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ABSTRACT: The reaction between metallic fuel and oxygen carriers produced
by the laser heating of aluminum and copper oxide (CuO) nanoparticles (NPs)
was investigated (NPs) using movie mode dynamic transmission electron
microscopy (MM-DTEM), which enables multiframe imaging with nanometer
spatial and nanosecond temporal resolution. Nanothermite materials heated in
situ at ∼1011 K/s showed significant morphological changes on time scales of 1−
5 μs. The resulting structures were typically phase-separated into adjoining
spheroids. Further analysis with energy dispersive spectroscopy (EDS) and
selected area electron diffraction (SAED) was used to determine the extent of
reaction. Bulk scale reaction experiments using temperature jump wire heating
(∼105K/s) revealed that both the reaction products and general processes were
comparable to the reactions driven by the DTEM laser heating. These results
indicate that condensed phase and interfacial reactions are fast and dominant
mechanisms in nanothermite combustion.

■ INTRODUCTION

Energetic mixtures made from metal fuel (e.g., Al, B, Si, Mg)
and metal oxide oxidizer (e.g., CuO, Fe2O3, Bi2O3, MoO3)
nanoparticles are known as nanothermites or metastable
intermolecular composites (MICs) and have many commercial
and research applications due to their high energy density,
relatively low gas release, and fast reaction rates.1,2 Recent
research efforts have focused on developing high performance
systems with higher burn rates as well as more controllable heat
release, though optimization of nanothermite systems requires a
better understanding of the combustion mechanisms and the
times scales of the salient processes. Combustion dynamics are
primarily influenced by the mode of heat transfer and the
reaction pathway. Heat transfer occurs through a number of
mechanisms (e.g., conduction, convection, radiation, and/or
advection3−6) and reaction as well can proceed through many
different mechanisms such as heterogeneous gas-condensed
phase (burning particles in oxygen),7,8 interfacial condensed
phase (oxygen transfer across a boundary between two molten
or solid materials),9−11 or more complex material re-
sponse.5,12,13 The gas phase reaction pathway occurs by the
reduction of the metal oxide (e.g., Fe2O3 → Fe3O4, CuO →
Cu2O, Co3O4 → CoO), which releases gaseous oxygen,7 thus
allowing the Al-NP fuel to burn (Al → Al2O3) in a high
pressure oxidizing environment. Alternatively, condensed phase
reactions occur by the diffusion of oxygen through solid and
molten phases of these materials across their shared interfaces.
In such reactions, the initial energy release drives sintering and

coalescence, which creates larger interfaces and drives reaction
faster (a process dubbed reactive sintering).9 Lastly, a more
complex response has been proposed, which involves the
spallation of the aluminum from pressure build up within its
native oxide shell.5,12,13

Some insight about the mechanisms involved in these
processes has been gained through controlled “bulk” reaction
experiments, though these results are difficult to interpret due
to the multiphase, rapidly evolving, nonequilibrium propagation
of the reaction. The potential effects of different mechanisms
often overlap, leading to varying interpretations of the results
and contradicting theories.13,14 Our lack of knowledge of the
underlying mechanisms stems from the difficulty to exper-
imentally observe the nanoscale changes occurring in these
materials on the relevant time scales associated with the rapid
heating rates and high temperatures intrinsic to the reaction
and combustion dynamics. The dynamic transmission electron
microscope (DTEM) at Lawrence Livermore National
Laboratory (LLNL) enables the direct observation of
morphological changes in nanothermites under very rapid
heating conditions which can exceed 1011 K/s.15−18 This allows
us to isolate and probe the fundamental mechanisms and unit
processes of combustion in nanothermites. Laser heating
effectively enables instantaneous heating relative to typical
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reaction rates and heat losses. Further, these experiments occur
in vacuum, which prevents any significant heterogeneous gas-
condensed phase reaction. Thus, such an experiment can
capture the interfacial condensed phase interaction of these
nanoparticle systems, without the convoluting effects of gas
phase chemistry and heat transfer to and from the environment.
With this approach we can garner information about the

underlying properties of the condensed phase mechanism,
which in turn allows us to determine what role it plays in the
bulk combustion of nanothermites with the key factors being
the chemistry, the time scales of the reactions, and the overall
physical response of the system. Proper determination of the
chemical reaction involved will allow us to understand if this
mechanism can be responsible for generating enough energy to
drive self-sustaining combustion. Directly measuring the time
scales associated with microstructural change and reaction will
also allow us to differentiate between mechanisms controlling
the flame prorogation rate. For instance, if the condensed phase
reaction is significantly faster than the bulk response it follows
that heat transfer rather than chemical reaction rate is the
limiting factor in flame propagation rate. Lastly for the physical
response, we can determine if any complex behavior such as the
spallation of the molten metal fuel occurs.12,13 Furthermore, if
the physics observed through DTEM are occurring during bulk
reaction, the products of both classes of experiments must be
consistent.

■ EXPERIMENTAL SECTION
Al/CuO was chosen as a test system because of its wide use and
the large number of studies pertaining to these materials. The
aluminum nanoparticles purchased from Novacentrix were
spherical having a nominal particle size of 80 nm. The CuO was
obtained from Sigma-Aldrich and had a primary particle size of
<50 nm. Samples were prepared by adding Al with roughly
three times the amount of CuO to ethanol, ultrasonicating for
∼5 min, and then dispersing the suspension onto TEM grids.
We used a DTEM which has been recently modified to allow

multiframe acquisition (movie mode DTEM or MM-DTEM)
over large temporal ranges from a few nanoseconds to
hundreds of microseconds. The details of this instrument can
be found in previous articles.15−18 In short, MM-DTEM is
equipped with a pulse shaping laser and a high-speed deflector
system. The pulse shaping laser produces a series of ultraviolet
laser pulses with user-defined pulse durations and delays that
produces a defined electron pulse train via linear UV
photoemission. Each pulse captures an image of the sample
at a specific time. The high-speed electrostatic deflector located
below the sample directs each pulse (image) to a separate patch
on a large, high-resolution CCD camera. At the end of the
experiment, the entire CCD image is read out and segmented
into a time-ordered series of images, i.e., a movie. The current
technology produces 9-frame movies and for these studies, we
used 20 and 50 ns electron pulse durations and delays between
pulses of 95 and 550 ns.
The TEM specimens were flash heated by a second laser (1/

e2 diameter of 135 μm) operating at a wavelength of 532 nm
and a pulse duration of 12 ns to initiate the reaction between
the Al nanoparticle fuel and CuO oxidizer nanoparticles.
Stochastic electron−electron scattering events within the high
intensity electron imaging pulses cause a reduction in spatial
resolution of movie mode. The DTEM can also function in a
traditional thermionic emission mode (i.e., continuous wave
(CW) mode) to obtain higher spatial resolution images of

prereaction and post-mortem microstructure to observe in
more detail the initial structure and final morphological changes
after the specimen has cooled to ambient temperatures. Further
analysis on the samples heated in the DTEM was performed
using another TEM (JEOL JEM 2100F) with scanning and
energy dispersive X-ray spectroscopy (EDS) capabilities, and
the crystalline structure was analyzed with selected area
diffraction (SAD). Additionally, bulk combustion experiments
were performed using a temperature jump (T-jump) wire
heating setup at heating rates of ∼5 × 105 K/s. The
experiments were done in air and in a time-of-flight mass
spectrometer with ∼100 μs resolution.7,19,20

■ RESULTS AND DISCUSSION
Figure 1 shows an example of a small (∼500 nm) aggregate
that, under rapid heating, reacted and evolved within a period
of 600 ns. Figure 1a shows a thermionic mode image of the
aggregate prior to heating. The aluminum particles, being a low
atomic number material, are weakly contrasted in the image,
spherically shaped (left side of the aggregate), and easy to
distinguish from the darker more irregularly shaped CuO
particles (central region of the aggregate). Figure 1b shows a
thermionic mode image of the resulting morphology after
heating the aggregate with a 0.3 kJ/m2 laser pulse. The original
nanostructured morphology has been lost, having transitioned
from <50 particles into 3 larger, phase-separated regions. Being
denser, the copper-rich center region appears darker, while the
two surrounding lighter areas are aluminum rich with a
morphology that partially resembles the initial configuration of
the aggregate. Figure 1c shows a series of time-resolved images
taken with the movie mode pulsed electrons. Morphological
changes are observed to initiate within 45 ns of the laser heating
pulse. Within 235 ns, the central CuO region was fully molten
and spherical in shape, while Al particles can be discerned as
distinct shapes, even with the low signal-to-noise ratio. By 425
ns, the Al-NPs coalesced toward the CuO region, losing their

Figure 1. Morphological changes of Al and CuO NPs heated with a
532 nm laser (Pulse length= 12 ns; Peak laser fluence =0.3 kJ/m2).
Images a and b were taken in conventional TEM thermionic mode and
the images of part c were taken with pulsed electrons. (a) Aggregate
prior to heating. (b) Resulting reacted material morphology. (c)
MovieMode DTEM image sequence showing the change in
morphology with time. Each frame was taken with a ∼20 ns electron
pulse duration and 95 ns time delay between pulses. The listed times
are relative to the peak intensity of the ∼12 ns sample heating laser
pulse. The same scale is used for both images a and b with another
scale shared by all the images of part c.
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initial nanostructured character and reducing their specific
surface area. At 615 ns, the morphology of the reacted
aggregate is similar to that of Figure 1b, and no further
significant changes in overall structure were observed. While
further chemistry or morphological changes that are beyond the
limited spatial resolution may have occurred past this time, such
behavior is assumed to be negligible in regards to the overall
reaction process. This assumption stems from the fact that
anything other than minimal reaction or evolution of the
structure would be associated with high temperatures, which
would drive further coalescence that could be observed with the
resolution of the pulsed electron images.
Through repeated experimentation with many different

aggregates, the general characteristics of the microstructural
evolution shown in Figure 1 were consistently observed. That
includes the product morphologies always being phase
separated into distinct regions and the most significant
observable morphological change starting in the CuO regions
with first melting and then coalescence. Under conventional,
slow-rate heating, Al particles, having a melting point of 933 K,
melt before CuO, which has a much higher melting point of
∼1600 K. However, the laser pulse heated nanoparticles behave
differently. Al nanoparticles have a 3 nm thick native oxide (mp
= 2345 K) shell, which delays the onset of particle coalescence
to above 1300 K.21 Second, as verified by calculations using the
Mie solution to Maxwell’s equations for 75 nm diameter
particles, a CuO particle absorbs ∼3 times more energy of 532
nm light than an Al particle.22,23 Thus, being hotter, CuO
particles are expected to melt first under laser heating.
While the general morphological progression was consistent

between experiments, time scales of the observed behavior were
significantly affected by aggregate size and morphology. For
example, in Figure 1 few significant changes were observed after
∼600 ns in these small aggregates, but larger aggregates were
observed to evolve over much longer periods of ∼6 μs.
Likewise, the observed onset of melting in large CuO particle
regions was delayed significantly, e.g., for the case shown in
Figure 2, no discernible morphological changes were observed
until 4.3 μs after the laser heating pulse. Conversely, small CuO
aggregates (<500 nm) melted fast (within ∼100 ns). In
comparison to these time scales, melting should be
instantaneous (on the order of the 12 ns laser heating pulse),
which suggests that the CuO was not yet hot enough to melt,
and the observed melting at longer delays occurred by heat
released from reaction and/or due to a reduced melting
temperature from alloying and/or oxide reduction.
The initial energy deposition from the laser heating pulse

occurs within 12 ns, thus any additional heating occurring
within this delay results from the exothermic reaction of Al and

CuO. In the case where exothermic reaction raises the material
to the melting point, the delay is an approximate measure of the
diffusion rate of oxygen across the interface between the two
materials. Such behavior could be accompanied by local
morphological changes too small to be resolved in the pulsed
electron images. Additionally, with no possible exothermic
reaction, pure CuO heated by the same laser pulses would
either melt instantaneously, i.e., within the pulse duration of the
heating laser, or not at all. However, experiments using only
CuO-NPs contradict this expectation. Indeed, size dependent
delays did occur in a manner that was qualitatively similar to
the Al-CuO samples (an example of this can be found Figure S1
of the Supporting Information). In this case, the material was at
its peak temperature immediately following the irradiation by
sample drive laser pulse, and thus we ascribe the delay in
melting to oxide reduction, as CuO nanoparticles, upon
sufficient heating in vacuum, reduce to Cu2O, and eventually
to Cu, both of which have lower melting points than CuO.24

To test that this chemical evolution occurred within the TEM
vacuum conditions used in these experiments, selected area
diffraction (SAD) patterns were taken for the laser heated CuO.
From these observations, the presence of Cu2O and Cu in the
products was confirmed (see Supporting Information for more
detail), indicating that laser heating alone was sufficient to cause
reduction, which likely triggered the melting.
Assuming that the observed delay is associated with the time

scale for oxide reduction, the size dependence may derive from
temperature rise from laser light absorption being less for the
large aggregates. Given the dense packing of the CuO-NPs, the
particles on the upper layers of the aggregate scattered and
absorbed much of the impinging laser light, and thus the
particles in the deeper layers of the aggregate absorbed less
energy, which reduced the average, equilibrated aggregate
temperature. As a point of comparison, from Mie scattering
calculations, as CuO particle size increases above 175 nm, the
absorption efficiency per volume decreases with diameter.22,23

Thus, the larger, dense aggregates will have a lower average
temperature, and therefore slower reduction kinetics, which can
increase the length of the delay. Associated kinetics can be
better understood by modeling the laser heating, but
unfortunately light absorption by the NP aggregates is very
complex, and nanometer differences in shapes can lead to
∼1000 K differences in modeled temperature, thus providing
large uncertainties.21

The characteristic diffusion time is defined as τ = l2/D, where
l is the characteristic length scale and D is the diffusion
coefficient. The important length scale here is the primary
particle size radius. For a 30 nm diameter particle, the observed
delays of 500 ns and 5 μs correspond to effective diffusivities of
∼4.5 × 10−6 and ∼4.5 × 10−7 cm2/s, respectively. While these
values are high compared to the reported oxygen diffusivities in
copper oxide (∼10−9 cm2/s for O in Cu2O at ∼1500 K),25 at
high temperatures and under vacuum conditions, CuO is far
outside of equilibrium stability.24 If we assume an activation
energy of ∼1−2 eV (typical values found for copper oxide)19,26

for diffusion, the difference in estimated diffusivities can be
accounted by a ∼200−350 K difference in temperature between
the two cases, which is consistent with the absorption and
temperature estimates described above.
This explanation implies that exothermic reaction was not

necessary to promote the morphological changes observed in
these experiments. To evaluate this further, elemental analysis
was performed using energy dispersive X-ray spectroscopy

Figure 2. Morphological change of an Al-CuO aggregate that was
significantly delayed (heating laser pulse length = 12 ns; peak laser
fluence = 0.3 kJ/m2). No discernible changes were observed until 4.3
μs. All images were taken with ∼50 ns electron pulses with 550 ns
delays between images. The scale is the same for all images with the
scale bar representing 500 nm.
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(EDS) line scans as in Figure 3. These results clearly confirm
that the light areas are Al rich and the darker areas are Cu rich.
Further they indicate that the aluminum was significantly
oxidized. In addition there appears to have been some alloying
between the Al and Cu, which confirms that there was
significant interaction between the Al and CuO, including the
exchange of oxygen for reaction. However, it should be noted
that the total amount of oxygen is diminished in comparison to
the amount of Cu present. This loss of oxygen is consistent
with an initial reduction to Cu2O, which led to both
coalescence and subsequent reaction.
Though laser heating was nonuniform due to composition-

ally driven variation in the optical absorption, the DTEM
experiments compared well with reaction dynamics observed in
nanocomposite thermally driven at lower rates. Figure 4 shows
results from T-jump experiments where CuO−NPs and Al/
CuO nanothermites were coated on a 76 μm diameter Pt wire
and rapidly heated at a rate of 3.5 × 105 K/s, with oxygen
evolution monitored by a mass spectrometer.7,19,20 These
results show that the oxide alone can release O2 at slightly
lower temperatures than the ignition temperature for the
thermite. Further, a significant amount of gaseous oxygen was
present in the system during the Al/CuO reaction. Thus, any
condensed phase interaction between the two materials must
involve the CuO reduced phase.
The mass spectrometry study showed that violent reaction

was possible despite loss of oxygen from the oxygen carrier to
the vacuum environment (the O2 signal). This result is
supported by energetic calculations for this system. It requires
265 kJ to heat 2 Al and 3 CuO moles of reactant (which forms
1 mol of Al2O3) from room temperature to 1300 K, the
temperature at which Al nanoparticles sinter and molten Al
escapes the oxide shell and well above the ignition point of Al−
CuO.21 The heat of reaction for that same amount of material is
−1208 kJ, which means only ∼22% of the reaction enthalpy is
required to heat a neighboring reactant of equal volume to the
ignition temperature and promote the propagation of the
reaction. Even if we suppose that reduction of CuO to Cu2O is
a prerequisite to ignition, then only 38% of the total energy is
necessary. Figure 5 provides a schematic diagram of the energy
released during these reactions. Therefore, a reaction involving

diminished amounts of oxygen may play a large role in the
overall propagation of the reaction, with further oxidation
occurring heterogeneously with oxygen released from the
earlier reduction of CuO.9

Another indication that the DTEM experiments are
representative of bulk reaction processes is the similarity in
morphologies observed under these very different conditions.
Figure 6 shows quenched (∼300 μs) reaction products from
Al/CuO nanothermite mixture ignited on the Pt wire in air.
These products, which represents the majority of product
volume, exhibits the same characteristic phase-separation found
in the product phases of the DTEM experiments, with the two
phases existing as adjoining spheres as in Figure 3. In this case,
due to the large quantities of material, considerable coalescence
results in much larger particles.
From the above considerations, it is reasonable to apply the

times scales observed in the DTEM experiment to bulk
combustion processes. Al−NPs burn on time scales of 100 μs

Figure 3. Postreaction product from an Al/CuO laser heating
experiment that was analyzed with an EDS line scan. The red line
indicates the intensity of the Al signal, green represents Cu, and blue
represents O. The results indicate a lighter Al/O phase and a darker
Cu/Al phase.

Figure 4. O2 temporal evolution from T-jump mass spectrometry in
arbitrary units (a.u.) of intensity of (a) CuO and (b) Al/CuO. Samples
were heated at ∼3.5 × 105 K/s on a platinum wire and the
temperature was calculated from the wire resistance. The temperatures
listed are the average of several runs and the point of ignition was
measured with a high speed video camera, frames of which are inset on
part b. From the plot we note that CuO particles first released oxygen
at temperatures below ignition followed by a rapid release of O2 during
combustion. Note that the fluctuation in signal intensity can be
attributed to measurement noise.

Figure 5. Energy diagram for the system. The elevated states represent
the reactants heated to 1300 K. At the highest level, 3CuO has also
decomposed to 3/2Cu2O + 3/4O2. In both cases the energy needed to
reach that point is only 22−38% of the total energy released from
reaction.
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and longer in pressurized, oxidizing environments.27,28 Thus,
the observed time scales of 0.5−5 μs for reaction indicate that
condensed phase reaction mechanisms are much faster than
heterogeneous gas-condensed reaction, suggesting that they
may play a dominant role in the rapid propagation of the
reaction during combustion. Indeed, during constant volume
combustion of Al/CuO nanothermite in pressure cells,
pressures reach their peak in ∼10 μs, which is consistent with
the time scales reported here.29 Further, none of the DTEM
experiments contained any evidence of spallation of the metal
fuel which would be indicative of the melt dispersion
mechanism.5,12,13 Therefore, a condensed phase “reactive
sintering” process is likely.9

To apply these DTEM results in a broader manner, a
characteristic diffusivity for reaction can be extracted. From the
elemental analysis, the oxygen is seen to be homogeneously
dispersed throughout the Al region. Therefore, to estimate
diffusivity we treat the Al as an oxygen sink in a one-
dimensional system with an initial uniform concentration using
the following expression:

=t
l

D
(1.5 )2

where t is the time scale of depletion, l is the length of region,
and D is the characteristic diffusivity.26 With the characteristic
time scales and diffusion lengths corresponding to the DTEM
experiments, the average D is ∼5 × 10−4 cm2/s. This value is
much higher than those typically discussed for thermite
reactions, but compares well to the time scales required to
diffuse O in molten Cu at temperatures of ∼3000 K, as is
expected for reaction of these materials.29

In the preceding discussion, we have only considered the
length scales related to the size of the aggregate. However, the

aggregate size is not well-defined nor a defining quantity for
bulk combustion where the materials exist as a millimeter sized
powder compact. In this case, the extent of mixing in the
powder components controls the kinetics of condensed phase
reaction. Indeed, that is also the case for the DTEM results as
the larger aggregates studied also had larger areas of
segregation. This effect can be seen by comparing Figures 1
and 2. Figure 2 is defined by a ∼1000 nm long section of Al in
its center, while the regions in Figure 1 are only about 300 nm.
Bulk combustion studies have shown that mixing has a huge
effect on the performance of these nanothermites, which
further supports the importance of the condensed phase
interaction.30

■ CONCLUSION

In this study, we have directly observed the morphological
changes that occur upon heating of Al/CuO nanothermites
with in situ dynamic TEM. We observed the creation of phase-
separated adjoining spheroids on the order of ∼0.5−5 μs, a
large temporal range observed to depend on the aggregate size.
A partial reduction of CuO leading to a melt state occurred
prior to significant reaction and morphological change. It was
found that significant interaction between the two materials
occurred, including reaction and alloying. While some of the
original oxygen content was lost to the environment, the total
energy of this system was such that even ∼1/3 of the heat of
reaction may have a significant impact on propagation. The
products and overall process of the reaction were found to be
comparable with the reaction of bulk phase material. Al NPs
burned at faster rates in the DTEM experiments than in
gaseous oxidizers, suggesting that the condensed phase reaction
may be the dominant mechanism in bulk propagation rather
than heterogeneous gas-condensed reaction or melt dispersion.
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Figure 6. Products of Al/CuO T-jump wire ignited combustion that
was quenched with a reaction time of ∼300 μs. The image was taken
with backscattered electrons (BSE) in an SEM, which show denser
material as brighter. Thus, the bright phases are copper rich while the
darker ones are Al rich. The inset image was also taken with BSE and
contains the reactant prior to ignition, which shows the nanoscale
nature of the reactant that was lost during reaction. More details of the
experimental procedure can be found in another publication.11
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