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Iodine oxides are of interest as biocidal components in energetic application such as thermites due to
their high energy release and biocidal agent delivery. In this study, various iodine oxides/iodic acids,
including 1,05, HI30g and HIO3;, were employed as oxidizers in thermite systems. Their decomposition
behaviors were studied using a home-made time resolved temperature-jump/time-of-flight mass spec-
trometer (T-Jump/TOFMS), which identified a single step decomposition for all oxides at high heating

Keywords: rates (~10° K/s). In addition, both nano-aluminum (nAl, ~80 nm) and nano-tantalum (nTa, <50 nm) were
lodine oxides adopted as the fuel in order to fully understand how iodine containing oxidizers react with the fuel dur-
lodic aCidS' ing ignition. The ignition and reaction process of nAl-based and nTa-based thermites were characterized
i\'ar}stherm'tes with T-Jump/TOFMS, and their combustion properties were evaluated in a constant-volume combustion
Cg;ln&r;tion cell and compared to a traditional thermite system (nAl/CuO). The ignition temperatures of nAl-based

thermites using these oxidizers were all very close to the melting point of aluminum (~660 °C), which
suggests that the mobility of the aluminum core dominats the ignition/reaction and the gaseous oxygen
released from the decomposition of the oxidizer does not participate in the ignition until the molten
aluminum is available. Unlike nAl-based thermites, the ignition temperatures of nTa-based thermites are
lower than the oxygen release temperatures from the corresponding bare oxidizers. All nTa-based ther-
mites ignited prior to the release of gas phase oxygen. In this case, a condensed phase reaction mech-
anism is proposed to dominate the ignition process. Moreover, combustion cell tests results show that
nAl/a-HI30g has the highest pressurization rate and peak pressure and shortest burn time, and since it
also has an iodine content of ~75% as high as 05 on a per mass basis, this material may be a very
promising candidate in biocidal application.

© 2018 Published by Elsevier Inc. on behalf of The Combustion Institute.

1. Introduction

High efficiency neutralization of biological warfare agents has
become a major research focus within the United States, in ad-
dition to many other countries, due to the increased threat of
bioterrorism [1-7]. Preliminary laboratory studies have suggested
that an ideal neutralization process should contain not only a high
thermal but also long-lasting biocidal agent release [8-14]. The
main problem with conventional energetic materials is low neu-
tralization efficiency since a thermal neutralization mechanism is
dominant in this case [8]. Therefore, it has been proposed that
simultaneously delivering a rapid thermal pulse with a remnant
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biocidal agent would prolong the exposure time and improve
the inactivation process [15]. Halogens-based energetic materials
show the most promise because of their excellent biocidal prop-
erties [16] when compared to silver-containing energetic materials
[17-19]. To incorporate halogens in energetic materials, one can
either directly add halogens into the system or assemble halo-
gens into the oxidizers [16,20]. Wang et al. incorporated io-
dine molecules into Al/CuO thermite systems and found that the
Al/CuO/I, thermite reaction rate was significantly decreased with
increasing the iodine content [21]. Guerrero et al. also showed
that mechanical incorporation of iodine into aluminum severely
decreases the reaction rate of Al/metal oxides mixtures and even
resulted in failed ignition of AlI;/Fe;05 [22]. In addition, Dreizin
et al. employed mechanically alloyed aluminum-iodine composites
as a replacement of aluminum as a fuel additive in energetic for-
mulations and the ignition and combustion tests of those fuels in
air indicated that higher iodine concentration lowers ignition tem-
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peratures but did not affect the combustion temperatures substan-
tially [14]. They also found improvements in terms of pressuriza-
tion rate and maximum pressure at constant volume with 15 wt.%
and 20wt.% of I, [14]. Furthermore, an effective inactivation of
aerosolized spores were achieved using Al/l, and Al/B/l, compos-
ites with 15-20 wt.% of iodine [16].

Another approach is to use iodine-containing oxy-compounds
that can release HI or I, when used as an oxidizer [23]. lodine-
containing oxy-compounds can be broken down into two main
categories: metal iodates and iodine oxides/iodic acids. The metal
iodates, AglO3 [8,24], Bi(103); [25], Cu(I03), [15], Fe(I103)3 [15] etc.,
have been previously investigated. One issue with employing metal
iodates in thermites is that part of the produced I, vapor (all for
AglO3) may react with the product metal particles to form corre-
sponding metal iodides, which lowers the effective iodine content
in the metal iodate-based thermite systems. Unfortunately, there
are only a limited number of iodine oxides/iodic acids which are
relatively stable and obtainable. These include 1,05, 14,09, HI3Og,
HIO3, HslOg, etc. [26-28]. Among these compounds, 1,05 (~76%
iodine mass fraction) is the most studied in thermite systems
[29-33]. In these studies, aluminum particles with different sizes
were chosen as the fuel due to its high reaction enthalpy, thermal
conductivity and availability. With reported propagation velocities
of up to ~2000m/s for loose ball-milled nAl and nano-scaled I,05
(~10nm) [32], 1,05 shows its high potential in aluminum-based
thermites as an extremely aggressive oxidizer. Constant volume
combustion tests also show nAl/micro-1,05 outperforms tradi-
tional aluminum-based thermites such as Al/CuO and Al/Fe;03
[33]. A pre-ignition reaction was proposed as the ignition trigger
in which ionic 1,05 fragments diffused into the alumina passi-
vation shell of aluminum and to create some reactive complexes
exothermically [31,34]. However this mechanism is far from clear
as Smith et al. reported that a pre-ignition reaction was not found
for aluminum/nano crystalline I,05 reaction in contrast to nano
amorphous 1,05 case [35].

Recently, Smith et al. reported that a minimum of 150% increase
in flame speed was found for Al/amorphous 1409 compared with
Al/I,05 indicating 1409 has more reactive potential than [,05 as
an oxidizer when combined with aluminum [36]. Other iodine-
containing oxy-compounds have received comparatively much less
attention due to their relatively lower iodine content and avail-
ability. Nevertheless, their iodine content is still much higher than
metal iodates or per-iodates on a per mass basis. This is particu-
larly so for HI3Og, which has an iodine content of ~75% and very
close to the 76% for 1,05. Currently no comparative study examin-
ing how the aforementioned iodine oxides/iodic acids perform as
oxidizers in thermites system is available. Moreover, we have re-
cently reported that iodine oxides/iodic acids with different parti-
cles’ sizes can be prepared via either aerosol spray pyrolysis (ASP)
or thermal treatment [37,38], making a variety of these materials
readily available.

Most of the focus on reactive studies of oxidizers has focused
on Aluminum as the fuel. Aluminum has a passivating alumina
shell that stabilized the material at ambient conditions. However
once the aluminum core reaches near the melting temperature, it
can diffuse through the oxide shell and interact with any available
oxidizer leading to ignition [39]. To explore the fuel melting aspect
of ignition, we also explore in the paper tantalum as a fuel because
it has a melting point of ~3000 °C, and thus would not be melted
at the point of ignition.

In this paper, we examine the performance of various iodine
oxides/iodic acids (1,05, HI30g and HIO3) as oxidizers in nAl-based
and nTa-based thermites system. lodine-containing oxides/acids
were prepared via an ASP method following procedures in our
previous work [37]. Time-resolved temperature-jump time-of-flight
mass spectrometer (T-Jump/TOFMS) was used to study the ignition

and decomposition of nAl-based and nTa-based thermites. A high-
speed camera simultaneously captured optical emission from the
ignition/reaction of the thermites allowing for the ignition time,
and corresponding ignition temperature. In addition, constant vol-
ume combustion cell tests were performed on aluminum-based
thermites.

2. Experimental
2.1. Materials

The aluminum nanopowders (nAl) (Alex, ~80nm) were pur-
chased from Novacentrix. The active Al was 81% by mass, deter-
mined by TGA. Nano-tantalum powders (nTa, <50 nm) were pur-
chased from Global Advanced Metals, with 70% of the mass. lodic
acid (c-HIO3) (99.5wt %), iodine pantoxide (c-1;05), CuO nanoparti-
cles (n-Cu0, <50 nm) and micro-sized CuO powders (m-CuO) pur-
chased from Sigma-Aldrich were directly used as received (“c” rep-
resents commercial product; “n” and “m” represents nano-scaled
and micro-scaled sizes, respectively). All other chemicals were of
analytical grade and were used as purchased without further treat-
ment.

2.2. Preparation of iodine oxides/iodic acids particles

Small-sized (<1pm) particles of oxides includes §-HIO3, a-
HI30g and a-1,05 were synthesized via aerosol spray pyrolysis
(ASP). Here, “a” represents ASP and “6” refers to HIO3; with a
delta phase. Detailed information on the ASP synthesis method has
been previously described [37]. Briefly, 100 mL iodic acid solution
(10mg/mL) was aerosolized (~1 pm in diameter) with a home-
made pressure atomizer (~35 psi pressure air) and passed through
a silica-gel diffusion drier to remove water. The dry particles are
then passed through a tube furnace for chemical conversion. The
furnace temperature was set at ~230 and ~375 °C to obtain either
6-HIO3 or a-1,0s, respectively with a residence time of about 1 s.
For both §-HIO5; and a-I,0s, silica-gels were regenerated at 50 °C.
We find that §-HIO3; can be obtained within a large range of tem-
perature from 210 to 250 °C. In addition, a-HI;0g was obtained
with a tube furnace temperature ~250 °C with a silica-gel regener-
ation temperature of ~80 °C. The final product was collected on a
Millipore membrane filter (0.4 pm pore). HI30g was also prepared
via thermal treatment of commercial HIO3 at ~180 °C and labeled
as t-HI30g. The final product was characterized by scanning elec-
tron microscopy (SEM, Hitachi, SU-70 FEG-SEM) and powder X-ray
diffraction (XRD, Bruker D8 Advance using Cu K« radiation).

2.3. Preparation of thermites

Physically mixed stoichiometric mixtures of nAl and nTa with
8-HIOs3, c-HIO3, a-HI30g, t-HI30g, a-1,0s, c-1,05 and CuO were
based on the following equations. The mixtures were sonicated in
dry hexane for 30 min, and left uncapped at room temperature in
a low-pressure desiccator to evaporate the solvent. All of the sam-
ples employed in this work were stored in a sealed desiccator for
future use. Below we list the stoichiometric relations used to pre-
pare the mixture ratios and the associated enthalpy of reactions.

4Al +2HIO; — I + 2AL,05 +Hy, AHpeoretical = —2413 KJ/mol

32Al1 + 6H]30g — 912 + ]6/-\]2034,_3[-{2’
AH[heoretical = —20721 I(J/mol

10Al + 31,05 — 3l + 5Al,03, AHpeoretical = —6740 KJ/mol
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2A1+3Cu0 — 3Cu + ALO3, AHpeoretica = —1109 KJ/mol

12Ta + 10H]03 — 5[2 + 6T3_205 +5H2’
AH;heoretica = —9059 KJ/mol

32Ta + 10HI30g — 151, + 16Tay0s + 5H,,
AHheoretical = —26515 KJ/mol

2Ta + 1,05 — I, + Tay0s, AH;peprericat = —1745 KJ/mol
2.4. X-ray diffraction (XRD) measurement and Rietveld refinement

The as-prepared samples were characterized by powder X-ray
diffraction. Diffraction pattern was measured using Cu Ko radia-
tion in Bragg-Brentano geometry on Bruker D8 Advance powder
diffractometer equipped with incident beam Soller slits, Ni B-filter
and LynxEye position sensitive detector. Data were collected from
10° to 90° 26 with a step size of 0.01578° and counting time of
1s/step (total exposure time of 180s/step). The crystal structures
were refined by Rietveld method using the Topas software [38].

2.5. T-Jump/TOFMS measurement and high-speed imaging

The decomposition of each oxide listed above was investigated
using T-Jump/TOFMS [8]. Typically, a ~1cm long platinum wire
(76 pm in width) with a thin coating of oxidizer sample was
rapidly joule-heated to about 1200 °C by a 3 ms pulse at a heating
rate of ~10° °C/s. The current and voltage signals were recorded,
and the temporal temperature of the wire was determined using
the Callendar-Van Dusen equation [40]. Spectra were collected at
0.1 ms intervals. The detailed experimental set-up has been previ-
ously described [8,40].

In order to experimentally determine the ignition temperature
for each thermite, a high speed camera (Vision Research Phantom
v12.0) was used to record the optical emission from combustion
on the wire during heating. Ignition temperatures of thermite re-
actions in vacuum were measured from the correlation of optical
emission from high speed imaging and temporal temperature of
the wire, and were further analyzed in combination with the tem-
poral mass spectra. Each experiment was repeated 3 times.

2.6. Combustion cell test

Combustion properties of themites were evaluated in a
constant-volume combustion cell, with simultaneous pressure and
optical emission measurements. In this study, 25 mg of thermite
powders was loaded inside the cell (constant volume, ~13 cm?3)
and ignited by a resistively heated nichrome wire. The tempo-
ral pressure and optical emission from the thermite reaction were
measured using a piezoelectric pressure sensor and a photodetec-
tor, respectively. More detailed information on the combustion cell
test can be found in our previous publications [8,40]. Each experi-
ment was repeated at least 3 times.

3. Results and discussion

Various iodine oxides/iodic acids were prepared via ASP using a
previously described synthesis method [37]. All of the as-prepared
iodine-containing oxides including a-1,0s, §-HIO3 and a-HI30g
have an average particle size of about 1pm with a relatively wide
size distribution [37]. SEM images, XRD patterns and TGA/DSC re-
sults are published in our previous work [37,38]. Commercial 1,05

Table 1
Crystalline compositions of all the samples employed in Fig. S6 deter-
mined by Rietveld refinement of the corresponding XRD pattern.?

Samples  Crystalline phases Samples Crystalline phases®
a-HI;OS 91% ngOg( Al/a—HI3OS 89% ]'”303
9% §-HIO5¢ 11% §-HIO3
t-HI30g 100% HI30g Al/t-HI30g 87% HI50g
13% §-HIO;
$-HIO; 100% §-HIO; Al/5-HIO; 88% 6-HIO;
12% «-HIO5®
c-HIO; 89% «-HIO; Al/c-HIO; 75% a-HIO4
11% HI304 25% HI;0g
a-1,05 91% 1,05" Al/a-1,05 68% 1,05
9% §-HIO5 32% 6-HIO5
C-IzOs 100% Hl303 Al/C—1205 100% Hl308

3 Detailed results of Rietveld refinement are included in electronic
supporting information as an appendix.

b Aluminum signal was found in all Al-based samples and its compo-
sition ratio is excluded here for comparison purpose.

¢ PDF# 01-075-3387 HI;0g [27].

d XRD information of §-HIO; could be found in [38].

¢ PDF #01-079-1633 HIO; [41].

f PDF #01-082-2225 1,05 [42].

and HIO3 (labeled as c-I;05 and c-HIO3) and t-HI3Og prepared
via thermal treatment of c-HIO; were employed as comparisons.
The average particle size of c-I,05 and c-HIO3 are ~30pum and
t-HI30g particles have an average size ~4um (Fig. S1). To verify
the actual compositions of c-I;05, c-HIO3 and t-HI30g, XRD and
TGA results shown in Figs. S2 and S3 indicate that c-HIO3 is pure
HIO3, ¢-1,05 has mostly hydrated (~80%) to HI30g and t-HI3Og
is pure HI30g. As control experiments, nano-sized (<50nm) and
micro-sized (<5um) CuO were also included in this work.

T-Jump/TOFMS (3 ms, heating rate ~5x 10° °C [s) was em-
ployed to study the initial events of bare oxides or thermites under
rapid heating rates, enabling us to probe the reaction process on a
time scale close to that of a combustion event. Figure 1A shows the
temporal evolution of elemental iodine and O, from a-HI30g dur-
ing rapid heating. lodine and O, are released at approximately the
same temperature (~475 °C) indicating that it could be a good can-
didates for a molecular iodine-releasing oxidizer. The single peak
in the species vs. time plots of both lodine and O, suggests that a
one-step decomposition of a-HI30g.

To further explore its decomposition, time-resolved mass spec-
tra from rapid heating of a-HI30g at 0.8-1.5ms are shown in
Fig. 1B. For mass spectra taken at t < 1.1 ms (before the decomposi-
tion of the oxidizer), H,0" (m/z 18), OH* (m/z 17) and N3 (m/z 28)
are attributed to the background. Above the decomposition tem-
perature (>1.2ms), O and I* are detected in addition to I0*, 107,
I, and I,0*. The appearance of these species implies that the high
heating rate decomposition pathway does not go directly to the
thermodynamic end product of molecular iodine and oxygen un-
der the conditions of this experimental setup. The temporal profile
of those oxygen-containing species is shown in Fig. S4 in which 05
has the highest signal intensity. All other iodine oxides/iodic acids
have similar time-resolved mass spectra as depicted in Fig. S5.

To evaluate the performance of the iodine oxides/iodic acids
as oxidizers in thermite systems, physical mixtures with nAl were
made with 30 min sonication of nAl and iodine oxides/iodic acids
in dry hexane. To indicate whether the mixing process has any in-
fluence on iodine oxides/iodic acids, XRD and TGA were performed
and results of iodine oxides/iodic acids before and after mixing
shown in Figs. S6 and S7. To be more specific about the exact com-
positions of each sample in Fig. S6, Rietveld refinement was run for
all the XRD patterns and the results are shown in Table 1. Almost
for all the samples except for c-I,05, a small portion of the original
compounds either changed to another phase or dehydrated. As the
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Fig. 1. Representative plot showing the temporal profile of oxygen and iodine upon heating a-HI3;03 when heated at ~5x 105 °C/s (A); time-resolved mass spectra

of a-HI30g (B).

most hygroscopic one among those samples, a-I;05 made the most
changes (~25% dehydrate into 6-HIO3). Due to the sensitivities of
those iodine-containing compounds to water, those minor changes
could be resulted from preparation, characterization and/or han-
dling. In addition, the TGA results shown in Fig. S7 show no dis-
cernable effect of the thermite preparation process on the hydra-
tion state of the iodine oxides/iodic acids. As an example, the SEM
images of a-HI30g and Al/a-HI30g shown in Fig. S8 further indi-
cate that the mixing procedure does not influence the particle size
or morphologies of the iodine oxides/iodic acids.

Figure S9 shows some selected temporal snapshots of the
Al/a-HI30g thermite reaction under vacuum of the T-Jump/TOFMS
chamber. Optical emission from reaction was first observed at
1.65 ms, corresponding to a wire temperature of ~664 °C, indicat-
ing ignition of nAl/a-HI30g thermite. Overall, the optical emission
of nAl/a-HI30g is not very strong [39] which suggests lower heat
generation from the nAl-based thermite [43]. These snapshots also
provide an alternative method to roughly determine burn time, cal-
culated to be ~1.2ms, and will be discussed more in the combus-
tion test results.

From the T-Jump TOFMS results, we found that the bare a-
HI;0g releases oxygen at ~475 °C when heated at ~5 x 10 °C/s.
Under the same heating condition, the nAl/a-HI30g thermite
showed oxygen appearance at ~575 °C and thus 100 °C higher
than the oxygen release temperature of the bare oxidizer (Fig. 2A).
This result is quite different from the most of Al/metal oxides ther-
mites where oxygen release from the metal oxide is not influenced
by the presence of aluminum fuel [44]. One exception we know of
is Al/Bi,O3, which releases oxygen at a temperature that is 700 °C
lower than that of the bare Bi,O3 [45]. This effect is the oppo-
site of nAl/a-HI30g. In this case, the interaction between the iodine
ions of a-HI30g and the alumina shell of the fuel might form sta-
ble alumino-oxy-halides that delay the decomposition of the oxide
[31,46].

Even though the oxygen release temperature from nAl/a-HI50g
thermite increased in comparison to the neat oxide, it is still
lower than its ignition temperature (~664 °C). In fact it is suf-
ficient close to aluminum melting point to reasonable argue that
aluminum mobility into aluminum oxide is the initiation process.
Clearly gaseous oxygen release from a-HI30g at ~575 °C did not
initiate ignition. [47]. In fact, Al/Bi,O3, Al/SnO,, Al/AglOs3, Al/CuO
and Al/KClO4 also ignited in vacuum at about the melting temper-
ature of aluminum no matter what the oxygen release temperature

is [44]. In addition, the ignition temperature of nAl/a-HI3Og ther-
mite in Ar environment with a 1 atm pressure was also obtained
and it was decreased ~30 °C compared with that in vacuum. Con-
sidering the experimental uncertainty of +50 °C, it is reasonable
to say that the ignition temperatures of nAl/a-HI30g in vacuum
and 1 atm Ar are roughly the same, which again implies the im-
portance of the melting phase transition of aluminum fuel.

If we consider Al/Co304, which has an ignition temperature of
~1095 °C, and is higher than its oxygen release temperature and
the melting point of aluminum [44]. In this case, the generated gas
phase oxygen also has no correlation with its ignition. However,
the nAl/a-HI50g ignited right after the aluminum melted. We have
previously investigated the ignition of nAl in an oxygen environ-
ment and found that the ignition temperature decreased with in-
creasing O, pressure and dropped below the melting point of bulk
aluminum at >7.4 atm [47]. Why then does nAl/a-HI30g thermite
ignite at the melting point of aluminum? Obviously, the partial
pressure of O, during the ignition of nAl/a-HI3Og thermite under
vacuum is much lower than 7.4 atm. We have shown in prior work
that the oxygen concentration in solid oxidizers (7 x 10% mol/m?3)
is much higher than that in gas (100 mol/ m3 for 18 atm O, gas)
[47]. Thus, in vacuum, the oxygen pressure around the fuel is
likely very high. This is also supported by the combustion cell tests
where a high pressurization rate is observed after ignition. More-
over, the local gas phase oxygen released from the oxidizer has a
much higher temperature than the free O, in the pressurized ig-
nition temperature tests described above. Both factors suggest that
the gas phase oxygen from the oxidizer might also plays a role in
the ignition of thermites.

Time-resolved mass spectra taken at 0.1 ms intervals from a
nAl/a-HI30g thermite reaction is shown in Fig. 2A. As we expected,
03, I* and IJ peaks were first observed at a time of about 1.3 ms
(~536 °C), which is prior to ignition, and earlier than I0* and 105
species appeared. At the ignition temperature, I0* and 103 con-
centration also diminished, which implies that those intermediate
iodine sub-oxide species also took part in the aluminum combus-
tion [33].

Reactions between solids are by their nature limited by the
movement of component reactive species or fragments. To further
investigate the role of these oxidizers in the thermite reaction, a
fuel was chosen that unlike aluminum would be immobile at least
at the point of ignition. Aluminum was replaced with tantalum as
a means to potentially tweeze out the relationship between io-
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Fig. 2. Time-resolved mass spectra of nAl/a-HI30g (A) and nTa/a-HI;0g (B).

Fig. 3. Sequential snapshots of nTa/a-HI3Og thermite burning on a high rate heating (5 x 10° °C/s) Pt wire under vacuum, captured by a high speed camera. The labels in

each image are the time elapsed after triggering.

dine and oxygen release with ignition. Similar to aluminum, tan-
talum also has a native oxide shell (Ta,05). However, tantalum has
a very high melting point of about 3017 °C, which rules out the
influence of the melting phase transition in the scope of ignition
temperature test, which reaches a maximum wire temperature of
~1200 °C. Sequential snapshots of the nTa/a-HI30g thermite reac-
tion during rapid heating under vacuum were captured using a
high speed camera and are shown in Fig. 3. In contrast to nAl/a-
HI;0g the nTa/a-HI5Og reaction is surprisingly much more vigor-
ous with strong light emission. The images in Fig. 3 also show that
multiple ignition points appeared after ignition and propagate to-
ward each other to ignite the whole thermite. The burn time of
nTa/a-HI50g is roughly 1.7 ms, which is longer than that of nAl/a-
HI30g. In addition, time-resolved mass spectra of the nTa/a-HI;Og
thermite reaction (Fig. 2B) shows that its oxygen and iodine re-
lease temperatures are ~450 °C, which is very close to those of
neat a-HI;0g (~475 °C). However, nTa/a-HI30g thermite ignited at
~400 °C (0.96 ms) prior to the oxygen release from the bare oxi-
dizer (~475 °C) and Fig. 2B also shows neither oxygen gas nor el-
emental iodine are detected before the ignition, which suggests a
condensed phase reaction mechanism was dominant. While, con-
sidering that T-Jump/TOFMS has a temperature measurement un-

certainty of about +50 °C [44], it would be also possible that a
very small amount of the oxidizer starts decomposing around the
ignition temperature that ignites the thermite. As to the condensed
phase mechanism, it has been found that cracks on in the oxide
shell are formed when tantalum is rapidly heated to above 500 °C
due to the amorphous to crystalline phase change of the oxide
shell [48]. However, the ignition of nTa/a-HI30g occurs ~100 °C
earlier than this phase change.

The performance of all the iodine oxides/iodic acids (§-HIO3,
c-HIO3, a-HI30g, t-HI30g, a-1,05 and c-1,05) as an oxidizer using
nAl or nTa as the fuel are summarized in the following figures.
Figure 4 shows the relationship between iodine and O, release
temperature in neat iodine oxides/iodic acids, and the ignition
temperature of nAl-based and nTa-based thermites. For all iodine
oxides/iodic acids, we find that oxygen and iodine occurs at the
same temperature which suggests iodine oxides/iodic acids directly
decomposed into iodine and oxygen at high heating rate.

All oxidizers when reacting with aluminum ignited about their
oxygen release temperature. Moreover, they all ignited around the
same temperature under vacuum, and at approximately the melt-
ing point of aluminum 660 °C. Those results indicate that the ig-
nition of nAl-based thermites is dominated by the melting of alu-
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Table 2

Combustion cell test data for nAl-based thermites with different oxidizers. Each sample was repeated at least three times. All the numbers

have a deviation at ~25.

Oxidizers (nAl, stoichiometric)  Peak pressure (Kpa)

Pressurization rate (Kpa/ms)

Burn time (ms)  Peak optical emission (Volts)

n-Cu0 405 5653 0.31 2.24
m-Cu0 162 157 1.60 2.70
8-HIO3 281 166 1.39 6.09
c-HIO; 104 6 127 0.41
a-1,05 293 207 1.29 7.52
c-L,05 156 31 2.49 2.88
a-HI; 04 384 450 0.96 1.7
t-HI30g 214 175 125 7.79
750 difference between their particle sizes [50]. Given the fact that all
1 iodine oxides/iodic acids include in this work have average parti-
700 - = 0, cles size larger than 1um (~1pum for 6-HIO3, a-HI30g and a-I;0s;
1 A Jodine ~4pum for t-HI30g; ~30um for c-HIO3 and c-1,05), micro-sized
650 - 3 copper oxide was chosen to be the control experiment.
1 Table 2 shows that those iodine oxides/iodic acids prepared
600 ,/"// R via ASP outperform the corresponding commercial samples, with a

Fuel: nAl

t-HI,0
c-HIO, . °

Fuel: nTa

il
a-HI,0, s, 3-HIO;
#c.1,0,

Release Temperature (°C)

350 +————————F————7——7—
350 400 450 500 550 600 650 700 750

Ignition Temperature under Vacuum (°C)

Fig. 4. I and O, release temperature in neat iodine oxides/iodic acids, and the ig-
nition temperature of corresponding nAl-based and nTa-based thermites under vac-
uum. Error bars correspond to at least two measurements. The orange dashed line
stands for a perfect correlation. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

minum. Aluminum could then react with oxygen released from the
oxidizer, but more likely since this experiment is conducted in vac-
uum, reacts heterogeneously with the oxidizer, once aluminum be-
comes mobile.

In contrast to aluminum, when tantalum was employed as the
fuel, all nTa-based thermites ignited at temperatures lower than
the oxygen release temperatures relative to their corresponding
neat oxidizers. Clearly, in this case a condensed phase reaction
mechanism is dominant [44]. We have previously found that the
Ta;05 has a preferred orientation during crystalline oxide growth
and this crystallization upon rapid heating result in cracking of
the oxide shell that may enhance oxygen diffusion [48]. Since this
is below the melting point of tantalum the oxygen from the de-
composition of iodine oxides/iodic acids diffuse through the Ta;0Os
cracked or weakened shell to the tantalum core. Moreover, even
though a-HI;0g and a-I,05 has a significantly smaller particle size
than c-HI30g or c-1,0s5, their ignition temperatures are essentially
within the measurement uncertainty which implies that particle
size of the oxidizer is relatively unimportant and that the reaction
of tantalum and gaseous O, contributed to the ignition, in agree-
ment with the ignition of nAl/potassium oxysalts energetic com-
posites [49].

To investigate the combustion performance of iodine ox-
ides/iodic acids as oxidizers in nAl-based thermites at 1 atm, con-
stant volume combustion cell tests were performed on each ther-
mite and the results are summarized in Table 2. Nano-sized cop-
per oxide outperforms micro-sized copper oxide due to the huge

shorter burn time and higher maximum pressure and pressuriza-
tion rate. In addition, t-HI;Og has better performance than c-I,0s,
but since they are both really HI3Og the difference in performance
can probably be attributed to the smaller particle size of t-HI30sg.
Similar to the nano-sized and micro-sized CuO, particle size plays
a very important role in combustion. In our previous work, we at-
tributed the pressurization to the oxygen release from the oxidizer
particles [43]. For nAl/micro-oxidizer thermites, the decomposition
of the oxidizer is the rate-limiting step that results in the delay
of the pressure rise [33,43]. Thus, the particle size of the oxidizer
is crucial for a thermite to perform well in combustion cell test
because smaller particle size guarantees shorter diffusion length
and higher specific surface area and therefore faster heat transfer
and shorter the delay time for pressure rise [51]. In other words,
the decomposition reaction of commercial iodine oxides/iodic acids
that have larger particles size is the rate-limiting step during nAl-
based thermites combustion, which results in slower thermite re-
action rate and thus relatively poor performance in terms of pres-
surization rate [50]. Given the fact the only difference between
commercial and aerosol synthesized iodine oxides/iodic acids is the
particle size, it is reasonable to conclude that the higher pressur-
ization rates and maximum pressures are resulted from the faster
heat transfer owing to the higher contact area with employing
smaller sized oxidizer particles. However ignition with high heat-
ing rate by its nature is essentially the point where the self-heating
by exothermic reaction exceeds heat loss and a non-linear reaction
event occurs. In this case, the initial heat release from thermite re-
action was not affected by oxidizers particles size and thus the ig-
nition temperature is independent on particles size, which is con-
sistent with our previous reports [51,52].

In addition, the fact that t-HI3Og outperforms c-HIO3 and a-
HI30g outperforms §-HIO3 imply that HI3Og is a better oxidizer. In
fact, the pressurization rate and maximum pressure of the nAl/a-
HI;0g thermite reaction are ~450 Kpa/ms and ~384 Kpa, which is
significantly above the other oxidizers evaluated, and indicate that
the a-HI30g is the best gas generator in this study. The nAl/a-HI;0g
thermite reaction shows the highest peak optical emission and the
shortest burn time, demonstrating it outperforms others in heat
generation rate. Figure 5 shows the direct comparison between the
pressure and optical trace of nAl/m-CuO and nAl/a-HI;0g. Based
on the combustion behavior, a-HI30g seems to warrant further at-
tention for biocidal applications since it features both high pres-
sure generation and energy release and has almost the same io-
dine content as [,05 on a per mass basis (I,05: ~76%; HIO3: ~72%;
HI30g: ~75%). In a prior work it has been reported [53] that ;05
showed increased reactivity with a polar solvent treatment. Since
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Fig. 5. Direct comparison between the pressure (A) and optical (B) trace of nAl/m-CuO and nAl/a-HI5Og.

I,05 likely hydrated to form HI3Og and HIO3 in the polar solvent, it
is reasonable to conclude that the results were showing that I,05
hydrates outperform [,05 in a flame speed test. This is consistent
with our results.

4. Conclusions

In this study, various iodine oxides/iodic acids, including a-1,0s,
a-HI30g and §-HIO3, were prepared based on the aerosol route
published previously, and were employed as the oxidizer in ther-
mite systems. Their decomposition behavior was studied using T-
Jump/TOFMS, which identified a single decomposition step for all
oxides at high heating rates compared with the multi-steps process
at low heating rate. The ignition temperatures of nAl-based ther-
mites are all ~650 °C which is at the melting point of aluminum
(~660 °C). This suggests that the mobility of the aluminum core
is dominating the ignition/reaction while the gaseous oxygen re-
leased from the decomposition of the oxidizer does not participate
in the ignition until the molten aluminum was available. Unlike
nAl-based thermites, the ignition temperatures of nTa-based ther-
mites are lower than the oxygen release temperatures from the
corresponding bare oxidizers. In this case, a condensed phase re-
action mechanism is proposed to dominate the ignition process.
Combustion tests show that nAl/a-HI3Og has the highest pressur-
ization rate and peak pressure and shortest burn time, and since it
also has an iodine content of ~75% which is as high as 1,05 on a
per mass basis, this material may be a very promising candidate in
biocidal application.
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