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Abstract—Long-term stability of the explosive charges in pyrotechnic mechanical devices (PMDs) is important in
order to sustain the precision and accuracy of the explosion. We have been seeking robust materials against aging since
self-generated aging by internal factors and induced aging by external factors, such as humidity (or extra oxygen
source), might cause physical or chemical changes of the explosive charges to reduce their explosive power (or perfor-
mance degradation). In this study, we precisely analyzed the aging properties of titanium hydride potassium perchlo-
rate (THPP), one of the primary explosive charges. For the self-generated aging by internal factors, AKTS (advanced
kinetics and technology solution) simulation using DSC (differential scanning calorimeter) profiles of different heating
rates (1, 2, 4 and 8 °C/min) were used to calculate the initiation time of spontaneous reaction. The resulting initiation
time at a storage temperature of 192 °C was ~200 years, demonstrating that THPP is hardly aged by itself. To investi-
gate the induced aging by humidity, THPP samples aged under 100% RH (relative humidity) at 70 °C up to 16 weeks
were characterized. Thermal analysis showed no loss of relative heat released (or no loss of explosive power) by the
aging time, and almost constant reaction rate was maintained, indicating THPP is not affected by aging both thermo-
dynamically and kinetically. This result was confirmed by direct TEM (transmittance electron microscope)-EDS (energy
dispersion spectroscopy) observations as well, where no trace of oxide on the surface of titanium hydride (TiH,)
appeared regardless of the aging time.
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INTRODUCTION

Pyrotechnic mechanical devices (PMDs) utilize the explosive
power of explosive charges to achieve mechanical force for subse-
quent chain explosion [1]. The origin of the explosive power is from
the auto-acceleration of explosive charges in that initial exothermic
reaction at one spot (often by electric-arc) triggers the whole com-
bustion of explosive charges rapidly in the overall explosive region
[2-4]. However, after a long storage period, the explosive charges
(e.g., boron potassium nitrate (BKNO3), zirconium potassium per-
chlorate (ZPP) and titanium hydride potassium perchlorate (THPP))
could be aged with their explosive power reduced. This phenome-
non leads to the disposal of whole PMDs periodically, and thus
the defense budget is wasted inevitably [5,6].

The aging phenomenon of the explosive charges, comprised of
three components (metal, oxidizer, and polymer binder), can be
divided into self-generated aging by internal factors [7-11] and
induced aging by external factors such as humidity (or extra oxy-
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gen source) [12-16]. The self-generated aging is possibly caused by
the phase separation and pre-oxidation between the metal and oxi-
dizer, while induced aging originates from the oxidation between
metal and oxygen source from exterior. The resulting physical or
chemical changes of the explosive charges by time anyhow affect
their performance either kinetically or thermodynamically, in other
words, leading to reduced reaction rate and explosive power [17,18].

In our previous studies, we proposed an experimental method-
ology to evaluate the aging of BKNO; [19] and ZPP [20] quantita-
tively. Both explosive charges showed high stability against spon-
taneous aging, but there occurred the oxidation of metal compo-
nent (boron in BKNO; and zirconium in ZPP) under high humid-
ity condition, often encountered during the fabrication of PMDs
to avoid any undesirable explosion. It was reflected in the forma-
tion of oxide shell on the surface of metal components by TEM
(transmission electron spectroscopy)-EDS (energy dispersive spec-
troscopy) observations. The reduced relative heat (or explosive power)
and reaction rate by DSC (differential scanning calorimetry) meas-
urements confirmed the expected thermodynamic and kinetic aging
as well.

In this study, we analyzed THPP finally in our effort to seek a
robust explosive charge against aging for PMDs having long-term
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Fig. 1. (@) The DSC profiles of THPP by varying the heating rate (1, 2, 4, and 8 °C/min) and (b) long-period reaction progress vs. time at var-
ious storage temperatures.

stability. We used the same methodology as in our previous studies Table 1. Simulated initiation time vs. the storage temperature
[19,20]. The self-generated aging by internal factors and induced

aging by external factors of THPP were investigated primarily by Storage temperature (°C) Initiation time
using DSC measurements and AKTS (advanced kinetics and tech- 180 Over 900 years
nology solutions) simulation. The accelerated aging condition under 192 Over 200 years
100% RH (relative humidity) at 70 °C was extended to 16 weeks, and 204 ~56 years
the microscopic changes by time were monitored using TEM-EDS as 216 ~13 years
well. At the end, we justified how robust THPP is against aging. 228 ~3 years
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Fig. 2. (a) DSC profiles of the pristine and aged THPP samples for 2, 4, 8 and 16 weeks and (b) the corresponding relative heats and (c) reac-
tion rates with their trend simulated by the Savizky-Golay approximation.
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RESULTS AND DISCUSSION

1. Self-generated aging of THPP - DSC and AKTS Simulation
The DSC profiles of THPP demonstrate two different kinds of
peaks as shown in Fig. 1(a). The endothermic peak around 300 °C
indicates the transformation of the crystal structure of potassium
perchlorate (KCIO,) from orthorhombic to FCC (face-centered
cubic). The exothermic peaks between 350 and 520 °C are related
to the oxidation of titanium hydride (TiH,) with oxidizer (KCIO,),
in other words, the explosion of THPP. The first exothermic peak
of DSC data with varying the heating rate (1, 2, 4, and 8 °C/min)
was then used to simulate the initiation time of the self-generated
aging using AKTS program [19,20]. The resulting initiation time
is illustrated in Fig. 1(b) and summarized in Table 1. The self-gen-
erated aging would not occur even in 200 years at a storage tem-
perature of 192°C, suggesting that self-generated aging is incon-
ceivable considering the ambient shelf condition for THPP stor-
age. Thus, internal factors such as metal, oxidizer, and Viton as
polymer binder could not affect the chemical properties of THPP.
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2. Induced aging of THPP by Analyzing Relative Heat and
Reaction Rate - DSC

To investigate the effect of external factors such as humidity (or
extra oxygen source) on the aging of THPP, we employed acceler-
ated aging conditions with 100% RH at 70 °C. Considering that
PMDs are soaked to avoid any undesirable explosion during the
fabrication, the condition of 100% RH has its own rationale. The
heat released of the aged THPP samples was quantitatively charac-
terized by using DSC profiles shown in Fig. 2(a). The first endo-
thermic heats of the pristine and aged samples for 2, 4, 8 and 16
weeks, which is associated with the structural transformation of
KClO,, are 110.6, 139.8, 128.1, 63.0 and 66.0]/g, respectively. Mean-
while, the second exothermic heats between 350 and 520 °C for
the pristine and aged samples (2, 4, 8 and 16 weeks) are 5742.9,
6963.4, 6288.8, 3146.9 and 3251.4J/g, respectively. Since explosive
charges are highly energetic mixtures, a calibrated dimensionless con-
cept of ‘relative heat’ is necessary and given by the exothermic heat
divided by the endothermic heat for each sample [19,20]. As sum-
marized in Table 2, the relative heats of the pristine and aged sam-
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Fig. 3. TEM-EDS characterization of the (a) pristine and (b) 16 week aged THPP samples and the thickness profile simulated using the Sav-

izky-Golay approximation.
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Table 2. Relative heats and reaction rates of the pristine and aged

THPP samples
Weeks Relative heat released Reaction rate (x107° -/s)
0 519 1.7
2 49.8 1.6
4 49.2 1.3
8 499 2.1
16 49.3 2.2

ples for 2, 4, 8 and 16 weeks are calculated 51.9, 49.8, 49.2, 49.9
and 49.3, respectively. Compared to the decreasing tendency of the
relative heat by aging time for BKNO; (68.51 to 56.44 from the pris-
tine to 16 week aged samples) and ZPP (69.2 to 41.8 from the
pristine to 16 week aged samples) [19,20], THPP barely shows a
change in the relative heat released. It suggests the explosive power
of THPP is maintained against aging unlike BKNO; and ZPP. There-
fore, THPP is the best in long-term stability among three primary
explosive charges. In addition, reaction rates of aged THPP samples
were calculated to examine the aging kinetically, as shown in Fig,
2(c) and summarized in Table 2. The resulting reaction rates are 1.7,
1.6, 1.3, 2.1 and 2.2x107 s for the pristine and aged samples for 2,
4, 8 and 16 weeks, respectively. Although the error range of calculated
reaction rates is approximately 0.5x10s™, it is apparent that the
reaction rate for THPP is almost constant (or unchanged) by aging
time. Therefore, aging could not load any kinetical change on THPP.
3. Monitoring Oxide Shell Formation by aging Time - TEM-EDS
Since the origin of induced aging is the formation of oxide shell
on the surface of metal component, the direct characterization for
the oxide shell was performed by TEM-EDS as shown in Fig. 3. In
accordance with the results from the analysis of relative heat and
reaction rate, any oxide form was hardly detected on TiH, even in the
16 week aged THPP sample. Again, it is wholly different compared
to the surface oxide formation for the boron of BKNO, and zirco-
nium of ZPP [19,20]. It is because the presence of hydrogen in TiH,
prevents the oxygen diffusion into the interior and renders TiH,
thermally stable. The activation barrier for the oxygen diffusion into
the interior of TiH, was significant compared to that of boron and zir-
conium in our DFT (density functional theory)-based computational
study (not shown here). Therefore, the hydration of metal compo-
nent in explosive charges could be a measure of anti-aging treatment.

CONCLUSION

We analyzed the property changes of THPP by aging in terms of
the self-generated aging and induced aging. The self-generated aging
of THPP was hardly initiated even at a storage temperature of
192°C according to AKTS simulation with DSC data with vary-
ing heating rates (1, 2, 4, and 8 °C/min). It reflected that the self-
generated aging for THPP is unthinkable at ambient storage con-
dition. To investigate induced aging by extra oxygen source, rela-
tive heats and reaction rates were calculated on THPP samples
aged under accelerated aging conditions with 100% RH at 70 °C.
Even for the sample aged for 16 weeks, the relative heat and reac-
tion rate were almost unchanged compared to those of the pris-
tine one. It demonstrated that THPP is highly stable to extra oxygen
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source. It was also confirmed using TEM-EDS characterizations;
no oxide evolved even in the 16 week aged sample. The robustness
of THPP is probably from the hydration of metal (TiH,) to pre-
vent oxygen diffusion into the interior, which might be a solution
to counter the aging of explosive charges in PMDs.
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