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Abstract

The role of dislocations in assisting initiation of (explosive) chemical decomposition of
energetic materials has connection with the known influences for crystals and
polycrystals of dislocations facilitating permanent deformations and phase
transformations. X-ray topographic observation of relatively few dislocations in
solution-grown crystals relates to the influence of large Burgers (displacement) vectors
that are characteristic of molecular crystal bonding. Both model evaluations of the load
dependence of cracking at hardness indentations and the derived hardness stress-strain
behaviors show that dislocation movement is difficult whether in the indentation strain
fields or at the tips of indentation-induced cracks. Thus, energetic crystals are elastically
compliant, plastically hard, and relatively brittle [1]. Nevertheless, cracking is shown to
be facilitated by the shear stress driven, normally limited, dislocation flow that, on
molecular dynamics and dislocation pile-up model bases, is shown to be especially prone
to producing localized hot spot heating for explosive initiations. Such model
consideration is in agreement with greater drop-weight heights being required to initiate
smaller crystals. The crystal size effect carries over to more difficult combustion
occurring for compaction of smaller crystals. The total results relate to dual advantages
of greater strength and reduced mechanical sensitivity accruing for the development of
nanocrystal formulations. In consequence, also, several levels of dislocation-assisted
modeling are described for initiation mechanisms under shock wave loading conditions.

1. Dislocation origins in energetic crystals

The crystallographically imperfect structures of conventional, solution grown, energetic
crystals, for example, of RDX (cyclotrimethylenetrinitramine), show a segmented growth
sector structure in agreement with dislocation-based crystal growth predictions [2], as
shown in Figure la-d. In la, first, a cross-sectional sketch is shown of the overall
growth sector and boundary structure that is normally developed during progressive
growth of a polygonally-shaped crystal and, in 1b, is shown separately the threading
dislocation “bundle” structure emanating from a crystal seed, S. The dislocations
produce crystal growth more easily than any other mechanism. As indicated in 1b, the
dislocation bundles may emanate from inclusion particles. Profuse nucleation of such
dislocation bundles was shown to occur at interrupted sapphire crystal growth surfaces
via x-ray diffraction topographic imaging of crystal sections [3]. Here, a tabular RDX
crystal sectioned parallel to its planar (001) top/bottom surface [4] is shown in Figure 1c.
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The crystallographic labels in the Figure were identified from angular measurements on a
standard (001) stereographic projection for the RDX orthorhombic lattice [5]. The
growth sector boundaries provide sinks for solute pushed laterally during the facet-
sensitive extension of the adjacent growth sector regions along their normal, n; ,
directions in accordance with locally-operative temperature and solute gradients that can
be different at adjacent n; levels.
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Figure la. From Klapper [2], showing growth sectors and boundaries building onto a
seed; and, 1b. Growth-promoting dislocation lines emanating from seed and inclusions.

Figure 1c. An (001) sectioned RDX crystal [4], after chemical polishing, with identified
traces [5] of the original polygonal crystal growth surfaces at earlier stages of growth.



Figure 1d. A {210} type Lang transmission x-ray diffraction topograph of an RDX
crystal slice showing dislocation bundles emanating from a central crystal seed [6].

The black lines in Figure 1d, relating to the schematic dislocation lines in Figure 1b, are
revealed because of the dislocation strain fields locally enhancing in their vicinity the
diffracted x-ray intensity [7], much the same as “thinner” dislocation lines are observed
in metals through transmission electron microscopy. In Figure 1d, small metal spheres,
shown as white circles, had been put into etch pit depressions on the right-hand {111}
type crystal facet to confirm that any dislocation lines revealed in the topographic images
would run into the pits, as shown.

Thus, energetic crystals, as all others, contain an intrinsic population of dislocations that
play an intimate role in the crystal formation process. The special nature of the
dislocations in molecularly bonded energetic crystals, however, relates first to the
dislocation self-energy, Eg expressed as:

Es = [G b%4na] In [R/r,] + E. (1)

where G is the shear modulus; b is the dislocation Burgers (displacement) vector; o is a
factor depending on whether the dislocation is of screw (o = 1), edge (o = [1-Vv]), or
mixed type; v is Poissons ratio; R is an outer cut-off radius for negligible displacement
compared to lattice vibrations; r, is an inner core cut-off radius determined by the limit of
linear elasticity; and E. is the remaining dislocation core energy [8]. For the
molecularly-bonded energetic crystals compared to others, the large value of b outweighs
the lower value of G, and so the dislocation self-energies are relatively large [9]. The



consequence is that energetic crystals generally contain few dislocations --- but as will be
seen, the dislocation influence on strength properties and plastically-generated hot spots
is large [1].

2. Indentation properties

The known brittleness of energetic crystals promoted early measurements being made of
their cracking behaviors by the method of indentation fracture mechanics (IFM) [10].
Figure 2 is a comparison on a log-log basis of measured diamond pyramid indentation
diagonal lengths and tip-to-tip crack lengths (along the diagonals) produced at different
load values [11 -14].
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Figure 2. A comparison between MgO and RDX of loading force versus indentation
diagonal and tip-to-tip (diagonal) crack lengths for assessment of cracking behaviors.

In Figure 2, obtainment of a constant Vickers diamond pyramid hardness would be
indicated by a line of slope 2.0 as indicated by the line with that slope drawn to the left-
side triangle. For the MgO result, cracking occurred at the second highest applied load



of 25 g. and produced the indicated trend of a reduced hardness continuing to occur at
increasing load values. In Figure 2, RDX is shown to have a lower hardness than MgO
because of the downward shifted parallel line of slope 2.0 for RDX and also is shown to
be more brittle than MgO because of cracking occurring at the lowest applied load of
15g. The important characterization of cracking for the two materials in Figure 2,
however, relates to the prediction of a slope of 1.5 for the load dependence on crack size
predicted on an IFM basis [10, 15]. For the MgO measurements, a reasonable fit to the
IFM prediction is seen to apply at the larger applied loads and, moreover, the occurrence
of cracking has apparently influenced the plastic hardness value in the same manner.
Alternatively, the RDX crack size measurements appear to show a slope value greater
that 1.5, perhaps approaching 2.0, as indicated for the hardness measurements
themselves. Furthermore, an IFM analysis by Elban [16] of the Hagan and Chaudhri
[12] cracking measurements gave the important result that relatively little plastic flow
was produced at the crack tips.

Further assessment of the relative hardness and cracking properties of RDX is able to be
made on the basis of the relation between the hardness pressures and the effective
hardness strains associated with those pressures. Figure 3 shows such a comparison.
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Figure 3. Elastic/plastic/hardness stress-strain comparison among different materials



In Figure 3, that is based on a hardness stress-strain description given by Hammond and
Armstrong [17], the hardness stress is defined on the basis of a ball indentation test as the
applied load divided by the projected circular area of contact with the material surface.
The hardness strain is specified as the contact diameter, d, divided by the ball diameter,
D. Actual Vickers hardness numbers (VHN) are plotted in the Figure along a vertical
range of values at an effective d/D value of 0.375. A number of conventional Meyer
hardness measurements for RDX, made with a 1.59 mm ball diameter, are plotted as
open-square points in the Figure [18]. A linear dependence of hardness stress, ¢ on
(d/D) is predicted for elastic loading according to the Hertzian relationship

on = (4/31) [{(1-v2)/Em} + {(1-v,2)/Ep}]" (d/D) )

where vy, , Ery and vy, , Ep, are the Poissons ratios and Young’s modulus values for the
tested material and ball, respectively. The straight dashed lines shown at the left-side of
the Figure were computed for the listed materials while the heavy line result for NaCl,
even extending laterally to a comparable (d/D) value to the VHN measurement, was
determined from points taken along a continuous indentation test [19]. At the upper
terminal points of the lines are given oc values that represent the IFM cracking stresses
to be achieved on elastic loading in accordance with the relationship [20]

oc = [4Emy/{nD(1 — v&)(K,* + KH)}]"* (d/D) > (3)

where v is the crack surface energy and (K, + K,?) is a numerical factor equal to 2.5 x
107 . As indicated in equation (3) and along the loading line for MgO in Figure 2, a
lower value of oc is obtained at larger D values. The topmost 0.124 mm D value
indicated on the MgO line is an equivalent ball diameter corresponding to the VHN
indentation size.

Among the various material identifying labels in Figure 3 are those, in addition to RDX,
for PETN (pentaerythritol tetranitrate), AP (ammonium perchlorate), and HMX
(cyclotetramethylenetetranitramine. Whereas ionic-bonded AP has approximately the
same VHN hardness as NaCl, the hardnesses of PETN, RDX and HMX are increasingly
greater in that order. The result is interesting to compare with the material elastic
stiffnesses that are included in the bracketed effective modulus factor in equation (2).
Thus, as expected the Young’s modulus, E;, , for PETN and RDX are indicated to be
significantly lower in Figure 3 than E,, for NaCl, compared to the reversed result for the
VHN measurements and the ball test points for RDX. The comparison between elastic
moduli and measured hardnesses provides a basis for the assertion that energetic crystals
are relatively hard. Also, in all cases, the measured hardnesses are lower than the
theoretical stresses required for cracking in the absence of plastic flow. The
experimental hardness points for RDX show that cracking occurs after significant plastic
flow has occurred. Thus, whereas the presence of dislocations allows plastic flow to
occur at lower stresses than would result in their absence, the dislocation motion also
provides cracking at lower stresses than would result only from elastic deformation!



Modeled dislocation displacements in RDX have shown, in general, that shearing
displacements and, hence, dislocation movement are difficult because of the intertwined
nature of the oddly shaped molecules otherwise packed into relatively dense crystal
structures [21, 22]. Figure 4 shows an example for the projection of slip (in and out of
the Figure) in the [100] direction on the {021} type slip plane in the orthorhombic RDX
lattice
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Figure 4. An a-axis [100] projection, of the eight RDX molecule positions in each of two
adjacent unit cells, shown in the (100) plane containing the horizontal c-axis [001]
direction (to the left) and the b-axis [010] direction vertical, also with labeled hydrogen,
oxygen and nitrogen atom position obstructions near to the crystal {021 }type slip plane.

An important aspect of such modeling of shear displacements, as shown in Figure 4, is to
show that, beyond mutual blockages between adjacent molecules, their forced shearing in
dislocation motion can bring the respective outcropping intermolecular appendages into
critical reaction coordinate separations. For the case projected in Figure 4 near to the
cell coordinate position (0,0.5,1), the hydrogen-oxygen interactions could promote
nitroso compound formations as have been detected both in partially initiated material
recovered from drop-weight impact tests [23] and in combustion residues [24]. Such
forced shearing of molecules to achieve chemical decomposition obviates the more
difficult requirement of imposing greater hydrostatic pressures to achieve the same



atomic separations. Gilman [25] has emphasized the importance of elastic shear strains
even, compared to hydrostatic ones, in facilitating chemical reactions.

3. Drop-weight impact sensitivity

Early work on drop-weight impact testing of energetic crystal powders led to the model
of converting the plastic work to hot spot heating for material initiation [26]. In further
research measuring the strain responses in drop weight impact tests performed on a wide
variety of materials, Heavens and Field [27] found that explosive decompositions were
associated with discontinuous drops in load occurring during the material loading. Such
load-drop behavior is well-known in the materials community and is associated with
dislocation pile-up behavior [28], as shown schematically in Figure 5, although attention
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Figure 5. Dislocation pile-up avalanche model for quick dissipation of stored energy [28].



had not been previously directed to the thermal energy release attending pile-up
breakthroughs. After essentially isothermal build-up of internal energy in the pile-up, as
indicated in Figure 5a, a critical condition for pile-up release is achieved, as depicted in
Figure 5b whereupon the dislocations are driven past the collapsed obstacle by an internal
stress magnified by the number of dislocations in the pile-up. The critical breakthrough
condition of Figure 5b involves the number of dislocations, n; , that is linearly
proportional to the slip length, ¢, and 15, so that for t. being determined by a constant
localized stress requirement, say, for cracking, then

L =1+t ][c \/(G o b)] o2 “4)

where 19 is the shear stress required for intrinsic dislocation movement, ¢ is a numerical
constant, and the other symbols have been defined in equation (1). Such reciprocal
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Figure 6. Initiation drop-weight height versus ¢, extended to nano-scale crystal sizes.



square root of slip length dependence for the applied shear stress is known as a Hall-
Petch (H-P) dependence after these researchers independently measured such
dependencies for the plastic yield stress and cleavage fracture stresses of steel materials
that, not incidentally, normally exhibit sudden load drop behavior during their initial
yielding behaviors. The rather broad application of such pile-up theory for explaining
the influence of grain size on the mechanical properties of materials has been recently
reviewed [29]. The model consideration of Figure 5, involving the grain size
dependence described in equation (4), was employed with addition of a thermally-
activated model for the intrinsic dislocation movement, to give a log-log dependence for
the drop-weight sensitivity for 50% probability of initiation, Hs , and ¢ "%, with ¢ taken
as the crystal particle size [1, 30]. Figure 6 presents those results and added ones [31]
for other RDX and CL-12 crystals. The dashed lines in the Figure enclose a region of
crystal sizes larger than 0.4 um, and the extension of the Figure has been made to
indicate, by extrapolation, the regime of mechanical insensitivity that might be
achievable with nanometric-sized crystals. Some supporting evidence for improved
crystal insensitivities at nanocrystal sizes has been presented [32]. Also, such indication
in Figures 5 and 6 of importance of the dislocation loading rate, it being greater for
greater drop-weight heights, relates to Figure 3 where the plastic and cracking hardness
stress results for RDX show that there is not a very large range in stress levels available
for investigation of the dynamic strain rate dependence of dislocation behavior. And,
furthermore, the number of dislocations required in a pile-up to produce cracking in RDX
is not very great either, hence, relating to the intrinsic brittleness of RDX, as assessed
earlier by Armstrong and Elban [9] in terms of the dislocation self-energy and the surface
energy for cracking, including its experimental determination on an IFM basis [16].

4. Combustion

The cracking behavior of RDX and related energetic crystals is of interest for thermal
stress influences during combustion of conventional energetic material formulations that,
generally, incorporate polymer binding materials and a small amount of surfactants. The
crystals themselves burn over a melt layer formed on their surfaces. Figure 7 shows
evidence of such result at a burn spot produced with a laser beam shone onto the surface
of an isolated RDX crystal [33]. The relatively low energy beam was directed onto the
crystal surface at a low glancing angle The outer elliptical extent of the melt spot is
made recognizable by a network of fine cracks separated vertically by ~5 um. Their
occurrence was explained [18] in terms of the thermal stresses more easily producing
cracking under the melt layer because then only the liquid-solid interfacial energy had to
be supplied for cracking as compared with the vapor-solid y value outside of the melt
spot. Such consideration was employed on a conventional fracture mechanics basis,
also, to inquire whether such cracking could be responsible for a pressure-induced
instability of the energetic material burn rates through the crack magnification of induced
burn rate pressures [34].
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Figure 7. A laser-beam-induced melt spot produced on an RDX crystal surface with
thermally induced cracking having occurred underneath the crystal melted layer [33].
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Figure 8. HMX particle size dependence of combustion initiated during modeled piston-
driven compaction, after computed results presented by Gonthier [35].



Another aspect of particle size influence, this time, on the combustion behavior of
energetic materials is indicated in the modified H-P type dependence; see equation (4) in
Section 3; now shown in Figure 8 derived from computations presented by Gonthier for
the piston-driven compaction of a granular bed [35]. The computational model was
based on experimental results reported by Jacobs, Sandusky and Elban [36] for particle
diameters of size, 2R. The demarcation between extinction versus sustained combustion
was associated with the boundary between local deformation and full particle-to-particle
yielding of the compressed bed. In this case, the thermally activated model of
dislocation motion mentioned with respect to the particle size dependence in Figure 6,
where ¢ = 2R, generally gives a logarithmic dependence on imposed strain rate of the
thermal stress and, so, the expectation of a linear H-P type dependence in Figure 8,
following equation (4) if transmission of plastic flow through the particle bed is required
to sustain combustion.

5. Shock effects

The limit of imposed deformation rate on dislocation behavior in crystals and
polycrystals is achieved with the propagation of a shock wave. A recent symposium has
been concerned with understanding such influence, mostly, on structural metals and
alloys [37]. Pioneering results had been reported by Smith [38]. The Hugoniot
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Figure 9. Model for nanometer-scale dislocation generation at a shock front [43-45].



elastic limit (HEL) stress for shock-induced yielding of Armco iron material has been
shown to follow an H-P dependence [39, 40]. There is equal concern about
understanding shock wave influences on the properties of energetic crystals, including
their initiations [5, 41]. Concern has been expressed for the shock propagation front
moving too fast for thermally activated chemical reactions to occur [42].

A broadly applicable model for achieving a residual state of one-dimensional strain at the
shock front has been described [43], as shown in Figure 9, and elaborated [44, 45].

A fine scale dislocation structure is generated at the shock front for two reasons: (1) the
significant shear strain magnitudes developed at the shock front are not able to be
relieved by the displacement, at some distance away, of the intrinsic dislocation
population; and, (2) the resident dislocation population can only travel, at fastest, at a
slower elastic wave speed. The shock front itself is envisioned to have a width on the
scale of nanometers. As indicated in Figure 9, dislocation loops form on conjugate shear
planes and then intersect to react, presumably, after nanoscale movement to produce an
immobile network of interstitial-type prismatic dislocation loops with Burgers vectors
parallel to the direction of shock wave propagation. The dislocation network is available
for interaction with the resident dislocation population traveling behind the shock front.
The interaction has been proposed to provide analogous behavior to that established in
neutron irradiation experiments, for example, leading to dislocation channeling because
of follow-on further reactions between the shock-generated dislocation network and the
original resident dislocations [1, 5]. Shock hardening in copper in post-shock
deformation experiments is well-established and attributed to the presence of a shock-
induced defect structure [46].

Because of the small material volume involved at the shock front, and short time for
wave passage, the subject lends itself to description of individual atomic or molecular
force interactions via the method of molecular dynamics (MD) [47]. Of particular
concern has been the influence of such fast compression on defects such as voids. An
important result obtained for collapse of a void in a simple atomic lattice into a
dislocation defect structure [48] has been the observation that such permanent relaxation
converted the higher potential energy of atoms adjacent to the void into thermal hot spot
energy, thus, giving evidence that such permanent deformation process always generates
significant thermal energy above the normal atomic lattice modes. Recent model
computations have been presented for large-scale MD simulation of the orientation
dependence of shock deformations in a face-centered-cubic lattice [49]. Such
experiments possibly relate to pioneering measurements made on the orientation
dependence of “run-to-detonation” measurements made on body-centered-tetragonal
PETN crystals by Dick and attributed by him to the orientation dependence of shearing
actions in the perfect lattice [50], akin to the model considerations given in references
[21] and [22].
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