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ABSTRACT: It has always been difficult to observe thermally induced

explosive

explosions, because the onset is unpredictable. By use of ultrasound to induce crystal

intense, localized frictional heating at the surface of crystals embedded in a flexible
polymer, we have created a new method for the initiation of microexplosions
under conditions where temporal and spatially resolved observations can be made.
Specifically, we report the use of ultrasound to flash-heat polymer-embedded <500
um RDX (CH,NNO,), and HMX (CH,NNO,), crystals at rates >10 000 K/s. By

fast thermal
imaging

A

using this extremely rapid heating on small samples, we were able to confine the

explosion to narrow regions in time and space. The explosion was measured using

ultrasound

dual thermal imagers providing temporal and spatial resolutions of 1 ys and 15

pum. Surprisingly, the explosions always occurred in two stages, an initial 0.1 ms stage and a subsequent 100 ms stage. The first
stage of RDX explosion (2500 K lasting 140 us) was less violent than that for HMX (4400 K lasting 70 us), which is consistent
with the general observation that HMX is regarded as a higher-performance explosive. The origin of the two-stage explosion
originates from how the explosive chemistry is modulated by the mechanical behavior of the flexible polymer at the interface
with the explosive crystal. The crystal explosion created a blast that produced a cavity in the surrounding polymer filled with
reactive gases; subsequent ignition of the gases in that cavity caused the second-stage explosion.

1. INTRODUCTION

It has been difficult to observe the early stages of explosions
with high time and space resolution, especially thermally
induced explosions.' Unlike detonations, which can be forcibly
triggered and synchronized by an incoming shock wave,
thermal explosions induced by heating of explosive charges
appear unpredictably in time and in space. By use of
ultrasound to induce intense, localized frictional heating at
the surface of crystals embedded in a flexible polymer, we have
created a new method for the initiation of microexplosions
under conditions where temporal and spatially resolved
observations overcome the past synchronization and spatial
limitations; combined with thermal imaging detectors with
long record lengths, we are able to routinely capture thermally
induced explosive events. Specifically, we localized the thermal
explosion in space by heating individual small (<500 ym)
explosive crystals, either RDX (CH,NNO,); or HMX
(CH,NNO,),, encased in a flexible polymer binder, Sylgard
182, a poly-dimethylsiloxane (PDMS).

Thermal explosions of macroscopic size have previously
been successfully synchronized only by use of a laser trigger
approach by Smilowitz and co-workers,”” who gradually
preheated a 1/2” diameter explosive cylinder into the thermal
runaway regime and then triggered the explosion with a 150 us
laser pulse. These laser-tri%gered explosions were probed with
embedded thermocouples” and proton and X-ray radiogra-

phy.*~°
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In 2014, our group described an ultrasound flash-heating
technique to frictionally heat polymer-bonded explosives at
rates of more than 10* K/s per second (e.g., to 1000 K in 100
ms).”® The flash-heated explosives were monitored by thermal
imaging microscopy. In initial trials, driving solid inclusions
embedded in a polymer with ultrasound did not produce high-
speed heating. We discovered that the heating rate could be
dramatically increased if the polymer were de-adhered from the
solid by applying a small amount of powdered or liquid
lubricant to the solid’s surface,”® as depicted in Figure 1.
Instead of the solid inclusion oscillating synchronously with
the polymer, the lubricant, by breaking the polymer—solid
adhesion, allowed the crystal surfaces and polymer to rub
against each other at 20 kHz, causing rapid frictional heating.”

Roberts and co-workers subsequently showed that a similar
rapid ultrasonic heating effect could be produced by
mechanically debonding crystals from surrounding polymer’
and concluded that friction between the crystal and the moving
binder at the crystal surface produced rapid frictional heating
leading to an explosion.” The sensitivity of explosives to
rubbing is well-known, and friction sensitivity has been studied
for many explosives.'” But unlike the usual friction initiation
measurements that use a belt sander,'" a piece of sandpaper on
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Figure 1. (a) Polymer-encased crystal of RDX or HMX was pressed
between a 20 kHz ultrasonic horn and a sapphire window. (b) When
the crystal exploded, the blast created a cavity in the surrounding
polymer. Two-stage explosions were observed with dual thermal
imaging cameras, together having high time and space resolution.

the striker of a drop hammer,'” or a moving pendulum,'® with
ultrasound, the 20 kHz rubbing is extremely rapid, and
multiple surfaces of the crystal may rub against the surrounding
polymer.”’

RDX and HMX are closely related high-performance
insensitive high explosives that have been studied extensively
in thermal explosion'”'* (heat-initiated) and detonation'
(shock-initiated) modes. They are usually used in the form of
polymer-bonded explosives (PBX). As a model of such PBX,
we have studied 0.5 mm RDX and HMX crystals embedded in
a block of PDMS. These polymer-explosive composites were
frictionally heated with ultrasound at such a high rate (>10* K/
s) that we could measure the time and space evolution of the
ensuing thermal explosions with thermal imaging. We obtained
unprecedented 1 ps time resolution and 15 um spatial
resolution of the thermal explosions. An unexpected finding
was the role of polymer confinement, which caused the RDX
and HMX thermal explosions to occur in two stages, an initial
0.1 ms explosion and a subsequent 100 ms explosion.

In earlier experiments, rapid heating of explosive crystals was
monitored by a mid-infrared (mid-IR: 3.7—4.8 pm) video
camera having a frame rate of 120 Hz (8.3 ms interframe
interval) viewing through an IR microscope giving near-
diffraction-limited spatial resolution of 15—20 pm.”* Unfortu-
nately, the 8.3 ms interframe interval of the video camera was
too slow to time resolve thermal explosions. Even though the
response time of its HgCdTe (MCT) detector elements was 1
us, the frame rate was limited by time needed to read out the
640 X 512 images (327 680 pixels) with a 4 MHz analog-to-
digital (A/D) converter. Recognizing this limitation, we
obtained an additional mid-IR detector of a new type that
sacrifices image resolution in favor of high readout speed. It
consisted of a linear array of 32 MCT detector elements with
112 pm spacing (3.58 mm image length). For the linear array,
the readout is fast, because each detector channel has its own 4
MHz A/D converter. Obtaining four data points each
microsecond allows us to realize the full bandwidth of the
MCT detector elements. The linear array produces 4 000 000
images per second, giving the temperature, via single-color
pyrometry, at 32 points along a line running through the
explosion, and it does so 33000 times faster than the video
camera. The linear array A/D converters have a 520 K memory
record, which limits each single-shot record to a time interval
of 13.1072 ms, so we have to have the ability to synchronize
the explosion within that finite time window. The comple-
mentary video camera and linear array thermal imagers

produced a combination of higher-resolution images with
relatively poor time resolution and lower-resolution images
with far higher time resolution.

2. EXPERIMENTAL METHODS

2.1. Sample Fabrication. RDX or HMX powders were
dissolved in acetone and recrystallized once to ensure purity.
The ~0.5 mm RDX or HMX crystals were grown by slow
evaporation from acetone. Each sample for thermally induced
explosions consisted of a polymer-encased crystal with a thin
lubricant coating7’8 on an IR-transmitting sapphire window, as
depicted in Figure 1.

The lubricant was M,, 400 poly ethylene glycol (PEG) from
Sigma-Aldrich. The crystals were dipped into the PEG and air-
dried on a glass slide for 15 min. The coated crystals were
baked at 120 °C for 15 min, and then, the procedure was
repeated to achieve a homogeneous PEG coating a few ym
thick. In sample preparation, the polymer lubricant and
polymer binder were cured by heating at 100 °C for 15 min.
Calorimetry and gravimetric analysis have shown no significant
thermal decomposition for RDX or HMX for brief exposures
to temperatures below 200 °C.'°

The polymer binder was Sylgard 182 from Dow Corning.
Sylgard is a trade name for a poly dimethylsiloxane (PDMS)
rubber. We used a 10:1 ratio (resin/hardener) by weight and
degassed the mixture under vacuum before curing. A 300 um
layer of PDMS was spread onto a 25.4 mm sapphire window
and cured. Both sapphire and PDMS have adequate trans-
parency in the mid-IR region detected by our thermal imagers.
A second 500 pym PDMS layer was added, and while this
second layer was semiliquid, the PEG-coated crystals were
submerged in PDMS with tweezers. After the PDMS—crystal
layer was cured, a third 500 gm thick PDMS capping layer was
spread over the crystal and cured to fully encase the crystal.

2.2. Ultrasound Heating. The ultrasonic heating
apparatus was described previously.””'” As depicted in Figure
la, a 13 mm diameter 20 kHz Ti acoustic horn (CV-33, Sonics
and Materials Inc.) was pressed against the PDMS capping
layer using a spring-loaded holder (not shown) to frictionally
heat the polymer-confined crystals. We varied the springs to
get good acoustic contact without deforming the crystals and
got good results with a spring force of 10° N/m>’ The
amplitude of the 20 kHz horn was adjusted by a controller
(Vibracell VCX-750, Sonics and Materials, Inc.) in the range
between 20 and 100% of the peak amplitude of 114 um’ to
produce prompt thermal explosions with minimal jitter in
time-to-explosion.

2.3. High-Speed Thermal Imaging. A delay generator
was used to trigger the ultrasonic horn and the IR detectors.”
The horn was pulsed for 1 s at a start time denoted ¢ = 0. The
video camera (IRE-640M, Sofradir-EC Inc.) had 15 ym pitch
640 X 512 MCT detector elements cooled to 90 K and a
cooled prefilter that transmitted light only in the mid-IR 3.7—
4.8 um range. Camera characterization and temperature
calibration against a blackbody standard were discussed
previously,” where we measured the temperature dependence
of RDX emissivity. Because of the close similarity in chemical
structure of RDX and HMX, here we assumed the RDX
emissivity for HMX. The camera viewed the sample through
the sapphire window and thin PDMS bottom layer using a 1X
mid-IR microscope objective with N.A. = 0.22 (Asio 1X, Janos
Tech, Keene, NH). The working distance from objective to
crystal was 60 mm. The linear array detector (TEDAS-3200,
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Infrared Systems Development Corp.,Winter Park, FL) was
liquid N, cooled. It used an identical mid-IR microscope
objective. Its 0.1 mm 32 MCT detector elements with 0.112
mm pitch and cooled optical prefilter were designed to closely
match the spectral response of the video camera, so the
calibration procedure was the same as used with the video
camera.

3. RESULTS

We did a number of runs with different 0.5 mm RDX and
HMX crystals. Each run differed in details such as time-to-
explosion due to variations in crystal size and shape and
crystal—polymer adhesion but were overall quite similar.

The video images in Figures 2 and 3 were selected frames
extracted from movies taken by the video infrared camera.

Before

After
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500K

400K
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Figure 2. Two-stage explosion was observed in the infrared imaging
of a polymer-encased RDX crystal frictionally heated with a 1 s pulse
of ultrasound energized at t = 0. The two stages of the explosion are
shown explicitly in the thermal images, with the first maximum in
heating occurring at 43 ms and the second, larger thermal maximum
at 114 ms. (a) Optical micrographs of the crystal before and after
explosion; note that the fields of view are different, while the
magnification has been kept constant for comparison. (b) Thermal
images from 26 to 170 ms after initiation of ultrasonic heating. For
both (a) and (b), the scale bar is the same for all image panels.

Representative movies are available as Supporting Information.
Figure 2 shows a polymer-confined RDX crystal explosion, and
Figure 3 shows a polymer-confined HMX crystal explosion.
The polymer was PDMS. Visible light images of the
approximately 0.5 mm crystals before and after ultrasound
are shown at the top of the figures. The “after” pictures clearly
show that powerful explosions had taken place. With RDX in
Figure 2, in the image at 43 ms, a 470 K hot spot appeared that
was about the size of the crystal. We attribute this hot spot to a
ball of hot dense gas in a roughly spherical polymer cavity
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Figure 3. Two-stage explosion was observed in the infrared imaging
of a polymer-encased HMX crystal frictionally heated with a 1 s pulse
of ultrasound energized at t = 0. The two stages of the explosion are
shown explicitly in the thermal images, with the first maximum in
heating occurring at 51 ms and the second, larger thermal maximum
at 170 ms. (a) Optical micrographs of the crystal before and after
explosion; note that the fields of view are different, while the
magnification has been kept constant for comparison. (b) Thermal
images from 34 to 170 ms after initiation of ultrasonic heating. For
both (a) and (b), the scale bar is the same for all image panels.

produced by the initial RDX explosion. A second explosion
was observed in the images beginning at 94 ms. The second
explosion lasted much longer, at least 70 ms, and it appeared
slightly hotter, about 550 K. During the second explosion, jets
of hot gas pierced the polymer confinement. Significantly, in all
video imaging of these events, we always observed two-stage
explosions.

With HMX (Figure 3), the explosion was similar to that of
RDX and again showed two distinct stages. The first HMX
explosion started at 56 ms vs 43 ms for RDX, but among
multiple runs, there was enough variation in time-to-explosion
that we cannot say that RDX and HMX have intrinsically
different times-to-explosion. We believe that the variation in
the initial explosion time probably reflects slight differences in
crystal size, shape, and mechanical contacts (i.e., adhesion) to
the surrounding polymer.

3.1. Fast Linear Array Images. The video camera was
adequate for the slower second explosions but incapable of
time resolving the first explosions. We used the much faster
linear mid-IR detector array to focus on the first explosions, as
shown in Figures 4—6. Figures 4 and § are linear array outputs
showing the RDX and HMX first explosions in detail. Note the
linear array data were obtained from different but similar-size
RDX and HMX crystals from the ones used in the video
imaging in Figures 2 and 3. We indicated the approximate
RDX and HMX crystal positions in Figures 4b and 5b based on

DOI: 10.1021/acs.jpcc.8b02422
J. Phys. Chem. C 2018, 122, 14289—14295


http://dx.doi.org/10.1021/acs.jpcc.8b02422

The Journal of Physical Chemistry C

(a)

(b)

I Fl’\

g 2400 g 240
£ 2000 £
2 2 2000
% 1600 , @
a - Q.

E1
§ 1200 7 g 1600

3 41 46 51 56 61 66

time (ms)

time (ms)

43.500 43.625 43.750 43.875 43.900

Figure 4. (a) Thermal image from a linear array of the first-stage explosion of a polymer-encased RDX crystal. (b) Expanded time scale. The
spacing between each of the 32 channels of the linear array was 0.112 mm. The block labeled RDX indicates the approximate position of the RDX

crystal prior to ultrasound flash heating.
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Figure S. (a) Thermal image from a linear array of the first-stage explosion of a polymer-encased HMX crystal. (b) Expanded time scale. The
spacing between each of the 32 channels of the linear array was 0.112 mm. The block labeled HMX indicates the approximate position of the HMX

crystal prior to ultrasound flash heating.
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Figure 6. (a,c) Time-dependent temperatures from the first thermal explosion taken from a strip 0.3 mm wide running through the center of the

0.5 mm RDX and HMX crystals. Time zero is arbitrary. (b,d) Spatial variation of temperatures from RDX and HMX thermal explosions at various
locations. The spacing between channels of the linear array was 0.112 mm.
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visible microscope images taken before ultrasound heating.
The spacing between the individual channels of the linear array
was 0.112 mm. Figures 4a and Sa show the full 32 ms linear
array record. In those images, the explosion appeared
instantaneously at 43 ms for RDX and 56 ms for HMX.

The first-stage explosions can be seen in more detail in
Figures 4b and Sb, which are the same data as in Figures 4a
and Sa but on an expanded time scale. The first explosions
were hotter and faster than they appeared in the video images,
because the video camera’s 8 ms interframe rate did not allow
us to fully resolve the durations and peak temperatures.

We analyzed the linear array images by plotting in Figure 6
the temperatures along strips three channels wide running
through the middle of the 0.5 mm crystals along the time and
position directions. The strips were 0.336 mm wide, and the
time- and position-dependent temperatures were linear
averages across the strips.

Time-dependent temperatures for RDX and HMX are
shown in Figure 6a,c. The displayed data points every 5 us
were linear averages of the 20-point detector output within
each time interval. Time zero in Figure 6a,c was set arbitrarily
so that the explosion peak temperatures appeared near the
center of the plots. The peak temperatures and explosion
durations (full-width half maxima in Figure 6a,c) were 2500 K
and 140 pus for RDX and 4400 K and 70 us for HMX. The
HMX thermal explosion was significantly more violent, faster,
and hotter than the thermal explosion of RDX. RDX appears to
have a double-peaked temperature profile, which most likely is
due to the way the spatial profile of temperature changes with
time. Although the adiabatic flame temperatures of RDX and
HMX are similar,"® this is a transient measurement, and the
HMX temperature is likely higher due to its faster rate of
energy release. From the video images in Figures 2 and 3, we
can estimate the approximate rate the explosive crystals were
heated by ultrasound. In the run-up to explosion, we see RDX
at ~450 K at 34 ms (Figure 2) and HMX at ~500 K in 43 ms
(Figure 3). So the ultrasound heating rate was 12 X 10* K/s.
From Figure 6a,c, we can estimate the approximate heating
rates due to the thermal explosion. The rise times of the
thermal explosions were roughly 50 ys, and the temperatures
were 2500 K for RDX and 4400 K for HMX, giving heating
rates of S or 9 X 107 K/s.

Position-dependent temperature profiles are shown in Figure
6b,d. These profiles indicate that hot gases (the blast)
expanded outward significantly from their origin during the
first-stage explosions. On the basis of the nominally spherical
distribution of the high temperatures in Figures 1 and 2 during
the first-stage explosions, the initial blast appears to be
confined within a roughly spherical polymer cavity surrounding
the exploding crystal, as depicted in Figure 1b. At the earliest
times, when the explosion became hot enough to see with the
thermal imager, ~100 us, the hot material from the 0.5 mm
crystal appears to be confined within a cavity about 1.5 mm in
diameter. At the peak of the explosion, this cavity has expanded
to about 2.5 mm diameter for RDX and 2.2 mm for HMX.
Thus, the maximum cavity diameter was roughly 4—5 times
the size of the originating crystal. With the assumption of a
roughly spherical cavity with volume proportional to the cube
of the diameter, the blast has expanded to a volume roughly
50—100 times the original crystal volume. We can crudely
estimate the expansion velocity from Figure 6b, where the blast
has moved about 5 mm in about 100 us. This estimated

velocity is 50 m/s, and it is subsonic (Mach 1 in air is 331 and
1120 m/s in PDMS).

As seen in Figure 6b,d, the high temperatures during the
first-stage explosions, after some expansion, stopped abruptly
at what was presumably the inner wall of the polymer cavity.
Since the expansion velocity was subsonic, the steepness of the
temperature rise at the inner wall of the polymer cavity does
not support the idea of a blast wave propagating outward from
the crystal. A blast wave consists of hot gas expanding
supersonically from an explosive core, and it should have a
sharp leading shock front of compressed gas. Instead, the steep
temperature rise appears to be due to hot gas pileup at the
inner surface of the cavity, caused by the resistance of the
stretched polymer to further expansion. Figure 6b,d also
provide some evidence in the longer-time temperature
distributions (e.g,, after 275 pus) that the polymer cavity
partially collapsed after the peak temperature was reached. Our
imaging results show that the polymer surrounding the
exploding crystal first underwent a roughly spherical expansion
followed by a partial collapse and a second explosion that
pierced the cavity in a few locations, creating escaping jets of
hot gases. In this regard, we characterize the behavior of the
polymer as “partially confining”.

4. DISCUSSION

Using ultrasound, we frictionally flash-heated polymer-
embedded RDX and HMX crystals at rates >10* K/s, causing
sudden-onset thermal explosions. With our dual complemen-
tary thermal imaging detectors, we could observe the
temperature distributions of the two stages of the thermal
explosions in time and space. In general terms, the HMX
explosion was more violent than the RDX explosion, consistent
with the general observation that HMX is regarded as a higher-
performance explosive.'’

It is no surprise that a confining medium such as a polymer
binder can strongly affect the chemistry of a small exploding
solid, even if the polymer does not interact chemically with the
explosive. After all, an unconfined heated RDX or HMX crystal
will combust without explosion,'” whereas a confined heated
RDX or HMX crystal, as we see here, will explode. Since we
have no evidence for energetic reactions between the explosive
and the surrounding PDMS, which is notably chemically inert,
the effects of the confining polymer appear to originate
primarily from the way the polymer affects the mechanics of
the explosion.

The ability of a partially confining elastic medium to
produce a two-stage explosion was unexpected but not difficult
to understand. We believe that the first explosion is a solid-
state explosion and that the second explosion is a gas-phase
explosion. Initially, within the tight polymer confinement, the
rapidly heated RDX and HMX crystals begin to explode and
expel a blast of hot gases with enough force to create a gas-
filled cavity in the PDMS, as depicted in Figure 1b. Since the
PDMS provided only partial confinement, the explosive
reaction did not proceed to completion during the first stage
of explosion. The slower-reacted chemical species in this
complex chemical stew”®>* were quenched by the adiabatic
cooling and reduced molecular collision rates in the expanding
blast, and they must contain enough energy to power the
second-stage explosion. The second stage, then, is a kind of
afterburn of the unreacted gases in the blast. Since the blast is
contained within the polymer cavity, this afterburn reaction is a
confined explosion, at least until the confinement was lifted

DOI: 10.1021/acs.jpcc.8b02422
J. Phys. Chem. C 2018, 122, 14289—14295


http://dx.doi.org/10.1021/acs.jpcc.8b02422

The Journal of Physical Chemistry C

when the hot gas jetted out of the cavity (schematic in Figure
1b and images in Figures 2 and 3). We cannot be sure of the
mechanism that triggered the second explosions. It might be
adiabatic heating from the compression of the rebounding
polymer cavity or it might be determined by gas-phase
chemical kinetics.

Although it might seem that the two-stage explosion is a
special case limited to the particular system studied here, two-
stage explosions were also observed under vastly different
circumstances. Previously, we studied HMX explosions
initiated by short-duration (~$ ns) shock waves produced by
flyer plate impacts at km/s velocities.””** We measured time-
dependent temperature profiles of the exploding HMX using
nanosecond time-resolved optical pyrometry.”>~>> The first
part of the explosion, in high-density shock-compressed HMX,
occurred at 7000 K. The shock-compressed HMX then
underwent a nanosecond expansion as the shock unloaded,
causing the temperature to drop to ~3000 K. Abruptly, there
was a second, 4000 K explosion. This second explosion was
again an afterburn of energetic species that did not have time
to react prior to the expansion.”> >’ So it is possible that two-
stage explosions might occur in a wide variety of energetic
material formulations, whenever an exploding grain is partially
confined by its surroundings, allowing for both solid-state and
secondary gas-phase explosions. Two-stage explosions of this
type would be difficult to observe in large explosive charges,
although they may nevertheless be there.

5. SUMMARY AND CONCLUSION

We have resolved thermally induced explosions in space and
time using ultrasound to frictionally heat an explosive-polymer
composite along with two complementary kinds of thermal
imagers. The HMX explosion was more violent than the RDX
explosion, consistent with the general observation that HMX is
regarded as a higher-performance explosive.'” The PDMS
polymer encasing the charge provided partial confinement due
to its flexibility: with partial confinement, there were two stages
of explosion, a faster process with heating rates as high as tens
of millions of K/s at near-condensed-phase densities and a
later slower process in the polymer bubble produced from the
blast from the exploding crystals. The observation of two-part
explosions with both shock initiation and flash heating suggests
that more attention should be paid to understanding the role of
mechanical processes in the surrounding medium in
influencing the chemical kinetics of explosions.

With partial confinement, these crystals exploded in two
stages, a faster stage occurring at condensed-phase densities
and a slower stage in the confined gases produced by the
exploding crystals. The observation of two-part explosions with
both shock initiation and flash heating indicates that more
attention should be paid to the effects of mechanical processes
in the medium surrounding the explosive on the chemical
kinetics.

The creation of this new technique to temporally and
spatially resolve thermally induced explosions opens a variety
of avenues for future exploration. For examples, the effects of
scale of size of the explosive crystals (both smaller and larger)
and the impact of the mechanical properties of the polymer
(e.g., changes in elasticity of the polymer from the degree of
cross-linking) on the confinement process and the two-stage
explosion process both remain open questions.
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