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ABSTRACT: The spallation of isolated aluminum (Al) nano-
particles (NPs) is initiated using rapid photothermal heating. The Al
NPs exhibited a nominal diameter of 120 nm, with an average oxide
shell thickness of 3.8 nm. Photothermal heating was achieved by
coupling a focused laser (446 nm wavelength) to an optical grating
substrate and to the plasmonic resonance of the Al NPs themselves.
These factors enhanced the absorption cross section by a factor of
8—18 compared to no substrate and generated an Al NP heating rate
on the order of 10’—10% K/s. Observations indicate that molten Al is
ejected from the heated NP, indicating that melting of the Al core is
required for spallation. A graphene layer atop the grating substrate
encouraged the formation of discrete particles of ejected Al, while
irregular elongated filament products were observed without the
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graphene layer. Numerical simulations indicate that laser-heated Al NPs reach temperatures between approximately 1000 and 1500

K. These observations and experimental conditions are consistent
thermomechanical reaction mechanism that has not previously

with those anticipated for the melt dispersion mechanism, a
been clearly demonstrated. Activating and controlling this

mechanism is anticipated to enhance applications ranging from biological phototherapy to energetic materials.

KEYWORDS: aluminum, nanoparticles, plasmonic grating, photothermal, spallation

1. INTRODUCTION

Aluminum (Al) nanoparticles (NPs) are energetic materials
that have attracted interest because of their high energy
density, low cost, and commercial availability.'~ Applications
of Al NPs include solid propellants, explosives, hydrocarbon
fuel additives, and enhanced combustion of metastable
intermixed composites."”’ To react with surrounding oxide,
the metallic Al core must escape an encapsulating alumina
shell. Understanding and controlling the fundamental escape
mechanisms of Al fuel through the shell is crucial to optimizing
their use in diverse applications. Various mechanisms have
been proposed based upon the NP heating rate, including the
diffusion oxidation mechanism (DOM) and melt dispersion
mechanism (MDM).®"'® The DOM is observed in a slower
heating rate regime (10*~10° K/s), in which the reaction is
initiated by diffusion of the Al and O atoms through the core—
shell interface or the outer surface of the Al NP.'” In the
DOM, Al diffusion through the amorphous Al,Oj shell restricts
the reaction rate between the metallic fuel and surrounding
oxide. The outward diffusion of Al is more rapid than the
inward diffusion of oxygen (O), causing coarsening of the
amorphous oxide layer, as shown by molecular dynamics
simulation and experimental observations.'®'” At a temper-
ature of 770 K, a polymorphic phase transformation of the
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oxide shell may initiate the nucleation of high-density
crystallites.”® These crystallites are accompanied by the
formation of small voids at their boundaries that may
accelerate the escape of AL>"** The thermomechanical
MDM model proposes that rapid heating, melting, and
expansion of the Al core produce sufficiently high hoop stress
on the alumina shell to induce mechanical failure and
spallation of the Al core. Activation of this effect requires
specific conditions, including very high heating rates (10°—10°
K/s), a core temperature that exceeds the melting temperature
of Al (934 K), and a sufficiently homogeneous alumina shell
that can withstand the building pressure provided by the Al
core.”® Shells with preexisting defects, including nanovoids,
impurities, and heterogeneous shell thickness, may hinder the
occurrence of MDM.” "

Promoting the rapid spallation and ejection of molten Al
fuel, as proposed by the MDM model, could drastically
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Figure 1. Al NP spectral absorption simulated using COMSOL Multiphysics 5.2a: (a—d) absorption cross section; (e—h) absorption efficiency in an
air medium for a single Al NP suspended in a medium, on a glass substrate, on a glass substrate with a reflective Ag film, and on a Ag-coated grating,

respectively.

increase the reaction rates of nanothermite systems. However,
experimental validation of MDM, or other dispersive reaction
mechanisms, has not been clearly presented in the literature.
Several different heating schemes have been attempted to
observe MDM. One such experiment used photothermal
heating of nanoscale Al disks fabricated using electron-beam
lithography and Al evaporation.”® The disks were patterned
with a diameter of 400 nm and a pitch of 500 nm to activate
plasmonic coupling with a 532-nm-wavelength laser. The
experiment achieved a heating rate of 0.88 X 10° K/s based on
the reported maximum temperature and laser pulse times,
approaching the threshold heating of 10° K/s to initiate MDM.
The maximum temperature of the Al disks was 975 K, just
above the Al melting temperature. While the MDM was
proposed for this experiment, no ejected particles were
observed, even in scanning and transmission electron
microscopy (SEM and TEM) images. In situ infrared imaging
also failed to detect flame generation. In another attempt to
isolate the MDM, clusters of approximately 100 Al NPs were
heated using a 12-ns-pulsed 1064-nm-wavelength laser or a
thin-film micro/electromechanical system (MEMS) heater
within a transmission electron microscope.”” The Al NPs
were nominally 80 nm in diameter, with an estimated 3 nm
oxide shell thickness. These TEM experiments failed to
demonstrate Al spallation, but adjacent NPs coalesced to
form a large particle without evidence of the MDM. The
estimated heating rates of the Al NPs ranged between 10° and
10" K/s; however, the potential underestimation of the
alumina shell thickness and insufficient temperature to induce
the MDM may explain the observed sintering mechanism
rather than the MDM.”® A similar experiment using a thin-film
MEMS-based heater that generated a 10° K/s heating rate
failed to produce Al NP spallation even in the presence of
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WO, oxide NPs.”® A clear set of experiments that examine
isolated Al NPs without an oxidizer and clearly meet and
exceed the MDM threshold heating parameters are needed to
conclusively validate the proposed spallation mechanism.

2. MATERIALS AND METHODS

The electric-field distribution and transient thermal response were
simulated numerically using finite-element software (COMSOL
Multiphysics 5.2a). The numerical simulations have been used in
numerous recent reports’ > and were preferable to the analytical
solution in solving partial differential equations (PDEs) for
heterostructured models. The baseline spectral absorption of an Al
NP surrounded by air was first evaluated and represented by the
absorption cross section based on the Mie theory (Figure 1). An
individual NP of 90, 120, or 150 nm diameter was simulated with a 3
nm alumina shell. The same Al NP was then simulated while resting
on the ridge of a plasmonic grating substrate to determine the electric-
field enhancement. A horizontal span of three grating pitches was
modeled to reduce the computational workload, while the scattering
boundary condition was applied so that no inward waves were
entering the domain. A transverse magnetic (TM)-polarized electric-
field source was placed 1.2 ym above the grating at 0° incident angle,
normal to the substrate. TM polarization is desired for coupling, while
the electric component of the incident electromagnetic wave is
parallel to the plane of incidence. The electric-field source is
represented as a uniform intensity with a peak power density of 4.2
X 10° W/cm?. The transient thermal response of Al NPs on the
grating surface was then modeled by using the Al NP energy
absorption as an input to the 3D heat equation solved using COMSOL
Multiphysics 5.2a. In the heat-transfer simulation, a larger model
dimension of 10 X 10 X 1.2 ym® was applied, with the Al NPs acting
as the heat source. Most particles contacted the underlying grating,
which itself served as a heat sink. Melting and solidification of a Al NP
was explicitly considered to be the product of the Al NP mass and the
latent heat of fusion (396 J/g). The bulk Al melting temperature was
used because previous studies demonstrated that the dimension®® and
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alumina shell®” negligibly suppress the melting temperature of 120-

nm-diameter particles.

Optical microscopy was used to identify and photothermally heat
isolated clusters of Al NPs. The Al NPs had a nominal diameter of
120 nm (Novacentrix M2692 Al-120-P). TEM analysis showed an
average NP diameter of 111 + 26 nm with an oxide thickness of 3.8 +
1.0 nm. The Al NPs were dispersed in isopropyl alcohol (0.01 mg/
mL) and sonicated for 2 h before their dispersal on the grating
substrate. Then, 5 uL of the Al NPs solution was drop-casted onto the
sample and air-dried before heating experiments were performed.

A plasmonic grating microchip was fabricated using a microcontact
lithography stamping process.”” HDDVD gratings were negatively
copied using poly(dimethylsiloxane) stamping and then replicated in
poly(methylsilsesquioxane) with an added cross-linker, 3-
(aminopropyl)triethoxysilane. The HDDVD substrate produced a
grooved substrate with a 400 nm pitch and a 60 nm peak-to-valley
ridge height.SO’31 A 100-nm-thick film of silver (Ag) and a 10-nm-
thick protective layer of alumina (AL,O;) were deposited on the
grating by sputtering and atomic layer deposition (ALD), respectively.
To differentiate between the Ag grains on the grating and the
postreaction products when using atomic force microscopy (AFM)
imaging, a single-layer graphene sheet (Trivial Transfer Graphene,
ACS Material) was placed on the grating substrate.”> The presence of
a graphene layer was verified by Raman spectroscopy and SEM.

Diode lasers with wavelengths of 446, 638, and 808 nm were used
as photothermal heating sources. All lasers were introduced by the
optical path of a microscope (Olympus BX51) and focused through
the microscope objective. The 446-nm-wavelength laser used a 100X
air objective, while the 638 and 808 nm lasers used a 100X oil
objective to improve coupling. These laser-wavelength sample spectra
corresponded to high (446 nm), moderate (638 nm), and low (808
nm) absorption efficiencies provided by the grating substrate. The
446 nm laser profile has dimensions of 1.1 ym X 0.4 ym and can be
observed by the dashed outline in Figure 2. The profile represents the
full- width half-maximum (fwhm) of the laser profile. The 446 nm
laser had a 7 pus rise time to reach a peak power of 7.6 mW and a
power density of 4.2 X 10° W/cm? (Figure S1). The 635- and 808-
nm-wavelength lasers utilized a 125 ps rise time, with peak power

160

(a) Before

80

(nm)

(C) 180

Laser 90
Irradiation

(nm)

Figure 2. Evolution of Al NP morphology due to laser irradiation as
measured by AFM. (a and c) AFM images show Al NPs residing on a
plasmonic grating microchip with a graphene overlayer. The dashed
line represents the fwhm of the laser spatial profile. (b and d) After a
laser pulse irradiated the NPs, AFM images show fragment dispersal
locations indicated by yellow arrows and an unreacted particle
indicated by the white arrow. The periodic ridges represent the
plasmonic grating substrate.

densities of 7.7 X 10° and 8.6 X 10° W/cm?, respectively. The longer
rise times were required to ensure that Al NPs reached their melting
temperature.

A Bruker Innova atomic force microscope was used in tapping
mode to quantify sample topology before and after selected laser
heating experiments. A 2 nm radius probe tip (NanoAndMore) was
used for scanning. The typical AFM scan area was 3 ym X 3 ym. Line
scans proceeded at a rate of 0.5 Hz with a resolution of 1024 X 1024
pixels. Topology analysis was performed using Gwyddion software.

3. RESULTS AND DISCUSSION

Spectral absorption was simulated for an Al NP residing in an
air medium, on a glass slide, on flat silver surface, and on the
plasmonic grating. The results, in Figure 1, are presented with
respect to the absorption cross section and absorption
efficiency. The spectral absorption plot (Figure 1) for isolated
Al NPs shows that the dielectric loss peak is located at 810 nm
for all Al NP diameters, while the plasmonic peaks redshift and
broaden as the Al NP diameter increases, similar to other
reports.”® The absorption between 350 and 850 nm wave-
length is greatly enhanced by the flat silver and grating
substrates. The absorption is most pronounced at 450 nm
wavelength on the grating substrate, near its plasmonic
resonance. A 120-nm-diameter Al NP on the grating substrate
experiences an absorption enhancement of approximately §
times at 450 nm wavelength compared to a flat silver substrate
and approximately 10 times compared to a flat glass substrate.
We were unable to differentiate enhancement factors arising
from the grating and localized surface plasmon resonance of
the NPs themselves.

In laser heating experiments, individual Al NPs exhibited no
morphological changes before and after heating, indicating no
reaction, as shown in Figure S2. COMSOL simulations
confirm that individual Al NPs do not reach their melting
temperatures. Clusters comprised of multiple Al NPs in
contact were selected for spallation experiments to increase the
quantity of heating sources and further enhance the Al NP
absorption efficiency.” AFM topology images, shown in
Figure 2a,c, display representative clusters of Al NPs prior to
laser heating experiments. The well-defined grating surface
indicates that the graphene sheet conformed well to the grating
surface.

Evidence for spallation in response to photothermal heating
can be observed within clusters of four Al NPs using AFM
topology images, as displayed in Figure 2b. This figure
represents the Al NPs shown in Figure 2a after 446 nm laser
pulse irradiation. No evidence of the original Al NPs was
observed after the heating in Figure 2b; instead, a dispersal
pattern of smaller fragments was present that extended radially
more than 500 nm beyond the initial perimeter of the original
cluster. Considering that laser-induced heating occurred within
the 7 us irradiation time and assuming that Al melting
temperature (934 K) was the minimum temperature required
to facilitate spallation, a heating rate of approximately 10° K/s
may be estimated. The dispersed NP fragments suggest a rapid
material release generated from high pressure, with no large
fragments (>50 nm) discernible after the reaction. All Al NPs
in the original cluster received uniform irradiation in this
example because all particles were within the area defined by
the laser profile, overlaid on Figure 2a.

By contrast, parts ¢ and d of Figure 2 show a cluster of Al
NPs in which one NP was located slightly outside the peak
laser intensity. The lower-most particle resided outside the
central heating zone and experienced a laser flux approximately
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Figure 3. (a and b) Transient thermal responses of Al NPs modeled in COMSOL based on particle arrangements in Figure 2. Particle core
temperature of the corresponding four Al NPs (insets). The laser temporal profile is plotted as a black dotted line and normalized to the peak
temperature. (c and d) Temperature ramp rate from parts a and b, respectively, plotted as a function of the corresponding particle temperature.

60% lower than that of the surrounding particles. While the
three Al NPs that received the full laser irradiation intensity
appear to have experienced spallation (yellow arrows), the
particle that received lower laser fluence did not rupture, as
observed by the lower-most particle in Figure 2d (white
arrow). Notice that the graphene wrinkles at the bottom center
of Figure 2¢,d provide a fiducial reference point. Accordingly,
the large particle translated approximately 250 nm to the right
during the reaction, from the left side of a grating through the
right side. Fragment particles smaller than 50 nm observed on
the graphene sheet may represent Al from the core or alumina
shell fragments. Energy-dispersive X-ray spectroscopy via SEM
was attempted but could not distinguish the composition of
the fragmented material because of the small feature size and
significant alumina layer contained within the underlying
grating structure.

COMSOL was used to simulate Al NP configurations similar
to the clusters experimentally observed in Figure 2a,c. The
model incorporated the AFM-measured size (based on
topology) and morphological arrangement of the Al NPs
relative to the grating substrate to match the actual
experimental conditions as closely as possible. The simulated
transient temperature for each particle within the two cluster
configurations is shown in Figure 3. Each particle featured a
volumetric energy generation term consistent with the
simulated energy absorption, which was consistent with our
previous reports.”’ Previous experiments confirmed that the
grating itself generates negligible heating during irradiation."’
A more detailed simulation configuration and results can be
seen in Figure S3. The nearly constant temperature ramp rate,
shown in the offsets of Figure 3, is a key feature in the transient
temperature profiles and results from the 7 s (446 nm) laser
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rise time. Note that a ramp rate on the order of 10’—10° K/s is
modestly greater than the MDM threshold value of 10° K/s.
The flux and rise time of the laser produce an energy density of
1.5 J/cm®. Previous studies indicated that a flux of S J/cm? is
sufficient to induce Al ablation when using nanosecond-pulsed
lasers.*” The energy density and rise time of the laser, coupled
with the plasmonic enhancement provided by the grating
substrate, are likely key contributors to the spallation observed
herein.

Table 1 summarizes the simulated peak temperature for all
NPs in Figure 3 corresponding to the experimental

Table 1. Peak Temperatures for All NPs Simulated in
COMSOL

Figure 3a Figure 3b
diameter ~ peak temperature = diameter  peak temperature
particle (nm) (KS (nm) (Kg
1 120 1342 150 1515
2 60 1308 150 1424
3 120 1235 120 1035
4 150 937 120 934

configurations of NPs observed in Figure 2. All particles in
the simulation reached the Al melting temperature of 934 K.
The Al NP that fell outside of the area of maximum laser
intensity (denoted in Table 1 as particle 4 in Figure 3b)
reached the melting temperature, but insufficient energy was
supplied for full melting. This Al NP remained after irradiation
experiments (Figure 2c,d), while the other NPs in the cluster
experienced spallation, suggesting relative agreement between
simulation and modeling.
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Figure 4. (a) AFM images of Al NPs residing on a plasmonic grating microchip with graphene overlay. High-resolution (b) AFM and (c) SEM
images revealing postreaction products after a laser pulse irradiated the NPs. (d) Histogram of the size distribution of the dispersed nanofragments.
(e—g) High-speed image capturing light emitted from the spallation reaction.

According to the MDM, spallation is triggered at a
temperature that meets or exceeds the Al melting temperature.
As the ratio of the shell thickness to the Al radius increases, the
spallation threshold temperature increases.”” In other words,
larger-diameter particles are expected to be activated by the
MDM at lower temperatures than smaller diameter particles
that have the same oxide thickness. Assuming a 3 nm shell
thickness, an 80-nm-diameter Al NP would fracture at 1107 K,
while a 35-nm-diameter Al NP would fracture at 1805 K based
on previously published data.”> For the particle assembly in
Figure 3a, all particles reach between 937 and 1500 K (full
melting) within the duration of the laser rise time of 7 ys, with
a heating rate of ~(1—2) X 10® K/s. For the particle assembly
in Figure 3b, all Al NPs that spalled reached a simulated
temperature greater than 1035 K, while the Al NP that did not
spall experienced incomplete melting at a temperature of 934
K. On the basis of simulation and experimental observations,
the Al particle diameter, shell thickness, heating rate, and core
Al temperatures of spalled Al NPs exceed the threshold values
predicted by the MDM.

Additional experiments using 638- and 808-nm-wavelength
laser heating were also conducted. Because of the reduced
absorption cross section of Al NPs at these wavelengths
(Figure 1), a laser rise time of 125 us was used to adequately
heat the NPs above their melting temperature. Both sintering
and spallation events were observed when using the 638 nm
wavelength; however, all experiments at 808 nm wavelength
resulted in sintering or no visible change in the Al NP
morphology. Thermal simulations indicate that Al NPs heat at
a rate of 107 K/s with the 638 nm laser source and meet or
exceed the melting temperature of Al. Al NPs heat at a rate of
10° K/s with the 808 nm laser source, but many NPs fail to
reach the melting temperature of Al. Greater detail of these
results and associated figures are provided in the Supporting
Information. In total, the results indicate that spallation is not
limited to a narrow laser wavelength spectrum but is
dependent on both the heating rate and maximum temperature
achieved by the Al NPs, within a regime consistent with the
MDM model.

Self-propagation of the spallation reaction was also
investigated. In these experiments, large clusters of Al NPs
whose dimensions greatly exceeded that of the heating laser
were targeted. Al NPs near the center of the cluster were
directly heated, while neighboring Al NPs were heated by
contact with directly radiated NPs. The AFM topology image
in Figure 4a shows a large cluster of approximately 65 Al NPs
centrally heated with the same laser power density and rise
time as those used to trigger Al spallation previously. In this
scenario, many Al NPs lie completely outside of the laser-
irradiated zone or are shielded from direct line-of-sight
irradiation by vertical Al NP stacking.

Evidence of two different reaction mechanisms (spallation
and sintering) is displayed in Figure 4b,c, acquired after
heating. The Al NPs in and above the heated region are absent
after heating and are replaced by a field of smaller fragments.
Small irregular fragments are observed within 2 ym from the
center of the laser-heated zone, indicating spallation of the Al
NPs. Note that there are no fragments beyond the field of view
shown in the SEM and AFM images in Figure 4a. Sintering of
many Al NPs was also evident below the heated zone after the
heating event. Spherical nodes around the perimeter of the
sintered mass indicate the outline of alumina shells of Al NPs
that participated in the sintering.

For the loosely packed Al NP clusters examined, the
spallation of Al NPs within the center of the cluster did not
propagate a self-sustained chain reaction of spallation events to
neighboring NPs. The lack of solid oxide particles, present in
nanothermite mixtures, prevented sustained combustion.
Further, initial spallation events may have propelled neighbor-
ing Al NPs away from the reaction zone. Nevertheless, we
believe that Al NP spallation occurred only for the NPs located
within the direct laser profile.

A histogram of the postreaction fragment heights is shown in
Figure 4d. The average fragment diameter of approximately
21.9 nm is significantly smaller than the initial 120 nm Al NP
diameters. The height of each small fragment in Figure 4c was
converted to an equivalent hemisphere to estimate the particle
mass. The large sintered particle was estimated as a sphere.
With this simple estimation, a volume loss of 23% was
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calculated between parts a and b of Figure 4. While the
measurement is only an estimate, it qualitatively suggests that
large-scale mass loss from evaporation was not observed.

The spallation reaction was sufficiently energetic to induce
tearing of the graphene interface layer. The tears in the
graphene sheet align approximately to the same region heated
by the laser but extend further than the direct irradiation zone.
Small particles decorating the perimeter of the torn graphene
may indicate that the graphene was consumed in a reduction
reaction with the Al fuel as it escaped the alumina shell.

The reaction of large clusters similar to that shown in Figure
4ab was also investigated using high-speed imaging. A
Phantom high-speed camera was used to record the photo-
thermal heating using a frame rate of 60606 frames/s (16.5 ps/
frame). The intent of the camera was to capture potential
photon emission and not to record a detailed progression of
events during spallation. The synchronized system triggered
the laser simultaneously with the first frame of the camera. The
laser rise time of 7 s, and the anticipated spallation reaction,
was captured within the first frame. The high-speed images
(Figure 4e—g) clearly show that a light-generating reaction
occurred within the first exposure. The photons arose from the
release of high-temperature molten Al or a combustion
reaction between ejected Al and O in air. A relatively high
photon intensity was required to register a response at the
camera exposure time used in the experiment. The diameter of
the bright spot generated by the reaction was on the order of 1
pum, similar in size to the graphene tears observed after the
reaction (Figure 4c).

While AFM imaging benefited from the graphene interfacial
layer, rapid Al melting and quenching on graphene promoted
the formation of discrete Al NPs. Previous experiments
demonstrated that surface defects in the graphene arrested
the migration and aggregation of small (10 nm) molten Al
droplets into larger particles.** Additional experiments were
performed on grating substrates without the graphene interface
layer to examine the potential morphological differences in the
molten Al ejecta that landed on the substrate after the reaction
(Figures S and S4). In these experiments, the exposed grating
surface was a 10 nm aluminum oxide capping layer deposited
by ALD to protect a Ag grating from oxidation.** A large
cluster of approximately SO Al NPs (Figure S4) was laser
irradiated to induce spallation. SEM inspection showed that
the morphology of the particle field after spallation varied

Figure 5. Representative SEM micrograph of Al NP products from a
heating experiment in which graphene was not present on the optical
grating substrate. The ejected material forms elongated filaments,
indicating that Al was in the molten state when ejected from the host
NPs. An overlaid oval represents the outline of the laser heated zone
and the original location of the photothermally heated NPs.
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significantly compared to that observed on the graphene layer.
Elongated and irregularly shaped filaments were observed after
the spallation reaction rather than the field of discrete particles
observed when using a graphene interface. We hypothesize
that the irregular geometry of the products represents molten
Al jets that landed on the grating and directly quenched. Brittle
aluminum oxide shells would not form such continuous,
fibrous structures like those observed. Weak interaction
between the alumina surface and molten Al allows the ejected
material to cool relatively undisturbed on the aluminum oxide
top layer of the grating.

The ejection of molten Al is consistent with the MDM,
which proposes that the Al core within a NP must melt and
expand prior to spallation. By extension, Al material would be
molten upon ejection. The ejection of molten Al contrasts with
ablation in which metal is vaporized and forms a plume that
travels in the direction of the incident laser. Because the
graphene sheet is the only difference between experiments, we
believe that Al arrived at the substrate in the molten state
regardless of the underlying substrate. If graphene was present
on the landing surface, its surface energy promoted the
formation of small spherical NPs before solidification. Contact
with a relatively low surface energy surface, like aluminum
oxide, allowed the molten Al to retain its relative shape upon
solidification.

4. CONCLUSIONS

The spallation of Al NPs is demonstrated by applying localized
photothermal heating to small clusters of Al NPs. Our
observations show that rapid heating of isolated NPs can
induce spallation in open air. The physical parameters of the
NPs (120 nm diameter and 3.8 nm shell thickness), heating
rate (10’—10% K/s), and maximum temperature (1000—1500
K) are consistent with those required to promote the MDM.
Other ultrafast excitation mechanisms, including ablation or
Coulomb explosion,**° require heating rates that are orders of
magnitude greater than those observed here and are ruled out
as possible spallation mechanisms to describe the result. The
spallation reactions were not readily sustained between
adjacent NPs in loose contact because large-scale sintering of
NPs adjacent to the irradiated zone was observed.

We hypothesize that Al NP heating rates similar to those
induced in our experiments may be achieved within the
reaction of macroscale heterogeneous assemblies of Al and
oxidizer NPs in nanothermite systems, thereby enabling the
MDM in larger particle systems. Inducing Al NP spallation at a
larger scale may further enhance the reaction rate and reaction
temperature for nanothermite systems. Future parametric
studies will elucidate structure—property relationships of the
spallation reactions and will help to further identify and control
the underlying spallation mechanisms.
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