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ABSTRACT: Although electromagnetic stimulation promises safe
and controlled ignition of energetic materials, ultraviolet (UV) to
infrared (IR) wavelength sources experience significant photon
attenuations in energetic materials. Conversely, radiation in
microwave frequencies is recognized for instantaneous volumetric
heating capabilities. However, many energetics are poor microwave
heaters, and to accelerate the heating, recent efforts focused on
adding microwave susceptors that do not participate in the
energetic reaction. This is the first effort to demonstrate that
nanoscale aluminum (nAl)/manganese oxide (MnOx) can be
rapidly heated at rates ∼104 °C/s under microwave radiation
without addition of inert microwave susceptors. Detailed analysis
of nanoscale MnOx was performed via X-ray photoelectron
spectroscopy (XPS), X-ray diffraction (XRD), and transmission electron microscopy (TEM). The samples of MnOx at different
loadings of nAl were three-dimensionally (3D) printed into composite films and tested with a microwave applicator at a 2.45 GHz
frequency. Infrared thermometry experiments showed that with an increase in MnOx content the heating rate in the samples
increases by orders of magnitude. Computational modeling based on the dielectric and thermophysical properties of the materials
showed that an electric field is the dominant mechanism accounting for ∼96% of the heating of the nAl/MnOx composites at
microwave frequencies. The microwave ignition mechanism was deconvoluted via high-speed IR imaging, in situ time-of-flight mass
spectroscopy (TOFMS), temperature-jump (T-jump), and thermogravimetric analysis/differential scanning calorimetry (TGA/
DSC) analysis. The results show that microwave stimulation can effectively heat and control ignition in nAl-based thermites with
MnOx, where the oxidizer acts dually as a microwave susceptor and an ignition driver.
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1. INTRODUCTION

With uses spanning from microchip initiators to automobile
safety airbags, energetic materials have found applications in
both military and civilian industries. Nanoscale heterogeneous
energetic materials have been of particular interest due to their
high energy density, environmental benignancy, and tuna-
bility.1−5 Although successfully employed, safe and controlled
ignition of solid propellants as well as dynamic modulation of
their energy release rates is a challenge.6 One way of
addressing this challenge has been through the assembly and
additive manufacturing of nanoscale thermites with tunable
energy release rates during combustion.7−9 Along this path,
electromagnetic (EM) stimulation via laser or flash igni-
tion10−12 has been used as a means of safe ignition. In this
regard, ultraviolet (UV) to infrared (IR) frequencies have been
widely explored for ignition; however, the associated high
photon attenuation in energetic materials has limited the
complete exploitation of the propellant volume.13−16 Uhlen-
hake et al. showed that the absorbed energy in nAl

(nanoaluminum)/poly(vinylidene fluoride) (PVDF) energetic
composite films, at a 10 wt % loading, diminishes within a ∼4
μm depth, indicating that the UV−IR wavelength ignition
sources primarily rely on surface heating effects.17 To address
this challenge, one could extend the incident wavelength to
microwave frequencies: 300 MHz to 3000 GHz.
Unlike UV, visible, and IR radiation, microwave wavelengths

are low energy and capable of penetrating deep into the
material volume. Microwave radiation incident on a material
can lead to dielectric heating, arc discharge, and ionization of
the gaseous species, which in turn can be employed to
modulate combustion performance.18,19 Dielectric heating is
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expected to be the initiator to thermally driven reactions and
would occur before gaseous species are released. This dielectric
heating is expected to be a primary contributor in overcoming
the reaction activation barrier and regulating the ignition
event.20 Research on microwave stimulation of metal particles
(often used as fuels) have demonstrated that the dielectric
(native oxide) coating on metals can dramatically increase
electromagnetic (EM) absorption in otherwise microwave
insensitive particles.21,22 This led to the design of architectures
where nTi coated with TiO2/TiN was used to stimulate
microwave ignition in energetic materials.23

On the other hand, aluminum is nominally the fuel of choice
due to its relatively low cost and mass and volume specific
energy density.24−28 However, the dielectric properties of nAl
render it relatively microwave insensitive.23,29 Thermites of
nAl/Fe3O4 previously studied under microwave stimulation
show that while initiation can be obtained, the event extended
to several minutes.30 To compensate for the microwave
passiveness of nAl, sensitizers, such as graphene, carbon
nanotubes, and reduced graphene oxide (rGO), have been
added to energetic materials29,31,32 to ignite and modulate
combustion via microwave radiation. Since these materials do
not participate in the energetic reaction, the increase in the
microwave sensitivity decreases the exothermic output of the
composites. This finding led to our exploration of metal oxides
that are capable of harnessing the energy density of nAl while
being microwave sensitive. The manganese dioxide (MnO2)
reaction with nAl has been previously studied33−35 and the
theoretical heat release from the thermite reaction of MnO2

and Al is higher or comparable to classical thermites of Al/
Fe3O4 and Al/CuO.27 Moreover, multivalent manganese
oxides (−3 to +7 oxidation states) have been shown to have
high dielectric constant values and have been utilized in
microwave-assisted catalysis applications.36−41 The dielectric
properties of the oxidizer open avenues for exploration of the
metal oxide in nAl-based microwave-stimulated thermites.
In this work, we investigate the microwave heating and

ignition mechanism of nanoscale Al/MnOx energetic compo-
sites. We study the heating rates of MnOx composites via
infrared thermometry and primary heating mechanisms via
finite element simulations under incident microwaves at 2.45
GHz. The detailed analysis of the MnOx nanopowder
composition was performed via X-ray diffraction (XRD), X-
ray photoelectron spectroscopy (XPS), and thermogravimetric
analysis (TGA) techniques. The morphologies of the as-
received MnO2/Mn2O3 nanopowders as well as of direct-ink
written films were characterized with scanning electron and
transmission electron microscopy (SEM and TEM). Com-
mercially available mixtures of MnO2/Mn2O3 were formulated
with nAl at different equivalence ratios to better understand
the range of microwave ignition of nAl-based thermites. In situ
temperature-jump ignition (T-jump), time-of-flight mass
spectroscopy (TOFMS), and differential scanning calorimetry
(DSC) were used to uncover the thermochemical reactions in
the three-dimensional (3D) printed energetic composites and
shed a light on the ignition mechanism. This paper
demonstrates that MnOx is an excellent oxidizer for microwave
ignition with nAl and not only drives the heating of the
energetic composites under microwave stimulation but also
controls the ignition in the 3D printed nAl/MnOx films.

2. MATERIAL AND METHODS
2.1. Materials and Sample Preparation. Manganese dioxide

(MnO2, 50−80 nm) and aluminum nanoparticles (nAl, 80 nm) were
purchased from US Research Nanomaterials, Inc. and Novacentrix,
respectively. Thermogravimetric analysis showed that nAl has 77%
active metal content by mass, which was considered in all
stoichiometric calculations of nAl/MnOx formulations. Methylcellu-
lose (HPMC, METHOCEL F4M) with a molecular weight of 86 000
was purchased from DuPont. Poly(vinylidene fluoride) (PVDF,
average molecular weight: ∼534 000) and N,N-dimethylformamide
(DMF, 99.8%) were purchased from Sigma-Aldrich. All materials
were used as received with no further treatment.

A polymer base for the high loading solid inks was first prepared by
dissolving PVDF and HPMC at the 2/3 mass ratio in DMF with a
total polymer concentration of 31.25 mg/mL. The polymer solution
was magnetically stirred for a minimum of 2 h. Nanopowder was then
added to the clear solution and lightly vortexed and sonicated for 30
min in a Branson sonicator. The vortexing and sonication steps were
repeated after each new addition of a constituent. After all
components were added, the ink was magnetically stirred for 24 h
and mechanically mixed for 1.5 h prior to fabrication by 3D printing.

2.2. 3D Printed Film Fabrication. The prepared ink was
transferred to a 10 mL Beckman Colder syringe with a 16-gauge
needle tip (1.6 mm ID) and printed on a hot bed via direct-ink
writing method on a Hyrel 3D printer. The temperature of the hot
bed was maintained at 70 °C to allow evaporation of the DMF as the
film layers were printed. The inks were printed at 250 mm/min with
the extrusion rate of 56.3 mm3/min and a total of two layers were
printed for all ink formulations.

2.3. Morphology and Thermochemistry Characterization.
X-ray photoelectron spectroscopy (XPS) characterization was carried
out using a Kratos AXIS ULTRADLD XPS system equipped with an Al
Kα X-ray source and a 165 mm mean radius electron energy
hemispherical analyzer. The as-received MnOx nanopowder and
microstructures of the printed samples were investigated with a
ThermoFisher Scientific NNS450 scanning electron microscope
(SEM) and transmission electron microscope (TEM) Talos L120C.
Powder X-ray diffraction (XRD, PANalytical Empyrean Series 2, Cu
Kα source (λ = 1.543 Å)) was employed to analyze MnOx
nanopowder and Al/MnOx/HPMC/PVDF reaction post-products
in air with a step size of 0.013°.

Interactions of the fabricated film with air, as well as interactions of
MnOx with nAl in the PVDF/HPMC matrix, were investigated with
simultaneous thermogravimetry−differential scanning calorimetry
(TGA−DSC) (STA 449 F3 Jupiter, NETZCSH). The samples
were heated at a rate of 10 K/min from 25 to 1000 °C in air and
under an argon flow rate of 70 mL/min. Masses of 1−3 mg were
loaded per TGA−DSC run.

2.4. Microwave Emitter Configuration. A spatially localized
microwave emitter apparatus has been employed for all microwave
heating tests with the infrared camera and is described in more detail
elsewhere.33 The emitter configuration includes a solid-state micro-
wave generator (DS Instruments SG12000) with a peak power output
of 10 dBm at 2.45 GHz, as seen in Figure 1. The output signal from
the generator is then amplified by a solid-state amplifier with the peak
gain of 32 dB, allowing the output power to be maximized to 42 dBm
(∼15 W). The output signal is transmitted through a coaxial cable
terminated with a nickel-plated straight pin (Singer 0.025″ diameter,
mm length) mounted on a custom-made brass adapter. The sample to
antenna distance was controlled via a micrometer-precision transla-
tional stage, where the antenna tip was placed directly in contact with
the sample without penetrating the material, as seen in Figure 1.

2.5. Thermal Imaging Characterization. A Telops FASTM3K
infrared (IR) camera was used to measure surface temperature at
10 000−20 000 frames per second during microwave irradiation. A 50
mm lens with a 1 inch extender ring was attached to the camera (In/
Sb detector) and a fixed exposure of 5 μs was used on all acquired
images. The camera was set to a temperature range of 0−151 °C per
calibration range of the device. The heating rates were calculated as
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slopes of the temperature vs time curves. The pixel pitch of the
camera detector was 30 μm and the temperature was averaged over 75
μm region when the lens was situated 268 mm away from the sample.
2.6. Modeling/Simulations. Along with the experimental studies,

computational analyses of the microwave heating of the MnOx and
nAl/MnOx in the PVDF matrix were carried out. The primary intent
is to understand how heating occurs through the interactions of the
electric and magnetic fields (E-field and H-field, respectively) of the
incident microwaves with the composite microstructures of both
dielectric and conducting constituents. To this end, the micro-
structure models include four constituents: PVDF, aluminum oxide
(Al2O3), aluminum (Al), and MnOx. HPMC was not included in the
matrix as the polymer’s thermophysical properties are similar to that
of PVDF. Particles in the microstructure have radii of between 25 and
35 nm for aluminum and only 25 nm for MnOx. The thickness of the
oxide shell around each aluminum particle is such that the active
aluminum core is 77 wt %, matching that for the nAl used
experimentally. The core−shell structured particles are embedded in
the PVDF binder matrix. The microstructures were used in
electrodynamic calculations, which track the E-fields and the H-fields
through which dielectric heating and conductive heating are
evaluated. The material properties used in the modeling are presented
in Table 1.
The calculations were carried out in COMSOL Multiphysics.42

The microstructure samples are 3 μm × 8 μm in size. This size is
smaller than the 2 mm × 2 mm × 250 μm sample size used in the
experiments, as necessitated by high computational costs for larger
samples. Even so, the model allows the mechanisms and extent of
heating to be analyzed. This computationally efficient model probes
the scattering and absorption of the incident energy by the particles
and the binder in the microstructures. To match the experiments,
multiple samples with different amounts of nAl and MnOx were
created. The particles are approximately uniformly distributed in the
microstructures; particulate agglomeration and voids were not
modeled. The excitation condition emulates that in the experiments,
with the incident wave coming from the top of the two-dimensional

sample and the E-field vector in plane and horizontal. The
symmetrical boundary conditions were applied at the edges of the 3
μm wide sample, where the incident wave was incident evenly across
the top and heat losses to the surrounding were not accounted for.
The boundary condition at the bottom edge of the sample was
transparent such that EM waves can pass through deeper into the
material, thereby accounting for the effect of the larger specimen size
in the experiments. The model setup allows the effects of
microstructures to be explicitly analyzed.

2.7. T-jump Ignition and Time-of-Flight Mass Spectroscopy.
The ignition temperatures of the energetic composites and temporal
evolution of O2 species from MnOx were measured by T-jump and
time-of-flight mass spectroscopy (TOFMS) methods that are
described in more detail elsewhere.49 Briefly, the samples were thinly
coated on a Pt wire (length ∼0.8 cm, diameter ∼76 μm, Omega
Engineering, Inc), which was pulse-heated to ∼1500 K at ∼105 K/s in
a specialized chamber. The measurements were conducted either
under vacuum or an air/argon atmosphere at 1 atm. The temperature
of the wire is monitored by probing the current and voltage across the
wire at a temporal resolution of 100 ns. The ignition delay time was
captured at ∼ μs resolution with a high-speed camera (Vision
Research Phantom V12.1). The ignition time was defined as a time of
first light after which sustained combustion on the wire was observed.
The measured ignition timestamps were coupled to the wire
temperatures (calculated via the Callendar−Van Dusen equation) to
determine the corresponding ignition temperatures.

3. RESULTS

The composition of as-received manganese oxide powder was
characterized via X-ray photoelectron spectroscopy (XPS), X-
ray diffraction analysis (XRD), and thermogravimetric analysis
(TGA). XRD analysis in Figure 2c demonstrated that the
metal oxide contains crystalline phase Mn2O3. XPS analysis
showed that the Mn 2p3/2 peak of the as-received powder
(642.0 eV) is close to that of Mn4+ (MnO2) at 642.1 eV
(Figure 2A). The shift to a lower binding energy is indicative
of the presence of Mn3+. Further investigation of the splitting
of Mn 3s peaks, MnO2 (ΔE = 4.8 eV), Mn2O3 (ΔE = 5.5 eV),
and MnO (ΔE = 5.9 eV), has been used to distinguish
different oxidation states of manganese oxides.50−52 In Figure
2A, the splitting of the as-received powder is 5.1 eV, which is
between the characteristic values of MnO2 and Mn2O3. These
results suggest that as-received MnO2 nanopowder is in fact an
assortment of MnO

2
and Mn

2
O

3
. The absence of the MnO2

traces in XRD spectra confirms (Figure 2c) that there is no
crystalline phase manganese dioxide present in the as-received
powders; however, characteristic 2p3/2 and 3s traces of MnO2
in XPS spectra reveal the presence of amorphous phase Mn4+

species. To quantitatively analyze the bulk composition of the
manganese oxide powder, thermogravimetric analysis was
performed in an argon environment. A two-step mass loss
under argon flow in the TGA plot of Figure 2d is characteristic
of the phase transition of MnO2 → Mn2O3 at 530 °C (5.4%
loss) and Mn2O3 → Mn3O4 at 730 °C (3.7% loss).33,53

Figure 1. Schematic illustration of the microwave emitter
configuration.

Table 1. Material Properties of Constituents

nAl43 Al2O3
43 PVDF44,45 MnO2

46−48 Mn2O3
41,48

mass density (kg/m3) 2941 3970 1780 5030 4500
relative permittivity 1 9.6 − 0.0006j 7 − 0.0009j 10.47 − 3.58j 4 − 3j
relative permeability 1 1 1 1.03 − 0.1j 1
electrical conductivity (S/m) 3.75 × 107 1 × 10−14 1 × 10−10 5 × 10−14 1 × 10−12

specific heat (J/mol K) 900 765 1200 54.1 80
thermal conductivity (W/m K) 237 36 0.19 0.209 0.4
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Figure 2. X-ray photoelectron spectroscopy of the as-received manganese oxide powder showing a mixture of MnO2 and Mn2O3: (a) spectrum of
2p peaks, (b) spectrum of 3s peaks, (c) X-ray diffraction analysis of the manganese oxide nanopowder, (d) thermogravimetric analysis of the as-
received nanopowder in argon demonstrating phase change from MnO2 → Mn2O3 and Mn2O3 → Mn3O4 and respective O2 content loss, (e, f)
SEM images of the MnO2/Mn2O3 nanopowder, (g) TEM of the nanopowder, and (h) SEM image of the fabricated MnO2/Mn2O3 film at 90 wt %
MnOx loading in the 4 wt % PVDF/6 wt % HPMC matrix.

Figure 3. (a) Experimental heating rate from thermal imaging, (b) power absorbed by electric and magnetic field components as a function of film
depth from finite element simulation results, (c−f) infrared thermometry snapshots of MnO2/Mn2O3 films, (f−i) finite element simulation results
of temperature profiles in the microstructure of the MnO2/Mn2O3 films, (j) electric field profile of the MnO2/Mn2O3 films at t = 1 ms, and (k)
magnetic field profile in the MnO2/Mn2O3 film at t = 1 ms.
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Calculation of the mass balance eqs 1 and 2 presented below
concludes that the as-received powder is a mixture of 40 wt %
Mn2O3 and 60 wt % MnO2.

4MnO 2Mn O O2 2 3 2→ + ↑ (1)

6Mn O 4Mn O O2 3 3 4 2→ + ↑ (2)

The particles of MnO2/Mn2O3 have a primary size distribution
from 30 to 50 nm (Figure 2f−h) and form nanoparticle
clusters in the as-received powders, as shown in Figure 2e,f.
For simplicity, the MnO2/Mn2O3 nanoparticles at the 2/3
mass ratio will be referred to as MnOx in the rest of the paper.
The obtained MnOx nanopowder was processed into inks at

90 wt % solid loading and printed at a 250 μm thickness, as
shown in Figure 2h. The films were tested with the monopole
antenna setup at 2.45 GHz incident EM radiation (Figure 1).
The infrared camera tests under 15 W of applied microwave
power showed that the heating rate of manganese oxide was on
the order of 2 × 105 °C/s (see Figure 3a). The heating rate of
the printed composites was computed in a temperature region
below which any exothermic/endothermic chemistry occurs,
determined by differential scanning calorimetry (described
later). The heating is first localized to a few pixels under the
immediate area of the antenna tip. As time progresses, the
heated region expands to over 250 μm radial depth (see Figure
3c−f). The initial localization of the heating is due to the
higher intensity field present at the antenna tip;54−56 therefore,
the microwave sensitizer was kept in close proximity to the
higher microwave intensity zone. The spread of the heated
region over the immediate microwave incidence zone is mainly
due to heat conduction away from the microwave-sensitized
zone, based on the characteristic thermal diffusion times of the
assembled films. The finite element simulations of the heating
of the film microstructure demonstrate that nanoparticles
instantly heat under the incident wavelength and reach thermal
equilibrium with the polymer binder surrounding them in ∼1
ms. This is due to the instantaneous nature of energy transfer
from EM absorption to thermal output.57 Manganese oxide is
nonmagnetic,40,46,58 and hence, heating of MnO2/Mn2O3
occurs primarily via the electric rather than the magnetic
field. This is illustrated in Figure 3b, which shows that the
power absorbed by the electric field in the nanoparticles is 3
orders of magnitude higher than that of the magnetic field,
where maximum electric field absorption at the film surface is
160 GW/m3 and magnetic field absorption is 0.12 GW/m3. To

understand the effect of nAl loading in microwave heating and
ignition of the nAl/MnOx thermite system, the infrared
thermometry of fabricated films was studied at different
equivalence ratios.
Since microwave absorption of nAl is negligible,23,59 one

must rely on the manganese oxide sensitizer content, which
can be increased to change the heating rate in the films, as
demonstrated in Figure 4a both experimentally and via
modeling. The heating rates based on the modeling show a
similar trend as the experimentally observed values, where
MnOx content decrease is accompanied by lower heating rates.
The difference between the experimental and modeled values
can be attributed to the inhomogeneous distribution of
nanoparticles in the films and limitations of the two-
dimensional modeling where heat losses to the environment
were not fully encompassed, as described in the experimental
section. Additionally, the actual dielectric properties of the
MnOx nanoparticles might differ from the values found in the
literature, which were used in the computations. However, the
results still depict the microwave incidence effects in the
microstructures of the nAl/MnOx composites. Experimental
microwave heating rate increases from 5 × 103 to 1.3 × 104

°C/s as the content of MnOx is increased from 60 wt %
(equivalence ratio, φ = 0.4) to 75 wt % (equivalence ratio, φ =
1). This range also demarks the ignition threshold with
ignition taking place within a 10−100 ms temporal window.
Below this threshold level, the exposure times up to 1 min still
do not lead to ignition. For the ignition to occur, the rate of

energy deposition ( )c T
tp

d
d

ρ must surpass the energy threshold

presented by minimum ignition energy (MIE) presented in eq
3 below

c
T
t t

d
d

MIE
p

ign
ρ ≥

(3)

c T TMIE ( )p ign ambientρ= − (4)

where ρ is the composite density, cp is the specific heat
capacity, T

t
d
d

is the rate of temperature change, Tign is the

ignition temperature, Tambient is the ambient temperature, and
tign is the time to ignition. As discussed later in the manuscript
sample, heating below 180 °C does not involve any
endothermic/exothermic chemistry. Therefore, the external
heat generation rate in this region (based upon the values from

Figure 4. (a) Experimental and simulated microwave heating rates of the films at varying ratios of manganese oxide and nAl and fixed content of
the 4 wt % PVDF/6 wt % HPMC binder; infrared thermal images of nAl-based thermite composites at t = 2.2, 3.2, 4.7, and 14.2 ms: (b−e) at 60 wt
% loading of MnO2/Mn2O3 and (f−i) at 75 wt % loading of MnO2/Mn2O3.
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Figure 4a) is the sole result of the balance between microwave
absorption of the composites and the heat losses involved (see
eq 5).

T Q

c
T
t

Q Q

180 C 0

d
d

chem

p abs lostρ

< ° → =

= −
(5)

The heat generation rate (left side of eq 5) can be deduced
experimentally from the rate of temperature change and
material properties (Table 1) to yield 14.4 and 5.6 GW/m3 for
the 75 and 60 wt % samples, respectively. From eq 4, the
minimum energy (MIE) required to ignite the sample based
on T-jump ignition data was 651 and 676 MJ/m3 for the φ = 1
and φ = 0.4 samples, respectively. Importantly, the ignition
temperatures from T-jump data were selected due to the
proximity of the latter to microwave heating rates of 103−105
°C/s. An estimate of the time to ignition from eq 3 using the
experimental power absorbed and the MIE gives a minimum
time to ignition in the two samples of 45 and 117 ms. Although
this analysis does not consider any exothermicity occurring
prior to ignition, the alignment of the minimum estimated time

with the experimentally determined ignition delay times (φ =
0.4 samples) demonstrates that the MW source is acting as a
thermal heat source at the particle level and secondary effects
such as plasmon resonance and dielectric discharge do not
influence the heating prior to ignition. Interestingly, the
relation between the sensitizer content and heating rate is
nonlinear, where a 15 wt % decrease in the sensitizer content
results in a 60% decrease in the heating rate. The simulation
results show that Q̇abs model in φ = 1 and 0.4 samples is 8.5 and
16.8 GW/m3, respectively, confirming that a 15 wt % increase
in MnOx accounts for doubling in the composite absorption
rates. This confirms that the decrease in the sensitizer content
can significantly alter the energy deposition rates. As the
amount of nAl is increased and the content of MnOx is
decreased to 60 wt %, the films do not reach the ignition
temperature. This could mainly be due to (i) reduced overall
microwave absorption capability of the composites and (ii)
higher thermal conductivity of the films with increased nAl
content. A combination of these factors results in a faster heat
dissipation away from the irradiance zone that precludes film
ignition. These effects can be clearly seen in Figure 4b−i,
where at 3.2 ms, the films at φ = 1 have localized heat to a

Figure 5. Finite element simulation results of nAl/MnO2/Mn2O3 composites at 75 wt % MnO2/Mn2O3 loading under 2.45 GHz 0.5 MV/m field
strength: (a) electric field distribution in the films at t = 4 ns, (b) magnetic field distribution in the films at t = 1 ms, and (c−e) total heat absorbed
by the films.

Figure 6. (a) DSC of Al/MnO2/Mn2O3, MnO2/Mn2O3 composites, and MnO2/Mn2O3 nanopowder in air and (b) T-jump ignition results of Al/
MnO2/Mn2O3 energetic composites at 60 and 75 wt % MnO2/Mn2O3 loading compared in air and argon.

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.1c04157
ACS Appl. Nano Mater. 2022, 5, 2460−2469

2465

https://pubs.acs.org/doi/10.1021/acsanm.1c04157?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c04157?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c04157?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c04157?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c04157?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c04157?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c04157?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c04157?fig=fig6&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.1c04157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


radial region of 20 μm, while MnOx-rich samples spanned to
the radial region 250 μm. Under incident microwave
irradiation, the critical region is getting heated but is also
losing the gained heat to the surrounding microstructure and
the supported film is mounted on via conduction as well as
convection. The higher rate of heat transfer in samples with the
increased nAl content results in faster heat dissipation and a
rapid approach to a steady-state temperature (i.e., no ignition).
Finite element simulations of the nAl/MnOx mixtures show

that manganese oxide nanoparticles heat first under the
incident wavelength and transfer heat to the neighboring
aluminum nanoparticles and the polymer binder (see Figure
5a−e). Manganese oxide accounts for 99.4% of the absorption
in the assembled energetic films and negligible absorption by
nAl particles is seen. The volumetric power absorbed by MnOx
nanoparticles is in the range of 5−10 GW/m3, which gives the
total heat absorbed per MnOx nanoparticle of 0.7 pW.
Compared to absorption with other microwave sensitizers,
such as nTi, the absorption of MnOx particles is 2 orders of
magnitude lower than nTi,20 which also leads to a much longer
ignition delay time for MnOx. To better understand the
thermochemistry in fabricated nAl/MnOx thermites, differ-
ential scanning calorimetry and T-jump ignition tests were
conducted.
As mentioned earlier, manganese dioxide undergoes a two-

step phase change process that is accompanied by mass loss
due to O2 release (see eqs 1 and 2). Both of the phase change
steps to Mn2O3 and Mn3O4 under air flow are endothermic
and occur at 530 and 920 °C, respectively, as confirmed by
DSC data in Figure 6a. Interestingly, the second endotherm
occurs at a higher temperature in air than was detected in an
argon environment in Figure 2d.60 When fabricated into a
polymer binder, both MnOx and nAl/MnOx composites do
not undergo any endothermic/exothermic chemistry below
180 °C. The first exotherm in the DSC plot is characteristic of
exothermic decomposition of the polymer binder61,62 with
corresponding peaks at 240 and 270 °C for MnOx and nAl/
MnOx composites, respectively. The mass loss from MnOx/

HPMC/PVDF films confirms that MnO2 releases O2 at 530
°C, which is shortly followed by the exothermic reaction with
Al.63,64 These results are further confirmed by ultrafast heating
temperature jump ignition and mass spectrometry results
presented in Figure 6b. Both ignitions in air and argon
environments occur after O2 release from MnOx at 620 °C.
The difference in O2 release temperatures in DSC and T-jump
ignition data is due to the 104 order of magnitude difference in
heating rates.65,66 The heating rate in T-jump experiments is at
the order of 105 °C/s, which is closer to the observed heating
rates under microwave stimulation. Numerous studies reported
that oxidation of nAl proceeds when the passivating shell is
compromised due to polymorphic phase changes in Al2O3 and
diffusion of Al cations and O2 species drives ignition.

67,68 Our
results imply that the heat transfer from MnOx particles,
localized heating of nAl particles, and O2 release from the
oxidizer allow the ignition to occur under microwave
irradiation. X-ray diffraction analysis on post-product species
in air (Figure S1) showed traces of galaxite formation
(MnAl2O4) with no traces of remnant Al, implying full
consumption of the metal fuel in the reaction.
When stimulated under EM radiation, a significant factor to

consider alongside microwave sensitizer content and thermo-
chemistry that drive ignition is an energy deposition depth of
the incident wave into the material volume. Finite element
simulation of the films in Figure 7 shows that under
electromagnetic stimulation at 2.45 GHz (λ = 12 cm), 564
THz (λ = 532 nm), and 282 THz (λ = 1062 nm), the
nanoparticles absorb more effectively at higher-energy
frequencies, leading to a shorter penetration depth. Although
3D printed nAl/MnOx composites are comprised of nanoscale
constituents that have skin depths larger than their size, their
assembly into microstructures at 90 wt % nanoparticle loading
enables percolating pathways within the macrostructure.69,70

This in turn introduces a screening of the incident wavelength
and the wave interaction only within the assembled micro-
structure’s penetration depth. Penetration depth is defined as a
distance where the maximum amplitude of the incident wave

Figure 7. Electric field induced in the matrix of 15 wt % Al/75 wt % (MnO2/Mn2O3) films at incident wavelengths of (a) 12 cm and (b) 1064 nm
and (c) 532 nm (from left to right).
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decays by 63%, as it propagates into the material.57 As seen in
eq 6, penetration depth in conductive materials (δ) is inversely
proportional to the incident frequency ( f), permeability of free
space (μ0), magnetic permeability (μ), and electrical
conductivity (σ) of the sample under test. Considering the
mass averaged electrical conductivity (Table 1) of nAl, MnOx,
and the polymers, the penetration depth of the films at the 15
wt % nAl content was calculated at each simulated frequency
based on eq 6.

f
2

2 0

δ
π μ μσ

=
(6)

As such, penetration depths based on the macroscopic
electrical conductivity of the composites were 6.7 μm, 22
nm, and 16 nm at 2.45 GHz, 282 THz, and 564 THz,
respectively. Unlike IR and visible ignition sources where
absorption at high solids loading is limited to nanoscale depth
heating, microwave absorption is not limited by a narrow
penetration depth for conductive composites. Figure 7a
demonstrates the heating in the printed samples under
incident radiation at 2.45 GHz where the deposited electric
field drops with the depth of the film from a maximum value of
300 kV/m to about 110 kV/m in 6 μm. In contrast, at 532 and
1064 nm, the electric field decreases rapidly within the
nanometer scale and no electric field can be deposited beyond
500 nm depth (see Figure 7b,c). Furthermore, and from a
practical standpoint, the ability to print suggests the ability to
embed MW sensitizers within the body of a structure to initiate
chemistry in the desired location.

4. CONCLUSIONS
This work demonstrates that ignition of nAl/MnOx energetic
composites can be modulated via microwave energy without
the addition of electromagnetic sensitizers that do not
participate in the energetic reaction. The mechanism of
nanoscale Al/MnOx ignition under EM stimulation at 2.45
GHz was studied at different oxidizer loadings. The
experimental infrared thermometry coupled with finite element
simulations showed that MnOx nanoparticles effectively heat
under microwave irradiation via electric field absorption and
transfer heat to the surrounding Al nanoparticles. In situ
TOFMS T-jump ignition results revealed that O2 release
temperature from MnO2, present in the oxidizer, coincides
with the ignition in the energetic composites of nAl/MnOx.
These results demonstrate that MnOx nanoparticles transfer
heat to the surrounding media and undergo O2 release creating
favorable conditions for nAl oxidation due to incident
microwave energy. The longer wavelength of the incident
microwave energy as opposed to infrared or visible energy
sources allows deeper penetration of the incident wave into the
composite volume. The results presented here demonstrate
that 3D printed microwave-sensitive energetic composites can
be used to initiate chemistry in desired locations within
material volumes and may play a vital role in controlling energy
release pathways in energetic materials.
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