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Abstract: The electric spark induced ignition mechanism for explosives needs
further study. The ignition of powdery and bulky TATB by electrostatic discharge
(ESD) was investigated. Up to 200 kV ultra-high voltage ESD was applied to
powdery and bulky explosives of two TATB-based polymer-bonded explosives
(named PBX-1 and PBX-2). The results showed that the spark sensitivities of
powdery and bulky explosives are extremely different for the same formulation.
The 50% ignition voltages of powdery PBX-1 and PBX-2 were 10.8 kV and
8.5 kV, respectively, while the values for the bulky samples (tablets) were not less
than 200 kV. Both heat and the electric field can be transmitted into the powdery
samples, on the other hand only the electric field can be transmitted into the bulk
samples. The electric field has a smaller contribution while the heat has a larger
contribution to the ignition during an ESD, i.e., the thermal effect plays a main
role in the ignition process. Our experimental results are in good agreement with
recent results calculated by density functional theory.
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1 Introduction

Electrostatic discharge (ESD) can induce direct ignition of explosives [1].
During normal operation of explosives or ammunitions, casualties and damage
may occur that are attributable to ESD induced ignition. The occurance of ESD
is closely related with its energy released. Generally electrostatic sensitivity
is determined by the electrostatic energy of capacitance discharge resulting in
a probability of 50% initiation [2]. The electrostatic energy can be calculated
from the known capacitance C (in F) of the circuit and voltage U (in V) at the
condenser by means of the well-known equation Egs= 0.5CU? [3]. For some
sensitive explosives, even a low energy spark, of the order of 2-3 mJ, may cause
initiation. The static discharge hazard is normally associated with ordinary
operations, where the energy accumulated on a person may be up to 20 mJ [1].

Previous papers [4-13] have shown that the spark sensitivity of energetic
materials is affected by several factors, such as chemical components,
granulometry, grain shape, mechanical properties, temperature, moisture content,
as well as the configuration of the electrodes and structure of the circuit. The
electrode and circuit parameters correspond to the models of static discharge,
such as the human body model (HBM) [14] and the helicopter model (HEM) [15].

The ESD safety of an explosive is usually evaluated by the spark sensitivity
of explosive powders, such as ICM in China [16], USA organizations [17],
RARDE in UK [18], Mizushima [19] and Kuroda and Nagaishi [20]. The
voltage is often lower than 30 kV. For instance, the testing standard of China
uses a capacitance of 30500 pF, a sample mass of 20 £2 mg, an air gap between
two electrodes (pin and board) of 0.5 mm and a highest voltage of 30 kV. This is
the so-called the HBM. HBM is employed to simulate the approach of a charged
human body to a detonator device or explosive. It is very commonly used within
the energetic materials community [4-6].

As the air operations are more and more frequent, the HBM is no longer
suitable for evaluating the ESD safety of an explosive in an actual situation.
During transportation, electrostatic charge will be increasingly accumulated
on the the airscrew of the helicopter, which creates a great risk to the energetic
parts of the ammunition. The ESD energy on helicopters covers a wide range.
Normally, the representative value can be denoted using a capacitance of 1000 pF
with a voltage of 200-300 kV and a maximun discharge resistance of 1 Q. As
aresult, much harsher stimulations are needed to evaluate the safety of explosives
from ESD on helicopters.

Referring to the USA Military Standard (MIL-STD-331B, a Standard of
the ESD test for air replenishment by helicopter), we built an installation which
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can implement an ESD test up to 300 kV. Using this installation, ESD tests on
two TATB based polymer-bonded explosives, PBX-1 (with a formulation of
75 wt.% TATB + 20 wt.% HMX + 4 wt.% binder + other components) and PBX-2
(with a coarse formulation of 60 wt.% TATB + 35 wt.% HMX + 4 wt.% binder
+ other components), at ultra-high voltages were carried out. This is because
these two formulations, having great potential to be employed in detonators (the
most dangerous part of a warhead), have not been tested by the helicopter model
spark sensitivity test. We also carried out low voltage (HBM) ESD tests on the
powders of the two explosives to evaluate the safety of a charged human body
to the explosive powders during daily operation. For all of the polymers and
other additives used, the content of insoluble impurities was less than 0.3%. The
purity of the TATB used was in the range 98.0-98.5%. TATB was synthesized
in our institute by nitration of 1,3,5-trichlorobenzene to 1,3,5-trichloro-2,4,6-
trinitrobenzene, followed by amination.

There are no commonly recognized ideas for an electric spark induced
ignition mechanism [4-6]. Normally, larger granularities of explosives
correspond to better safety performance against electrostatic discharge (ESD).
Auzanneau et al. [7] deemed that ‘hot spots’ should develop at the thinnest part
of the solid during ignition by ESD. These phenomena are similar to the response
of an explosive undergoing thermal stimulation.

Their former explanations usually involved a thermal effect but the effect
of the electric field is rarely mentioned or considered [4-6, 21]. For instance,
Zeman et al. [4-6] found that spark sensitivity is related to the temperature, heat
of combustion and thermal stability of an explosive. There are few experimental
studies on the effect of the electric field, but a few simulation studies have been
tried [9, 10]. The results of Cheng et al. [3] using the DFT-B3LYP method [22]
showed that the lowest unoccupied molecular orbital energy and the Mulliken
charges of the nitro group have an important effect on electric spark sensitivity.
The molecular energy, dipole moment and the energy gap between HOMO and
LUMO of some nitrobenzene-type explosive molecules were calculated using
Density Functional Theory (DFT) by Song et al. [23]. It was shown that the
molecular energy and the E-gap of HOMO and LUMO decreased and the dipole
moment increased in an electric field. The results of Tang et al. [24] showed
that with and without the electric field, the theoretical values are in excellent
agreement with the experimental ones. Huang et al. [25] carried out theoretical
studies on the correlation between electrostatic hazard and electronic structure
for some typical primary explosives. Their study revealed that the electrostatic
spark sensitivities of these primary explosives are related to their electrostatic
potentials and energy gaps. Despite these successful researches, the role of the
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external electric field in ignition by ESD is not yet well understood.

Generally, during an ESD, the explosive is stimulated by the electric field
and high temperature [26, 27]. The electric field polarizes the explosive molecule
[23] and the thermal effect may break chemical bonds to initiate decomposition.
In the present work, electric field effects as well as the thermal effect were
considered in studying the safety performance of PBX-1 and PBX-2.

2 Experimental

2.1 Test method for explosive powders

The test arrangement for the electrostatic spark method for explosive powders
is shown in Figure 1. The discharging capacitance was 30500 pF. The air gap
between the electrodes was set at 0.5 mm. The explosive powder was stimulated
by the electrostatic spark during an ESD through the air gap. The mass of sample
was set at 20 £2 mg. The sample of 20 mg was rolled out on the board electrode
and the top of the polymethyl methacrylate (PMMA) sleeve was covered with
transparent adhesive tape, thus a closed cavity was formed inside the PMMA
sleeve. The transparent adhesive tape was then pierced with a pin electrode,
setting the air gap between the two electrodes at 0.5 mm. The pin electrode was
the negatively charged electrode, namely a cathode (—), in our test (Figure 1).
The up-and-down procedure (UDP) [28] was applied in selecting the voltage of
every attempt during the ESD tests for the samples of PBX-1 and PBX-2. The
higest voltage applied to the explosive powders was 30 kV.
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Figure 1. Illustration of the electrostatic spark test method for explosive
powders
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2.2 Test method for explosive tablets

The test arrangement of the electrostatic spark method for explosive tablets is
shown in Figure 2. The air gap between the electrodes was set at 1.5 mm. The
mass of the sample was set at 0.7 g with a diameter 10mm and thickness 5 mm.
The sample was positioned on a PMMA base, and two parallel pin electrodes with
a separation of 1.5 mm were fixed on the surface of the tablet by a holder made
of PMMA. The ESD of the Pin-Pin discharge was employed. The explosive
tablet was stimulated by the electrostatic spark during the ESD (Figure 2). The
method of explosion probability was applied for different voltages. The ultra-
high voltage electrostatic discharge equipment used in this work is shown in
Figure 3. The test was initiated at 60 kV and an increment of 20 kV was added
if no reaction occurred in 7 ESD at each voltage until reaction occurred or until
the voltage reached 200 kV.

Electrostatic
Sparks

Figure 2. [Illustration of the electrostatic spark test method for explosive tablets

Figure 3. Ultra-high voltage electrostatic discharge equipment
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The range of voltages the equipment could discharge was between 0 kV and
300 kV. The discharging capacitance was 1000 pF and the discharging resistance
was 1 Q, with a discharging inductance of 20 uH. These technical details obey
the American Military Standard (MIL-STD-331B), and this model is called the
‘Helicopter Model’.

To identify an appropriate value for the distance of the air gap between two
pin-electrodes, ESD tests were performed under various air gaps to investigate the
effect of the air gap distance on the discharging voltage threshold. As mentioned
earlier, the air gap distance was finally set at 1.5 mm; the experimental data is
presented here as support for this value.

It should be mentioned that, the reaction degrees under ESD included
no ignition or ignition, and then extinguished, combustion, deflagration and
detonation. For an explosive tablet, if the surface turned black but the tablet
kept its shape and no further reaction occurred, it was defined as no ignition.

3 Test results

3.1 Test results of the explosive powders
The ESD results of PBX-1 and PBX-2 powders are listed in Table 1.

Table 1.  Test results for PBX-1 and PBX-2 powders
. Standard . Relative
Sample Sti‘/t 1c*\/[(1>(1{]a]ge deviation Sta‘%c e[r}?rgy Tem[plecr?ture humidity
’ [kV] 0 [%]
PBX-1 10.83 2.03 1.789 16 40
PBX-2 8.54 1.03 1.112 16 50

*Vs is the stimulus voltage at which 50% of the tests explode.

The Vs values for PBX-1 and PBX-2 powders were 10.83 kV and 8.54 kV,
respectively. In other words, under a stimulus of an ESD of 10.83 kV and
8.54 kV, 50% of the samples of PBX-1 and PBX-2 exploded, respectively.
The corresponding energies (Eso) were 1.789 J and 1.112 J, respectively. After
reaction, a lingering smell of burning was observed. Partial or complete
consumption of the explosive sample occurred. The 50% initiation probability of
a TATB based explosive is much lower than common explosives or conventional
propellants, e.g. the Vs, of ANPs and aluminum micron powders are 1.42 kV
and 1.53 kV [29].
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3.2 Test results of ESD with various air gaps

To study the effect of various air gaps on ESD and to help to choose the best
distance between two electrodes, we implemented a series of ESD tests in which
the air gap between the two electrodes was 0.5 mm, 1.5 mm and 4.5 mm. The
breakdown voltages at different air gap thicknesses were measured according to
the method of Jin et al. [30]. A discharging capacitor of 500 pF and a discharging
resistor of 100 Q were used. We tuned the voltage to a specific value and then
turned on the discharging switch. Every specific value of the voltage was
discharged ten times, after which we calculated the flash probabilities. When the
discharge occurred, we saw a spark or flash. The spark or flash is a sign of ESD.
For every value of the air gap and every voltage 10 attempts were performed.
ESD stimuli were judged to be stable provided that ESD occurred in all 10
attempts. The temperature was 18 °C and the air humidity was 56% RH when
the tests were performed. The tests results are listed in Table 2.

Table 2.  Flash probabilities with various air gaps (10 attempts for each point,
18 °C, 56% RH)

Flash Flash Flash
Voltage | probabilities | Voltage | probabilities | Voltage | probabilities
[kV] |under 0.5 mm | [kV] |under 1.5 mm | [kV] |under4.5 mm
air gap [%] air gap [%] air gap [%]
1.9 0 2.5 0 6.4 0
2.0 20 2.6 60 6.6 10
2.1 30 2.7 90 6.8 10
2.2 40 2.8 100 7.0 10
23 60 - - 7.2 20
2.4 100 - - 7.4 30
The bandwidth of voltages was the narrowest from | _7.6 40
0% to 100% flash probabilities (2.5-2.8 kV) for the| 7.8 70
1.5 mm air gap. Thus this is the best choice for 8.0 90
the pin separation. 8.2 100

From Table 2 one can see that, at 18 °C and 56% RH, for a 0.5 mm air gap
between the two pins, the bandwidth of the breakdown voltage threshold was
between 1.9 kV and 2.4 kV. Thus, voltages below or equal to 1.9 kV cannot
cause an ESD, voltages between 1.9 kV and 2.3 kV may cause an ESD, and
voltages above or equal to 2.4 kV can definitely cause an ESD. For a 1.5 mm
air gap, the bandwidth was between 2.5 kV and 2.8 kV. For a 4.5 mm air gap,
the bandwidth was between 6.4 kV and 8.2 kV. According to the results in
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Table 2, the threshold of the spark breakdown voltages are proportional to the
air gap between the electrodes (Figure 4). When the air gap was increased, the
breakdown voltage was enhanced. The bandwidth of voltages was the narrowest,
from 0% to 100% flash probabilities (2.5-2.8 kV), for a 1.5 mm air gap (Figure 4).
A narrow bandwidth of voltages is beneficial for higher reproducibility of the
tests. So 1.5 mm is the best choice for the pin separation. Consequently, we set
the air gap at 1.5 mm for the tablet ESD tests.
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Figure 4. Breakdown voltage vs. air gap thickness, at 18 °C and 56% RH
3.3 Test results for explosive tablets

3.3.1 Test results for PBX-1 tablets

The pictures of PBX-1 samples after a wide range of high voltages stimuli
are shown in Figure 5. These show that after ultra-high voltage ESD, no self-
sustaining combustions or explosions occurred for PBX-1 tablets.

For PBX-1 tablets, 25 attempts of the test at every 20 kV voltage from 60 kV
to 200 kV were performed. The reaction probabilities for the tablets were all zero
under a wide range of high voltage stimuli, indicating that the tablets of PBX-1
possess a very good capacity to resist ultra-high voltage electrostatic discharge,
better than PBX-1 powder.
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After 7EDSs at 60 kV  After 7 EDSs at 120 kV After 7 EDSs at 200 kV
Figure 5. Tablets of PBX-1 after ESD at various voltages

3.3.2 Test results for PBX-2 tablets

The pictures of PBX-2 samples after a wide range of high voltages stimuli are
shown in Figure 6. These show that after ultra-high voltage ESDs, no self-
sustaining combustions or explosions occurred for PBX-2 tablets. The tablets
cracked under the pressure of sparks, such as the short impulse stress of an ESD
[31,32]0f200 kV. Although the stimulating voltages were very high and despite
the tablet being torn into small pieces by the small shock waves produced by the
sparks, still no combustion and ignition occured.

After 7 EDSs at 60 kV After 7 EDSs at 120 kV After 7 EDSs at 200 kV
Figure 6. Tablets of PBX-2 after ESD at various voltages

In the test for PBX-2 tablets at eight high voltage ESDs, from 60 kV to
200 kV, the reaction probabilities were all zero, indicating that the tablets of
PBX-2 possess a very good capacity to resist ultra-high voltage electrostatic
discharge, better than explosive powder of the same formulation.

In Figures 5 and 6, the black spots on the surfaces of the tablets are the trails
of decompositions. During the sparks, high temperature as well as air shockwaves
(a consequence of the inflation of air heated by the sparks) occurred. The
explosive on the surface may be shocked, peeled off and decomposed at higher
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temperature. The reaction cannot self-sustain to burning or explosion. As a result,
black spots are left on the surfaces of the tablets as trails of decomposition. Thus,
the ESD effects on tablets are the combined effects of shockwave loading and
thermal heating.

4 Analysis and Discussion

The test results show that PBX in a tablet form is very tough during an ESD.
In all of the hundreds of ESD tests, none of the tablets were ignited, even at the
ultra-high voltage of 200 kV and repeated 7 times. Figure 6 shows the tablet after
these rigorous tests. No ignition was observed even though the ¢ 10 mm x 5 mm
PBX-2 tablet was torn into fragments by the shockwaves of the spark.

The capacitance discharging spark ignition mechanism can be summarized
as follows. The air between the electrodes is ionized and penetrated by the
instantaneous strong static electric field. As a result, a huge electric current
forms and a flash of light is emitted. A local high temperature spark is the main
reason for ignition of the explosive. 5 m long air discharges were created and
the temperatures of the sparks were measured. The temperatures were in the
range of 2.0x10* K to 3.4x10* K. Experiments were also performed on a spark
of 2.5 m length and the temperature was identical to the values given above [26].
The temperatures of the N, molecules were also measured in the capacitance
spark discharge. The discharge voltage was 3.0-3.5 kV and the discharge energy
was 0.03-1 mJ. The rotational and vibrational temperatures of N, are estimated
to be 500 K and 5000 K, respectively [27].

On the whole, during an ESD the explosive is stimulated by the electric field
and high temperature. The electric field polarizes the explosive molecules and
the thermal effect cleaves the chemical bonds to initiate decomposition. Whether
the electric field effect and the thermal effect occur in the same time frame is
still not clear. We called this ‘the asynchrony problem’.

To investigate this asynchrony problem, we have initially to find the
parameters of the electric field effect and thermal effect. Secondly, the time
interval for these parameters has to be determined. According to the spark ignition
mechanism, the voltage across the gap was chosen as the parameter to denote
the electric field effect, and the electric current across the gap was chosen as the
parameter to denote the thermal effect. The history of an ESD was studied by
measuring the waveforms of voltage and current across the gap in the electric
circuit shown in Figure 7. The methods for measuring the ESD wave forms
were described by Lin [33].
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1 —direct current high voltage electrical source (ESD-30); 2 — charging resistance
(100 ©); 3 — static voltage meter; 4 — high voltage switch; 5 — capacitance,
500 pF; 6 and 7 — discharging resistances (160 Q); 8 — sampling resistance
(80 Q); 9 — ESD gap (1.5 mm); 10 — data collecting system (oscillograph);
11 — charging part; 12 — discharging part

Figure 7. The discharging electrical circuit

The signal of the gap voltage connected to the oscillograph, after being
attenuated 1000X, and then the waveforms of the voltage were obtained. The
signal of the voltage of the sampling resistance connected to the oscillograph,
after being attenuated 1000X, was then divided by the value of the resistance
(80 Q). The result was the waveform of the current across the gap.

The electrical source voltages were adjusted to 7 kV, 8 kV, 9 kV and 10 kV
to test the response of the circuit. The peak values of voltage and current and
their time intervals were recorded or calculated, and are listed in Table 3. The
shapes of the waveforms were similar, despite the differences in the electrical
source voltages, except for their peak values.

Table 3.  Peak values of voltage and current and their time intervals

Capacitance Gap voltage Gap current Time interval
voltage [kV] [kV] [A] [ns]

7 6.96 44.1 23.4

8 7.86 50.5 24.4

9 8.39 53.7 25.6

10 9.36 64.1 24.8

As shown in Table 3, the peak value of the gap voltage is close to the
capacitance voltage.
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Figure 8. The waveforms of voltage and current across the gap atan ESD of 9 kV

The waveforms of voltage and current across the gap at an ESD of 9 kV are
shown in Figure 8. This indicates that there is a time interval between the peak
of the gap voltage and the peak of the gap current. The peak of the gap voltage
was ~25 ns ahead of the peak of the gap current. When the gap current reaches
its peak, the gap voltage has decreased to almost zero, indicating that there is
asynchrony in the thermal effect and the electric field effect during an ESD spark.
This asynchrony of the electric field effect and the thermal effect during an ESD
is the time interval between the peak of the electric field effect and the peak of the
thermal effect. The electric field effect is ahead of the thermal effect. This time
interval weakens the effect of an ESD on an explosive, which causes the ESD to
exhibit macroscopically the main effect of the spark, namely the thermal effect.

The electric field can pass through both the powders and the tablets. On
the other hand, the spark can easily pass through the powders but not the tablet.
The heat transfered and absorbed are involved in the thermal effect. Hence the
surface area is very important for the response of the thermal stimuli. The grain
scale of the powder samples of PBX-1 and PBX-2 (with a V50 of about 10 kV)
was about 40 pm, so the specific surface area was about 75 mm™'. Bulk samples
like the ¢ 10 mm x 5 mm tablets (no ignition at 200 kV ESD) has a specific
surface area of 0.6 mm™'!, which is much smaller than the value of the powder
samples. Here the smaller surface area corresponds with a much higher V50.
The correlation between V50 and the surface area also indicates that the ESD is
macroscopically mainly a thermal effect.

The molecular energy, dipole moments and energy of the gaps (Eg,) of
HOMO and LUMO of some nitrobenzene explosive molecules were calculated
using Density Functional Theory by Song et al. [23]. It was shown that the
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molecular energy and the Eg,, of HOMO and LUMO decreases and the dipole
moment increases in an electric field. These results indicate a near linear
correlation between the electric spark sensitivity of explosives and the Eg,, of
the molecules, namely, a smaller Eg,, corresponds with a lower electric spark
sensitivity. A decrease in molecular energy indicates a more stable molecular
structure in an external electric field, which is consistent with our explanation
of our experimental observations.

5 Conclusions

The ignition of powdery and bulky TATB by an electrostatic discharge (ESD)
was investigated. Ultra-high voltage ESD tests were carried out on both powdery
and bulky explosives of TATB-based polymer-bonded explosives. The results
showed that the spark sensitivities of powdery and bulky explosives are extremely
different for even the same formulation. There were strong correlations between
the spark sensitivities and the states of the explosives. The 50% ignition voltages
of powdery PBX-1 and PBX-2 were 10.8 kV and 8.5 kV respectively, while the
values for the bulky ones were not less than 200 kV. In order to explain this
observation, the contributions of heat and electric field were studied by measuring
the spark current and voltage waveforms of the circuit in real time. The results
showed that the loadings of spark current and voltage cannot be synchronized
across a gap, indicating there is a time interval between the thermal effect and the
electric field effect. After the peak of the voltage has passed, the spark current
gradually increases. There is a time interval of ~25 ns between the two peaks,
greater than the molecular vibration periods (of the order of 10 ps) according to
molecular vibration theory [34]. Combined with the available literature [23],
we can draw a conclusion that the molecules of explosives are polarized during
the loading of an external electric field. However these polarized molecules
will be rapidly restored to their original structure, in a time such as 10 ps. Both
the heat and electric field can transmit deep into the PBX powers; on the other
hand only the electric field can transmit deep into the bulk. Thus the electric
field has a smaller contribution while the heat has a larger contribution to the
ignition during an ESD, that is the thermal effect plays a main role in the ignition
process. The time interval weakens the effect of an ESD on an explosive, which
causes the ESD to exhibit macroscopically the main effect of thermal sparks. Our
experimental results are in good agreement with recent DFT calculated results.
Our results provide academic insight and experimental evidence for electrostatic
safety management in explosives manufacture and applications.

Copyright © 2018 Institute of Industrial Organic Chemistry, Poland



296 Z. Lyu, X. Long, Z. Li, X. Dai, C. Deng, S. He, M. Li, K. Yao, Y. Wen

References

[1] Talawar, M. B.; Agrawal, A. P.; Anniyappan, M.; Wani, D. S.; Bansode, M. K.;
Gore, G. M. Primary Explosives: Electrostatic Discharge Initiation, Additive
Effect Its Relation Explosive Characteristics. J. Hazard. Mater. B 2006, 137:
1074-1078.

[2] Keshavarz, M. H.; Pouretedal, H. R.; Semnani, A. Reliable Prediction of Electric
Spark Sensitivity of Nitramines: a General Correlation with Detonation Pressure.
J. Hazard. Mater. 42009, 167: 461-466.

[3] Zhi, C. Y.; Cheng, X. L.; Zhao, F. The Correlation between Electric Spark
Sensitivity of Polynitroaromatic Compounds and Their Molecular Electronic
Properties. Propellants Explos. Pyrotech. 2010, 35: 555-560.

[4] Zeman, S. A New Aspect of Relationships between Electric Spark Sensitivity and
Thermal Stability of Some Polynitro Arenes. Chin. J. Energ. Mater. 2008, 16(6):
652-658.

[S] Zeman, S. Electric Spark Sensitivity of Polynitro Compounds: Part [V: A Relation
to Thermal Decomposition Parameters. Chin. J. Energ. Mater. 2000, 8(1): 18-26.

[6] Zeman, V.;Koci, J.; Zeman, S. Electric Spark Sensitivity of Polynitro Compounds:
Part II: A Correlation with Detonation Velocities of some Polynitro Arenes. Chin.
J. Energ. Mater. 1999, 7(3): 127-136.

[7] Auzenneau, M.; Roux, M. Electric Spark and ESD Sensitivity of Reactive Solids
(Primary or Secondary Explosive, Propellant, Pyrotechnics). Part II: Energy
Transfer Mechanisms and Comprehensive Study on E50. Propellants Explos.
Pyrotech. 1995, 20(2): 96-101.

[8] Larson, T. E.; Dimas, P.; Hannaford, C. E. Electrostatic Sensitivity Testing of
Explosives. Los Alamos Inst. Phys. Conf. Ser. IOP Publishing Ltd., 1991, 107-117.

[9] Roux, M.; Auzanneau, M.; Brassy, C. Electric Spark and ESD Sensitivity of
Reactive Solids (Primary or Secondary Explosive, Propellant, Pyrotechnics) Part
I: Experimental Results and Reflection Factors for Sensitivity Test Optimization.
Propellants Explos. Pyrotech. 1993, 18(6): 317-324.

[10] Roux, M.; Auzanneau, M.; Brassy, C. Electric Spark and ESD Sensitivity of
Reactive Solids (Primary or Secondary Explosive, Propellant, Pyrotechnics) Part
I: Experimental Results and Reflection Factors for Sensitivity Test Optimization.
Propellants Explos. Pyrotech. 1993, 18(6): 317-324.

[11] Roux, M.; Trevino, A.; Auzannav, M.; Brassy, C. Sensitive Explosive Materials.
16" Annu. Conf. ICT, Karlsruhe, Germany 1985, 3.1-3.15.

[12] Hasegawa, T.; Kawashima, E.; Satoh, K.; Yoshida, T. Correlation between
Screening Test Results of Energetic Materials. 22 Int. Pyrotechnic Seminar, Fort
Collines, Colorado, USA 1996, 195-207.

[13] Amari, S.; Hosoya, F.; Mizushima, Y.; Yoshida, T. Electrostatic Spark Ignitability
of Energetic Materials. 21" Int. Pyrotechnic Seminar, Moscow, Russia 1995, 13-31.

[14] Greason, W. D. Analysis of the Charge or Discharge Processes for the Basic ESD
Models. IEEE Trans. Ind. Appl. 1993, 29(5): 887-896.

Copyright © 2018 Institute of Industrial Organic Chemistry, Poland



Different Ignition Responses of Powdery and Bulky ... 297

[15]
[16]

[17]

Fuze and Fuze Components, Environmental and Performance Tests. MIL-STD-
331B, Department of Defense (DoD), USA 1989.

Lv, Z. J.; Hu, Q. X.; Hua, C. Effect of Sample Mass on Impact Sensitivity of
Insensitive Explosives. Chin J. Energ. Mater. 1995, 3: 40-44.

Dahn, C. J.; Kashani, A.; Nguyen, M. New Concepts in Studying Electrostatic
Discharge Hazards of Propellants, Pyrotechnics and Explosives. 17" Int.
Pyrotechnic Seminar, Beijing, China 1997, 941-944.

Explosives Hazard Assessment, Manual of Tests. SCC No. 4; a) Test No. 1/88,
b) Test No. 3/88.6, UK Sensitiveness Collaboration Committee, 1988.
Mizushima, Y. Electrostatic Spark Sensitivity of Explosives. Kogyo Kayaku 1978,
39(3): 129-132.

Kuroda, E.; Nagaishi, T. Ignition Mechanism of Pyrotechnic Materials by
Electrostatic Discharge. 18" Int. Pyrotechnic Seminar, Breckenridge, Colorado,
USA 1992, 511-523.

Skinner, D.; Olson, D.; Block-Bolten, A. Electrostatic Discharge Ignition of
Energetic Materails. Propellants Explos. Pyrotech. 1998, 23: 34-42.

Becke, A. D. Density-functional Thermochemistry. III. The Role of Exact
Exchange. J. Chem. Phys. 1993, 98: 5648-5652.

Song, X. S.; Ji, S. Y.; Cheng, X. L.; Yang, X. D.; Li, D. H. The Molecular
Properties of Some Nitrobenzene Explosives in Electric Field. Journal of Atomic
and Molecular Physics 2007, 24(5): 916-920.

Tang, C. M.; Chen, X. X.; Yang, X. D.; Wang, J.; Hu, Y. F. Relationship between
Electric Spark Sensitivity of some Nitramines and Their Electronic Properties in
External Electric Field. Journal of Sichuan University (Natural Science Edition)
2013, 50(2): 321-325.

Huang, H.; Li, Z.; Zhang, T.; Zhang, G.; Zhang, F. Theoretical Study of the
Correlation between Electrostatic Hazard and Electronic Structure for some Typical
Primary Explosives. J. Mol. Model. 2015, 21(8): 200.

Orville, R. E.; Uman, M. A.; Sletten, A. M Temperature and Electron Density in
Long Air Sparks. J. Appl. Phys. 1967, 38(2): 896-896.

Ryo, O.; Masaharu, N.; Shuzo, F.; Sadashige, H. Gas Temperature of Capacitance
Spark Discharge in Air. J. Appl. Phys. 2005, 97(12): 123307.

Dixon, W. J.; Mood, A. M. A Method for Obtaining and Analyzing Sensitivity
Data. J. Am. Statist. Assoc. 1948, 43(1): 109-126.

Wang, F.; Wu, Z.; Shangguan, X.; Sun, Y.; Feng, J.; Li, Z.; Chen, L.; Zuo, S.;
Zhuo, R.; Yan, P. Preparation of Mono-dispersed, High Energy Release, Core/
Shell Structure Al Nanopowders and Their Application in HTPB Propellant as
Combustion Enhancers. Scientific Reports 2017, 7(1): 5228.

Jin, H.; Dong, S. R.; Miao, M.; Liou, J. J.; Yang, C. Y. Breakdown Voltage of
Ultrathin Dielectric Film Subject to Electrostatic Discharge Stress. J. Appl. Phys.
2011, 710(5): 103508.

Weir, B. E.; Leung, C. C.; Silverman, P. J.; Alam, M. A. Gate Dielectric Breakdown:
aFocus on ESD Protection. /[EEE Int. Reliab. Phys. Symp. Proc. 2004, 42: 399-404.

Copyright © 2018 Institute of Industrial Organic Chemistry, Poland



298 Z. Lyu, X. Long, Z. Li, X. Dai, C. Deng, S. He, M. Li, K. Yao, Y. Wen

[32] Tseng,J.C.;Hwu,J. G. Oxide-Trapped Charges Induced by Electrostatic Discharge
Impulse Stress. IEEE Trans. Electron Devices 2007, 54: 1666-1671.

[33] Lin, D. L. Electron Multiplication and Electrostatic Discharge Wave Forms. J. Appl.
Phys. 1992, 71(6): 2580-2586.

[34] Wilson, Jr. E. B.; Decius, J. C.; Cross, P. C. Molecular Vibrations, the Theory of
Infrared and Raman Vibrational Spectra. McGraw Hill, New York 1955.

Copyright © 2018 Institute of Industrial Organic Chemistry, Poland



