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Abstract: Composite energetic nanomaterials, otherwise known as nanothermites, consist of physi-
cal mixtures of fuel and oxidizer nanoparticles. When a combustion reaction takes place between
both components, extremely impressive conditions are created, such as high temperatures (>1000
°C), intense heat releases (>kJ/cm?), and sometimes gas generation. These conditions can be adjusted
by modifying the chemical nature of both reactants. However, these energetic composites are ex-
tremely sensitive to electrostatic discharge. This may lead to accidental ignitions during handling
and transportation operations. This study examines the use of a n-type semiconductor ITO material
as an alternative oxidizer combined with aluminum fuel. Indium tin oxide (ITO) ceramic is widely
used in the elaboration of conducting coatings for antistatic applications because of its ability to
conduct electrical charges (n-type semiconductor). The energetic performance of the Al/ITO ther-
mite was determined, i.e., the sensitivity threshold regarding mechanical (impact and friction) and
electrostatic discharge (ESD) stresses, as well as the reactive behavior (heat of reaction, combustion
front velocity). The results demonstrate insensitivity toward mechanical stresses regardless of the
ITO granulometry. As regards the spark sensitivity, using ITO microparticles considerably raises
the sensitivity threshold value (<0.21 m] vs. 13.70 m]). A combustion velocity of nearly 650 m/sec
was also determined.

Keywords: nanothermites; indium tin oxide; combustion reaction; sensitivities properties; spark
test

1. Introduction

Energetic materials (EMs) are a large family of materials, including explosives, pro-
pellants, and energetic fuel-oxidizer mixtures. EMs store enormous heat energy in their
structures (monomolecular and multicomponents) which is released during the decom-
position reactions classified as detonation, deflagration, and combustion reactions, respec-
tively [1]. Thermites are an example of energetic fuel-oxidizer mixtures generally made
up of a metal fuel (aluminum (Al), boron (B), magnesium (Mg), and zirconium (Zr)) with
an oxide ceramic material (ferric oxide (Fe20s), molybdenum oxide (MoQOs), cupric oxide
(CuO), tungsten oxide (WOs), and stannic oxide (SnO2)), both on a micron scale. After
stimuli, a redox reaction takes place, generating high temperatures (2000-3000 K), high
energy densities (>kJ/cm?), and gas production, as determined by the choice of the com-
ponents [2].

Over the past two decades, thermite composite materials have received growing at-
tention in pyrotechnics thanks to nanotechnology. For example, mixing nanopowders of
fuel and oxidizer (i.e., nanothermites) greatly improves the ignition and combustion
speed because those mixtures are more intimate and homogenous and increase the inter-
facial contact area between the fuel and the oxidizer. Thus, the ignition duration and the
combustion rate can be reduced and increased, respectively, by approximately 2-3 orders




of magnitude for a given composite material [3,4]. However, downsizing components that
constitute energetic thermite materials does not only lead to enhanced performance, as
the sensitivity properties of such mixtures to certain external stimuli can also increase, for
example. This makes their synthesis, handling, and transport hazardous for operators.
Stimuli frequently encountered during the characterization of EMs include heat, impact,
friction, and spark (or electrostatic discharge) [5]. These tests were established by NATO
in standardization agreements [6-8]. Regarding shock and friction tests, minimal thresh-
old values of 2 ] and 80 N are thus required to transport EMs on public roads, while the
literature mentions a spark sensitivity threshold of 8-20 mJ, corresponding to a discharge
capacity of a human body [9-11]. For example, Al/WOs, Al/SnOz, Al/Bi20s, Al/MoOs, and
Al/Fe20s3 nanothermites present spark sensitivity threshold values of < 0.14 m], < 0.21 m],
0.125 x 10% mJ, 0.05 mJ, and 1.25 m]J, respectively [12-14]. To increase these thresholds,
some authors work on the desensitization of nanothermites by adding electrical conduct-
ing ingredients in the energetic mixtures as carbon particles (nanotubes, fibres, graphene,
and carbon black) and conductive polymers (polyaniline and polypyrrole), or not (Viton
A) [15-22]. However, the addition of an additive in the traditional energetic fuel-oxidizer
mixtures systematically leads to the degradation of reactive properties, i.e., a higher igni-
tion delay and a lower combustion rate [16,18-22].

Transparent conductive oxides (TCOs) are oxide ceramics with unique properties of
transparency and electrical conductivity. Among the TCO materials, indium tin oxide
(ITO) [23], an n-type semi-conductor material, is the most investigated one compared to
other materials, including antimony-doped tin oxide (ATO) and aluminum zinc oxide
(AZO). As aresult, it is widely used in various fields, such as solar cells [24], liquid crystal
and flat-panel displays [25,26], light-emitting diodes [27], electromagnetic shielding [28],
infrared reflectors [29], and anti-static coatings [30]. These applications are possible due
to the high electrical conductivity of ITO resulting from the presence of oxygen vacancies
caused by the insertion of dopant tetravalent tin cations (Sn*) into the In2Os indium oxide
structure (In*) [23]. Therefore, ITO, an oxygen-containing material with high intrinsic an-
tistatic properties, is used to play a dual role in energetic composites, i.e., acting as an
oxidizing component while allowing for the dissipation of electrostatic discharges, thus
making the formulation of desensitized reactive binary nanothermites possible.

Herein, the mixture of indium tin oxide (ITO) and aluminum (Al) nanoparticles, as
oxidizer and fuel, respectively, was studied. The performance of the Al/ITO thermite, i.e.,
its sensitivity thresholds to spark and mechanical stimuli, as well as the reactive properties
(combustion wave velocity) were determined. A comparative study was carried out with
different ITO grain sizes to investigate the influence of size effects on the performance.
This type of composite material was investigated for the first time.

2. Materials and Methods

Indium tin oxide nanopowder (ITO, In203:5nO2 = 90:10 wt. %, Mw = 279.91 g/mol.,
particle size (PS) < 50 nm) and acetonitrile were purchased from Sigma-Aldrich (Saint-
Louis, MO, USA). Aluminum nanopowder (Al, apparent particle size = 50 nm, 65.5 wt. %
of active Al) was provided by QNA Intrinsiq Materials Inc. (Rochester, NY, USA). Indium
tin oxide raw powder (ITO, In205:5SnO2 = 90:10 wt. %, 30—44 um powder, 99.99%) was ob-
tained from Alfa Aesar (Kandel, Germany). Chemical reagents were used as received and
without any further purification.

2.1. Preparation of the Al/ITO Energetic Composite

Based on the writing of the traditional aluminothermic reactions, the reaction be-
tween aluminum and indium tin oxide (ITO) is given below:

(2 + x/3)Al(s) + In2>SnxO3+x2(3) — (1 + x/6) Al203(s) + (2-x)In(s) + xSn(s), 1)



where alumina (Al20s) inorganic specie, indium (In), and tin (Sn) metals are the solid com-
bustion products. ITO is described with an excess of oxygen in order to respect the elec-
trical neutrality.

For the present work, the reactants were mixed according to an equivalence ratio (®)
of 1.2; i.e., with an excess of fuel to boost the reactivity of the mixture. The formula of the
equivalence ratio is described in Equation (2):

© = ((F/O)exp.)/((F/O)st.), )

where F/O is the mass ratio between the active fuel (Al) and the oxidizer (ITO) compo-
nents, and the subscripts exp. and st. are the “current” and stoichiometric conditions.
Typically, 133.5 mg of passivated Al (assuming 65.5 wt. % of active Al determined
by means of a thermo gravimetric analysis) and 366.5 mg of indium tin oxide powders
(um and nm) were suspended in 100 mL of acetonitrile in a round-bottomed flask. The
suspension was stirring during 1 h and punctually interrupted by sonication steps (3 x 5
min.) to break up agglomerates and optimize the homogeneity of the energetic formula-
tion. The solvent was evaporated at 80 °C under 200 mbar until a dried grey mixture was
obtained. This mixture was stored in a conducting container for further experiments.

2.2. Characterization Techniques

A Nova Nano-SEM 450 scanning electron microscope (SEM, FEI, Hillsboro, OR,
USA) operating at a voltage of 10 kV was used to observe the microstructures of the dif-
ferent (multi)materials. The samples were coated with a thin gold layer before examina-
tion. Chemical elemental maps regarding aluminum, indium, and tin metal were obtained
from an electron diffusion scattering analysis (EDS). Textural properties of the materials,
such as the specific surface area (SSA), were determined by nitrogen physisorption meas-
urements at =196 °C performed on an ASAP2020 apparatus (Micromeritics, Norcross, CA,
USA). Analyses were achieved on degassed samples (200 °C, 6 h, vacuum <10 umHg) and
the SSAs were determined by considering the Brunauer-Emmet-Teller (BET) model ap-
plied in the 0.05-0.20 relative pressure domain. A 2010 low-noise multimeter model
(Keithley, Solon, Oh., USA) was used to measure the electrical conductivity properties of
the samples. The procedure, based on a two-probe method, is described in [20]. Note that
the loading densities of the samples were determined and expressed (in %) as a function
of their respective theoretical maximum densities (TMD). Similar densities were used, al-
lowing for a direct comparison of the electrical properties between the samples.

The energetic performance of the Al/ITO thermites were investigated through the
determination of the sensitivity thresholds toward different external stimuli, their ignition
abilities in open environment, the determination of the combustion rate in tube experi-
ments, and the heat of reaction by means of a calorimetry bomb.

The electrostatic discharge (ESD) sensitivity, given in millijoules (m]), was deter-
mined on an OZM ESD 2008A apparatus in an oscillating mode. A few mg of the Al/ITO
nanothermite was placed between two electrodes 1 mm apart and submitted to a spark.
The energy delivered by the spark is determined from the applied high voltage (4-10 kV)
and a condensator capacity. The impact and friction sensitivity thresholds of the energetic
mixture, expressed in joules (J) and newtons (N), respectively, were determined by using
a fall-hammer and Julius Peter BAM apparatus, respectively. To measure the impact sen-
sitivity threshold, the measurement principle was based on the dropping of weights from
a defined height on the sample (40 mm?) placed between two metallic cylinders. To calcu-
late the friction sensitivity, the threshold was measured by scraping the powder (10 mm?)
between two ceramic pieces. The force of the ceramic stick (piece located on top of the
powder) was determined by the position of weights suspended from the lever bearing the
stick. The selected sensitivity threshold values for the investigated material and for all
tests corresponded to the value of six consecutive “no-reactions”, i.e., no color change,
clapping sound, burning reaction etc. The probability of obtaining a total absence of com-
bustion was 98.4% at these thresholds.



The ignition capability was tested by burning 10 mg of powder with an optical flash
igniter. A detailed protocol is given in [31]. Video data of combustion events were col-
lected using a Photron FASTCAM high-speed camera (104 frames per second).

Flame propagation experiments were performed using the apparatus described in
[13,19]. Typically, the powdered sample was poured into a polymethylmetacrylate tube
(PMMA, outer diameter = 25 mm, inner diameter = 3 mm, length = 150 mm) and, with 50
mg additions, was closed at one end by an adhesive. Then, the progressive filling height
was measured. An approximate mass of 689 + 5 mg of energetic mixture was poured in a
PMMA tube. The tube was horizontally placed in a detonation tank and a laboratory-
made electric igniter (a bi-layer energetic composition made of an Al/WOs (P = 1.4) mix-
ture followed by a B/Bi2Os (10 wt. % of boron) composition) was placed at the other end.
The Photron FASTCAM high-speed camera was set to 5 x 10 frames per second for video
recording. The high-speed images allow for the observation of the progression of the re-
action front during the combustion process. The combustion velocity of the Al/ITO nano-
thermite, averaged on four tests, was determined by tracking the front position as a func-
tion of time.

A C2000 IKA calorimeter equipped with a C62 calorimetry bomb was used to deter-
mine the heat of reaction of the AIl/ITO energetic nanocomposite. For that, approximately
1 g of the sample was tested and the experiment was triplicated.

3. Results and Discussion
3.1. Individual Ingredients and Energetic Mixture Characteristics

Scanning and transmission electron microscope analyses were used to describe the
morphologies and sizes of individual indium tin oxide (ITO) and aluminum (Al) particles,
as well as the homogeneity/intimacy of the derived Al/ITO energetic composite materials.
Representative images are shown in Figure 1. The Al nanoparticles were spherical in
shape, with a core—shell microstructure and an average size ranging from 50 to 300 nm, as
shown in Figure 1a,b. The 2-3 nm-thick shell corresponded to a layer of native amorphous
alumina (AL:0s) [32]. The specific surface area was determined to be 24 m?/g. Figure 1c,d
show ITO powders which differ in particle size. The micron-sized ITO powder (ITO_um,
Figure 1c) consisted of particles of undefined morphology with a size of approximately
0.1-0.5 um, whereas the nano-sized ITO material (ITO_nm, Figure 1d) had quasi-spherical
spheres of < 50 nm. Their specific surface areas were determined to be equal to 2 and 35
m?/g, respectively. Figure 1e,f show the Al/ITO_um and Al/ITO_nm energetic composites,
respectively. Clearly, both showed excellent surface contact between indium tin oxide and
aluminum particles. This fact, with intimacy of components, is a key point for the kinetic
combustion reactions [3,4,13,14].



Figure 1. TEM pictures (a,b) of Al nanopowder and SEM images (c—f) of ITO_um, ITO_nm,
Al/ITO_um, and Al/ITO_nm materials, respectively.

However, the spatial distribution of the fuel and oxidizer particles was more homo-
geneous in the case of the Al/ITO_nm energetic composite material than in its micron-
sized counterpart, because at a low scale, both ingredients were easily observable, which
was not as obvious in the second composite. In the latter case, the aluminum did not com-
pletely cover the micrometric oxidizer particles. This fact could be detrimental for com-
bustion experiments where homogeneity between the fuel and oxidizer particles is critical
to ensure an extremely fast self-propagating front flame [3].

Further characterizations were performed on both energetic composite materials, in-
cluding the determination of the textural and electrical properties. Regarding the textural
properties, the SSA of the two energetic composite materials was determined by nitrogen
physisorption measurements at 77 K. Values of 5 m?/g and 22 m?/g were obtained for the
thermites Al/ITO_um and Al/ITO_nm, respectively —a trend expected for fuel-oxidizer
systems with nm/um and nm/nm particle sizes. This may result in a higher reactivity for
the Al/ITO_nm system than for the Al/ITO_um composite material, since aser reflects the
surface where combustion reactions can occur [31].

For the electrical conductivity properties, a two-probe method was used, as described
earlier in the experimental section. The electrical conductivity of the pelletized Al/ITO_um
energetic composite was an order of magnitude higher than that of the Al/ITO_nm sys-
tem, with data of 8.91 x 10! S/ecm (2.37 g/cm3, 47% TMD) versus 3.79 x 102 S/cm (2.11



g/cm?3, 42% TMD), respectively. These data follow the trend described for conductivity
measurements performed on ITO powders taken alone, where values of 4.74 S/cm (37.5%
TMD) and 2.27 x 102 S/cm (34.1% TMD) were obtained for ITO_um and ITO_nm, respec-
tively. Note that the volume percent of ITO within Al/ITO energetic mixtures (® = 1.2)
was close to 52%. The conductivity of aluminum was found to be that of an insulating
material with a value of 10 S/cm, which is explained by the insulating alumina layer
covering the aluminum metal core [32].

3.2. Sensitivity Properties of the Al/ITO Energetic Composites

One major safety concern in the application of energetic composite materials is their
high sensitivity to spark or electrostatic discharge (ESD). Therefore, the sensitivity levels
of both AI/ITO energetic mixtures were determined from the protocol defined in the ex-
perimental part. The mechanical sensitivities (impact and friction), although less problem-
atic for nanothermites, were also evaluated and attached to the ESD data in Table 1.

Table 1. Sensitivity thresholds of the Al/ITO thermites (at an equivalence ratio ¢ of 1.2) with respect
to the oxidizer granulometry.

Sensitivity Test ESD (m]) Impact (J) Friction (N)
Al/ITO_um 13.70 >100 >360
Al/ITO_nm <0.21 >100 324

For impact and friction sensitivity tests, the values were noticeably high, i.e., >100],
and at least equal to 324 N, respectively, making Al/ITO energetic mixtures insensitive to
impact, and insensitive/moderately sensitive to friction, as defined by NATO standards
[6,7]. In contrast, the ESD threshold value of the Al/ITO_nm thermite was extremely low,
with a value well below the energy that can be generated by a human body (<0.21 m]
compared to 820 m]J) [9-11]. This result is consistent with the results obtained for an en-
ergetic formulation based on fuel and oxidizer nanoparticles since the sensitivity thresh-
olds are generally low, as noted for many reactive pairs mentioned in the introduction.
However, when the ITO_pm oxidizer was involved in nanothermite, this value consider-
ably increased (at least two orders of magnitude), since the ESD threshold value was 13.70
m] for the AI/ITO_pm energy composite. It should be noted that despite this trend, the
latter mixture should also be considered dangerous to handle with an ESD value not ex-
ceeding the upper discharge limit of the human body. Usually, in order to observe a sim-
ilar trend, the addition of a ternary conductive component (carbon structures, conductive
polymers) is necessary [15,16,19,20,22]. As the fuel ingredient and the experimental pro-
cedure were the same for both energetic composite materials, this result may be attributed
to the oxidizer material. In this case, two hypotheses can be suggested: the size effect (um
vs. nm) and the electrical properties of the oxidizer component (conductive, semi-conduc-
tive, or insulating). Regarding the former, previous works have shown that the use of mi-
crometer-sized oxidizer particles does not have a significant impact on the ESD threshold
value compared to oxidizer nanoparticles [33,34]. For example, when Cr20s (Sigma-Al-
drich, PS> um, SSA =3 m?/g) and WO3 (Sigma Aldrich, PS =20 um, SSA =1 m?/g) micro-
particles were used in Al nm-based thermites (Al, Nanotechnologies Inc., PS =50 nm, SSA
=40 m?/g), instead of nanoparticles, the ESD threshold was determined to be 0.14 m], i.e.,
widely lower than the ESD value determined in the present case for the Al-nm/ITO um
energetic system (13.70 mJ). In addition, Cr20s and WOs materials exhibited low electrical
conductivities, as experimentally determined (according to the procedure described in
this work), equal to 6.5 x 107 S/cm (54.1% TMD) and 3.6 x 106 S/cm (55.2% TMD), respec-
tively. Consequently, given this result, it seems reasonable to attribute the mitigation of
the spark sensitivity of the Al/ITO energetic system to the intrinsic electrical conductivity
of the ITO material, which was higher at the micro than at nanometer scale (~4.74 S/cm
versus 2.27 x 102 S/cm).



Another aspect that can be considered is the possible simplicity of building a contin-
uous conductive network with ITO micro-sized particles rather than nano-sized particles
(in agreement with previous SEM analyses), allowing for an easy and quick dissipation of
electrical charges. However, it is accepted that the accumulation of electrostatic charges at
the fuel-oxidizer interface may be responsible for the ignition of energetic compositions
following thermal heating created by the Joule effect. Therefore, if the charges are rapidly
removed from the energy mixture, thanks to the presence of a continuous conductive net-
work, it becomes more difficult to ignite the compositions by an electrostatic stimulus.
The compositions thus require more energy to combust.

3.3. Ignition Ability of the Al/ITO Energetic Composites

The ignition ability of the two Al/ITO formulations was tested in an open configura-
tion using a portable optical flash igniter. The combustion movies are shown in Support-
ing Information—Videos S1 a, b for the Al/ITO_pm and Al/ITO_nm energetic systems,
respectively. Combustion reactions were complete, but the energetic formulations be-
haved differently. The energetic composite made of indium tin oxide at the micron scale
(ITO_um) was more difficult to ignite after the thermal pulse. The combustion reaction
was characterized by cracklings, characterizing multiple and successive combustion
starts. Each crackling was represented by the generation of a small fireball that grows with
time before leading to the formation of a large and single incandescent particle cloud. In
contrast, for the Al/ITO_nm composite, the ignition occurred more quickly and the com-
bustion reaction was faster and more violent. The combustion phenomenon was repre-
sented by the formation of an extremely bright yellow—white and dense spray of incan-
descent particles. This result is supported by a reduction in the particle size implemented
in energetic composite nanomaterials (nm vs. pm). This then enhanced the reactive prop-
erties due to an increase in the contact surface between the fuel and oxidizer particles and
reduced the diffusion path of the oxygen moving from the oxidizer to the fuel during the
redox reaction. As a result, the ignition capacity and propagation of the front flame con-
siderably improved. Combustion images, illustrating the most intense moments, were ex-
tracted from the respective video recordings and shown in Figure 2. They clearly illustrate
the different reactive behaviors of the two energetic Al/ITO composites.

~

{

Figure 2. Combustion images of the (a) Al/ITO_um and (b) A/ITO_nm energetic composite mate-
rials (¢ = 1.2) recorded at 20 ms and 1 ms after the thermal impulse provided by the optical igniter.
The white or black scale bar (on top on images) represents 20 mm.

The experimental heat of reaction of the energetic AI/ITO nanocomposite, by means
of calorimetry bomb, was determined to be equal to 11.5 + 0.6 kJ/cm? (2275 + 133 J/g). Ac-
cording to the work of Fisher et al. [2], the studied formulation presents an intermediate
heat reaction among aluminum-based thermites if the equivalence ratio was not consid-
ered, i.e., between the two extremes (stochiometric aluminum-titanium oxide (Al/TiOz2)
and aluminum-iodine pentoxide (Al/I2Os) energetic mixtures, for which theoretical heat
reactions of 5.5 kJ/cm? and 25.6 kJ/cm? were calculated, respectively).



3.4. Combustion Speed of the Al/ITO Energetic Composites

Combustion experiments in polymethylmetacrylate tubes were performed at 12.9%
of the theoretical maximum density (TMD) for the Al/ITO_nm system. The TMD for
Al/ITO_nm was 5.08 g/cm?. The Al/ITO_um system could not be studied because no self-
propagating combustion reaction was available for these experimental conditions. Since
nano-aluminum (fuel) was present in the energetic composite, low-density loadings
(<20%) could favor the highest reactive performance (for the equivalence ratio consid-
ered), since a fuel melt dispersion mechanism (MDM) could be expected [4]. Video re-
cordings of the Al/ITO composite are presented in Supporting Information (Video S2).
The ignition front appeared at the section of the tube exposed to the igniter and rapidly
moves to the end of the PMMA tube. No extinction of the reaction or decelerating of the
combustion front propagation was observed for the studied system. Figure 3 shows im-
ages extracted from the combustion video in confined medium of the Al/ITO_nm nano-
thermite. From a series of four tube experiments, an average combustion velocity of 657 +
31 m/s was determined for the prepared Al/ITO_nm energetic material, with an equiva-
lence ratio of 1.2. This was achieved by excluding the acceleration zone (the first 30 mm)
and the end of the tube (the last 10 mm).

Figure 3. Photographs extracted from the combustion video of the Al/ITO_nm energetic composite
material. The equivalence ratio (¢) was fixed at 1.2. The elapsed time between images was 40 psec.
The white scale bar (on top on first) represents the tube length (150 mm).

In summary, ITO-based energetic aluminum thermites were insensitive to the impact
test (>100 J), like many energetic composites. With regard to the friction sensitivity, the
Al/ITO formulations were moderately sensitive to insensitive (2324 N). This is common
for energetic formulations, such as Al/In20s, Al/SnO:, and Al/Nb20s, but better than



Al/WOs, Al/MnOz, Al/Bi20s, and Al/CuO composites whose thresholds are <5 N (for the
first three listed) and 9 N, respectively [13,16,34-37]. With respect to the spark sensitivity,
Al/ITO materials showed a similar trend compared to the Al/In20s system, with a high
sensitivity at the nanoscale (like many binary energetic compositions reported in the lit-
erature) and a mitigation of the ESD sensitivity when oxidizing microparticles are in-
volved. This result may be due to the fact that a continuous conductive network is easier
to design with micro-sized ITO particles than with nano-sized ITO particles, mixed with
(non-conductive) fuel particles. The existence of this conductive pathway makes it easier
to conduct electrical discharges through the volume of the composite. Finally, regarding
the burning speed in the confined test, the fastest phenomenon was recorded for the
Al/ITO_nm energetic system with a burning speed close to 650 m/s. In order of magnitude,
the measured velocity was similar to that given in the literature for other nanothermite
compositions, such as Al/Fe20s3 (550 m/s) and Al/MoOs (950 m/s) composite materials
[38,39]. Note that this comparison is made for indicative purposes only, as the fuel and
oxidizer particle sizes, equivalence ratios, loading densities, and mixture preparation
methods are not entirely similar in the various works.

4. Conclusions

In this study, indium tin oxide (ITO), an n-type semiconductor material, was chosen
as an oxidizer and mixed with aluminum to formulate thermite. It showed attractive elec-
trical conductivity, making it ideal for antistatic applications. ITO nanoparticles and mi-
croparticles were used to evaluate the size effect on the sensitivities and reactive proper-
ties of as-prepared Al/ITO energetic composite materials. Two major differences can be
noted in terms of energetic behavior.

First, in terms of sensitivity properties, while the energetic Al/ITO_um and
Al/ITO_nm formulations showed insensitivities to impact and friction tests and can be
classified as safe, the ITO_um particle-based formulation was strongly desensitized to
electrostatic discharges compared to its nano-sized counterpart (13.70 vs. <0.21 mJ). This
result can be interpreted by taking into account the higher electrical conductivity of
ITO_pum compared to ITO_nm. Furthermore, it represents an easier formation of an elec-
trical conductive pathway with large ITO particles. Second, as the ITO particle size de-
creased, the reactivity behavior improved with a shorter ignition delay and an improved
combustion event. In a confined environment, the burning rate of the Al/ITO_nm ener-
getic thermite was determined to be close to 650 m/s.

Reactive and spark-desensitized nanothermites can be formulated using an oxidizer
in micrometric dimensions form but structured at the nanoscale. The controlled sintering
(porosity preservation) of oxidizer nanoparticles may represent a solution. Mixed with an
aluminum fuel, this type of architecture can combine the reactivity and insensitivity from
the nanoscale and the micro-scale, respectively.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/sl. Video S1: Combustion videos in unconfined configuration of the (a)
Al/ITO_um and (b) Al/ITO_nm energetic systems, respectively. Equivalence ratio of 1.2. Video S2:
Combustion videos in unconfined configuration of the (a) Al/ITO_um and (b) Al/ITO_nm energetic
systems, respectively. Equivalence ratio of 1.2.
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