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Abstract: An explosive composition, derived from AFX-757,
was systematically varied by using three different qualities
of Class | RDX. The effect of internal defect structure of the
RDX crystal on the shock sensitivity of a polymer bonded
explosive is generally accepted (Doherty and Watt, 2008).
Here the response to a mechanical non-shock stimulus is
studied using an explosion-driven deformation test as well
as the ballistic impact chamber. No correlation between
RDX crystal quality and deformation sensitivity is observed.
The DDT behavior (Deflagration to Detonation Transition)
of the three plastic bonded explosives, although similar in

composition, is distinct regarding the rate of diameter in-
crease in the explosion-driven deformation test. Recovered
polymer bonded explosive from the explosion-driven defor-
mation test responds equally fast or slower in the ballistic
impact chamber. Based on our experimental results the
shear rate threshold as a single parameter describing me-
chanical sensitivity is challenged, and preference is given to
the development of an ignition criterion based on inter-
granular sliding friction under the action of a normal pres-
sure.
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1 Introduction

Non-shock initiation is a major cause of accidents with ex-
plosives [1]. Large mechanical deformations are required
for the proper functioning of for example some aimable
warhead concepts [2], whereas in most munitions applica-
tions with energetic materials only minor mechanical defor-
mation is imposed during launch without any negative
effect on functioning. In some applications the mechanical
deformation is severe and there is a risk of premature func-
tioning. Understanding the non-shock initiation phenom-
ena is the key to prevention of accidents and premature
functioning.

A variety of experiments is available to study the me-
chanical response of explosives at conditions close to or
beyond a mechanical initiation threshold. Some experi-
ments mimic particular accident scenarios, like the Susan
impact and friability test [3], the Steven impact test [4], the
set-back generator [5], and spigot intrusion [6]. In many
cases simulations aid the interpretation of the data; specific
examples for the split Hopkinson pressure bar, Steven
impact, and LANL impact tests can be found in the litera-
ture [7-9]. Explosives may be ranked in these experiments
according to their threshold values for mechanical initiation
(expressed as impact velocity, impact energy, shear rate,
etc.) like this is done for thermal, impact, friction, shock,
and electrostatic discharge sensitivity. Ranking explosive
compositions by their hazard properties has enabled the in-
troduction of new explosive compositions, like in the re-
placement of tetryl, which was the separation between
booster and high explosive [10], and the direct comparison
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of munition vulnerabilities, like in a specific low velocity
impact scenario [11]. Note that the ingredients of an explo-
sive composition and their amounts are indicative for sensi-
tivity only to a limited extent. These composition details do
not reveal product properties like defect content, particle
shape, purity, etc. and cannot explain the underlying mech-
anisms that lead to initiation and the severity of the subse-
quent reaction [12]. These mechanisms need to be under-
stood in order to explain similarities or differences between
various experiments or quantify the possibility of ignition
in an accident scenario.
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In a particular shear impact experiment on the polymer
bonded explosive PBX9501 Skidmore et al. [13] observed
both inter- and intra-crystalline sliding motion. The ques-
tion was not resolved, which mechanism was responsible
for stimulation of thermal ignition. Coffey and co-workers
stress the importance of intra-crystalline sliding friction. Ac-
cording to Coffey [14] the hot spot generation in crystalline
explosives under shock and impact conditions follows the
same physical process and involves the localization of
moving dislocations into shear bands. Shear rate thresholds
for initiation of energetic crystals and explosive composi-
tions were determined from ballistic impact chamber ex-
periments [15], using sample dimensions, drop weight ve-
locity, and time-to-reaction. For inter-granular sliding fric-
tion, Browning [16] developed a model that links mechani-
cal properties and particles sizes to the thermal ignition.
The ignition criterion is based on the Hertz contact stress
between particles, the mechanical work in the particles
contact surface due to sliding motion, and thermo-chemical
decomposition due to the locally deposited heat [8,9, 16].

The mechanical deformation of a PBX and its sensitivity
to ignition is studied here, applying two different experi-
mental set-ups, namely the ballistic impact chamber and
the explosion-driven deformation test. An explosive com-
position, derived from AFX-757, was systematically varied
by using Class | RDX from three different sources and with
known differences in crystal quality. RDX from the same
sources had been used previously in an international Re-
duced Sensitivity RDX Round Robin program to study the
relation between properties of the RDX crystals and the
shock sensitivity of the composition PBXN-109 with 64 % of
the various RDX qualities [17]. The RDX crystal quality has
a tremendous effect on the shock sensitivity of PBXN-109.
Herein the effect of RDX crystal quality on non-shock initia-
tion of a PBX is the topic of research, more specifically, the
assessment whether the shock sensitivity of a PBX is also
indicative of its sensitivity to mechanical deformation.

2 Material and Methods

2.1 Polymer-Bonded Explosive

Three PBXs were prepared by mixing and casting with
a HKV5, 1 gallon mixer. The ingredients were 25% by
weight of Class | RDX, 33% aluminum AS081, 30% ammo-
nium perchlorate of 200 um mean particle diameter, em-
bedded in a hydroxyl terminated polybutadiene (HTPB)
binder system. The particulate content is thus 88% and the
binder content 12%. The composition of the PBX resem-
bles but is not exactly equal to AFX-757 [18]. An important
difference is the RDX. The specification of AFX-757 pre-
scribes the use of 5% Type Il Class | RDX and 20% Type Il
4 um RDX. In this paper the effect of RDX quality on me-
chanical response is the topic of research and 25 % of Class
1 RDX was used. The RDX originated from the international
Reduced Sensitivity RDX Round Robin program [17,19],
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Table 1. Identification of PBX, source of RDX Class | crystal in the
PBX, and the measured PBX density. The RDX sample codes from
the international Round Robin program are put in brackets for
comparison with literature [17,20].

PBX RDX source Density PBX [kgm ]
RU185 ADI (K7) (1.85-1.87)x 10°
RU186 Dyno Type Il (K6) (1.83-1.84)x 10°

RU187 BAe Royal Ordnance (K1) (1.84-1.85)x 10°

Table 2. Specifications of RDX Class | crystals used in the PBX for-
mulations (see Table 1) [20].

RDX K1 RDX Ké RDX K7

Density RDX [gcm ™3] 1.795 1.804 1.794
Shock initiation pressure [GPa] 5.06 3.86 5.21
Quality intermediate bad good
Macro-inclusions yes yes, many hardly
Micro-inclusions yes, few yes, many® yes
Intra-granular voids no no yes
Cracks no no yes
Growth bands no yes yes
Growth sectors no yes Yes

a) Including micro-inclusions aligned as a “pearl necklace”, see Fig-
ure 1b [20].

from which three different qualities were selected. The de-
fects in the RDX grades were investigated with optical mi-
croscopy, scanning electron microscopy and confocal scan-
ning laser microscopy [20].

Table 1 provides an identification number, source of the
RDX, and measured density of the PBXs. The composition-
specific shock sensitivity of PBXN-109 with RDX from ADI,
Dyno (Type Il), and BAe Royal Ordnance was 5.21, 3.86, and
5.06 GPa, respectively [19]. Table 2 summarizes specifica-
tions of RDX crystals used and the type of defects that
were typically found in these crystals, as observed with op-
tical, scanning electron and confocal scanning laser micros-
copy. Examples of these three microscopic techniques ap-
plied to the RDX variants of this study are shown in
Figure 1. For details on the preparation of these samples,
see Ref. [20].

2.2 Explosion-Driven Deformation

Explosion-driven deformation tests were performed in two
configurations. Figure 2 shows the standard geometry.
From left to right there is a 5 cm steel cylinder filled with
sand, a 10 cm steel cylinder filled with the PBX, and a 5 cm
steel tube filled with sand. The sand-filled cylinders provide
an impedance match and thus a homogeneous deforma-
tion of the central PBX-filled cylinder. The cylinders were
made out of St 52 and have an internal and external diame-
ter of 60 and 70 mm respectively. A layer of plastic explo-
sive around one-third of the circumference of the cylinder
was used to drive the deformation of the steel-encased
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Figure 2. Explosion-driven deformation test with plastic explosive
layer deforming a steel-encased PBX.

PBX. The thickness of the Semtex 10 plastic explosive layer
was varied. A 4 mm thick rubber foam layer was put in be-
tween the Semtex 10 layer and the steel cylinder, and had
to prevent a direct shock initiation of the PBX. A detonator
was inserted in a small amount of plastic explosive, visible
at the left in Figure 2, to initiate a detonation and start the
deformation process. The detonation of the plastic explo-
sive progressively deformed the three steel cylinders. The
punch marks in the steel cylinders near the sand/PBX inter-
face and the PBX/sand interface show the progress of de-
formation from recovered fragments. The PBX was de-
formed as well and may have reacted to a certain extent. In
the elongated geometry there were two instead of one
T T . = 10 cm long PBX-filled cylinders. The experiment was carried
1:47:40PM_| 4.00kV | 7.9mm | 35 RDX K6 11EM0088 out with the configurations placed on top of a triangular
ridge of sand that can give way in order to minimize the re-
sistance to deformation; the deformation is predominantly
) ; imposed by the work exerted by the detonating plastic ex-
£t 2 et plosive.

: The explosion-driven deformation test has been applied
before to PBXN-109, consisting of 64 wt% RDX and 20%
aluminum, and to a PBX with 70% of RDX or [-RDX®
[21,22]. With PBXN-109 a transition from deformation to
deformation plus partial reaction of the explosive was ob-
served with an increase of the plastic explosive layer thick-
ness from 3 to 5 mm. With the 70% RDX-containing PBX
larger deformation could be achieved, albeit without any
reaction. Results demonstrated that a PBX should have

. a sufficiently high particulate content, for the applied steel

3 case thickness, in order for a reaction to develop.

Tk Figure 1. (a) Optical micrograph in incident light mode of RDX K1
% SRR crystals. (b) Scanning electron micrograph of a single, cleaved RDX
) ‘ ; K6 crystal. (c) Inverted confocal scanning laser micrograph (375x
375 um) of a single RDX K7 crystal. For typical type of defects in
these crystals, see Table 2.
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Figure 3. (a) Top view of ballistic impact chamber. A laser light
strikes the top surface of the striker. Four optic fibers with photodi-
odes are placed in the chamber to monitor the start of a reaction.
(b) The pressure transducer to monitor the blast overpressure is
mounted in a Teflon block that can freely rotate on a metal thread-
ed insert that connects the chamber and the pressure relief barrel.

2.3 Ballistic Impact Chamber

The ballistic impact chamber is an instrumented impact
machine. Instead of measuring the 50% probability of ini-
tiation of an explosive sample by variation of a drop
weight, it measures the growth and extent of a reaction
under a standard impact condition [23]. When the drop
weight (9.983 kg) is released from a height of 1.5 m, it will
impact a striker (mass 229 g) and start the deformation of
the explosive sample positioned directly underneath the
striker on top of an anvil. The time-to-reaction after the
start of the deformation, and the pressure evolution in the
chamber confined by anvil and striker, were measured. The
occurrence of a reaction was monitored with four optic
fibers with photodiodes (see Figure 3a). The time-to-reac-
tion corresponds to the first photodiode signaling a reac-
tion. The reaction starts near the outer radius of the com-
pressed sample, as concluded by observations made in sim-
ilar experiments [15]. The blast overpressure was measured
now at the position, where the reaction products leave the
chamber through a barrel which acts as automatic pressure
relief (see Figure 3b). This is a modification to earlier experi-
ments where a reflected pressure was measured opposite
to the pressure relief barrel [24]. In the previous configura-
tion one could not tell whether the measured pressure was
representative for the whole chamber; the actual pressure
might be higher. In the current configuration one is certain
that the pressure is representative for the pressure in the
chamber as the gases have to pass by the pressure trans-
ducer when leaving through the barrel. The new configura-
tion will avoid the occurrence of pressure spikes associated
with a direct impact of blast wave and particles onto the
diaphragm of the pressure transducer, while better moni-
toring the dynamics of the pressure evolution in the cham-
ber. Samples were prepared by punching out a cylinder
from a slice of PBX, and polishing both surfaces with subse-
quently finer grit sand papers to obtain plane-parallel surfa-
ces of the desired thickness.

The use of a 180 grit sand or garnet paper is mentioned
in the literature [25] to standardize and enhance the fric-

Propellants Explos. Pyrotech. 2016, 41, 484 - 493

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Propellants,
Explosives,
Pyrotechnics

tion of the explosive sample on the anvil. The influence of
the sandpaper was verified herein using a relatively thick
180 grit paper with textile backing, a thin 180 grit polishing
paper (Buehler) and without sand paper. Tests were per-
formed in triplicate with RU185 samples having a dimension
of 3.5 mm @x2.5 mm or 5.0 mm @x2.4 mm. The 180 grit
polishing paper gives the shortest average time-to-reaction
of 0.33 ms for both diameters. A slightly longer time-to-re-
action is observed without the use of sandpaper between
RU186 and anvil. The 180 grit paper with textile backing
gave the longest time-to-reaction of about 0.43 to 0.44 ms.
Apparently there is a difference in the way friction by the
two types of polishing paper is imposed onto the explosive
sample. It was decided to continue the experiments with
the 180 grit polishing paper as it enhances friction with re-
spect to the bare anvil.

2.4 Deformation by Dropweight Impact

Apart from the samples resulting from the explosion-driven
deformation experiments, samples taken from the original
PBXs were subjected to a drop weight impact test. The aim
of this test is to impose a mechanical deformation onto the
PBX like in the explosion-driven deformation test, only at
a lower compression rate. This drop weight impact test was
performed with an 18 mm @x10 mm sample attached to
the lower surface of a 9.895 kg drop weight, which was re-
leased from 2.24 m onto a steel anvil. A 5 mm thick retain-
ing ring with 40 mm internal diameter, limited the final
compression, but allowed for free radial expansion. By com-
parison to the dimensions and impact condition in the UN
friability test [3] it was anticipated that no reaction would
occur.

3 Results

The mechanical response of PBX samples was tested with
the ballistic impact chamber and the explosion-driven de-
formation test. The mechanical response in the ballistic
impact chamber was also tested with PBX samples that
were subjected to severe mechanical loading near the me-
chanical initiation threshold.

3.1 Explosion-Driven Deformation

In the explosion-driven deformation test the degree of de-
formation of the metal cylinder increases with thickness of
the plastic explosive layer. The deformation along the PBX
containing steel cylinder was almost constant for a 3 or
4 mm Semtex layer. With a layer of 5mm or more, the
compression of the metal cylinder was counteracted by an
internal pressure due to the ignition of the PBX and
growth of reaction, resulting in a non-constant deformation
along the steel cylinder. Figure 4 presents the amount of
recovered explosive as a function of the applied explosive
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Figure 4. Amount of recovered explosive vs. the thickness of the
plastic explosive layer in the explosion-driven deformation test.

RU185

RU187

Figure 5. Steel cylinders after explosion-driven deformation with
5mm Semtex layer, with deformation proceeding from left to
right. From top to bottom are the experiments with RU185, RU186,
and RU187. At the left are the photographs of the cylinder surface
underneath the deforming layer, at the right are the photographs
taken from the opposite side.

layer thickness. The initial PBX mass in a 10 cm cylinder
was in the range of 517 to 528 g. The experiments covered
the range of almost no reaction to almost full reaction of
the PBX.

Figure 5 shows the recovered metal in the explosion-
driven deformation by a 5 mm Semtex layer in the standard
geometry. The detonation has propagated from left to
right in the photographs. Typical in all experiments was the
imprint of the structure of the rubbery foam along all three
cylinders and the spallation observed in the last sand-filled
cylinder, which was due to the abrupt end of the detona-
tion near the steel free surface. A start of a reaction is ob-
served as the metal cylinder starts expanding. Differences
in the violence of the reaction are inferred from the fractur-
ing behavior. The cylinder with RU185 shows a bulge, the
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RU187

Figure 6. Steel cylinders after explosion-driven deformation with
5mm Semtex layer in elongated configuration. From top to
bottom are the experiments with RU185, RU186, and RU187, re-
spectively.

cylinder with RU186 has a fracture running backwards from
the right, and the cylinder with RU187 is fully split along its
length. A maximum expansion is observed at 2/3 of the
10 cm long cylinder. It was expected that from the moment
the compression wave passed the second PBX-sand inter-
face pressure in the PBX was relieved, thereby suppressing
a further conversion of the energetic material. This hypoth-
esis was verified by performing experiments in an elongat-
ed geometry with two PBX-filled cylinders.

Figure 6 shows the recovered metal in the explosion-
driven deformation by a 5 mm Semtex layer in the elongat-
ed geometry. With the RU185 sample a continued increase
in reaction strength is noticed. The first cylinder is now
split in two parts, and the second cylinder in four parts,
and several other cracks in the axial direction are visible.
An advantage of the elongated geometry with two cylin-
ders instead of one longer cylinder is the fact that fracture
cannot grow across the interface and the global shape of
the first cylinder is “maintained”, and thus capable of show-
ing the start of reaction. The “diameter” of the first cylinder
does not pass through a maximum but is now strongly in-
creasing. The RU186 sample shows a comparable fracturing
behavior. Surprisingly, the RU187 sample which was the
most violent in the standard geometry, demonstrates an in-
crease of diameter in the first cylinder as well as a decrease
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Figure 7. Left: RU187 cylindrical sample and retaining ring at-
tached with double-sided tape to drop weight (top). Right: perma-
nent deformation of the samples after drop weight impact.

of diameter near the end of the second cylinder, and is not
able to sustain the reaction.

3.2 Ballistic Impact Chamber

The mechanical response in the ballistic impact chamber
was tested using samples with different dimensions. The
sample mass was about 43 mg for the 3.5 mm @x2.5 mm
samples and about 80 mg for the 5.0 mm @x2.4 mm sam-
ples. The tested samples were taken from the as-cast PBX,
from recovered explosive in the explosion-driven deforma-
tion test with 4 and 5 mm of Semtex, and from the explo-
sive recovered after a drop weight impact test. The latter
drop weight impact test is shown in Figure 7. Permanent
deformation of the samples remains after impact and
causes a few vertical cracks on the outer radius (see
Figure 7).

The time-to-reaction in the ballistic chamber of pristine
and mechanically loaded samples is given in Table 3. Recov-
ered PBX from the explosion-driven deformation test re-
sponded equally fast or slower in the ballistic impact cham-
ber. In particular for RU185 the time-to-reaction increased
upon mechanical loading. RU185 and RU186 recovered
from the drop weight impact, show an even further in-
crease in time-to-reaction in the ballistic impact chamber.
One can calculate the time to reduce the sample to zero
thickness by dividing sample thickness and striker velocity
assuming that mechanical properties of the PBX are of no
importance in compression. The compression is driven by
the velocity of the striker, which in turn depends on the
impact velocity of the drop weight.
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Figure 8. Mechanical response of 3.5 mm @x2.5 mm RU185 sam-
ples in ballistic impact chamber. Samples were taken from the ex-
plosion-driven deformation tests with a 4 mm (RU185D4-xx) or
5mm (RU185D5-xx) plastic explosive layer, and from the drop
weight impact test (RU185M-xx). Time scales are relative to the
start of deformation measured for each individual experiment.

m dropweight

Ustriker — 2‘Udro ight ati
pweight at impact
mdropweight + Mitriker

The velocity of the drop weight at impact is 5.35ms ',
when the 9.983 kg drop weight is released from 1.5 m. The
mass of the striker is 229 g. The times to compress the
sample to zero thickness are thus 0.23 and 0.24 ms for the
24 and 2.5 mm sample thicknesses, respectively. These
times are smaller than the measured times to reaction in
Table 3.

Figure 8 and Figure 9 show the reproducibility of pres-
sure measurements in the new configuration. This is also
confirmed by calculating the time integral of the pressure.
No significant differences are noticed in the pressure-time
response shown in Figure 8 when using a 4 or a 5mm
thick plastic explosive layer in the explosion-driven defor-
mation. In Figure 8 the RU185 samples recovered from the
drop weight impact show a delay in the moment that pres-
sure starts to increase in comparison to samples from ex-
plosion-driven deformation, a result which is in line with
the respective optically determined times to reaction in
Table 3.

Table 3. Sensitivity of PBX samples in ballistic impact chamber expressed as time-to-reaction, for indicated experimental conditions: as-
cast, deformation with 4 mm and 5 mm Semtex, after deformation by drop-weight.

Sample @xh [mm] Time-to-reaction [ms]
As-cast 4 mm Semtex 5 mm Semtex Drop weight

RU185 3.5x25 0.32-0.35 0.41-0.43 0.43-0.45 0.44-0.46
RU186 3.5x25 0.35-0.43 0.40-0.42 0.38-0.45 0.47-0.48
RU187 3.5x%x25 0.39-0.41 0.37-0.39 0.39-0.42 0.42-0.43
RU185 5.0x24 0.31-0.35 0.40-0.44 0.40-0.43 0.44-0.48
RU186 5.0x24 0.27-0.40 0.38-0.40 0.43-0.45 0.45

RU187 5.0x24 0.41-0.43 0.37-0.39 0.40-0.42 0.41-0.42
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Figure 9. Mechanical response of 5.0 mm @x2.4 mm PBX samples
in ballistic impact chamber in triplicate experiments. Samples were
taken from the explosion-driven deformation tests with a 5 mm
plastic explosive layer (RU185/186/187D5-xx). The inserted Figure
provides the positions of the striker upper surface and drop
weight lower surface from numerical simulation of impact on an
explosive of similar dimensions.

Figure 9 shows the pressure evolution for the three dif-
ferent PBXs in case of deformation with 5 mm of plastic ex-
plosive. The order, in which pressure starts to build-up, is
RU185, RU187, and RU186, respectively. The time lag be-
tween the moment of first reaction measured by the pho-
todiodes and the moment pressure builds up, is of the
right order given the distance between the explosive and
the pressure sensor, and the sound velocity in air. The
insert of Figure 9 is a simulation of the compression of
a 5.0 mm @x2.4 mm non-reactive high explosive, with ini-
tially a 0.1 mm air gap above and below the explosive for
numerical purposes. The inserted figure demonstrates how
the striker rebounds between anvil and drop weight until
at 0.7 ms both striker and drop weight achieve an upward
velocity. The volume fluctuations in the impact chamber
between 0.3 and 0.7 ms will directly impose a pressure fluc-
tuation in the chamber on top of the pressure generated
by the decomposing explosive. It is striking to see (1) the
experimental pressure build-up is noticed only after
0.45 ms, when the numerical simulation shows a first re-
bound of the striker against the falling drop weight, (2)
a plateau in the pressure near 0.5 ms, when the simulation
shows the second rebound of the striker against the anvil,
and (3) an experimental maximum pressure near 0.85 ms
coinciding with the inversion of the drop weight velocity
near 0.7 ms in the simulation. Because of the complex strik-
er movement, sample compression and dynamic volume of
the chamber, one has to be careful to infer an order of sen-
sitivity from the start of the pressure build-up.

Figure 10 shows the initial pressure rise for the three dif-
ferent PBXs in case of deformation with 4 mm of plastic ex-
plosive. By zooming in, it is observed that the RU185 sam-
ples are characterized by a delayed pressure build-up with
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Figure 10. Initial mechanical response of 5.0 mm @x2.4 mm PBX
samples in ballistic impact chamber in triplicate experiments. Sam-
ples were taken from the explosion-driven deformation tests with
a 4 mm plastic explosive layer (RU185/186/187D4-xx).
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Figure 11. Mechanical response of 3.5 mm @x2.5 mm samples in
ballistic impact chamber. Samples were taken from the drop
weight impact test (RU185/186/187M-xx). Time scales are relative
to the start of deformation measured for each individual experi-
ment.

respect to RU186 and RU187. The pressurization rate for
RU185, however, is larger. For RU186 and RU187 the initial
pressure rise to 2.5 MPa occurs in ca. 0.1 ms, a time-scale
comparable or larger than the rebound of the striker. The
lower pressurization rate is therefore assumed to be related
to the lower deflagration rate in the RU186 and RU187
samples.

The mechanical response of 3.5 mm @x2.5 mm samples
from PBX recovered from the drop weight impact is shown
in Figure 11. RU185 shows a consistent and fast pressure
build-up. RU186 shows a delayed response. The response
of RU187 is again inconsistent. It may react as fast as
RU185 or even slower than RU186.
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4 Discussion and Conclusions

The response to a mechanical non-shock stimulus was
studied with an explosive composition, derived from AFX-
757, using an explosion-driven deformation test as well as
the ballistic impact chamber. The crystal quality of the RDX
particles embedded in the polymer bonded explosive was
varied, and the expected order from high to low shock sen-
sitivity is RU186, RU187, and RU185, respectively, with only
a marginal difference between the latter two. This expecta-
tion is based on measured shock sensitivities of PBXN-109
with seven different qualities of RDX [19,20], from which
three qualities were included in this study. The question is
whether the shock sensitivity of a PBX is also indicative of
its sensitivity to mechanical deformation.

The DDT behavior (Deflagration to Detonation Transition)
of the three plastic bonded explosives, although similar in
composition, is distinct regarding the rate of diameter in-
crease in the explosion-driven deformation test. RU185 and
RU186 are comparable in mechanical response with RU186
being slightly more violent in the explosion-driven defor-
mation test. Even though changes are noticed in the ex-
pansion of the metal cylinder, no clear differences between
PBXs are noted from the amount of recovered explosive
after an explosion-driven deformation test, using different
thicknesses of the Semtex layer of 3, 4, 5, and 6 mm. In the
explosion-driven deformation it is RU187 that demonstrates
the most violent response in the standard geometry, albeit
the reaction does not sustain itself in the elongated geom-
etry. RU187 therefore requires a heavier confinement than
RU185 and RU186 to sustain and accelerate a reaction. In
the ballistic impact chamber the insensitivity to mechanical
deformation, as expressed in time-to-reaction, is the high-
est for RU187. RU185 reacts much faster than RU187. For
RU186 the variation in time-to-reaction is quite large and
one cannot distinguish RU186 from either RU185 or RU187.
The moment pressure starts to increase as well as the pres-
surization rate in the ballistic impact chamber [25], are not
used in the interpretation of the experimental data, be-
cause of the volume fluctuation due to repetitive striker re-
bounds as found in numerical simulations. Altogether, it is
concluded that there is no correlation between shock sensi-
tivity and sensitivity towards mechanical deformation
based on the experimental data presented herein.

The expansion of the metal cylinder due to mechanical
initiation and propagation of a deflagration in the PBX has
an analogue in the so-called DDT test tubes. In DDT tests
the deflagration is imposed by an ignition wire or ignition
capsule, see, for example Test Series 5 in [3]. In Ref. [26] the
tube expansion in DDT beyond the elastic regime is studied
analytically and numerically through a model experiment.
Iso-damage curves are constructed providing information
on pressure and impulse per unit area necessary to achieve
a certain amount of plastic strain. The same concept can
be applied to the expansion in the explosion-driven defor-
mation test, where ideally the pressure and impulse per
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unit area should be related to the local fraction of reacted
explosive as depicted in Figure 4. The impulse per unit area
equals the time integral of internal pressure in the cylinder
and can be approximated by the product of peak pressure
and a typical time scale. The time scale to transfer impulse
from the reaction products to the metal cylinder is expect-
ed to be dominated by the length of the PBX-filled cylinder
divided by the detonation velocity of Semtex 10 (i.e.
100 mm/7.3 mm/us=13.6 ps). Note that this time scale is
less than one tenth of the time scale for initiation in the
ballistic impact chamber.

Both in shock-to-detonation transition (SDT) and DDT in
explosives one should distinguish between the initiation of
a reaction and the growth and acceleration of the reaction
[27]. Crystal related features that affect shock sensitivity
(like presence of micron size defects or number density of
submicron size defects) may not be the same as the fea-
tures that affect growth and acceleration of the reaction
(like specific surface, internal crystal defects). The shear rate
threshold dy/0t for ignition of energetic materials is evalu-
ated by [15], applying the following equation to the experi-
mental results with the ballistic impact chamber:

oy rt=0) [ht=0) on

3t (e = tign)’ Jh(t=tign) 3t

(t = tiyn)

with r and h the radius and height of the sample, t,, the
moment of ignition is observed relative to the start of de-
formation. This model is derived from the hypothesis that
intra-granular shear deformation being responsible for igni-
tion. For RU185, RU186, and RU187 the times to reaction
always exceed the sample thickness divided by striker ve-
locity, and the above equation cannot be applied. Based on
our experimental results, the shear rate threshold as param-
eter describing mechanical sensitivity is therefore chal-
lenged. Instead of intra-granular, inter-granular shear defor-
mation is another mechanism that may lead to ignition. In
its earliest form [16], the ignition criterion for an HMX
based explosive is derived by combining (1) the analytical
equations for the Hertz contact stress between particles, (2)
the mechanical work in the particles contact surface due to
sliding motion, and (3) with the numerical simulation of
thermo-chemical diffusion and decomposition processes
due to the locally deposited heat.

In a particular example the threshold for mechanical ini-
tiation of an HMX-based explosive was found to be [16]:

ayl.27

Mechanical ignition threshold = p°6 - F tign®?’

The pressure and shear rate during mechanical loading
will be time-dependent [28]. For this reason further devel-
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opments include the incorporation of time-variable pres-
sure p and shear rate dy/0t into a more generic model [8].

Mechanical ignition threshold

with p* a characteristic pressure, t* a characteristic time,
and the exponent n related to the decomposition kinetics
of the specific explosive. The same authors validated the
improved model using low velocity impact experiments on
HMX-based compositions in different geometries of the
Steven Impact test. No ignition criterion is found yet in lit-
erature for RDX based compositions. Based on the experi-
mental results presented in this paper, preference is given
to the development of such an ignition criterion based on
inter-granular  sliding friction under normal pressure
[8,9,16,29] rather than intra-granular shear deformation,
preferably incorporating the friction coefficients of RDX
crystals [30].
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