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ABSTRACT: The aging of high explosives in an ionizing radiation
field is not well understood, and little work has been done in the
low dose and low dose rate regime. In this study, four explosives
were exposed to low-level gamma irradiation from a 137Cs source:
PETN, PATO, and PBX 9501 both with and without the Irganox
1010 stabilizer. Post-irradiation analysis included GC−MS of the
headspace gas, SEM of the pellets and powder, NMR spectroscopy,
DSC analysis, impact sensitivity tests, and ESD sensitivity tests.
Overall, no significant change to the materials was seen for the
dose and dose rate explored in this study. A small change in the 1H
NMR spectrum of PETN was observed and SEM and ESD results suggest a surface energy change in PATO, but these differences
are minor and do not appear to have a substantial impact on the handling safety.

■ INTRODUCTION

The effects of ionizing radiation on the degradation of high
explosives (HEs) are not well understood, especially in the
context of the low dose, low dose rate aging conditions
encountered in stockpile, or space-based environments.
Radiation fields in the stockpile are created by the radioactive
decay of 239Pu or 235U, both of which have a long half-life and
thus result in a relatively low dose rate environment. Explosives
are extensively employed on space shuttles to initiate a variety
of pyromechanisms such as component separation and
parachute deployment since explosives can generate the
necessary impulse without adding much weight to the
payload.1−3 Once the space shuttle is beyond the Earth’s
magnetosphere, it and everything onboard will then be
exposed to larger ionizing radiation fields than those on
Earth4 though these dose rates are similarly modest in
comparison to other radiation application environments. A
number of studies focused on the radiation aging of HEs have
been conducted,5−18 but their relevance to natural aging
conditions is uncertain as both the dose and dose rate can have
an effect on the radiation aging of materials. Although this
study also utilizes an accelerated dose rate with respect to
natural aging conditions, it is the lowest dose rate reported in
any published literature thus far. Overall, this study fills a long
overdue gap in knowledge on the effects of lower dose
radiation aging of explosives and is critical in order to establish
handling safety after exposure to ionizing radiation fields.
Ionizing radiation ionizes molecules as it travels through a

medium. These ionizations can drive chemistry far from
equilibrium, and the resulting chemistry is not always intuitive.

Solid-state reactions are particularly difficult to predict and
model though general trends are observed. For materials that
contain a large fraction of hydrogen (organics), for instance,
ionizing radiation is expected to produce a significant amount
of hydrogen gas (H2).

19,20 The process of forming H2 gas
creates radical species on the parent molecule, and these
radical species will often react. In the case of solid polymers,
irradiation can lead to chain breakage and cross-linking, which
can change the material properties in undesirable ways.
Polymer binders and plasticizers used in explosive formulations
provide stability and strength to pressed shapes; thus,
degradation in the polymer system could adversely affect the
desired formulation characteristics. Studies on the irradiation
of pressed plastic-bonded explosive (PBX) cylinders showed
up to a 0.6 g/cm3 decrease in density after receiving a dose of
2.4 MGy.5 Even small changes in density or porosity will affect
the mechanical and performance properties of HEs.21,22 The
HE itself is also subject to degradation upon irradiation, so it is
important to study the radiation effects of HEs and explosive
formulations as they are used in order to truly understand the
consequences of radiation aging.
For this study, four explosives were chosen: pentaerythritol

tetranitrate (PETN), 3−picrylamino−1,2,4−triazole (PATO),
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and 1,3,5,7-tetranitro-1,3,5,7-tetrazoctane (HMX)-based PBX
9501, both with and without the Irganox 1010 stabilizer.
Molecular structures for the explosive components are
provided in Figure 1. Also included are the structures for the
PBX 9501 plasticizers bis(2,2-dinitropopyl)acetal (BDNPA)
and bis(2,2-dinitropropyl)formal (BDNPF) as well as Irganox
1010.

PETN is a powerful explosive used commonly throughout
military, mining, and even medical applications.23−25 Previous
irradiation studies revealed the formation of multiple gas
products that indicated significant degradation of the nitrate
ester energetic functional groups.5,10 Electron paramagnetic
resonance (EPR) measurements revealed the formation of
several long-lived radical species upon irradiation, including the
NO2 radical

8 and a species tentatively assigned to the PETN
radical cation.15 Investigations into the thermal properties
upon irradiation showed a general shift of the endotherms and
exotherms to lower temperatures, indicating a potential
increase in the ability of an explosive to initiate under typical
handling scenarios, otherwise known as the handling
sensitivity.12 These results are further confirmed by measure-
ments to changes in impact sensitivities, a test that directly
measures the susceptibility of explosive initiation to an impact
insult,26−29 which showed a general increase in sensitivity as
the dose increased.12,15 Additionally, a study conducted on the
shock sensitization showed an increase upon irradiation with a
threshold dose of 5 kGy.30 Overall, previous results suggest
that the ionizing radiation degrades PETN and increases the
handling sensitivity to some degree.
PBX 9501 is an HMX-based explosive formulation that

includes several binders, plasticizers, and the radical scavenger
Irganox 1010.31 Although no radiation aging studies exist on
PBX 9501, several studies do exist on the explosive
component, HMX. As with PETN, analysis of radiolytically
produced gas indicates degradation of the nitramine energetic
functional group in addition to the organic structural

backbone.5,6 EPR measurements confirm the formation of
the NO2 radical,7,9 and X-ray photoelectron spectroscopy
(XPS) measurements show an overall loss of NO2 as a result of
irradiation.16 Interestingly, although radiation appears to lead
to a loss of the energetic functional group, HMX also shows an
increase in impact sensitivity following irradiation7,9,12,15

though results also suggest a threshold dose of approximately
7 kGy.13 Thermal analyses are in line with both observa-
tions.12,13 Studies conducted on Estane 5703, a poly(ester
urethane) binder used to decrease mechanical sensitivity in
PBX 9501,32 have found both cross-linking33 and scission34 as
well as several radical species such as peroxy and nitroxide
radicals.35,36 Irganox 1010, on the other hand, has been found
to hinder radiation-induced cross-linking when combined with
plastics,37,38 which is likely due to its function as a radical
scavenger. It is possible that Irganox 1010 will offer similar
radiation protection to Estane 5703 though the extent of this
protection and the resulting effects on the properties of PBX
9501 are not known.
PATO is a high-density, high thermal stability, and low

handling sensitivity HE that is gaining renewed interest as a
possible replacement for triaminotrinitrobenzene (TATB).39

Very little data exist for PATO in general, and this study is the
first known radiation aging investigation of PATO.

■ RESULTS AND DISCUSSION
Radiolytic Gas Production. During irradiation, bonds can

be broken and gas can be released from solid materials. Based
on the chemical composition of the HEs in this study, the main
radiolytic gases expected as a result of radiolysis are simple
gases composed of hydrogen, nitrogen, oxygen, and carbon. In
particular, previous studies indicate that the main gases are
expected to be H2, N2, N2O, NO, CO, and CO2.

5,6 The results
from a few selected gases measured in the PBX 9501 samples
are shown in Figure 2. The headspace gas from the PATO

sample was lost due to burst disc failure during the initial
evacuation for post-irradiation gas chromatography−mass
spectrometry (GC−MS) analysis and thus those results
could not be collected. Based on the similarity of the N2,
O2, and argon ratios seen in the headspace gas of the PETN
sample with atmospheric air, it was clear that PETN had
developed a leak at some point during the experiment (see
Figure S1) though the CO2 and NO results indicate that not all
of the radiolytically produced gas had escaped.

Figure 1.Molecular structures of the molecules of interest used in this
study. HMX, BDNPA, BDNPF, and Irganox 1010 are all present in
PBX 9501.

Figure 2. Partial pressures of gases measured after irradiation. The top
graph shows the minor components of headspace gases, while the
bottom graph shows the major components of headspace gases.
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Carbon dioxide (CO2) is present in air, but the amount is
significantly lower than what was measured in any of the
samples. A majority of what was measured must therefore
come from the radiolysis of the HEs. The amount of measured
nitric oxide (NO) is similarly not explainable by atmospheric
concentrations, so it too must be a major product from
radiolysis. The ratio of nitrogen gas with these gases can
therefore give a rough idea of the internal vessel environment.
The ratio of CO2 and NO can also give a quick comparison to
previously reported gas measurements. These ratios are listed
in Table 1.

Although there are no studies on the radiolysis of PBX 9501
samples, there have been a few studies on HMX, which is the
main component of PBX 9501. The relative ratios should
therefore be comparable. For both the PBX 9501 samples used
in this study, the relative concentration of nitrogen is
significantly larger than what has been reported for HMX.
The NO/CO2 ratios, however, fall within the two previously
reported values. These results suggest either that some of the
nitrogen gas measured is from air or that there was possibly an
impurity from air that was not able to be removed consistently.
In either case, it appears that there was an imperfect initial
internal vessel environment and possibly incomplete evacua-
tion during the pre-GC injection phase. However, the results
also indicate that the imperfect irradiation environment did not
have a large effect on the results of the irradiation of the PBX
9501 samples. The irradiation environment is important and
different environments can lead to different results.7,9 The
PETN results demonstrate this concept more clearly as the
irradiation environment was further from ideal than the PBX
9501 samples. The nitrogen ratios significantly differ from the
previously reported values as expected given the results from
the left graph in Figure S1. Unlike the PBX 9501 samples,
however, the NO/CO2 ratio is also quite a bit different than
the literature value. The displayed literature values for all
samples were from irradiation conducted under vacuum.
Physical Changes. Radiolysis produces gas in these

materials. If the production rate of gas is larger than the
diffusion rate of gas in any of the materials, the gas can buildup
and cause the material to expand or even fracture.5,10,11 The
particle size and morphology may have an effect on the small-
scale sensitivity measurements of an explosive,24,29 so it was
necessary to investigate any potential changes in the particle
size following irradiation. The particle size and morphology
were assessed by scanning electron microscopy (SEM).
Both the PBX 9501 samples and the PETN sample were all

pressed into pellets prior to irradiation. Though the PETN
particle size can coarsen during thermal aging in low-density
detonator pellets,25 there were no discernable changes for
PETN or the PBX 9501 samples upon irradiation, as shown in
Figure S14. The particle size and morphology for PATO

shown in Figure 3 similarly did not change upon irradiation,
indicating that the gas production rate was less than the gas

diffusion rate within the parameters of this experiment. Due to
the low dose rate, this is not an unexpected result.
Although the particle size and morphology for PATO did

not change upon irradiation, an interesting phenomenon was
observed in the SEM micrographs, as shown in Figure 3.
Typically, PATO forms large aggregate structures as a result of
the morphology and synthesis. When using a wet dispersal
method for SEM analysis, the dispersion method was sufficient
to disrupt these aggregate structures. This concept is
demonstrated by looking at both the dry and the wet dispersal
micrographs for the control PATO. After irradiation, the wet
dispersal method was no longer able to disrupt the aggregates.
This result suggests that the surface energy of the powder was
altered during irradiation. Interestingly, a previous measure-
ment of the surface activity of HMX upon irradiation found
that the surface activity increased as the delivered dose
increased.6 More tests should be conducted to assess potential
changes to the surface characteristics of PATO as a result of
irradiation.

Bulk Structural Changes. The collected nuclear magnetic
resonance (NMR) spectra for both the control and irradiated
samples of PETN, shown in Figure S10, were nearly identical
with a single peak for PETN (8H, CH2) at 4.65 ppm.23 One
small singlet (at <1% level) was observed in the aged sample at
3.63 ppm that was not observed in the pure sample. Another
peak at 4.63 ppm appeared in the shoulder of the ∼4.7 ppm
peak, as shown in Figure 4. It is possible that these peaks are
due to the ingrowth of pentaerythritol trinitrate (PETriN)
whose structure is shown in the top portion of Figure 4;
laboratory measurements of PETriN in acetonitrile-d3 show a
singlet (6H, CH2) at 4.60 ppm, a doublet (2H, CH2 by OH) at
3.63 ppm, and a triplet (1H, OH) at 3.34 ppm. It has been
shown that thermal degradation of PETN involves the rate-
determining scission of the nitrate ester (O−NO2) bond,
forming a PETN alkoxy radical.40,41 Under radiation
conditions, hydrogen radicals are present in abundance,19,42

which could allow the formation of the OH functional group in

Table 1. Radiolytic Gas Ratio Comparisons

ratios of major gaseous products

sample N2/NO N2/CO2 NO/CO2

PBX 9501 23.0 33.5 1.5
PBX 9501 w/o irganox 20.0 24.6 1.2
HMX6 3.2 6.4 2.0
HMX5 5.0 5.7 1.1
PETN 84.2 56.2 0.7
PETN5 1.3 5.2 4.1 Figure 3. SEM micrographs of control (top) and irradiated (bottom)

PATO for both dry dispersal (left) and wet dispersal (right).
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PETriN. Liquid chromatography results should be able to
confirm this observation.
NMR spectra of both the control and irradiated samples of

PATO in dry dimethyl sulfoxide (DMSO) were identical, with
broad peaks at 8.43 (1H), 9.01 (2H), 10.50 (1H), and 13.90
(1H), consistent with the literature values.39 PBX 9501
samples with and without Irganox 1010 stabilizers were
dissolved in DMSO (with no remaining particulates) and all
the control and irradiated sample spectra were identical, with a
large singlet for HMX at 6.05 ppm (8H, CH2)

43 and a range of
singlets and multiplets observed between 1.2 and 7.4 ppm for
the binder system, consistent with the literature values.44−46

The full 1H NMR results for PETN, PATO, and both PBX
9501 samples are provided in the Supporting Information.
Changes to Explosive Handling Sensitivity. A major

concern for irradiated HEs is the potential for influencing
handling sensitivity characteristics. Drop-weight impact tests
estimate explosive sensitivity by measuring the drop height
required for a sample to react with 50% probability; this
number is referred to as the H50 value. These tests are some of
the most common methods for measuring handling sensitivity
using a small-scale test. The impact results for this study are
provided in Table 2. The uncertainty listed in the table is the
calculated standard deviation from 15 drops used to compute
H50.

Although all measureable H50 values were smaller for the
irradiated material than those for the control material, the
values are not statistically different. No discernable changes
were seen in the differential scanning calorimetry (DSC)
results (see Supporting Information), which further confirms
the lack of increase in sensitivity upon irradiation. These
results agree with previous studies that showed no discernable
difference in HEs irradiated under nonvacuum conditions to a
dose of 7 kGy,13 3.5 times the dose used in this study. Some
previous studies7,9,12−14 have found that ionizing radiation can
increase an explosive’s sensitivity to impact, making the
explosive more sensitive, but those studies utilized larger
doses and dose rates than used in this study. Additionally,
previous studies reveal that the irradiation environment plays a
key part in the post-irradiation drop height results. These
results indicate that HEs irradiated under vacuum become
more sensitized than HEs irradiated under ambient con-
ditions.7−9 The prevailing theory is that oxygen reacts with
surface radicals to form peroxy radicals.7 These peroxy radicals
would then be more stable to explosive insults and not result in
an increase in sensitivity. For this experiment, some amount of
air was likely present in all of the vessels though the total
amount is unknown. The low total absorbed dose in addition
to the presence of oxygen in the irradiation environment can
therefore easily explain the impact results seen in this study.
It is currently not known whether an inert gas irradiation

atmosphere will show the same increase in sensitivity as that
observed for vacuum irradiation. It is possible that the surface
degradation could actually be enhanced because of Penning
ionization,47,48 which could lead to more sensitization. Future
experiments aim to study this phenomenon to fully understand
the effect of the irradiation environment on the sensitization of
HEs since the irradiation environment for explosives in the
stockpile or on space shuttles likely ranges from typical
atmospheric conditions all the way to the vacuum of space.
PATO does not react within the 320 cm drop height range

of the LANL impact apparatus but does have a measureable
sensitivity to electrostatic discharge (ESD). PATO was
therefore tested for changes in ESD sensitivity upon
irradiation. Both the more traditional tape method and a
new image analysis method were employed. To the authors’
knowledge, only two previous tests have been conducted on
the ESD behavior of HEs upon irradiation. One study was
conducted on a PBX formulation involving TATB that was
aged in the stockpile for over 7 years and it revealed no change
in behavior as a result of irradiation.17 The other study was
conducted on pure TATB and it revealed a significant change
to higher sensitivity following a dose of 50 kGy.18

When using the more traditional tape method, the control
PATO had a threshold of initiation level (TIL) of 0.0625 J,
while the irradiated PATO had a TIL of 0.125 J. This
difference only represents a single testing level, so the
experiment was repeated using a Phantom camera and
GoDetect image analysis software. Images from a representa-

Figure 4. Zoomed-in 1H NMR spectra of irradiated (red line) and
control (black line) PETN. The top figure shows the 4.63 ppm peak,
while the bottom figure (offset for clarity) shows the 3.63 ppm peak.
The structure for PETriN, the suspected species responsible for the
new peaks, is also shown in the top figure.

Table 2. Drop Heights for Control and Irradiated HEs

H50 (cm)

sample control irradiated

PBX 9501 35.7 ± 2.9 31.4 ± 2.1
PBX 9501 w/o irganox 33.5 ± 5.3 32.9 ± 3.3
PATO >320 >320
PETN 18.0 ± 1.7 14.2 ± 2.0
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tive test for each sample are shown in Figure S15. The results
obtained using this method also suggest that the irradiated
PATO is less sensitive to ESD than the control PATO.
However, the testing TILs are too coarse to claim a significant
difference and studies are being conducted to improve the
method further. It is possible that these results are related to
the change in aggregation behaviors observed in the SEM
micrographs though further studies must be conducted to
confirm this.

■ CONCLUSIONS

Understanding the radiation aging of HEs and explosive
formulations is important for ensuring their continued safety
after exposure to ionizing radiation fields. This study explored
the low dose, low dose rate radiation aging of four explosives
PETN, PATO, and PBX 9501 both with and without the
Irganox 1010 stabilizer. Impact sensitivity and DSC measure-
ments for all samples did not show a significant change upon
irradiation. 1H NMR results showed the appearance of two
peaks in the irradiated PETN sample that are tentatively
attributed to the formation of PETriN, a common decom-
position product formed by thermally degrading PETN. Both
SEM micrographs and ESD tests suggest a surface energy
change in PATO, but more studies must be conducted to
confirm this observation. Overall, the radiation aging of the
explosives explored in this study did not appear to have
significant consequences for the dose and dose rate utilized.

■ METHODS AND MATERIALS

Materials. PETN powder was obtained from DuPont,
processed at the Los Alamos National Laboratory (LANL),
and pressed into pellets measuring 7 mm diameter × 2 mm
height; the final pressing density was 1.65 g/cm3. PATO was
synthesized at LANL in accordance to a previously published
method.39 PATO cannot be pressed well and was irradiated as
a powder. PBX 9501 was formulated at LANL; one batch
included Irganox 1010 while the other batch did not include
Irganox 1010. The nominal composition of PBX 9501 is 94.9%
HMX, 2.5% Estane 5703, 2.5% 1:1 mixture of BDNPA and
BDNPF (collectively referred to as BDNPA/F), 0.1% Irganox
1010, and 0.004% n-phenyl-naphthylamine.31 Both batches of
PBX 9501 were pressed into pellets measuring 10 mm
diameter × 1 mm height and were pressed to ∼98% of the
theoretical maximum density of 1.86 g/cm3.
Sample Preparation and Irradiation. Prior to irradi-

ation, approximately 0.5−2 g of the material was placed into
Pyrex ampoules hermetically bonded to stainless steel conflat
flanges (Accu-Glass). PETN and PATO were contained within
1.33-inch diameter glass ampoules, while the PBX 9501
samples were contained within 2.75-inch diameter glass
ampoules. The material was placed into the glass ampoules,
flushed with argon gas for approximately 10 min, and then
sealed with a 10−11 psig burst disc (Accu-Glass). The
combination of the sealed glass ampoule with the burst disc
was then referred to as the irradiation vessel or simply vessel.
The nominal volume was 60 mL for the smaller diameter
vessels and 190 mL for the larger diameter vessels. After being
sealed via the conflat flange, the samples were placed into
seamless steel pipes to meet the U.S. Department of Transport
(DOT) standards for transportation of explosives and shipped
to the Sandia National Laboratories (SNL). Once at SNL, the
vessels were repackaged into ammo cans for irradiation.

Irradiation took place at the Low Dose Rate Irradiation
Facility (LDRIF) located at SNL. The ammo cans were
stacked two high and arranged in an arc around the 137Cs (Eγ =
662 keV) source. The dose rate was measured in the ammo
can using thermoluminescence detectors and determined to be
approximately 0.127 Gy/h with respect to calcium fluoride
(CaF2). The vessels were kept at the LDRIF for almost 22
months to achieve an absorbed dose of 2 kGy. A visual
representation of the irradiation setup is provided in Figure
S16.

Analyses. Following irradiation, several analyses were
conducted to assess the radiation-induced changes to the
materials. Analyses were also concurrently conducted on the
unirradiated (control) materials for comparison.
Headspace gas was collected and analyzed using an Agilent

7890A gas chromatograph (GC) fitted with an Agilent 5975C
mass spectrometer (MS). A custom holder was designed to fit
over the burst disc of each vessel. The space above the burst
disc was first evacuated to remove the atmospheric gas. The
burst disc was then punctured, and the gas was injected into
the GC−MS. Gas was injected at a split ratio of 10:1 into an
Agilent PoraBOND Q column (30 m × 250 μm × 5 μm film
thickness). Ultrahigh purity helium was used as the carrier gas
with a flow of 1.2 mL/min. The oven on the MS was started at
an initial temperature of −60 °C to allow for the separation of
the permanent gases, and then the temperature of the oven was
ramped to 175 °C at a rate of 10 °C/min where it was held for
1 min. The oven temperature was then ramped to 200 °C at a
rate of 10 °C/min where it was held for an additional 0.5 min.
The injection temperature was 280 °C. No solvent delay was
used, and a mass range of 10−550 amu m/z was scanned to
monitor gas species with the MS detector. The gases analyzed
were nitrogen, oxygen, argon, carbon monoxide, NO, CF4,
methane, CO2, nitrous oxide, ethylene, ethane, propane, and
isobutylene. The number of injections was based on the
amount of available starting gas, which varied between samples.
It is noted that NO is a reactive gas and can be difficult to
measure and quantify with a GC−MS. The GC was calibrated
with a four-point calibration using a standard calibration gas of
10% NO in helium. The calibration curve had a linear
correlation factor of >0.995; this result in addition to daily
calibration checks indicates that the process is in control and
the numbers are valid.
Physical changes were assessed using an SEM. The SEM

analysis was carried out using a JEOL 7900F field-emission
microscope with a Schottky Plus electron gun. The analytical
resolution was <30 nm. Samples made from pellets were gently
crushed in a liquid N2 bath to reduce the likelihood of
initiation. A small piece was then mounted to an aluminum
SEM stub using conductive carbon tape. PATO was irradiated
as a powder and therefore prepared in both wet dispersal and
dry dispersal methods. For the wet dispersal, a small amount of
PATO was deposited onto an aluminum SEM stub. A few
drops of hexane were added to the stub and a spatula was used
to disperse the powder. This method resulted in a roughly
uniform distribution of the material that had good electrical
contact with the SEM stub. The dry dispersal method involved
tapping a small amount of material onto conductive carbon
tape and knocking off excess powder. Once mounted, all
samples were sputter-coated with 8 nm of Au/Pd (80:20) to
reduce charging during imaging.
Bulk structural changes were measured by NMR spectros-

copy, which was estimated to provide information on
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decomposition products at the ∼1% level. 1H NMR spectra
were recorded using a 400 MHz Bruker spectrometer, and
NMR signals were referenced to residual solvent signals in the
deuterated solvents. PETN samples were collected in dry
acetonitrile-d3, PATO samples were collected using dry
DMSO-d6, and PBX 9501 samples were collected with
benchtop DMSO-d6. There was no indication of undissolved
material in the NMR samples.
Small-scale sensitivity was assessed using impact sensitivity

testing, and for PATO, electrostatic discharge (ESD) testing
was employed. The nominal humidity at the time of the small-
scale sensitivity tests was 40%, and the temperature was about
22 °C. Impact testing was conducted using an ERL Type 12
Impact testing apparatus. Approximately 40 mg of HE was
placed on a 150 grit sandpaper circle. This was then placed
between an anvil and a striker, both made of hardened steel. A
2.5 kg drop weight was suspended using an electromagnet, and
the height was controlled with a pulley system. Two
microphones placed in close proximity to the instrument
were set up to trigger for sounds >90 dB, and the impact was
considered an initiation event if the average of the two
microphone sounds was above 117 dB. Approximately 15
impact test trials were completed on each sample and the
results of these drops were analyzed using the Neyer D-
Optimal method49 to obtain the height at which there is a 50%
chance of initiation (H50).
ESD was conducted using an ABL electrostatic discharge

apparatus. Approximately 5 mg of HE was used for each ESD
test, which used a charging voltage of 500 VDC. Energy was
delivered to the sample by quickly lowering a sharp tip, which
then discharged the capacitor selected from a bank using the
rotary switch. This setup could deliver energies of 0.25, 0.125,
0.0625, or 0.025 J. Two different ESD testing methods were
employed in this study: the more traditional tape method and
image analysis software coupled with a camera. For the tape
method, HE was deposited in a well in the center of a Teflon
disc (∼0.6 cm diameter and 0.4 cm depth) that had a hardened
steel bottom. The HE was distributed such that the hardened
steel bottom was completely covered, and the well was
completely covered using Magic tape from Scotch. After the
needle was retracted, the tape was inspected for any rupturing
in addition to the perforation from the needle itself, which
would be considered an initiation event. Once an initiation was
determined at one energy level, the next level down was tested.
This method was repeated until a level had 13 consistent trials
with no tape rupturing, which was then reported as the ESD
test value. The computer-assisted method used a slightly
different sample holder that did not contain a well. Instead, the
hardened steel disc was level with the Teflon holder disc. A
high-speed Phantom camera was centered with the HE in view
and set up to take a series of four pictures triggered by the
lowering of the needle. The pictures were then analyzed by the
image analysis software GoDetect developed by Safety
Management Services, Inc. (godetect.smsenergetics.com).
The software would analyze the Phantom images and
determine the probability that the event was a no go, a
minor go (1−5 ppm of CO evolved), a significant go (5−20
ppm of CO evolved), or an extreme go (>20 ppm of CO
evolved). Each energy level was tested three times and the
highest energy with a no go result was reported as the ESD
value.
Thermal properties were also measured using a DSC. DSC

measurements were conducted using a Q2000 from TA

Instruments. Approximately 1 mg of HE was heated from 50 to
450 °C at a ramp rate of 10 °C/min in a hermetic aluminum
crucible with an aluminum lid containing a pinhole. Ultrahigh
purity N2 gas was flowed at a rate of 50 mL/min during the
run. An empty pan was run before the HE samples and
subtracted out from the sample measurements. An indium
standard measurement was also run to ensure that the
instrument was operating as expected.
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