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ABSTRACT

Gas gun shock experiments on cyclotrimethylenetrinitramine (RDX)-based explosive compositions that employ embedded gauge particle veloc-
ity tracers have noted a significant amount of electrical noise when compared to other explosive formulations. This paper reexamines previously
published embedded gauge data on Cyclotols (60-80 wt. % RDX) to quantify the electromagnetic behavior of these materials. The primary
observation is a fourfold increase in the electrical noise when Cyclotols are shocked above 4.22 + 0.08 GPa. Electromagnetic gauge noise is &
also observed within particle velocity traces in reactive growth and off-Hugoniot shocks, although at higher pressures than the direct shock &

case, suggesting a temperature- or kinetically dependent transition. In all cases, the electrical noise disappears upon detonation. By comparing §
with the static high-pressure phase diagram of RDX, we interpret this change in electromagnetic behavior to be a change in the RDX crystal %
structure to a piezoelectric phase, although it is uncertain whether the y or £ phase is responsible for the observed behavior. S
o
© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial- §
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0191271  ®
1. INTRODUCTION particle velocities in the sample. A common observation in the EPV
Cyclotrimethylenetrinitramine (RDX) is a high explosive gauge data of I.KDX—based explosives is disltinct electrica.l noise that is
crystal (HE) that is commonly used in explosive formulations and not observed in the comp lementa.ry 9pt1cal or electrical data. For
monopropellants. As a secondary explosive, RDX is relatively safe exam;:le, the EPV dz}ta p reser}t.ed mn Fig. 1, re;.)r.oduced from Burns
and inexpensive to manufacture and yields a high power output, fzt al,” show the particle velocities in a Composmor% B ta'rget W1th an
making it an excellent candidate in explosive fabrication. It is also PPt pressure of 5.12 GPa. For reference, .thef ollowing d’S.C“SS’O" will
easy to machine, mold, and shape. Since its discovery in the 1890s, ~ Point the reader to actual gas gun experimental data using the shot
followed by increasing production during World War II, it has  number, where Is-xxxx and 2s-xxxx refer to the single and two-stage
been the subject of many investigations in terms of its bulk  &as guns, respectively. The wave profiles are noisy until the material
explosive properties and also its crystallographic nature. Recent ~ transitions to detonation at a depth of ~4.43 mm (teal curve, Fig. 1).
studies on the effects of the composition of RDX and TNT Dattelbaum et al. saw similarly high electrical noise in embedded
(2,4,6-trinitrotoluene) blends (Cyclotols) have resulted in a  gauge data on Composition B3 that was not reflected in the compan-
better understanding of these mixtures in terms of detonation ion VISAR data.” Importantly, the electrical noise of this magnitude
performance' and the effects of shock loading.””” is not observed in similar experiments with other explosives.
Shock-induced detonation behavior in HEs is often determined In all of these cases, the electrical noise has been interpreted
in gas gun facilities with a combination of optical diagnostics, such  as piezoelectric charge buildup in the RDX crystals.””" At ambient
as the Velocimetry System for Any Reflector (VISAR) and Photon  pressure, RDX has been shown to be “tensorially piezoelectric,”
Doppler Velocimetry (PDV); electrical diagnostics such as Manganin where the piezoelectric coefficient depends on the force applied
gauges and PolyVinyliDene Fluoride (PVDF) gauges; and embedded to the crystal and is ~10-100 times smaller than that of PETN
electromagnetic particle velocity (EPV) gauges to track shock and (pentaerythritol tetranitrate), a truly piezoelectric explosive crystal.’
J. Appl. Phys. 135, 165903 (2024); doi: 10.1063/5.0191271 135, 165903-1
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FIG. 1. Shot 2s-963 on Composition B. Curves represent the EPV gauges
embedded within the sample at different depths (measured in millimeters). The

initial shock pressure (black curve) was 5.12 GPa. Detonation, indicated by the ;
triangular detonation wave shape, occurs around 4.43 mm (teal curve). i S

However, RDX has a complex high-pressure, high-temperature phase
diagram, and it is likely to undergo crystallographic phase transitions

on the runup to detonation.””"” The mechano-electric properties

of high-pressure phases of RDX are not known, but given the

known crystal structures, true piezoelectric character is possible. L
Piezoelectricity in HE crystals may affect the process of detona-

tion, so its presence and amplitude must be quantified for inclu-

sion in models of detonation. We re-examined the embedded

electromagnetic gauge data from previous studies to further

explore the relationship of electromagnetic noise in embedded gauge

experiments on RDX-based explosives at a range of pressures. We

discuss our results in relation to the RDX phase diagram.
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Target

Il. EXPERIMENTAL DETAILS

All of the experiments discussed in this paper were carried out .
at the gas gun facility in Chamber 9 located in Technical Area 40 at Stlrrup Gauge
the Los Alamos National Laboratory (LANL). The single- and two- Active Element
stage gas guns have bore diameters of 72 and 50 mm, respectively,
leading to maximum one-dimensional shock loading depths of 36 and

FIG. 2. Top: photograph of the embedded particle velocity gauge showing the posi-

25mm. The gas guns were used to launch non-metallic impactors

(typically sapphire or Kel-F) in the velocity range of 0.2-3.1 km/s. tions of gauge one (G1) to gauge nine (G9), along with the left (LT), right (RT), and

The target samples, which typically consist of a split cylindrical central tracker (CT) gauges. The inset shows the front surface sfirup gauge—of

wedge of Cyclotol, were embedded with EPV gauges to track par- which only the right gauge was used. Bottom: schematic of experimental setup

ticle velocity through the target. This is the standard technique, S W T 22 57 TG S S0 GITANGE | 4785503 2 gl 117 Gz 21l i

which has been utilized at LANL since the mid-1980s; a good cle vequty gauges and stirrup gauge. Also §h0wn are the relative directions of the
> magnetic field (B), gauge length (L), and particle velocity (u,,) vectors.

description of the technique can be found in the publication by

Sheffield et al.,'* and several papers discussing the application of

the method can be found in Refs. 15-17. nested one inside the other with the active element of the gauge
Figure 2 shows the photo of the embedded gauges with the  being the horizontal portion. Each gauge consists of a thin (/5 um)

individual gauge elements and the three tracker gauges as anno- aluminum element sandwiched between insulating sheets of fluori-

tated. The gauge package consists of nine particle velocity gauges nated ethylene propylene (FEP) Teflon. When the shock drives the
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active (horizontal) part of the gauge (at particle velocity u,)
through an applied magnetic field (B), it produces the net voltage
(v) according to

v = BLu,. (1)
Here, the length (L) of the active elements ranges from ~5 to
15 mm. Typically, these gauges are placed at an angle of 30°, result-
ing in a depth spacing of ~1 mm in the direction of the shock and
covering a depth in the region of 1-10 mm. Surrounding the nested
particle velocity gauges are the three shock tracker gauges. These
ladder-like structures provide a change in the polarity of the
voltage signal as the shock transits between each rung in the
ladder. This provides ~130 individual measurements of the shock
position as a function of time.

The gauges are glued onto the bottom wedge with careful
alignment to the impact plane. The top wedge is then glued in
place with a glue bond thickness of less than 10 um. The complete
gauge layer is typically less than 50 um. The front surface of the
target is machined flat, and a single element EPV stirrup gauge is
glued onto the impact surface.

11l. OBSERVATIONS ON SHOCK INITIATION DATA

This section summarizes a number of different shock initia-
tion regimes presented in the literature describing qualitative obser-
vations of electrical noise in particle wave velocity profiles. One of
the benefits of the embedded electro-magnetic gauges is that the

ARTICLE pubs.aip.org/aip/jap

closely spaced, independent gauge elements all act as antennas in
which one can detect peripheral electrical signals.

A. Distinct change in electrical behavior at ~4.2 GPa

To quantify the electrical noise amplitude in EPV gauge data
with RDX-based explosives, we analyzed the frequency content of
several wave profiles using an adaptation of the spectrogram function
of ObsPy."® An example of that analysis is given for stirrup gauge
data in Fig. 3 for two identical Cyclotol targets at different input
pressures. In typical gauge data, the measured particle velocity is zero
until the shock or detonation wave arrives at the physical gauge, at
which point the gauge records a jump in voltage (see Fig. 1, for
example). The stirrup gauge is at the target surface (0 mm depth,
Fig. 2), so it records the initial shock state of the sample. In our anal-
ysis of the gauge noise (Fig. 3), the large amplitude jump in signal at
the shock wave arrival was filtered out of the data with a high-pass
filter at 50 MHz (blue curves), with the original data in black. In the
panels to the right, the spectrograms of filtered data are plotted as
frequency as a function of time where the colorbar represents the
power density (essentially the amplitude) of the noise.

A large range of experiments have been carried out by
Burns et al.>® on two Cyclotol formulations, one with 75% RDX
and 25% TNT by weight and the other a UK formulation of
Composition B. Figure 3 illustrates a common scenario observed in
those experiments. The top panels in the figure show the stirrup
gauge trace from Shot 1s-1627, which had an input pressure of
3.36 GPa. The data are relatively clean, and the power spectrum on
the right shows no distinct features apart from one wiggle from the

8€:82:91 ¥20Z Joquisldes 0g
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FIG. 3. Frequency analysis of the electrical noise in the stirrup gauges of two shots: 1s-1627 and 2s-963, at 3.36 and 5.12 GPa, respectively. Left panels show the original
wave profiles in black. Blue curves are the wave profiles filtered to remove the jump in particle velocity at time = 0s. Panels on the right show the spectrograms of the fil-
tered data as a function of time, with noise amplitude demonstrated with the colorbar. White curves are the filtered wave profiles for reference, with the particle velocity

axis to the right.
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FIG. 4. Compilation of EPV gauge data showing a distinct change in the electri-
cal noise content at 4.22 + 0.08 GPa.

shock arrival. In contrast, the data from Shot 2s-963 with an input
pressure of 5.12 GPa (bottom panels) are comparatively very noisy.
The power spectrum on the right shows variable noise amplitude
more than four times higher than the lower pressure example.

As mentioned above, the large amplitude noise in EPV gauge
data has been attributed to possible piezoelectric charge buildup in
the RDX crystals. However, not all of the electromagnetic gauge
data collected could be qualified as “noisy.” We re-examined existing
electromagnetic gauge data from many different gas gun
experiments”™ to determine whether the change in electrical
signal occurs systematically at a distinct pressure. Figure 4 pro-
vides a simple “Yes/No” chart for these experiments, where rela-
tively clean data are in the bottom row and noisy data are in the
top row. Based on this analysis, it is clear that there is a distinct
change in the data quality at 4.22 + 0.08 GPa.

B. Results from reactive growth and off-Hugoniot
experiments

An interesting test of this transition pressure is possible with
reactive growth within HE targets, because the pressure in the
system increases as the reaction proceeds toward detonation. In
shot 1s-1627 (Fig. 5), the sample was initially shocked to 3.36 GPa,
below the threshold pressure for noisy gauge data from Fig. 4.
However, when the shock wave reaches Gauge 7 (around 1.9 us),
the signal is suddenly significantly noisier (Fig. 5). Each electrical
gauge embedded within the sample works like antenna, so the
increase in noise registers on all of them at the same time. The
noise in the gauge data lasts for around 0.4us and decreases sud-
denly when the sample reaches detonation (i.e., Gauge 9 in Fig. 5).
From the known Hugoniot for this explosive, we estimate that
the pressure at the shock front at Gauge 7 in this sample is
6.86 + 0.05 GPa. This is well above the threshold pressure expected

ARTICLE pubs.aip.org/aip/jap

for this transition based on the data presented above, suggesting
that the transition is affected by either temperature or kinetics, or
both, in a reactive growth scenario.

Another scenario is that of the double shock experiment pre-
sented in Fig. 6 (shot 1s-1653 on Cyclotol 75/25). In this target
configuration, the sample is initially shocked to ~3 GPa and that
shock wave is followed 0.75 us later by a stronger shock at ~8 GPa.
In this example, neither the input shock wave nor the following
stronger shock leads to any induced electrical noise. However, as
soon as the second shock catches the primary shock (~1.8us, just
after the shock wave hits Gauge 6), there is observable noise both
behind the shock front, and also in the base line of the three
gauges ahead of the shock at the point of coalescence. Given the
results discussed in Sec. I1I A, one would expect the data to become
noisy immediately as the second shock pushes the sample to
~8 GPa. Again, the delay in transition could be due to temperature
and/or kinetics. Although the second shock is above the expected
transition pressure of 4.22 GPa, it is interacting with pre-densified
HE, which will reach lower temperatures than ambient-density HE
compressed to the same pressure. This supports the hypothesis that
the transition to a piezoelectric crystal is temperature dependent
and/or kinetically inhibited. Interestingly, the wave profiles from
this experiment are only noisy for ~0.6 us, after which the signal
quiets significantly even though the HE never turned over to deto-
nation. In this case, the RDX crystals may have decomposed or
transitioned to yet another solid phase.

C. Comparison to other HEs

To demonstrate “normal” EPV data from gas gun experiments
at the LANL single and two-stage gas gun facilities, the analysis
described above was carried out for Polymer Bonded Explosives
(PBXs) and melt-cast explosives that do not contain RDX. A large
survey was taken from explosives based on the following explosive
crystals: HMX (also known as Octogen), TNT, and TATB
(2,4,6-triamino-1,3,5-trinitrobenzene). Figure 7 shows a selection of
those analyzed. In all cases, there was no evidence of any electrical
noise other than the stochastic noise typically seen in these experi-
ments. Figure 7 combines the simplified wave profiles from seven
different experiments. In each case, the wave profile presented is the
one recorded just before the turn over to detonation (~20-30 GPa),
as this is typically the highest level of noise in an RDX-based experi-
ment. The input pressures for these experiments ranged from ~2 to
~10 GPa; somewhat similar to that of the RDX-based experimenta-
tion discussed. The type of explosive crystal and estimated pressure
at that position is also noted in the figure. The spectrogram to the
right of Fig. 7 corresponds to shot TATB 1109 at 23.1 GPa. In this
instance, the color bar is plotted on the same scale as those in
Figs. 3 and 5. The amplitude of the noise for these HEs is concen-
trated at the lower end of the colorbar, similar to RDX-based
explosives below 4.3 GPa. This suggests that the noise in the EPV
gauge data is due to the RDX. Note that TNT cannot be the root
cause of this electrical noise as TNT is also present in all Octol
compositions. In the work of Dattelbaum” on the 81.6% HMX
and 20.2% TNT Octol blend, the data were very clean and free of
spurious electrical noise. As mentioned above, PETN is truly pie-
zoelectric at ambient conditions, so it would be an ideal way to

8€:82:91 ¥20Z Joquisldes 0g
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study this phenomenon. However, PETN is so highly reactive that
it is not typically studied with embedded EPV gauges.

D. The high P-T phase diagram of RDX

The sharp change in behavior at ~4.2 GPa (Fig. 4) suggests
that the principal Hugoniot (i.e., the locus of end states realized in
pure shock) of RDX traverses a crystallographic phase boundary at
that pressure. Previous static high-pressure studies in a diamond
anvil cell (DAC) have identified four crystalline phases of RDX
below 10 GPa (see Fig. 8. The ambient-pressure, room-temperature
phase (a-RDX) takes an orthorhombic crystal structure (Pbca,
7=8),"” and as mentioned above, is tensorially piezoelectric. Another
phase, B-RDX, exists at ambient pressure and is synthesized by
crystallization at high temperatures.”” However, f-RDX is known
to be very unstable and reverts to the o phase when in contact
with @ crystals,”' > so it is likely not important to this process.
At 3.8-4.1 GPa and 4K to at least 380 K,”** a-RDX transforms

1
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4.0

3.5
N

30% FIG. 5. Data from Shot 1s-1627 showing electrical gauge
S traces (left panels, black curves), filtered traces (left

256 panels, blue curves), and spectrograms (right panels).
- The filtered traces are also provided in the right panels

(right axes) as white curves for easy comparison.
2.0
1.5

to y-RDX, another orthorhombic crystal with space group Pca2,
(Z = 8).”° While this transition pressure is very similar to our
observed change in behavior, there is another crystallographic
phase of RDX, the & phase (space group Pca2;, Z = 4), which is
known to exist between ~2-6GPa and high temperatures.
The transition temperature for £-RDX is uncertain; it has been
observed as low as 380 K’* and as high as 500 K at ~4 GPa.”
As both y- and e-RDX take the space group Pca2;, they are both
non-centrosymmetric orthorhombic crystals (point group mm?2)
so they could both be piezoelectric in principle. Note that temper-
ature is incredibly difficult to measure under shock conditions and
was not measured in any of the experiments described here.

In shock configurations that are off the principal Hugoniot,
including reactive growth (e.g., Fig. 5) or double shock scenarios
(e.g., Fig. 6), the change in electrical behavior is at higher pressures
than in the direct shock situation. This suggests that either the
phase transition of interest is temperature dependent, favoring the
£ phase, or that the phase transition is kinetically inhibited and
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could be either the ¥ or £ phase. In the work of Patterson et al”
single crystals of RDX were subjected to a ring-up shock to a peak
pressure of 5.5 GPa. A ring-up experiment will also be at lower
temperature than a shock on the principal Hugoniot, so it is analo-
gous to the double shock experiment discussed in Sec. III B.
Time-resolved Raman spectroscopy from that study determined
that RDX undergoes a phase transition to the y phase between 3.0
and 4.5 GPa. Whether that is true in pure shock loading is unclear.
To further complicate the situation, given that both the y and &
phases are non-centrosymmetric structures and so could both be
piezoelectric, it is possible that either or both phases are contribut-
ing to electrical noise depending on the shock configuration.

Given the uncertainty in the high P-T phase diagram of RDX,
and the unknown kinetic properties of this material, it is not clear
which phase is responsible for the observed change in behavior.
While this might seem trivial, understanding which phases are
present at the leading edge of the detonation front and having good
constraints on their properties are imperative for modeling detona-
tion. Ultimately, since either phase may be present, depending on
the temperature, and both phases could be piezoelectric, either or
both phases could play a role in detonation. Future studies should
work to constrain both the phase diagram and the structural behav-
ior of RDX in shock experiments. Ideally, shock experiments would
be undertaken to measure the piezoelectric response of RDX directly.

E. Other possible sources of electric noise

One possible source of electrical noise in this type of experi-
mentation is in the breaking of gauge legs with shock progression.

ARTICLE pubs.aip.org/aip/jap

This would have the effect of producing spurious electrical noise
that would be observed on neighboring gauge elements as crosstalk.
At this time, all gauges would measure an increased noise level.
This noise is typically observed in these experiments and seen in all
HE types. It is likely that we observe this noise in addition to the
noise discussed in this paper. The one noticeable feature of the
electrical noise in RDX-based explosives is its predictability.

Could it be possible that the insulating material in the projectile
is subject to shock-induced electrical breakdown causing a perturba-
tion in the magnetic field, and, therefore, the experimental data?
While the effects of shock induced resistance breakdown have been
observed in insulator materials subject to electrical potentials
ranging from a few hundred volts’ to tens of kilovolts,” the effects
of this are not observed in this type of experimentation. If it were
observed, it would be ubiquitous in embedded gauge experimental
data, and not only observed in a predictable manner as seen in this
work. Perhaps any decrease in resistance is not sufficient to induce a
change in the local magnetic field and, therefore, perturb the experi-
mental data.

It is also possible that the noise discussed in this paper is a
result of fracto-emission caused when the explosive crystals crack
on shock loading. In the work of Sheffield et al.”* embedded gauges
were used to study low pressure shock phenomenon in sugar (used
as an inert simulant for HMX). It was apparent that the coarse
sugar, when shock loaded resulted in intense noise in the particle
velocity wave profiles. In his paper, Sheffield attributed this to pos-
sible fracto-emission in the sugar crystals. This effect has been
studied in a variety of materials including RDX,*” PETN,* and
LifeSaver candy.” In these experiments, crystals of the order a few
millimeters were subject to compression and three point loading
and both electron and positron emissions were observed with a
channel electron multiplier positioned 1cm from the sample.
However, the emission was recorded over a timescale of hundreds
of seconds, as opposed to the microsecond timescale of our shock
experiments. It remains to be possible that this is what we are
observing. Future experiments would be required to separate both
the piezoelectric and fracto-emission processed to determine what
we are observing in our shock to detonation experiments.

IV. CONCLUSIONS

This paper has reviewed the results of a range of shock initiation
experiments carried out on RDX, HMX, TNT, and TATB based
explosives. This investigation has found that the RDX-based explo-
sives display a high degree of electrical noise in the embedded electro-
magnetic gauge experiment. This noise is attributed to shock-induced
piezoelectricity, and it has been noted that this effect is only observed
in the y-phase (or possibly €-phase) of the RDX crystals.

Comparison was made to similar shock initiation experiments
on HMX, TNT, and TATB based explosives, where no electrical
noise was present.

Additionally, experiments where the RDX-based explosives
were shocked below the a-y phase boundary show that as the
shock progresses through the explosive sample, and the reactive
growth pushed the pressure to the higher pressure states, the piezo-
electric noise has been observed to switch on for several hundred
nanoseconds, until the onset of detonation. The pressures at which
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this occurs have been measured above that of the phase boundary,
indicating that this observable is effected by phase change kinetics.

The observation of shock-induced piezoelectricity could have
implications in the accurate modeling of the complex response of
RDX-based explosives to shock stimuli. The interplay between elec-
trical effects and shock sensitivity remain to be an interesting area
of research in explosive science.
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