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Abstract:

Using nanoscale constituents in reactive thermite formulations has shown great promise in
improving the performance and utility of these materials. Such formulations give rise to
rapid liberation of energy in the form of heat and pressure when ignited. Since their dis-
covery, the main method for improving the reactivity has been focused on changing the
formulation. In addition to exploring different fuels and oxidizer, a variety of other param-
eters have been investigated, including particle size and morphology, stoichiometry, densi-
ty, and degree of confinement. While thermite systems can exhibit strong reactivity scaling
with these parameters, it has recently been shown that there are diminishing returns in
some cases, such as reducing the particle size of aluminium fuel. To further improve these
materials, we must begin to seek alternate methods for changing the reactivity. This re-
quires a detailed understanding of reactive material phenomena occurring at various
length and time scales. This understanding would allow us to determine what the major
bottlenecks are for achieving rapid reactions, and to come up with alternate solutions for
tailoring the reactivity for improved performance. Here we compile recent results on the
reaction mechanism occurring in nanocomposite thermites across multiple scales. In all
studies, rapid heating experiments are used in order to mimic the dynamic environment in
a self-propagating reaction, or the material is combusted and studied in-situ.
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1 Introduction

Since 1995, nanoparticles have been investigated as fuels and oxidizers in composite
thermite formulations. Aumann et al. first demonstrated that such materials could achieve reac-
tivities nearly three orders of magnitude faster than formulations utilizing larger particles.[1]
The main reason for the increased reactivity has been attributed to the reduction in mass
transport length scale between the fuel and oxidizer, brought forth when using nanoparticles.
This discovery has generated much interest, especially considering that certain formulations
have higher mass and volumetric energy densities than even the best explosives. A large focus
has been to better understand the governing mechanisms, and explore methods to improve the
kinetic time scale, with the hopes of rivaling explosive performance.

Over the years, there have been several important discoveries about the reaction mecha-
nisms in nanocomposite thermites, alternately termed metastable intermolecular composites
(MICs). Pantoya et al. have demonstrated that the flame propagation velocity increases as the
packing density decreases in confined burn tube tests.[2] This is opposite of what is commonly
found for propagating energetic materials. Several authors have found that the forward convec-
tion of hot gases is primarily responsible for transporting energy and propagating the flame.[3-
5] Some studies have also shown the advection of hot particles can be a mode of heat trans-
fer.[6-8] A variety of oxidizers have been studied and, in general, oxidizers that can rapidly
liberate intermediate gases, such as CuO decomposing to release O, are found to react faster



than those which have more complex decomposition pathways, such as Fe>03.[9] In almost all
studies using Al fuel, changing the ratio of fuel to oxidizer can have a large effect on reactivity,
and the peak is found to be fuel-rich in most cases. Authors have used thermochemical equilib-
rium calculations to show that many formulations can produce more gas under fuel-rich condi-
tions and, even though the temperature will be lower than a stoichiometric mixture, this excess
gas serves to increase the reactivity by assisting the heat transfer.[4]

Particle size has also been explored, and we have shown diminishing returns of decreasing
the size of the fuel, while keeping the size of the oxidizer nanometric.[10] We have hypothe-
sized that there are heat transfer limitations when using small particles, attributed to the time
scale of thermal relaxation relative to the intrinsic heating rate generated by the reaction. If the
system is unable to react rapidly enough to generate a high gaseous heating rate, then particles
will thermally equilibrate with the surrounding gas during the thermal ramp. Thus, for any fi-
nite heating rate, there is a critical size below which all particles take equal amounts of time to
heat to their ignition point. This can limit energy release rate when using small particles, par-
ticularly if the heating time becomes comparable, or slower than, the reaction time scale. In the
same work, we demonstrated that larger Al (3.5 um) outperformed nanometric Al as a fuel.

With diminishing returns being observed, we need to consider alternate methods for tailor-
ing the reactivity of thermites. Before we can achieve this, a deeper fundamental understanding
must be developed of what phenomena occur during the reaction, along with what length and
time scales dictate these phenomena. Figure 1 illustrates the hierarchy of length scales to con-
sider in the deflagration of a thermite. In the following sections, we will discuss each length
scale in further detail.
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Figure 1: Schematic of the various length scales to consider in the reaction mechanism of nanocompo-
site thermites.



2  Results and Discussion

2.1 Intraparticle, particle, and aggregate length scales

At the smallest scale of a few nanometers, metal fuel particles have a native amorphous
oxide shell passivating the metal core. For aluminum, this shell is only a few nanometers thick,
but can represent a significant weight percentage of the particle mass when using nanoparti-
cles. During a rapid thermal ramp, the melting point of the core relative to the melting point of
this shell must be considered. If the core melts at a low temperature relative to the shell, such
as in the case of Al, this can lead to stresses on the shell as the volume of the core expands dur-
ing melting. Some authors have hypothesized this to lead to a sudden rupture of the shell, caus-
ing the core to unload from the tensile stress.[11-12] This mechanism has been termed the melt
dispersion mechanism (MDM), and is said to occur only above a critical heating rate, and only
for a range of relative ratios between the shell thickness and particle radius. One major flaw of
this mechanism is that it assumes a single spherical particle with a uniform oxide shell. Nano-
particles, including those used to experimentally corroborate this mechanism, are not single
particles but are instead aggregates of multiple particles partially sintered with necks adjoining
the particles. This will completely change the calculation, as the stress is not isotropic in such a
geometry.

A much more plausible explanation of the core-shell interaction is that the oxide shell un-
dergoes softening, phase change, or failure during the thermal ramp, allowing the aluminum
core to breach the shell and become accessible to the oxidizer. This process may be assisted by
the stresses developed during the melting and volumetric expansion of the core. The coales-
cence of Al nanoparticle aggregates under rapid heating conditions has been directly imaged
using a dynamic transmission electron microscope (DTEM), and the authors showed that parti-
cles in aggregates coalesce in as little as 10’s of ns once a critical temperature of 1300 K is
achieved.[13] An example of this process from reference 13 is shown in Figure 2. It’s notewor-
thy that this temperature is well above the melting point of aluminum, which is where MDM
would occur if it were happening. It’s impossible to tell the exact mechanism by which the
aluminum breaches the oxide shell in these experiments, but knowing a critical temperature
and time scale for the coalescence is an important step towards improving our understanding of
the dynamic behavior. The results are encouraging in that the mass transport time scale is very
fast, 10’s of nanoseconds, and so if the oxidizer can be delivered on a comparable time scale,
the reaction rate could be very fast as well. However, in many cases this coalescence may have
a negative impact in that it greatly reduces the surface to volume ratio of the particles early in
the reaction, and before significant oxidation can occur.



Figure 2: (Top left) Aluminum nanoparticle aggregate before heating. (Top right) Aluminum nanopar-
ticle aggregate coalesced into a sphere, shown after rapid heating. (Bottom) From left to right; before, dur-
ing, and after images of the coalescence event during rapid heating, taken in pulsed dynamic transmission
electron microscope mode. More details can be found in reference 13.

In terms of the oxidizer, particles can undergo a variety of behaviors, including melting,
decomposition, and sublimation. Decomposition involves the formation of suboxide species,
and this can be a source for the release of oxidizing gases. Thermodynamic calculations, along
with thermogravimetric measurements, can both be used to predict the oxide behavior as a
function of temperature. However, whether these predictions apply in very rapid heating rate
scenarios is uncertain at this point, and would depend on the relative heating time scale relative
to the kinetic time scale of phase transformations. Oxidizers will undergo coalescence similar
to that seen in the aluminum, and likely on similar time scales. This can serve as a conduit for
rapid delivery of the oxidizer to the fuel, however, oxidizing gases may also diffuse and escape
before they can react with the fuel in the condensed phase.

The reaction between fuel and oxidizer aggregates has been directly imaged using a rapid-
heating hot stage inside a transmission and scanning electron microscope. Both Al / WOs3 [14]
and Al/ CuO [15] were studied, and were subjected to heating rates of approximately 10° KJs.
Examples of images before and after heating are shown in Figure 3, and it was observed that
the fuel and oxidizer formed an interface and, at least partially, reacted through a condensed-
phase pathway. At interfacial locations, the oxidation-reduction reaction creates a hot spot, and
this thermal energy is conducted away from the interface and down the aggregate chains. This
causes new material to be melted, and surface tension drives the material to flow towards the
reacting interface. This mechanism was termed reactive sintering in reference 15, but reactive
coalescence is a more suitable term in that it includes both sintering and the flow of molten
material. It is hypothesized that during this mechanism, the oxidizer can decompose and liber-
ate oxidizing gaseous species. While reactive coalescence is an important part in determining
the growth of nanoparticles into larger particles, it is unknown at this time what fraction of the
reaction has completed during this event.
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Figure 3: a) Al / CuO thermite before (left) and after (right) rapid heating of 10° K/s. Condensed-phase
interfacial reactions drive the coalescence of aggregates into micron-scale particles, as seen in reference 15.
b) Al / CuO captured at a standoff distance from the reaction, taken from reference 8. The advected parti-
cles have a similar morphology as compared to the particles seen in a). ¢) X-ray phase contrast imaging of
reacting Al / CuO on a rapidly heated Pt wire. Coalescence was measured to to occur within a few micro-
seconds after ignition. d) Schematic of reactive sintering, or reactive coalescence, of aggregates to form
larger particles. In this mechanism, interfacial reactions drive coalescence of material to flow towards the
reacting interface. More details of ¢) and d) can be found in reference [15].

2.2 Agglomerate length scale

As reactive coalescence occurs, heat and gases are rapidly liberated locally from the aggre-
gates. The behavior at this point is highly dynamic, and involves concurrent melting, coales-
cence, and outgassing. This interplay between processes sets an additional length scale to con-
sider, which we term the agglomerate length scale, corresponding to a collection of reacting
aggregates. To study this length scale, we used electrophoretic deposition to produce films of
Al / CuO nanocomposites,[16] and a summary of this work is shown in Figure 4. The thickness
of the film was varied from 26-155 pum, and the resultant reactivity and dynamic behavior was
investigated using high-speed imaging. It was found that the reactivity could be increased an
order of magnitude as the film thickness increased. Furthermore, the behavior exhibited two
plateaus in reactivity occurring below and above approximately 40 um and 110 pm, respective-
ly. Between the plateaus, the reactivity scaling was found to be linear.

By assuming gas buildup and pressure-drive flow in porous media, the time scale for gas
escape as a function of film thickness was calculated.[17] This value was compared relative to
the known gas production time scale, and a non-dimensional parameter, A, was developed. For
low values of 4, which correspond to thin films, liberated gases can escape the film faster than
they are produced. For large values of 4, corresponding to thick films, intermediate gases ac-
cumulate faster than they can escape, leading to pressure buildup. This trapping behavior as-



sists the kinetics by keeping the fuel and oxidizer in proximity, and also assists energy transfer
by creating internal pressure gradients for the convective transport of energy. However, the
pressurized film only persists for a finite amount of time, as the material will undergo unload-
ing and dispersion, if unconfined and a critical stress is reached. Nonetheless, the results were
important in demonstrating that at least one other length scale, in this case the film thickness,
was important towards controlling the reactivity.

b) 4
a) ).\ p: +__ . I
o ) - e T w
) * e ,\5,30 |
e S A £
e e—— 82 % ¢ ~10x
"I-m-.-h“.‘_“lu':‘m.l“mmulw g
§ 10 S
[ -2
0 + - - -
0 50 100 150 200
Thickness (um)
z
c) Pressure-driven flow y
sul n IL.,(

vp

8 % px L?
AP % R? % 1,

A=

Substrate

Figure 4: a) Electrophoretic deposition is used to co-deposit Al and CuO nanoparticles onto conductive
Pt strips. Film thicknesses range from several microns to nearly 200 microns in this work. b) Linear flame
propagation velocity as a function of film thickness. Note the two plateaus, separated by a linear transition
regime. More details of a) and b) are in reference [16]. ¢) Gas trapping parameter, 4, was calculated assum-
ing pressure-driven flow of intermediate gases out of the porous film. The non-dimensional parameter is a
relative ratio of the gas escape to the gas production time scales. For large values of 4, corresponding to
thicker films, gases accumulate and can assist the reaction and energy transport. More details are included
in reference [17].

2.3 Macro length scale

At some time scale shortly after gas generation and pressure buildup, the film can undergo
pressure-driven unloading, if partially or unconfined. This serves to disperse the gases and, be-
cause of the rapid momentum relaxation time scale of small particles, entrains and advects par-
ticles in a direction normal to the surface in a multi-phase expansion process. Due to their mo-
mentum, coalesced particles can travel large distances relative to the gases. The velocity of
these particles has been measured, and was found to be transported 2-3x faster than the flame
propagation velocity.[16] If these particles encounter unreacted material, they can assist the
energy transport by condensing and igniting material downstream. An example of particle
transport and initiation is shown in figure 4.[18] In this case, a thin film of thermite is deposit-
ed onto a center strip, along with two neighboring strips. The separation distance tapers down



until the strips eventually connect with the center strip. The jump distance, J, in which material
from the center can be advected sideways and cause sympathetic initiation is quantified. As the
A parameter is increased, the jump distance was found to increase as well. Thermite films as
thin as 100 microns were able to jump at least 9.6 mm, and possibly much further, and ignite
neighboring material.
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Figure 5: a) Custom electrode, with deposited Al / CuO, designed to measure energy jumping and
sympathetic initiation at some distance, J. b) Jumping behavior for various values of A at different relative
times. For large values of 4, material can jump very large distances and ignite neighbouring material. c)
Average jump distance as a function of film thickness for both nanocomposite thermites, as well as ther-
mites using micron-Al. More details can be found in reference [18].

3D printing is a rapidly emerging technology, and is being explored for a very wide range
of applications. At the heart of 3D printing is the ability to control, at least down to the micron
scale, the spatial placement of material within a part. Thus, with some knowledge of the gov-
erning length and time scales, it was conceivable that some of the dynamic processes occurring
in nanocomposite thermite reactions could be controlled through engineering the architecture.
Doing this required an understanding of the relevant phenomena, along with the ability to print
feature sizes commensurate with the length scales governing these phenomena. To create archi-
tected thermites, we combined an extrusion-based additive manufacturing technology called
direct ink writing (DIW), with electrophoretic deposition of a thermite film.[19] DIW was first
used to print 3D electrodes of silver, into two geometries termed channels and hurdles. In a
channel, two long parallel strips of silver were oriented parallel to the direction of propagation,
and separated by a distance, d. In a hurdle geometry, a series of silver barriers were printed
perpendicular to the direction of energy propagation, and separated by a distance, d. Schemat-
ics of these architectures, along with a summary of the results are shown in Figure 6. Al/ CuO



was deposited conformally onto the surface of the electrodes. As mentioned previously, during
pressure unloading a thermite film will undergo a multi-phase expansion, and energy in the
form of gases and particles expand in a direction normal to the surface. Thus, the main differ-
ence between these two architectures was the orientation of this expansion wave relative to the
direction of propagation. The d-spacing was varied in each system, and the linear propagation
velocity was measured using a high-speed camera.

As can be seen in Figure 6, in the case of channels, the reactivity increases as the d-spacing
is decreased. This is attributed to the expansion waves overlapping if the channels are situated
closely enough. This interaction acts to locally build up pressure, which can increase the for-
ward convective transport of energy. In the case of hurdle geometries, an opposite effect was
observed in that the reactivity was seen to increase as the d-spacing was increased. The reason
for this behavior is a result of the expansion wave being oriented parallel to the direction of
propagation. If the d-spacing is too low, the multiphase expansion can be physically interrupt-
ed as the wave encounters the next hurdle. Furthermore, material from the next hurdle can react
and lead to energy pushback, impeding the reaction. However, if the hurdles are situated far
enough apart, the expansion wave can fully develop and forwardly advect particles. These par-
ticles are intercepted as they encounter the next hurdle and, due to their advection velocity be-
ing faster than the baseline velocity, this leads to an increase in the apparent velocity. These
results are important in defining other geometric considerations, including the spacing and ori-
entation, which can be used to further control energy release and to tailor the dynamic behavior
of such materials. This work opens up the doors for exploring a wide range of architectures,
along with scaling the results up to more complex interactions in 3D printed materials.
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Figure 6: (Left) Channel architecture with a small d-spacing, where two expansion waves can overlap
in the intermediate region and assist convective energy transport. (Right) Hurdle architecture with a low d-
spacing, where the expansion wave is intercepted before fully developing. (Bottom) Flame velocity as a
function of d-spacing for a thin film (Ly =26 pm) in the hurdles (open markers) and channel (closed mark-
er) geometries. Note the opposite scaling with the geometric parameter, d. The behavior is an artifact of the
geometry, as well as the multi-phase expansion the thermite film undergoes upon reaction, and more details
are included in reference [19].



3 Conclusions

Here we have compiled several works looking at the mechanistic behavior of nanocompo-
site thermites across a range of length scales. At high heating rates, nanoparticles are seen to
rapidly coalesce and, at least partially, react via interfacial reactions. This creates internal pres-
surization as gases are released, and the film can undergo unloading as a mixture of gases and
particles undergoes a multi-phase expansion. 3D printed can be used to control the energy
transport during this event to assist or retard the reactivity. Besides focusing on the mixing
scale, this work offers several other length scales and phenomena to consider for further tailor-
ing material reactivity.
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