agreement
with variously tabulated drop-weight measurements comparing material sensitivities.

An important consideration relating to the pile-up avalanche model concerns the role of
ks among other factors in the pile-up avalanche model description. For the combination
of parameters (2K/c*vb] > 1.0, as is estimated to apply for metallic and ionic solids, eq.

(4) is replaced by

AT = (k£"*v/162K)In(2K/c*vb) (7)

On the basis of eq. (7), the important material parameters controlling AT are kg, K, and v.
In order to make an estimation of energetic, ionic, and metallic material susceptibilities to
hot spot generation at constant v, a plot of ks against K was made as shown in Fig. 17.

An increasing slope value drawn for any line to the variously plotted (open circle) points
is indicative of an increasing susceptibility to hot spot initiation. To include the energetic
ks and K parameters along with the metallic and ionic ones in the figure, both the abscissa
and ordinate scales were reduced by an order of magnitude, as shown by the inset
rectangular graph including the data for RDX and PETN. Also, on the right hand
ordinate scale of the larger figure frame, the product KA T is computed for the (filled
circle) points plotted by assuming an upper-limiting shear wave speed for v. Thus, on
both (ky/K) and over-estimated (principally because of v) AT bases, then, the energetic
materials are shown among all of the materials to be relatively more susceptible to hot
spot initiation. A very recent molecular dynamics (MD) model investigation of plasticity
at a nanoindentation put into an RDX crystal has shown an appreciable temperature rise
accompanying the process, also done at a relatively high loading rate [105]. Furthermore,
the order of increasing slopes shown in Fig. 17 in the order of a-iron, a-titanium, and
MgO as compared with a lowest slope for aluminum, are in line with increasingly greater
shear banding susceptibilities being previously reported for these materials [106]. More
recently, numerical computations have been reported [107] for the temperature rise
associated with an avalanche breakthrough of the viscous obstacle model given in [102].

Lastly here, relating to the furthest right-hand side column of Table 1, is the consideration
of cleavage susceptibility, that can be taken as a measure of the generation of very
localized plastic flow at a crack tip and, hence, be reflective of the localized generation of
hot spots [81]. The parameter (\(/Gb)l/2 whose numerical values are tabulated was
obtained from a model estimation of the ratio of shear stresses needed either to propagate
a crack by the Griffith mechanism or by a dislocation generation mechanism [108]. The
listed numerical values for the ratio are consistent with the energetic materials being
cleavage prone. They are certainly more so than is indicated by the higher values given
for the ionic materials. The results are in line with the RDX vs. NaCl crystal comparison
made on an IFM basis in Fig. 6. The dislocation generation part of the calculation was
refined by more detailed evaluation of the dislocation nucleation mechanism but the
improved criterion for brittleness appears to be approximately the same [109]. Even
more recently, the subject has been reviewed with regard to better understanding the
ductile-to-brittle transition in behavior that may occur on an individual dislocation basis,
for example, when a material is subjected to dynamic loading [110]. And, there is the



added issue of cleavage initiation being accomplished via dislocation pile-ups, as given
emphasis here both for energetic materials and for their structural material counterparts
too. A principal consideration in that regard is the dislocation pile-up explanation for the
inverse square root of grain size dependence of the strength properties of structural
materials [7] now having been shown to carry over to providing a better understanding of
energetic crystal initiation behaviors, particularly, involving crystal size effects both in
particle initiation behaviors and in combustion behavior associated with granular
compaction.

5.3 Shock-induced initiations

Porosity, cracking, and plasticity influences are often intertwined in modeling the shock
induced chemical decomposition properties of energetic crystal and composite materials
[111]. MD simulations have proved to be an especially important tool in modeling of the
shock-induced material behaviors for both energetic [112, 113] as well as structural
material [7, 114, 115] performances. A role for porosity in energetic material
characterizations, which was carried over initially from the demonstrated sensitizing
influence of gas bubbles in liquid explosives, as recently reviewed [116], has been and
continues to be researched by the MD method applied at ever larger dimensions
beginning from the nanoscale level for an isolated pore. From a solid mechanics
viewpoint at the limiting larger continuum scale, the applied stress is known to be
magnified locally by a factor of three times for a spherical void but this factor is
magnified many times over in proportion to the aspect ratio of length to thickness in
transforming the void into a crack of negligible thickness [117]. At such atomic level
thickness, the crack is modeled equivalently on a continuum mechanics basis as a
dislocation pile-up [118] consistent with the inverse square root of crack size dependence
of strength properties described in the present report.

The preceding issue of dimensional scale at which porosity, cracking, and plasticity
influences are to be accounted for may be traced by beginning from the smallest scale
modeling involved in the ever increasing pursuit of more reliable MD computations.
Early results for atomic- or molecular-scale pore collapses were obtained in relation to
energetic material properties by modeling the stress-induced collapse of simple lattice
point structures; see for example references [119, 120]. In [113], beginning from an
earlier hot spot associated Arrhenius-type description [13] and relating to pioneering
orientation dependent PETN shock initiation measurements [121], not unrelated to that
same consideration described for Fig. 5, reactive direction-dependent collisions among
PETN or RDX molecules were investigated in relation to their respective crystal
structures.

A latest investigation of porosity influence at the larger micron dimensional scale
involves a crystal mechanics model of dynamic sub-surface pore collapse in an HMX
crystal [122]. A constitutive equation incorporating dislocation drag was employed for
tracking the role of dislocations during dynamic pore collapse; and, the crystal mechanics
model was calibrated using a combination of MD and single crystal experimental results.
Cracking and/or plastic shear under associated melting and non-melting conditions were



investigated. Plasticity-associated jetting of material was demonstrated at the collapsing
pore, without melting, but with occurrence of a relatively high dislocation density of ~8 x
10° cm™, which is proposed to be typical for shock loading; however, see the above eq.
(3) and Table 1 consequences. The results suggest that pore collapse details depend on
the interplay among pore size, wave structure as supported by the initial dislocation
density and dislocation kinetics, and other factors. Another forward-looking
investigation [123], also referenced as an example of bridging length scales, has
described a dislocation mechanics role involving shear on the [100](021) lattice-modeled
system, as in Fig. 5, and as incorporated within a hydrocode model description of bullet
penetration into a high explosive matrix. The study is remindful of the historical
reference [8] and such modern practical assessments as made in reference [72].

Dislocation density generations as compared with dislocation velocity-associated phonon
drag influences are also of current research concern for structural materials with respect
to shock-induced deformations and the relatively more recent method of testing at
equivalent or higher imposed stress levels in a shock-less isentropic compression
experiment (ICE). At relatively high shock pressures, the shear strains at all points
within the nanometrically-scaled width of the shock front are not able to be relaxed by
the remote displacements of an initially resident dislocation density behind the shock
front nor by shear stress action applicable to the relatively few dislocation line
intersections with the front [7, 86, 124]. Consequently, a nanoscale dislocation density is
generated within a high pressure shock front and controls the shock-induced plastic strain
rate. For the very differently imposed shock-less ICE-type loading, an opposite
dislocation mechanism operates in that the uniformly increasing stress activates mobile
dislocations from within the initially resident defect density but the relatively few
dislocations, compared to the shock case, have to move at velocities approaching the
shear wave speed and, hence, the constitutive deformation behavior is taken over by
drag-control of the dislocation velocities [7, 125]. The recent results reported for the
comparison of high rate shock and ICE deformations of fcc copper and bece iron materials
[126] appear to be followed by analogous recent results reported for RDX crystals [127].

6. DISCUSSION

Explicitly indicated in Fig. 1 is the long (structural) “path” to be traveled in proceeding
from the major descriptors for a composite material employed as a propellant (or
explosive formulation) and the magnified view that is shown at expanded scale for an
(010)[100] edge dislocation in its encompassing crystal lattice environment. Support for
the considerable research effort that has been expended on energetic materials was
applied with the purpose in mind of bridging the gap between the molecular and
composite material properties [128]. And several of the listed article references given
here have indicated that the composite material behavior could be tracked in a number of
cases to the individual crystal properties. As indicated above, an extensive array of
research diagnostics is being applied to achieving a better understanding of the shock-
induced decomposition behavior for a full range of composite systems, especially, with
regard to tracking the relevant hierarchical level at which critical events are controlled
[111,129].



An additional case to illustrate the point of making a connection with the overall
composite behavior is the search for an explanation of the onset of an unstable burn rate
that may seemingly occur unpredictably during propellant combustion. The worry is for
a deflagration-to-detonation (DDT) transition in behavior, which subject has been and
continues to be a heavily researched topic [130]. A pioneering research description of
internal stress effects associated with sub-surface cracking of crystals during combustion
of HMX-based rocket propellant formulations was concerned with crystal size effects
importantly suggested to be based in the - & solid-state polymorphic transformation
occurring at the higher pressures and temperatures in service [97]. Recently further
connection has been proposed for the correlation of IFM cracking measurements made on
HMX crystals and observed burning rate behaviors of HMX formulations [131].

The use of comparative inert material behaviors in composite formulations, for example,
of sucrose extending from the individual crystal studies [36, 58], and incorporated as a
“PBS”, bonded with hydroxy-terminated polybutadiene (HTPB) as for a PBX
formulation, has been employed for the development of SHPB test procedures to be
applied to energetic formulations, including observations of brittle fracture of the
polymer binder at below glass transition temperatures [132, 133]. Previous comment has
been made in the present report concerning the importance of particle-to-particle contacts
among the relatively hard energetic particles bonded within a softer polymer matrix [75,
84]. In that regard, Fig. 18 is shown to indicate possible relevance of the material
contiguity, C, parameter as a measure of such hard particle contacts and known to have
significant influence on the mechanical behaviors of tool-cutting tungsten carbide-cobalt
composite materials [118, 134]. The figure is useful also to show relationship between
the size and volume fraction dependencies of crystal hardness for both particles and
binder within a composite material.

In Fig. 18, the Vickers (diamond pyramid) hardness, H, is shown to depend on two
volume fraction characteristics of the composite: the straightforward determination of
Vwec, for the relative volume of tungsten carbide (WC) crystals; and, (VwcC) for an
effective volume fraction of particle-to-particle contacted material. The plotted cross,
open circle, and filled triangle point measurements shown for the composite hardness
measurements [ 135, 136] are plotted on the abscissa Vyc scale and show greater
hardness values, beyond the Vyc dependence, at smaller carbide particle sizes.
Quantitative stereological investigation of the particle size effect led to the composite
hardness expression

H = HwcVwcC + Hn(1-VwcC) (8)

in which Hwc and Hy, are the separately determined hardness values of the individual
carbide and cobalt matrix phases, respectively. A linear hardness dependence on the
inverse square root of the particle size or grain size was determined separately for the
tungsten carbide and cobalt constituents. Also, the size dependent hardness values
determined for the two cross and one open circle measurement values marked in the
figure by the horizontal arrows pointing leftwards were shifted to the effective volume



fraction points, VwcC, as indicated for eq. (8). As a first step for illustration of eq. (8)
application, the individual size-dependent hardness measurements applicable for both
constituents of the three composite formulations were plotted as the filled square points
shown on the terminal ordinate axes of the constituents. Then the linear dependence of
the composite hardness on the effective volume fraction, VwcC, was demonstrated for eq.
(8) by plotting the intermediate filled square points computed for the shifted
measurement positions. Additional results on the cracking properties of this particular
composite system have been reported also on a fracture mechanics basis [137]. It should
be interesting to investigate whether similar behavior would be obtained for an
appropriate energetic composite material especially as the contiguity factor, C, is
indicated as well from the references, for example [75, 84, 85], made to the importance of
particle-to-particle contacts being intimately involved in determining the composite
material hot spot behaviors.

7. SUMMARY

A description has been given of experimental and model dislocation mechanics aspects of
solid energetic crystal and composite material strength and chemical decomposition
behaviors and also involving, as well, consideration in a number of instances of reference
inert material properties. Dislocations are present at the beginning origination of any
energetic crystal or composite formulation; and, the nature of the dislocations and their
behaviors are shown here to be tied to the molecular bonding of the relatively complex
energetic crystal lattices. On combined dislocation and crystal lattice bases, energetic
crystals are shown to be elastically compliant, plastically strong, and especially
susceptible to dislocation-assisted cleavage cracking. Indentation hardness, drop-weight
impact, and stress wave loading techniques, in the latter case beginning with SHPB
testing and extending to shock wave and ICE results, are shown collectively to provide
important information about the strength and energy release properties of the materials,
especially, as interpreted through the initiation and growth mechanisms described for
localized hot spot developments. Emphasis is placed throughout the article on the crystal
size dependencies observed for material strength properties and the sensitivities of the
crystals to mechanically-induced decompositions. The total results point to advantages of
greater strength and power dissipation being achieved for composite formulations
fabricated from smaller particle-sized ingredients.
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Table and Figure captions
Table 1. Comparison of dislocation and cracking parameters.
Fig. 1. Schematic picture of structural elements associated with propellant combustion.

Fig. 2. Scanning electron microscope image of cyclotrimethylenetrinitramine (RDX)
crystals.

Fig. 3. RDX orthorhombic unit cell.
Fig. 4. RDX crystal growth sector and dislocation line structures.

Fig. 5. Intermolecular blockages for shear in a [100] direction across the (02-1) plane in
RDX.

Fig. 6. Hardness stress — strain description for elastic, plastic, and cracking behaviors.
Fig. 7. Schematic drop-weight impact test of RDX crystals and hot spot generations.

Fig. 8. Crystal size dependence for initiation of RDX and CL-12 in drop-weight impact
tests.

Fig. 9. Schematic size dependence of fine (F) coarse (C), and very coarse (VC) crystal
ingredient influences on the run-to-detonation distances as a function of required shock-
induced decomposition pressures.

Fig. 10. Experimental and modeled granular compaction pressures for two commercial
powder materials as a function of solid fraction (SF) as modeled with a specified fraction
of particles in a simple cubic lattice, fs., and a mean-hardness-determined particle-to-

particle contact pressure, py.

Fig. 11.Reciprocal square root of crystal diameter dependence of piston speed modeled to
assess the sensitivity for combustion of HMX crystals.

Fig. 12. Schematic picture of a [-100] edge dislocation on the (040) plane in an RDX
crystal projection having a (002) planar depth as shown for the framed rectangular unit
cell.

Fig. 13. The monoclinic unit cell of B-HMX (cyclotetramethylenetetranitramine).

Fig. 14. (101)[10-1] deformation twinning of HMX on a lattice point basis.

Fig. 15. Schematic model for a dislocation pile-up avalanche.



Fig. 16. Comparative dislocation pile-up avalanche and thermal decomposition
temperatures for RDX and PETN crystals of different sizes; with the avalanche hot spot
size determined by the dislocation separation at the pile-up tip just prior to release.

Fig. 17. The ratio of pile-up shear stress intensity for cracking, ks, and thermal
conductivity, K, as a criterion of susceptibility to hot spot development.

Fig. 18. The hardness as a function of volume fraction of tungsten carbide, Vwc, in WC-
Co composite materials as dependent on the contiguity, C, measurement of particle-to-
particle contacts and the sizes of carbide particles and the mean free path within the
cobalt binder phase.
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Table 1. Comparison of dislocation and cracking parameters.

Eyp = (Gb2Af/4TIE)
Tp (= Tp.y) = [2G/(1-V)] exp [—271d/(1-V)b]

ks = (MGb'/2/4%)
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Figure 1. Schematic picture of structural elements associated with propellant combustion.



Figure 2. Scanning electron microscope image of cyclotrimethylenetrinitramine (RDX)
crystals.



Figure 3. RDX orthorhombic unit cell.
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Figure 4. RDX crystal growth sector and dislocation line structures.
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Figure 6. Hardness stress — strain description for elastic, plastic, and cracking behaviors.



MICROSTRUCTURALLY DETERMINED HOT SPOTS
within IMPACTED RDX EXPLOSIVE CRYSTALS

Drop Weight

K 2

RDX Crystals

Strain
Gauge N
7, Anvil 7 "

Hot Spot

Shear
Deformation

Class “D’’ RDX ><1‘

Figure 7. Schematic drop-weight impact test of RDX crystals and hot spot generations.
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tests.
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ingredient influences on the run-to-detonation distances as a function of required shock-
induced decomposition pressures.
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Figure 12. Schematic picture of a [-100] edge dislocation on the (040) plane in an RDX

crystal projection having a (002) planar depth as shown for the framed rectangular unit
cell.



Figure 13. The unit cell of B-HMX (cyclotetramethylenetetranitramine).
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Figure 14. (101)[10-1] deformation twinning of HMX on a lattice point basis.
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Figure 17. The ratio of pile-up shear stress intensity for cracking, ks, and thermal
conductivity, K, as a criterion of susceptibility to hot spot development.
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Figure 18. The hardness as a function of volume fraction of tungsten carbide, Vwc, in
WC-Co composite materials as dependent on the contiguity, C, measurement of particle-
to-particle contacts and the sizes of carbide particles and the mean free path within the
cobalt binder phase.



