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ABSTRACT

Iodine pentoxide (I;0s5) based nanothermites are one of the most promising candidates for biocidal en-
ergetic materials due to superior reactivity and high iodine content. However, the tunability of nanoth-
ermites, which is important for biocidal performance, has not been fully exploited for 1,05 based nan-
othermites. In this work, 1,05 with various fuels (Al, Ti, Si) and their mixtures (i.e., a ternary system)
have been investigated. The reactivity and flame temperature were evaluated by a pressure cell coupled
with a spectrometer. Temperature-Jump time-of-flight mass spectrometry (T-Jump TOFMS) was used to
probe the reaction mechanism and iodine release behavior, along with a high-speed camera to capture
the ignition event. 1,05 showed distinct reactivity with different fuels. As a result, by varying the fuel
composition of ternary systems, the combustion properties can be tuned. Rapid heating experiments re-
vealed that the reaction initiation was shifted from gas phase dominated to condensed phase dominated
mechanism after introducing Ti or Si into Al/I;Os system. Further analysis of the ternary systems found
that the energy release rate correlates with burn time instead of flame temperature. This study shows an
approach to tune the reactivity and energy release rate of [,05 based nanothermites without compromis-

ing the energy density.

© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Energetic materials with biocidal components have been de-
veloped as a method to neutralize potential threat of biologi-
cal warfare agents [1]. The combination of a thermal pulse and
remnant biocidal agents have been shown to be highly efficient
in killing spores, bacteria, etc. [2-3]. Nanothermites are a novel
class of energetic materials that consists of near-homogenous mix-
tures of nano-sized fuel and oxidizer particles, and offer in many
cases a higher energy density and flame temperature than tradi-
tional monomolecular systems [4-5]. A variety of biocidal agents
have been incorporated in nanothermite systems, such as silver-
containing oxides [6-7], persulfate salt [8], metal iodates [9] and
iodine pentoxide (I;05) [10-11]. I,05 has received considerable at-
tention because it is a highly aggressive oxidizer in its own right,
but also has a high iodine content, and has been shown to be ef-
fective in spore inactivation [12].

* Corresponding author.
E-mail address: mrz@engr.ucr.edu (M.R. Zachariah).

https://doi.org/10.1016/j.combustflame.2020.12.047

One of the advantages of nanothermites is their potential tun-
ability, certainly relative to traditional mono-molecular energetics.
The reactivity of nanothermites can be tuned over a wide range,
by varying stoichiometry, size and microstructure [13-15]. Addi-
tives have also been used but usually at the expense of energy
density [16]. For biocidal applications, the energy release rate is
also important because it is related to the thermal output profile
and timescale of biocides release, which can affect the biocidal per-
formance [3]. Therefore, an ideal biocidal energetic system should
have tunable reactivity and energy release rate without compro-
mising energy density. Although aluminum is acknowledged as the
most important practical fuel, titanium and silicon are also impor-
tant candidate fuels using metrics of gravimetric and volumetric
oxidation heats [17], and have previously been seen to be reactive
in this context [18-19]. This leads to a conjecture that combining
different fuels may offer the opportunity to simultaneously main-
tain high energy density and have a tunable energy release rate.

Herein, the combustion performance of Al, Ti and Si with 1,05
was investigated. Based on these results, as will be discussed,
ternary Al/Ti/l; 05 and Al/Si/l; 05 systems were also investigated
because of the distinct timescale of individual reactions in the sys-
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tems. The reactivity and flame temperature were measured by a
pressure cell equipped with a spectrometer. The ignition behavior
was studied by Temperature-Jump (T-Jump) wire ignition coupled
with high speed imaging. The reaction mechanism was probed by
a time resolved linear time-of-flight mass spectrometry (TOFMS).
These results provide insights into how additives and stoichiome-
try affect the reactivity and energy release rate of ternary thermite
systems.

2. Experimental section
2.1. Materials

Aluminum nanopowders (~80 nm, 81 wt% active) were pur-
chased from Novacentrix. Titanium nanopowders (50-80 nm,
70 wt% active) were purchased from US Research Nanomaterials,
Inc. Both Al and Ti nanopowders were used as received.

Crystalline silicon nanoparticles were synthesized with a non-
thermal plasma reactor. Non-thermal plasma discharges have re-
cently emerged as flexible tools for the synthesis of high-purity
inorganic nanomaterials [20-24]. The production approach is scal-
able and enables a degree of control of the synthesized material
properties, most notably crystallinity and particle size, that is cur-
rently not within reach of more conventional methods [25-27]. The
system used in these experiments comprises a 2"’ quartz tube and
copper ring electrode connected to a radiofrequency power supply.
700 sccm of an Argon-Silane mixture (1.36% SiH,4 in Ar) are flown
in the rector while the pressure is kept at 3 Torr. During the parti-
cle synthesis, the plasma power is kept at 160 W. The particle size
is around 9 + 4 nm, where particle size distribution is determined
via TEM analysis (Figure S1) from the measurement of a statistical
ensemble of 500 particles. TGA results show the active content of
this Si is 65%.

Commercial 1,05 was purchased from Sigma Aldrich. Prior to
use, commercial 1,05 was dried at 300 °C for 2 h. Then, the dried
samples were ball milled for 2 h in hexane followed by air drying.
The as-prepared samples were characterized by XRD (PANalytical
EMPYREAN, Cu-Ko source (A = 1.543 A)) and SEM (Nova NanoSEM
450). The size distribution was obtained using Nano Measurer 1.2.

2.2. Pressure cell and temperature measurements

Samples were thoroughly mixed by sonication in hexane and
after dried, 25 mg of loose powder was tested in a constant vol-
ume combustion cell (~20 c¢cm3). The measurements were con-
ducted in air and the initial pressure in the combustion cell is
1 atm. The samples were ignited by a nichrome wire upon the
application of a DC voltage. Pressure and optical signals were
recorded by an oscilloscope. The temporal pressure was obtained
with a high frequency pressure transducer (PCB Piezoelectronics).
The optical emission was focused by a convex lens and transferred
to a photomultiplier tube (Hamamatsu) through a fiber optic ca-
ble. Pressurization rate was computed as the peak pressure divided
by pressure rise time, i.e., the slope of the pressure rise profile.
Burn time was defined as the full width at half maximum (FWHM)
of the optical emission. For temperature measurement, the emit-
ted light was dispersed by a spectrometer (Acton SP 500i) cou-
pled with a 32 channel PMT module (Hamamatsu, H7260) and
recorded by a high-speed data acquisition (DAQ) system (Vertilon
IQSP580). The spectral data was fitted according to Wein’'s Law
using gray body assumption to obtain time-resolved temperature
profile. More information regarding temperature measurement is
detailed elsewhere [28].
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2.3. Temperature-jump (T-Jump) ignition

The ignition behavior of the samples was characterized by T-
jump coupled with a high-speed camera (Vision Research Phantom
V12.1). Samples were dispersed in hexane by sonication for 30 min.
The dispersion obtained after sonication was uniformly coated on
the center part of a platinum wire (~1 cm, d = 76 pym, OMEGA En-
gineering Inc.) soldered to the copper leads of the sample holder,
with a micro-pipette. Then, the sample holder was inserted into a
six-way cross followed by evacuation using a vacuum pump. To ig-
nite the sample, a pulsed square wave signal (~3 ms) was applied
to resistively heat the platinum wire. The current across the wire
was measured by a Teledyne LeCroy CPO30A 30A 50 MHz current
probe and the voltage was recorded by a Lecroy LT344 digital oscil-
loscope. The Callender-Van Dusen equations were used to calculate
the temperature of the wire from I-V profile, which showed that
wire was heated at a heating rate of ~10°> K/s to ~1400 K. The ig-
nition process was simultaneously recorded with the synchronized
high-speed camera at 67,000 fps through an observation window.
The ignition temperature was determined by correlating the opti-
cal emission to the wire temperature.

2.4. T-Jump linear time-of-flight mass spectrometry (TOFMS)

T-Jump TOFMS was used to gain insights into the reaction
mechanism under rapid heating. The details of the T-Jump TOFMS
setup is described elsewhere [29-30]. The sample preparation and
rapid heating process are the same as described above in the T-
jump ignition section. The prepared sample holder was loaded
into the TOFMS chamber (~10=% Torr). Upon rapid heating, the
time resolved mass spectra of the reaction products were collected.
The evolved reaction products are ionized and accelerated towards
the detector and the raw signal is collected by a Teledyne LeCroy
600 MHz oscilloscope.

3. Results and discussion
3.1. Characterization of 1,05

I,05 used in this study was prepared by drying and ball milling
commercial I;0s. It is known that 1,05 is hygroscopic and slowly
converts to HI3Og, and subsequently to HIO; under ambient en-
vironment [31]. Therefore, as-received commercial 1,05 was char-
acterized by XRD to identify its composition. The results (Fig. 1a)
showed that the major phase is HI;Og instead of 1,05, same as
reported in other works [32-33]. To obtain pure [,05, additional
dehydration processing was required. In situ heating XRD results
showed that the transition from HI5;Og to 1,05 occurred at around
250-300 °C and I,05 started to decompose at ~360 °C [34]. Ac-
cordingly, to remove crystal water and avoid decomposition, com-
mercial [,05 was dried in a furnace at 300 °C for 2 h. In addi-
tion, the dried I,05 was ball milled for 2 h to reduce particle size.
XRD patterns of different 1,05 samples in Fig. 1a show that when
commercial 1,05 was dried at 250 °C, HI30g phase disappeared
but 1,05 phase was not completely formed. When dried at 300 °C,
phase pure [,05 with good crystallinity was formed and therefore
300 °C was used for the dehydration of commercial I,05. SEM im-
age of the as-prepared 1,05 is shown in Fig. 1b and the size distri-
bution is shown in Figure S2. The particle size ranges from ~0.2 to
4 pym with an average of ~1 pm.

3.2. Single fuel studies: Al/I,0s, Ti/l,05 and Si/l;05

Prior to the study of dual fuel systems, [,05 with individ-
ual fuels was studied. The theoretical reaction enthalpy per mole
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Fig. 1. (a) XRD patterns of the standard (PDF# 01-082-2225), commercial 1,05 and [,0s dried at 250 °C and 300 °C (after ball milling). The characteristic peaks of HI30g
(PDF# 01-074-0332) is also shown as dashed lines for comparison. (b) SEM of as-prepared I,0s. The size of the particles ranges from 0.2 to 4 pm. (c) Schematic illustration
of the pressure cell coupled with a photomultiplier tube, a pressure transducer and a spectrometer for conversion of optical signal, pressure signal and dispersion of
emitted light, respectively. The pressure and optical signals were recorded by an oscilloscope to evaluate the reactivity. The spectral data was collected by a high-speed data
acquisition (DAQ) system and further processed to obtain flame temperature . (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

Table 1

Thermochemistry of reactions between [,05 and various fuels.
Reaction —AHZ, (KJ/mol [,05)  —AH:, (Kl/g) Toq ®
10A1+31,05—31,+5A1,0; 2247 53 4156
5Ti+2I,05— 21, +5Ti0, 2026 4.5 3924
5Si+21,05— 21, +5Si0, 1856 4.6 3202

[,05 and per mass were calculated along with the isochoric adi-
abatic flame temperature calculated by CHEETAH code. As shown
in Table 1, Al/I;05 not surprisingly has the highest energy density,
while Ti/lI;05 and Si/l;05 are ~ 15% lower. Adiabatic flame temper-
ature, follows the enthalpy of reaction, shows Al>Ti>Si. Although
Al seems to be thermodynamically more favorable, there are ki-
netic constraints as well that will be explored in this work.

The reactivity of 1,05 with three fuels was evaluated in a con-
stant volume combustion cell. As illustrated in Fig. 1c, the com-
bustion cell is equipped with three ports from which signals are
collected simultaneously. The pressure and optical signals are con-
verted by a pressure transducer and a photomultiplier tube (PMT),
respectively, and are recorded by an oscilloscope for analysis. The
third port is interfaced with a spectrometer that converts emitted
light into spectral data, which is subsequently collected by a data
acquisition (DAQ) system to obtain flame temperature [28]. Inter-
estingly, despite the clear advantage Al has in the thermochemistry
(Table 1), the results of pressure cell tests summarized in Table 2,
show that Al burns the slowest with smallest peak pressure and
pressurization rate. The peak pressure for Ti and Si are 5x and 2x
that of Al, respectively. Even more dramatic is the difference in
pressurization rate, where Ti is 260 and Si is 43 times higher. This
is consistent with the considerably shorter burn times for both Ti
and Si relative to Al
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The results suggest that given the much shorter burn time of Ti
and Si, one might reasonably consider how mixing these fuels with
Al would impact the combustion and energy release profile. There-
fore, Al/Ti/l; 05 and Al/Si/l; 05 ternary systems will be explored in
the remainder of this work.

3.3. ,05 with dual fuels: Al/Ti/l, 05 and Al/Si/I;05

3.3.1. Reactivity and flame temperature

Al/Ti/I,05 and Al/Si/I,O5 ternary mixtures were prepared by
varying the weight percentage of Ti or Si in the fuel, from 0 to
100% at an increment of 20%. The total mass of the mixture was
held constant. CHEETAH thermochemical code was used to calcu-
late pressure and adiabatic flame temperature for both systems at
constant volume condition. The complete results of CHEETAH cal-
culation are shown in Table S1 and S2. As shown in Fig. 2, the
peak pressure and pressurization rate both increase with the in-
cremental addition of Ti. Ti/I; 05 has the best reactivity: the peak
pressure becomes six times higher and the pressurization rate in-
creases by two orders of magnitude. The burn time decreases dra-
matically with the addition of 20% Ti, but further addition of Ti has
limited effect on the burn time. The burn time of Ti/I,05 (~0.1 ms)
drops to only one tenth of Al/I;05 (~1.1 ms). These results indicate
that given the disparity in reactivity between Ti and Al, this mix-
ture can be used to tune burn properties. The calculated values
of peak pressure are higher than experimental results for Al/l;05
only. After adding Ti, the experimental results become significantly
higher than calculation results at that are at thermodynamic equi-
librium condition. This indicates that Ti/l, 05 reaction is likely to be
kinetically controlled. The measured flame temperature and calcu-
lated adiabatic flame temperature actually show opposite trends.
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Table 2

Peak pressure, pressurization rate and burn time of 1,05 with various fuels.

Combustion and Flame 228 (2021) 210-217

Reaction Peak Pressure (kPa)  Pressurization rate (kPa/ms)  Burn time (ms)
10A1+31,05— 31,+5Al,03 260 266 11
5Ti+21,05— 2I,+5TiO, 1386 69,300 0.1
5S8i+21,05— 2I,+5Si0, 514 11,540 0.1
a) 1600 b) 80000
—o— Measured ™ ke =@ g P
— ”~
S 1200 - > - S 60000 4 - —e”
X s e y
7 o) 7/
Q o g /
= - =~ 40000 4 R {
% 800 4 > c ”
Qo
95’_ / = /
/ \ /
= y = 20000 1 ;
e 4004 v/ 2 /
é g /
o od ¢
O L} L) L} L) L] Ll L) L} Ll L) L) L)
0 20 40 60 80 100 0 20 40 60 80 100
(Al) Ti wt% (Ti) (Al) Ti wt% (Ti)
1.5
c) d) e Calculated
5000 - —u— Measured
® —_—
~104 1 e
£ b 0
= \ 5 40004 ° . .
g \ ® \d o °
£ \ 5 |
E 0.5 4 \ g. _L - .
- \ o - -
o T = 30004 .- -
"""——-o———-
0.0 4
L] L) L] L] L] L] 2000 L] L] L) L] L] L]
0 20 40 60 80 100 0 20 40 60 80 100
(Al) Ti wt% () (A1) Ti wt% (T)

Fig. 2. Experimental and calculated peak pressure (a), pressurization rate (b) and burn time (c) of Al/Ti/I;Os system with different Ti content in fuel. Reactivity increases
with increasing Ti content. (d) Adiabatic flame temperature calculated using CHEETAH code and measured flame temperature in pressure cell. The result suggests that Ti/l;Os
reaction has higher extent of completion relative to Al/I;0s due to facile kinetics . (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

The measured temperature increases with increasing Ti content
ranging from ~2900 K to ~3500 K. As expected, the measured tem-
peratures are all lower than the calculated temperatures due to in-
complete reaction, but the difference between measured and the-
ory decreases with increased Ti content. This result implies that
the Al reaction does not approach completion relative to the Ti re-
action [35], and is consistent with the fact while the thermochem-
istry favors Al, the pressure cell results presented in Table 2 clearly
indicate the kinetics of the Ti reaction is much more facile.

If we now consider the Al/Si/I,O5 system results shown in
Fig. 3, the peak pressure increases with the addition of up to 40%
Si to a value 3.4x that of Al/l;0s. The pressurization rate also in-
creases upon addition of Si, and peaks at 80% Si content. The burn
time decreases dramatically after adding 20% Si and then remains
almost constant. The flame temperature decreases with increasing
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Si content, ranging from 2940 K to 2200 K and has the same trend
as the computed adiabatic flame temperature (unlike the Ti case).
The two systems show different behavior. The Al/Ti system shows
no enhancement effects, i.e. the pure Ti case is most reactive on
all counts with a smooth variation in combustion properties with
varying fuel content. In contrast Si clears shows that mixing the
two fuels can result in enhancement over each pure fuel.

3.3.2. T-Jump characterizations

Temperature-Jump wire ignition experiments were conducted
to investigate the ignition behavior of the ternary systems. As
shown in Fig. 4a, ignition temperature of Al/I,0s drops signifi-
cantly from ~ 850 K to ~ 610 K with 20% addition of Ti and
asymptotically decreases to 570 K for Ti/lI,O5. The Al/Si/l;O5 sys-
tem shows a similar trend, although not dropping as precipitously.
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Fig. 3. Experimental and calculated peak pressure (a), pressurization rate (b) and burn time (c) of Al/Si/I;Os system with different Si content in fuel. The reactivity is en-
hanced when Al and Si are combined as fuel. (d) Calculated adiabatic flame temperature and measured flame temperature in pressure cell. Experimental flame temperatures
are lower than theoretical ones but the trend is similar. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

Thus, in both cases additions of ~20% of either Ti or Si seem to
have the most significant effect. The ignition events of these sam-
ples captured by high speed imaging are shown in Figure S3.

One interesting feature is the temperature (~ 690 K) for oxygen
release from 1,05 (horizontal blue dotted line in Fig. 4a). Oxygen
release temperature of 1,05 is lower than the ignition tempera-
ture of Al/I;05 but higher than the rest of Al/Ti/l,O5 samples. For
Al/Si[1;05, 20% Si lowers the ignition temperature to the same as
oxygen release temperature of neat I,05. Above 20% Si, the ignition
temperature is further lowered to below that critical temperature.
This means that the addition of Ti and Si, even at relatively low
content, shifts the initiation mechanism from gas phase dominated
to condensed phase dominated [36-37]. This can significantly en-
hance the reactivity and energy release of the composite, because
condensed phase reactions tend to have a shorter timescale and is
less impaired by sintering, leading to faster reaction and higher re-
activity [38]. It's worth noting that the oxygen release temperature
of 1,05 in vacuum obtained from T-jump measurements is slightly
higher than that (~630 K) in air [39]. The higher temperature is
likely due to the high heating rate used in T-jump measurements
that causes the temperature of the sample to lag behind the tem-
perature of the wire. Therefore, it is reasonable to assume the de-
composition behavior of 1,05 to be similar in vacuum and air.

Although the metal oxide shell is not reactive, it might affect
the decomposition of the oxidizer. Previous work has reported that
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TiO, can catalyze the decomposition of KClO,4, evidenced by both
lower oxygen release temperature and lower activation energy [18].
To explore this further, neat 1,05, a mixture of TiO, and 1,05, and a
mixture of SiO, and 1,05 were characterized by thermogravimetric
analysis. The results (Figure S4) show no significant difference in
the decomposition behavior of these three samples, suggesting that
TiO, and SiO, do not have a catalytic effect on 1,0s.

Another important parameter for biocidal energetics is the re-
lease temperature of biocides, in this case, iodine. In order to in-
vestigate iodine release, Al/Ti/I;Os and Al/Si/l,05 samples were
studied using the T-Jump TOFMS. The intensity of iodine signal
(m/z = 127) versus temperature for Al/Ti/l; 05 and Al/Si/I;05 sam-
ples is plotted in Fig. 4b and 4c, respectively. lodine release pro-
files appear to be moving to lower temperatures but the widths of
the profiles are relatively constant, implying that while one can use
mixtures to tune the iodine release temperature, one really at least
in these studies, changes the overall time scale for the release.
The iodine release temperatures of the two systems are shown in
Fig. 4d. After adding 20% of Ti or Si, the iodine release tempera-
tures of both systems decrease significantly. Further addition of Ti
or Si seems to have limited effect on iodine release temperature.

3.3.3. Energy release rate
Finally, we consider energy release rate, defined here as the
amount of energy released normalize by the release time, us-
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Fig. 4. (a) Ignition temperature of Al/Ti/I,05 and Al/Si/I,05 systems with different fuel compositions. The horizontal blue dotted line shows the oxygen release temperature
of neat 1,0s. (b) lodine signal (m/z = 127) intensity of Al/Ti/I;Os versus time. (c) lodine signal (m/z = 127) of Al/Si/I;05 versus time. (d) Onset temperature of iodine release
for Al/Ti/I,05 and Al/Si/I,05 systems. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

ing information extracted from the pressure cell results. Assuming
that the heat generated by I,0s5/metal reaction was absorbed by
the combustion products and the heat loss is negligible given the
rapidity of the reaction, the energy release rate can be expressed
as:

m-C- (TF — TA)

Rp= ——— ==
At

In the above equation, m is the mass of the sample, which
was kept constant for all samples. ¢ is the specific heat capac-
ity of each system. As previously mentioned, CHEETAH calculation
was performed for constant volume condition and the active con-
tents of fuels were considered. Based on the product species and
their respective concentrations from CHEETAH calculation, the spe-
cific heat of the reaction products of each system was calculated
as ¢y = Y_cx;, where ¢; is the specific heat of a product species
and x; is the mass fraction of the species. Four or five species with
the highest concentrations were used for calculation. Condensed
phase species were always used since they have a much larger spe-
cific heat than gaseous species. The calculation results are listed
in Table S1. T¢ is the flame temperature, T, is the ambient tem-
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perature and At is the timescale of energy release which can be
represented by the burn time.

The mass normalized energy release rate plotted versus burn
time and flame temperature, are shown in Fig. 5a and 5b, respec-
tively. The energy release rate is tuned over a wide range (20x). A
clear correlation between Rg and burn time is shown in the plot,
while the correlation of Rg with flame temperature is less evident.
This result is expected considering the substantially more dramatic
change in the burn time relative to the change in flame tempera-
ture, making the flame temperature a less decisive factor in tuning
the energy release rate. The total energy release from CHEETAH
calculation and experimental results for Al/Ti/I;O5 and Al/Si/l;O5
is also shown in Fig. 5¢ and 5d, respectively. The deviation of the
experimental values from those predicted by CHEETAH code again
suggests that the actual reaction is far from equilibrium state. The
results suggest that Ti is a better fuel additive to Al in terms of pre-
serving energy density. From a practical point of view, the energy
release rate is manipulated through mainly change in timescale in-
stead of energy, especially in the case of Ti, due to similar energetic
performance of the selected fuels. This is desirable because the en-
ergy output is largely preserved while altering the timescale of the
event.
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Fig. 5. Mass normalized energy release rate of Al/Ti/I;0s and Al/Si/IOs versus burn time (a) and flame temperature (b). Calculated energy release using CHEETAH code and

from experimental results for Al/Ti/lIO5 (c) and Al/Si/I,0s (d).

4. Conclusion

1,05 with various fuels and their mixtures were investigated.
Single fuel studies with Al, Ti and Si suggested similar energy den-
sity but vastly different reactivity (Ti > Si > Al). Based on the re-
sults, we conjectured that thermite mixtures with tunable reactiv-
ity and energy release rate could be formulated by combining dif-
ferent fuels. Therefore, Al/Ti/I;O5 and Al/Si/l, 05 systems with vary-
ing fuel compositions were studied.

Pressure cell measurements showed that the reactivity of the
two systems varies with fuel composition. Al/Ti showed a simple
mixing effect, i.e., higher reactivity at higher Ti content. While Al/Si
showed an enhancing effect, namely the peak pressure and pres-
surization rate both increase first but peaks at 40% and 80%, re-
spectively. Burn time is decreased drastically upon the addition of
20% Ti or Si. T-Jump characterizations showed that the addition of
Ti or Si can shift the reaction pathway of Al/I,05 from gas phase
to condensed phase dominated initiation, resulting in a shorter re-
action timescale. The change of the reaction mechanism is likely to
be responsible for the enhanced reactivity.

Further discussion on the energy release rate concluded that
the energy release rate can be tuned without considerably compro-
mising energy output by using such ternary systems. The ability to
alter reactivity and energy release rate while preserving high en-
ergy density makes this approach most promising for tailoring the
properties of biocidal energetic systems.
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