Journal of Dynamic Behavior of Materials, March 2017, Volume 3, Issue 1, pp 100-109
DOI:10.1007/s40870-017-0099-1

THE STRENGTH OF TWO HMX BASED PLASTIC BONDED

EXPLOSIVES DURING ONE DIMENSIONAL SHOCK LOADING.

J.C.F. Millett"*, P. Taylor", A. Roberts® G. Appleby-Thomas®.
'AWE, Aldermaston, Reading, RG7 4PR. United Kingdom.
2 Centre for Defence Engineering, Cranfield University, Defence Academy of the United
Kingdom, Shrivenham, Swindon, SN6 8LA. United Kingdom.

*jeremy.millett@awe.co.uk

Abstract. Keywords — plate impact; EDC32; EDC37; shear strength.

A series of experiments have been performed to probe the mechanical response of two
HMX based plastic bonded explosives to one dimensional shock loading. Manganin stress
gauges in longitudinal and lateral orientation to the loading axis have been used as the
diagnostic. Results indicate that despite major differences in the binder phase and smaller
differences in the HMX crystal loading and morphology, the Hugoniot and shear strengths
behind the shock front are near identical. We have proposed that this is due to the HMX

crystals forming a network that supports the bulk of the applied stress.

Published by Springer. Thisisthe Author Accepted Manuscript issued with: Creative Commons Attribution Non-Commercial License (CC:BY:NC 4.0).
Thefinal published version (version of record) is available online at DOI:10.1007/s40870-017-0099-1. Please refer to any applicable publisher terms of use.


li2106
Text Box
Journal of Dynamic Behavior of Materials, March 2017, Volume 3, Issue 1, pp 100–109 
DOI:10.1007/s40870-017-0099-1



li2106
Text Box
Published by Springer. This is the Author Accepted Manuscript issued with: Creative Commons Attribution Non-Commercial License (CC:BY:NC 4.0).  
The final published version (version of record) is available online at DOI:10.1007/s40870-017-0099-1.  Please refer to any applicable publisher terms of use.




1. Introduction

In contrast to inert materials such as metals and alloys, ceramics or polymers, the
shock response of energetic materials (explosives, propellants and pyrotechnics) are
complicated by rapid chemical reactions such as deflagration and detonation. Indeed, it
would be fair to say the majority of work investigating the response of these materials to
shock loading has concentrated upon these very issues. The text book of Bailey and
Murray [1] gives an excellent overview of these areas of research. However, energetic
materials can also be considered as materials with a purely structural response to
mechanical loading in common with all other non-energetics, an area that has received
much less attention. Palmer and Field [2] deformed single crystals of cyclotetramethylene-
tetranitramine (HMX) at quasi-static strain-rates, either via indentation using a Vickers
indenter, or between glass anvils. Their results showed that whilst B-HMX was brittle, it
could accommodate large strains via elastic twinning before failure. However, as load
increased, non-cleavage fractures begun to develop from the crystal surface, generally near
locations where twins meet that surface. It was suggested that at these points, a step could
form, thus acting as a stress concentration which would facilitate fracture. It was also
suggested that this would have implications for plastic bonded explosives (PBXs), since
these large elastic strains in the HMX crystals could aid decohesion between them and the
polymer binder. Dick and his colleagues and investigated the shock response of single
crystal PETN (pentaerythritol tetranitrate) [3, 4] and HMX [5, 6]. In the case of PETN, it
was observed that the <110> orientation had the highest likelihood of reaction, then

<001>, <101> and finally <100>. This was correlated with the ease of deformation via



dislocation motion, thus a direction where ease of dislocation motion was observed, was
also observed to have a high detonation threshold. A later study on the response of single
crystal HMX [6] also showed a dependence of elastic precursor amplitude on crystalline
orientation, with the {010} orientation having a higher precursor amplitude than either the
{110}, or {011} orientations, which were near identical. In that work, it was suggested
that for the {110} planes, one slip and twin system, and the fracture plane were all
oriented approximately 45° to the impact axis, whilst in the {011} planes, the same slip
and twin systems were available, but the fracture plane was not. Therefore for these two
orientations, plasticity, be it dependent on dislocation motion or twin formation was the
preferred deformation mechanism. For the {010} orientation, the slip and twin systems
were both at 90° to the impact plane, thus rendering them unavailable, thus leaving only
fracture as a viable deformation response. Finally, Hooks et al. [7] performed a similar set
of experiments on cyclotrimethylene trinitramine (RDX). Although no differences in
precursor amplitude were noted between orientations {210}, {111} and {100}, significant
differences were observed in the shock profiles. In the {210} orientation, the profiles
showed a conventional separation between the elastic and inelastic components of the
shock front, whilst in the {111} orientation, the velocities of the two components were
near identical, with only a slight inflexion indicating separation in thicker specimens. The
{100} showed a stepped like nature below the elastic limit. It was noted that in this
orientation, the angles of the deformation planes were 90°, hence plastic deformation
would not likely occur. It was therefore suggested that these steps my be the result of
cracking, possible prior to shock loading, either during target assembly or anisotropic

thermal expansion due to heating from the laser used as the diagnostic.



Most energetic materials are used as part of a composite system, with energetic
crystals embedded in either an inert or energetic binder, creating PBXs. As a consequence,
whilst a body of work has been performed to probe their mechanical response at quasi-
static and intermediate strain-rates (see references [8-10]) and under conditions of Taylor
impact [11], equivalent studies under one-dimensional shock loading is much less
prevalent. The inert response (in terms of particle velocity — u, and shock velocity — Us)
has been studied either as part of a wider study on the equation of state [12-15], or in
terms of their purely inert response [16, 17]. However, reports on the mechanical
properties themselves (for example Hugoniot Elastic Limit — HEL, spall strength or shear
strength) are extremely scarce. Martinez et al. [18], used ytterbium gauges to measure the
longitudinal and lateral components of stress in an effort to determine the shear strength
behind the shock front. Dick [19] managed to observe the yield under one dimensional
strain in PBX9501 (HMX based) at a stress of ca. 145 MPa, whilst Burns et al. [14]
determined the HEL in EDC32 at a level of 220 MPa. A feature of many materials
concerns the relationship between the imposed shock stress (o) and the strain-rate in the
shock front (£). Swegle and Grady [20] noted that that the two were related through the

fourth power, of the form,

o= As*, (1)

where A is a scaling factor. Although this analysis was intitially only applied to metals, in a

later publication, Grady [21] was also able to apply it to a number of other materials,

including particulate based composites such as alumina-epoxy, and the HMX based PBX



PBX9501. In a very recent paper, Whiteman et al. [22] were able to provide a qualitative
correlation (in metals) between the constant A and the ease of dislocation motion and
multiplication. In principle, this relation should yield information concerning the likely
deformation mechanisms, but given that to our knowledge, PBX9501 is the only PBX to
have undergone this analysis, no further comment can be made at this time.

As PBXs can be considered as composites with a high loading of hard particles in a
softer matrix, it is useful to consider similar materials using an inert particulate such as
sugar [16], soda-lime glass beads [23] or alumina [24, 25]. In general, the relationship

between shock and particle velocity can be expressed in simple linear terms in the form,

Us =¢,+3u, 2.

where ¢, and S are empirical constants, although in some materials, notably metals, these
have been related to the bulk sound speed and first derivative of bulk modulus with
pressure [26]. In a group of RDX - HTPB (hydroxy terminated polybutadiene) based
PBXs, Bourne and Milne [13] and Milne et al. [17] showed that the Hugoniot was non-
linear at low particle velocities, even though the Hugoniot of HTPB itself was shown to be
linear [27, 28]. Similar effects were noted in a composite consisting of soda-lime glass
beads in HTPB [23] and more complex epoxy based composites such as epoxy-
aluminium-MnO, [29]. This led to the suggestion that this change in slope of the Us-u,
curve was due to the elastic — inelastic transition the ‘crystalline’ phase and has also been
applied to non-linear behaviour observed in some semi-crystalline polymers [30].

However, this has not been observed in HMX based PBXs such as EDC32 [14], EDC37



[12] and PBX 9501 [31] or the triamino-trinitrobenzene based material PBX9502 [32]. A
number of possible explanations occur, including very high explosive loading (EDC37 -
91 wt%, PBX9501 and PBX9502 — both 95 wt%) compared to the RDX based materials
discussed above — 88wt% [13] or similarities in the acoustic and shock response of the
explosive crystals and organic binder as in EDC32 [14], even though the explosive loading
is lower (85 wt%). Beyond this, little attention has been given to the mechanical response
of this class of material to shock loading. In a previous report, it was observed that
although the hydrodynamic response of glass-HTPB composites was insensitive to the size
of glass particles (the balance of phases present being otherwise equal), the Hugoniot
stress was strongly influenced by particle size, with a coarser material being the stronger
[23]. In work, it was suggested that the presence of coarser glass particles hindered the
materials’ ability to flow, forcing deformation to occur between those larger particles,
whilst the finer material had more ability to flow as a whole. Similar observations were

noted in PBX stimulant materials, using different sizes of inert particles.

2. Materials

EDC32 is a plastic bonded explosive, consisting of (by weight) 85% HMX with the
remaining 15% Viton-A (a co-polymer of vinylidene difluoride and hexafluoropropylene —
manufactured by DuPont) [14]. In terms of balance of phases, it is identical to the US
composition LX-04, although there are differences in the size and distribution of HMX
crystals. Both materials have approximately 66wt% of crystals below 50 um; however,
whilst in EDC32 the majority (<99wt%) of crystals are below 125 pm, in LX-04 about

4wt% of crystals have a size range 150 — 300 um. Whilst this is unlikely to effect the



equation of state (EoS), it will almost certainly effect the shock induced mechanical
properties, as has already been seen in soda-lime glass — HTPB [23] and sugar — HTPB
composites [16]. The material generally has a porosity of ca. 1.5%. EDC37 is a pressed
HMX based PBX, consisting of 91wt% HMX in a weak bi-modal distribution of crystals
with the majority in the region of 100 um and the remainder below 10 um. The binder
consists of 8 wt% K10 liquid plasticizer and 1 wt% nitrocellulose. The material is pressed
to greater than 99% of theoretical maximum density, with no noticeable porosity. The

basic shock and acoustic properties are summarized in Figure 1 and Table 1.
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Figure 1. Inert shock velocity versus particle velocity for three HMX based PBXs —

EDC32 [14], EDC37 [12] and PBX9501 [31].

We have also included data from the US composition, PBX9501. This is an HMX based
material, consisting of a bi-modal particle distribution at 10 and 200 pm, although this can

extend up to 500 um. The binder is a 50/50 mixture of estane (a polyurethane elastomer)



and a nitrated plasticser. The total HMX loading is 95wt%, and the final material has 2 to

3% porosity.

Table 1. Materials and shock properties of HMX based PBXs. Also included are the

equivalent properties for pure HMX [33, 34] and Viton-B [35, 36].

po,gem> | co, mmpust | S c, mmps? | cs, mmps? | cg, mmupust | v
EDC32 1.86 2.32 2.54 2.78 141 2.25 0.327
EDC37 1.84 2.28 2.50 2.66 1.09 2.34 0.399
PBX9501 | 1.83 2.38 241 2.97 1.39 2.50 0.360
HMX 1.90 2.74 2.60 2.79 1.40 2.27 0.333
Viton-B 1.96 1.88 2.37 1.71 0.71 1.50 0.396

We have included the acoustic and shock properties of pure, pressed HMX as a
comparison to the PBX compositions. As far as we are aware, neither the acoustic or
shock response of Viton-A is not available within the open literature. Therefore we have
included the data of the chemically similar Viton-B [35, 36]. Although it is unlikely that
the properties of these two polymers will be identical, past experience with highly
fluorinated polymers [30, 37] suggests that an understanding of these materials can assist

in the analysis of the shock response of EDC32.

1 Experimental
Plate impact experiments were performed using the 6 m long, 51 mm bore, single
stage gas launcher, based at Cranfield University [38]. Longitudinal stresses in the range

0.64-4.13 GPa were induced by the impact of 5 mm thick flyer plates of either Dural



(aluminium alloy 6082-T6) or copper in the velocity range 188 - 547 m s™. The main
purpose of these experiments was to measure the shock induced shear strength behind the
shock front. As such, manganin stress gauges were mounted both longitudinally and
orthogonally to the impact axis. 10 mm thick, 60 mm diameter disks of EDC32 and 37
were sectioned in half and a manganin stress gauge (MicroMeasurements type J2M-SS-
580SF-025) was introduced 2 mm from the front surface. The target was reassembled
using a compatible polyurethane adhesive. The placement of this gauge renders it sensitive
to the lateral component of stress (gy). Gauge data were reduced from the raw voltage-
time traces using the methods of Rosenberg et al. [39] After, the front surface was lapped
back, and then attached to a 1 mm thick coverplate of either Dural or copper, matched to
the material of the flyer plate. A second manganin gauge (MicroMeasurements type LM-
SS-025CH-048) was placed between the coverplate and the explosive, such that it was
sensitive to the longitudinal component of stress (ox). Gauge calibrations were according
to Rosenberg et al. [40] In this way, not only would the impact stress be directly
measured, but through impedance matching, the particle velocity could also be
determined, and hence the Hugoniot over the entire impact range of these experiments be
obtained. A representative diagram of the target assembly is shown in figure 2a. whilst a
photograph of a similar target assembly (in this case made from PCTFE [41] as a test run
for the present investigation) in situ within the specimen chamber of the gun is shown in
figure 2b. Note that both gauges are connected to the wider gauge circuitry via a
mechanical dry joint rather than soldered to avoid equipment at elevated temperatures

coming into possible contact with the explosive targets.
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Figure 2. Schematic diagram and photograph of a typical target assembly in place in the

target chamber.

The Hugoniot (or longitudinal) stress can be separated into hydrostatic (P) and shear ()

components, thus,
4
o,=P+—r. 3
=P ®)

If it is then assumed that the material is behaving isotropically (not unreasonable given that
both PBXs consist of HMX crystals distributed nominally randomly in a binder), then the
hydrostatic pressure can be expressed as an average of the orthogonal components of

stress,

_oxtoyto,
3

P (4)
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and that under conditions of one dimensional strain, the applied stress is cylindrically
symmetrical around the x-axis, combining equations 3 and 4 yields an expression for z (the

shear strength) in terms of the longitudinal and lateral stresses,

2t =0, -o,. )

2 Results

Representative gauge traces (in both longitudinal and lateral orientation) from both

PBX compositions are presented in figure 3.
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Figure 3. Longitudinal and lateral stress gauge traces from shock loaded PBXs, impacted

with 5 mm Dural flyers.

Observe that there appears to be a degree of superimposed noise, particularly on the
longitudinal gauge traces. Such behaviour has been noted before, for example in pressed

sugar and sugar based composites [16, 42] as well as HMX based materials, although in
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this case, the noise was not as prevalent. In those works, it was proposed that this be due
to fracto-emission of the HMX particles causing excess electrical noise. Note that it is
more noticeable on the longitudinal gauges, which have a much greater active area than
the lateral gauges (see figure 1). Finally, it can be seen that although excess electrical
noise is present on the longitudinal stress traces of both materials, it is much more
significant in EDC37 than EDC32. This may simply be due to the fact that EDC32 has a
lower HMX loading than EDC37 and thus the lower degree of fracto-emission in
EDC32 may just be due to the fact that fewer HMX crystals are available for fracture. A
more detailed examination of the lateral stress response in these materials is shown in

figure 4.
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Figure 4. Lateral stress traces from EDC32 and EDC37. The gauges were 2 mm from

the front surface. Each trace is labelled with the impact stress.

There are more complex features in both sets of traces that need to be addressed. Firstly,

the rise times in both materials appear to decrease as shock amplitude increases,
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indicating a stiffening as stress increases. Also notice that the traces in EDC37 have a
more rounded nature than in EDC32, possibly due to the differing nature of the binder
phase (near liquid in EDC37 compared to a more rigid fluorocarbon in EDC32). Finally,
observe that in both materials, as stress amplitude increase, the traces become
increasingly complex, to the point at the highest amplitude lateral stress starts to increase
behind the shock front. We believe that the most likely cause for this is that the onset of
reaction is occurring, thus affecting the output of the gauges.

The longitudinal stress data generated from the gauge data presented in figure 3 has
been used via the technique of impedance matching to calculate the corresponding
particle velocities, hence allowing us to present the Hugoniots of EDC32 and EDC 37 in

figure 5.
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Figure 5. The Hugoniot (in stress — particle velocity space) for EDC32 and 37. Also
included is a single point for PBX 9501 [18]. The curve fits are the hydrodynamic
response generated from equation 4, and the data presented in Table 1. We have also

included the hydrodynamic response for pure HMX [33] and Viton B [35].
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We have also included a couple of equivalent data points from the work of Martinez et
al. [18] from PBX 9501. In addition, we have also fitted the data to the hydrodynamic

response (Pwp), using the appropriate data from table 1 via,

Pio = Po(Co + Su,)u,,. 4

It can be seen that as particle velocity increases, the difference between the measured
stresses and the hydrodynamic pressure also increases. As can be seen from equation 2,
this suggests that the shear strength behind the shock front (for the experimental range in
this investigation) is increasing with increasing impact stress, although it should be
pointed out that the hydrostatic (P) and hydrodynamic (Pxp) pressures are not precisely
the same. Note that both the measured stresses (allowing for a degree of scatter) for
EDC32 and EDC37 are near identical, as is the hydrodynamic response (both in terms of
Us-u, and Pyp-up) for EDC32, 37 and PBX 9501. This can be taken as a first indication
that the mechanical response to shock loading in HMX based PBXs are largely
dominated by the presence of the HMX crystals.

This issue is explored further, using the shear strengths calculated using equation 4
and the gauge data presented in figures 3 and 4 and their variation with longitudinal
stress is shown in figure 6 The straight line fits assume a purely elastic response,

according to,

14



21=1_200X, (5)

where v is the Poisson’s ratio.
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Figure 6. Shear strength versus longitudinal strength for HMX based PBXs. The

straight lines are elastic fits according to equation 5.

In both compositions, shear strength appears to increase with longitudinal stress, as
was hypothesised when comparing the Hugoniot to the hydrodynamic response. Given
the scatter within the data it is difficult to make any other judgement than that the shear
strengths of these two materials are near identical. The shear strength calculated by
Martinez et al. [18] also seems to agree with our own data, but given that there is only
one data point available and that it was made at a very low stress, it would be unwise to

draw too definitive a conclusion.
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3 Discussion

Like all solid materials, PBXs will have a mechanical response to shock loading that
is governed by factors such as microstructure, strain-rate and temperature. Unlike inert
solids, this response is complicated by the onset of reaction (deflagration and detonation)
which is where the majority of work has concentrated. As a consequence, we have taken
the opportunity to study the purely mechanical response of two of these materials (the
HMX based PBXs EDC32 and EDC37), using manganin stress gauges in longitudinal and
lateral orientation to the shock loading axis. This technique has been used previously on
metals [43, 44], ceramics and silicate glasses [45, 46], polymers [47, 48] and particulate
composites [24]. The primary goal of this investigation is to determine the shear strength
of these materials, both as a function of imposed shock stress and its variation with time
behind the shock front. Although the input from both longitudinally and laterally
orientated gauges is needed to determine the shear strength (equation 4), the individual
gauge traces themselves still yield a great deal of information about the response of a
material. Starting with the longitudinal gauges, it can be seen from figure 3 that the traces
from both materials have a level of superimposed noise. Such behaviour has been noted
previously, both in surrogate materials (pure and as polymer bonded composites) and to a
lesser extent HMX, and HMX and RDX based composites [16, 42]. Both reports noted
that this behaviour was more prevalent in the materials with a larger particle size, leading
to the suggestion that this noise was due to fracture in the larger particles causing fracto-
emission to create electrical noise that is picked up by the gauges. Observe that this is
more significant on the longitudinal gauge traces than the lateral gauges. The longitudinal

gauges used on this investigation are of dimension ca. 4 mm x 5 mm square, giving an
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active area of 20 mm?. In contrast, the lateral stress gauges have an active width of 15
mm, but are only 240 pm wide, thus giving an active area of just 3.75 mm?. Thus the
longitudinal gauges have a much greater area, and hence greater efficiency to pick up
excess electrical noise. A final point to draw from the superimposed noise on the gauge
traces is that it is greater in EDC37 than EDC32. Whilst the HMX particle sizes in both
materials are not significantly different, the overall loading (in weight%) is, with EDC37 at
91%, compared to EDC32 at 85%. Therefore EDC37 is likely to experience more fracto-
emission, and thus more noise on the gauge trace, simply due to the fact that there is more
HMX present than in EDC32.

Aside from the fracto-emission on the longitudinal gauge traces giving an indication
of the operative deformation mechanisms, their main purpose was to determine the impact
stress, and through impedance matching techniques, the corresponding particle velocities
and hence the Hugoniot of the materials concerned. As the gauge was supported on the
front of the explosive target with a 1 mm thick plate of material matched to that of the
flyer plate, the traces themselves would (apart from the imposed noise) be expected to be
relatively featureless given that the shock front at that point has only travelled through 1
mm of either Dural or copper. The Hugoniots of both EDC32 and 37 have been plotted in
figure 5, and we have also included the calculated hydrodynamic pressures calculated from
equation 4. As a comparison, we have also included the response of the similar PBX9501
[31], pressed HMX [33] and Viton-B [35]. A number of features are immediately apparent
from this figure. Firstly, the measured Hugoniot points of EDC32 and 37 lie (at higher
particle velocities) significantly above the calculated response. From equation 2, this is a

strong indication that these materials have a significant shear strength under shock loading
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conditions. Also note that the hydrodynamic response, both in terms of Us-u, (figure 1 and
Table 1) and the hydrodynamic pressure (figure 5) are effectively identical, as are the
Hugoniot stresses, although in this case, there is a degree of scatter. This is a first
suggestion that the shock induced shear strengths are near identical for both materials,
even though the HMX loadings are somewhat different (85wt% for EDC32 and 91wt%
for EDC37). This also suggests that at these compositions, the strength of these materials
is dominated by the presence of the HMX crystals themselves with the binder phase only
having a minimal contribution.

Although it has been possible to infer some of the mechanical responses to shock
loading from the longitudinal gauge traces alone, analysis of the lateral gauge traces (in
combination with the longitudinal stress response) is more revealing. The basic features
shown by the lateral stress histories (figure 4) are an initial sharp rise in stress to a near
constant stress level, followed by a decrease in stress as releases from the rear of the flyer
enters the gauge location. However, the actual response shows behaviour to be a little
more complex. In all but the lowest amplitude traces, there appears to be a small drop in
lateral stress amplitude, occurring for approximately 100 to 300 ns, before rising back to a
constant stress. Such behaviour has been noted in other materials, for example epoxy-
alumina composites [25] where this was attributed to the fast rising nature of the shock
exceeding the response time of the gauge, thus causing a small degree of ringing in the
signal. However, the length of this part of the signal in the PBX traces suggests that these
features may indeed be mechanical, and thus require explanation. An interesting possibility
comes from the work of Petel and Higgins [49], who examined the shock response of

suspensions of silicon carbide powder in ethylene glycol. They demonstrated that whilst at
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low shock stresses, the response was dominated by the compressibility of ethylene glycol
matrix, as stress increased, stress linking between silicon carbide particles became
increasingly dominant, causing a shift in Us-u, behaviour to a stiffer response. The use of
lateral stress gauges also showed that whilst pure ethylene glycol behaved as a typical
liquid (i.e. longitudinal and lateral stresses were identical), mixtures with silicon carbide
contents from 66.8 to 77.3wt% could support considerable shear stresses (around 0.5
GPa). The particulate loading in the PBXs in this investigation are much higher (85 and
91wt%), and hence the establishment of particulate force chains is likely to be much faster.
We therefore believe that this initial part of the signal is due to the complex rearrangement
of HMX particles before a stable network is established. However, only in EDC37 can the
binder be considered a liquid, whilst the more rigid Viton-A binder in EDC32 will also
work against particle bridging. This can also be seen in the rising part of the lateral stress
traces. It is clear that these are much faster in EDC32, again due to the more rigid nature
of the Viton-A binder. The near liquid nature of the K10/nitrocellulose binder in EDC37 is
more likely to allow some degree of particle movement during the initial stages of shock
loading, leading to a more dispersive shock, even though the HMX loading is higher. The
final observation worthy of note from the lateral stress histories, is at the highest
amplitudes shown, where lateral stress rises approximately 1 ps after the shock arrival at
the gauge. We believe that this is most likely due to the build up to reaction. Reaction in
EDC32 and 37 has been observed at stresses as low as 3.33 GPa [14] and 2.69 GPa [12]
respectively. The fact that we don’t see at least the beginnings of reaction until the very
highest amplitudes suggests that releases from the rear of the flyer plates are entering the

gauge locations before reaction can begin, in effect quenching reaction before it can begin.
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The shear strengths, generated from knowledge of the longitudinal and lateral stress
gauge data shown in figure 6 indicates, after taking the degree of scatter into account that
there is little if any difference in shear strength between EDC32 and 37. An additional
shear strength point from PBX9501 [18] also shows agreement with our own data, but
given that it is just one point at a very low stress amplitude, any similarities should at this
point be taken with caution. However, the similarities in shear strength between EDC32
and 37 shown here are in agreement with the observations made previously concerning the
Hugoniot, and lend support to our hypothesis that the mechanical response of highly
loaded HMX based PBXs is controlled by the transmission of stress through the HMX
particle network, with the binder phase having only a small contribution. A number of
straight lines have also been fitted to this set of data, assuming that the materials are
behaving purely elastically (equation 6) using the appropriate values of Poisson’s ratio
from table 1. The gradients of these lines are controlled by the Poisson’s ratio of the
material in question, ranging from 0.399 for EDC37 to 0.327 for the more rigid EDC32,
with pure, polycrystalline HMX at 0.333. Looking at how the measured shear strengths lie
in comparison with the calculated elastic strengths, it would appear that at least EDC37 is
behaving elastically. Given the liquid like nature of the binder phase in this material, this
would seem extremely unlikely. However, if our previous supposition is correct, namely
that the strength of highly loaded HMX based PBXs is controlled almost exclusively by
the HMX itself, the situation becomes clearer. Therefore, instead of considering the elastic
response of the particular PBX composition, we should in fact be looking at the elastic
response of pure HMX. In this case, all data lies below this line, indicating that there is

inelastic deformation (dislocation based plasticity, twinning and fracture) in the HMX
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crystals. Although Dick et al. [6] measured HELSs in single crystals at 0.4 GPa for the
{110} and {011} orientations and 0.8 GPa for the {010} orientation, there appears to be
no equivalent data for polycrystalline HMX. However, Burns et al. [14] did manage to
measure the HEL in EDC32, quoting a value of 220 MPa, whilst Dick obtained values of
the HEL in PBX9501 of 145 MPa [19]. At the time of writing, neither set of authors
presented a value of the shear strength, but from the data in table 1, we can obtain a value
of 27=110 MPa and 63 MPa respectively.. This would be consistent with the observation
that our own measurements in both EDC32 and 37 are above both the yield points in the
PBXs themselves and the HMX crystals as well. Although the available data within the
literature is extremely limited, it would suggest that the initial yield in PBXs is controlled
by the binder. Note that EDC32 has a Viton-A binder which is likely to be stronger than
the estane-nitroplasticiser binder used in PBX9501.

One final point worthy of consideration is the similarity in the mechanical response
of these materials, given that there are differences in microstructure, binder phase and
HMX content. From previous experience in inert stimulant compositions [16, 23],
significant changes in strength were observed, due to changes in particle size, even when
the balance of phases was kept constant. However, it should be pointed out that in those
works, changes in particle size were of the order of an order of magnitude (16 and 160 pum
in the sugar based simulants [16] and 30 and 300 um in the glass-HTPB composites [23]).
In the case of the PBXs examined here, EDC32 has a majority of HMX crystals of size
125 pum or less, whilst EDC37 has a bimodal distribution of HMX crystals, the majority of
which are approximately 100 um. Therefore, although the size and distribution of HMX

are different, we do not believe that those differences are enough to cause noticeable
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differences in shear strength above the yield point. Even with PBX9501, where the particle
size is quoted as a bimodal distribution of 10 and 200 pum, it is likely that there is not
enough difference to cause noticeable changes in the shear strength, although as yet, this

still needs experimental confirmation.

5 Conclusions

A series of plate impact experiments have been performed on the plastic bonded
explosives, EDC32 and 37, designed to probe their purely mechanical response to shock
loading. The use of manganin stress gauges, orientated both longitudinally and laterally to

the loading axis have revealed a number of features;

The Hugoniot stress, and thus the offset from the hydrodynamic pressure is near
identical in both materials.
e Both materials show evidence of electrical pickup on the longitudinal gauges; this
is more prevalent in EDC37.
e The shear strength determined from longitudinal and laterally mounted stress
gauges is near identical in both materials
e EDC37 shows a slower rise time from the lateral stress histories compared to
EDC32.
Therefore, in combination with yielding information from the literature, we propose that
whilst yield itself is controlled by a number of factors, including nature of the binder phase,
size and distribution and balance of the HMX crystals, at high HMX loadings within the

microstructure, the shear strength appears similar, if not identical between the two
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materials studied here. We have proposed that this is due to the majority of the applied

stress being supported by the network of HMX particles.
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