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This study explores the ability to dynamically modulate the burn rate of nanothermites through microwave
generated heat zones. These heat zones were generated by embedding a microwave receiving antenna in 3D
printed Al/CuO samples. These thermal hot spots in the nanothermites are generated by the induced high electric
fields at the terminus of an embedded receiving antenna and are monitored by an IR camera. The burn rates were
investigated for different MW induced hot spot temperatures, geometries and receiving antenna materials. The
local burn rate increase closely tracks the hot spot spatial distribution, and for our experimental condition
enabled an amplification of burn rate of ~6x. An effective burn rate activation energy was calculated to be ~18
kJ/mol from the Arrhenius plot of local burn rate and initial temperature. Three color pyrometry confirms that
the main mechanism of the local burn rate increase is related to the initial temperature profile in the sample. This
study demonstrates the sensitivity of the local burn rate of nanothermites to initial temperature and provides a

new approach to modulate the burn rate by localizing MW energy.

1. Introduction

Compared to a conventional liquid propellant, solid propellants offer
simplified motor design and safe storage [1,2]. However, after ignition,
the regression rate operates at steady-state though a symbiotic rela-
tionship between chemistry and transport. As such a solid propellant
cannot be throttled [3,4]. These disadvantages greatly limit the appli-
cation mainly to rocket boosters [5]. Electric control and laser assistance
have been explored to control the ignition of solid propellants. Gobin
et al. developed an electrically controlled solid propellant whereby the
ignitability can be controlled with an applied voltage across the pro-
pellant by addition of polyethylene oxide [6]. Duan et al. studied laser-
controlled solid propellant by doping carbon black into ammonium
perchlorate (AP)-based propellant, repeatable ignitions could be ach-
ieved to moderate the overall burn rate [7]. Considerable effect has also
been expended to manipulate the burn rate of solid propellants through
motor design or additives [8-13], although in the latter case unless the
additives are dispersed in a pre determined distribution modulation of
the burn rate cannot be achieved. In any case dynamic modulation is still
not possible. The pintle nozzle technology can control the burn rate by
varying the chamber pressure [8]. Electromagnetic stimulation offers
the potential to selectively focus energy, dynamically modulate the
delivery of energy, and with appropriate choice of wavelength and
absorber deposition energy at least in principle deep within a grain.
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Isakari et al. demonstrated that the burn rate of AP/HTPB propellant can
be controlled by laser heating at the burning surface [14]. Barkley et al.
explored the microwave region and showed that microwave (MW) en-
ergy can be deposited into the gaseous and condensed phase product of
Al/AP propellant and further improve the burn rate [15]. Since most
components of energetic materials are either transparent or weakly
absorbing in the MW frequency region, an opportunity presents itself to
manipulate the burn rate by adding spatially distributed MW sensitizers
through additive manufacturing approaches [16].

In this work, spatial modulated burn rate is demonstrated for 3D
printed nanothermites by embedded a receiving antenna to localize MW
energy. Metal wires were embedded into high loading Al/CuO nano-
thermites during direct write fabrication. The metal wires act as a
receiving antenna within the sample, inducing high electric fields at the wire
terminus, and thus dielectric heat the nanothermites (not the wire). We
observe, through high-speed camera videography and pyrometry an
increase in the local burn rates corresponding to the location of the
microwave induced hotspots. These burn rates augmentations were
investigated with respect to hot spot temperature, geometries and
receiving antenna material. Results show that the peak burn rates in-
crease by up to 6x, and can be controlled by location of the embedded
receiving antenna. Three color pyrometry shows that the mechanism of
the burn rates increase depends on hot spot temperature profile. An
effective thermal activation energy is calculated to be ~18 kJ/mol,
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Fig. 1. Experiment setup of (a) center geometry: with receiving antenna embedded in the center of Al/CuO nanothermites. (b) Side geometry: with receiving antenna
embedded in the left side of the sample. Color gradient represents the two hot spots generated at the terminals of the receiving antenna. Only the right hot spots were

analyzed in this paper.

which suggests some type of transport control due to its relatively low
value. This study demonstrates a new approach to estimate the sensi-
tivity of burn rate of a solid propellant to initial temperature and a
methodology to dynamically modulate the burn rate of solid propellant
through localized MW energy.

2. Experimental section
2.1. Materials

Aluminum (Al) nanoparticles (80 nm, 67 wt% active content deter-
mined by thermogravimetric analysis) and copper oxide (CuO) nano-
particles (40 nm) were obtained from Novacentrix Inc. and U.S.
Research Nanomaterials, respectively. METHOCEL™ F4M hydrox-
ypropyl methylcellulose (HPMC) and Poly(vinylidene fluoride) (PVDF)
were obtained from Dow Chemical Co. and Sigma-Aldrich. N,N-Dime-
thylformamide (DMF, 99.8 %) was obtained from Fisher Scientific.
Nichrome (NiCr) wire (diameter of 0.25 mm) was purchased from Ted
Pella, Inc. Aluminum (Al) wire (diameter of 0.25 mm) was purchased
from Fisher Scientific. All materials were used as received.

2.2. Direct writing ink preparation and sample fabrication

The high loading Al/CuO nanothermites samples with embedded
receiving antennas were fabricated through a direct writing process
[17]. First, the high loading ink was prepared by dissolving 4 wt% PVDF,
6 wt% HPMC and 90 wt% total of Al and CuO nanoparticles (equiva-
lence ratio, ¢ = 1) in DMF with a loading of 312.5 mg/ml. A total of 15
layers of nanothermites were printed. The receiving antennas, NiCr and
Al wires, were cut into 20 mm (~1/6A) and embedded onto the 10th
printed layer to generate localized hot spots. The printed samples were
cut into 40 mm (~1/32) sticks. Two embedded antennas geometries and
two different receiving antenna materials (NiCr and Al) were tested as
shown in Fig. 1.

2.3. Experiment setup

The microwave (MW) source antenna was made from 30 mm (~1/
4)) 2 % thoriated tungsten electrode (diameter: 1 mm) and powered by
the magnetron (MKS Instruments, MW head TM012) operating at 2.45
GHz (A ~ 122 mm) [18]. The propellants with receiving antennas were
supported 10 mm below the source antenna by alumina crucibles. The
experimental configuration is shown in Fig. 1 and Fig. S1.

2.4. High-speed color imaging and infrared imaging

An infrared (IR) camera (Telops, FAST M3K) was used to image the
localized hot spot temperatures before ignition (exposure time: 10 ps,
frame rate: 100 fps, resolution: ~140 pm per pixel). The MW was first
powered on, and the IR camera was used to monitor the hot spot tem-
perature on the sample surface. Once the hot spots reached a desired
temperature, the MW was maintained at the same power for another
~10 s to allow the sample temperature to maintain a steady state (source
antenna power required to generate different hot spots temperature are
listed in Table S1). The samples were ignited by a secondary heat source
at the right side of sample. A high-speed color camera (Vision Research
Phantom, Miro M110) was used to record the combustion process
(exposure time: 24 ps, frame rate: 5000 fps, resolution: ~60 pm per
pixel). The MW source was kept at the same power during the com-
bustion process to maintain the hot spots temperature.

2.5. Local burn rate and flame temperature measurement

The burn rate (v) was extracted from the color imaging using a
custom MATLAB routine. First, the color images were binarized into
black (unreacted zone) and white (flame zone) images and the position
(x) of the burning surface was determined from the center line on the
sample for each frame, an example was demonstrated in Fig. S2 [19].
Then the local burn rate was calculated as dx/dt. The flame temperature
was determined by color pyrometry [20,21]. Three channel intensities
(red, green and blue) were extracted from the color imaging and their
ratios was used to calculate the flame temperature. The color camera
system was calibrated with a blackbody source (Mikron M390) and the
calculated temperature uncertainty was estimated to be ~200—300 K.
All experiments were repeated in triplicate unless otherwise stated.

2.6. Hot spot heating rate measurement and electric field simulation

MW heating rates were determined from a linear fit of the temporal
temperature of the right hot spots under different MW source antenna.
The induced electric field was simulated by COMSOL using the experi-
mental configuration of the source and receiving antenna as shown in
Fig. 1 (simulation model is illustrated in Fig. S3). The physical properties
of tungsten (source antenna) and aluminum (receiving antenna) were
taken from the COMSOL build-in database. The electric conductivity of
NiCr (receiving antenna) is 1 x 10°S/m [22]. The Al/CuO nano particles
and polymer matrix are not included in the model. Since both Al and
CuO nano particles are non-magnetic and the heating mechanism is
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Fig. 2. Spatial distribution of the calculated induced electric field and the measured temperature distribution of (a) center geometry and (b) side geometry. (Top:
simulated electric field distribution from COMSOL. Middle: IR image of the initial hot spot at ~100 °C before ignition. Bottom: electric field and surface temperature

distribution along the central line.
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Fig. 3. Measured heating rate at (right) hot spot of (a) center geometry and (b) side geometry increases with the square of the electric field calculated from COMSOL

simulation at different source antenna power.

dielectric heating [23], only the induced electric field was simulated and
further compared to the measured heating rate.

3. Results and discussion
3.1. Local burn rate at the hot spots

In our previous studies, we have shown that two localized thermal
hot spots are generated at the two terminal positions of the embedded
receiving antennas in Al/CuO samples via remote MW stimulation, due
to the enhanced electric field there [18]. Unlike the previous experiment
setup, the samples were suspended by alumina supports placed under
the source antenna to conduct burn rate measurements. In the center
geometry, the left hot spots have a higher steady state temperature than
the right which is attributed to edge effects from the support. In the side
geometry, the supports act as a heat sink so the heating effect of the left
hot spot was not significant. Furthermore, smoke generated during

combustion can obscure imaging and in some cases, arcing occurs when
the flame approaches the source antenna [24]. As such for the purposes
of results presentation and analysis only the right hot spots of the two
geometries were used.

Fig. 2 shows the spatial correspondence of electric field distribution
in the sample and the measured temperature. Quite clearly there is a
direct correlation of the antenna induced electric field and the corre-
sponding temperature in the sample. The results presented in Fig. 2 are
the steady-state temperature. On theoretical grounds, however we
expect the heating rate (AT/?) to scale as the square of the electric field
strength (|E|) [25].
AT a)eoe,tané

=——IEf’

: e &)

Where o is the angular frequency, & is the vacuum permittivity, ¢ and
tans are the real part of the relative permittivity and the loss tangent, p is
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Fig. 4. Diagram of the (al) center geometry and (b1) side geometry of the embedded NiCr receiving antenna in Al/CuO samples and the IR image of the initial hot
spot at ~100 °C before ignition (Video S2). (a2) and (b2) Local burn rates change with surface hot spot temperature at ~100 °C (Video S3). (Note: only the burn rates

at the right hot spots were analyzed).
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Fig. 5. Diagram of the (al) center geometry and (b1) side geometry of the embedded NiCr receiving antenna in Al/CuO samples and the IR image of the initial hot
spot at ~150 °C before ignition. (a2) and (b2) Local burn rates change with surface hot spot temperature at ~150 °C. (Note: only the burn rates at the right hot spots

were analyzed).

density, C is the specific heat capacity. The results we observe are
consistent with Eq. (1) and are presented in Fig. 3.

This behavior has been discussed in more detail from our prior work,
and the reader is reminded that the receiving antenna is not being
heated by the MW’s (Fig. S4) rather the large electric field generated
induces dielectric heating in the surrounding sample [18].

To study the effect of MW heating on burn rate we chose to conduct
experiments where the material temperature achieved a steady-state
prior to beginning the experimental burn measurements. Before igni-
tion, MW exposure at different power via the source antenna to the

receiving antenna results in heating of the sample at the terminus of the
wire. By monitoring with an IR camera, three steady-state peak tem-
perature levels were achieved: ~100 °C, ~150 °C, ~200 °C. These
temperatures were chosen as they are well below any observable poly-
mer decomposition temperature as measured by thermogravimetric
analysis (Fig. S5) and the oxidation reaction temperature of Al/CuO
nanothermites [17]. After achieving a steady-state temperature for ~10
s, the samples were ignited from the right-end by a secondary heat
source and the combustion wave was recorded by high speed color
imaging. During combustion, the MW power was left on to maintain the
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Fig. 6. Effective activation energy for the two geometries at three different initial hot spots levels. (Center geometry in left column and side geometry in right

column) The average effectivity activation energy is 18 + 4 kJ/mol.

hot spot temperature. Experiments were also conducted on the Al/CuO
samples with an embedded receiving antenna for both geometries, but
without MW heating (surface temperature equals room temperature) to
obtain the baseline results. The results show that for either geometry,
with receiving antenna embedded (without MW power), the flame
propagates linearly at ~40 mm/s along the whole sample (Fig. S6, Video
S1). This indicates that embedding metal wire did not impact the burn
rate in the absence of MW.

Fig. 4 shows the induced steady state temperature profile and the
instantaneous burn rate for both geometries considered. In this case the
MW power used was sufficient to achieve ~100 °C peak temperature.
Clearly seen is that the local burn rate tracks the general features of the
MW induced temperature distribution within the sample. The local burn
rate first increases and achieves a maximum local burn rate of ~120

mm/s, which also corresponds to the position of the peak in the MW
heated hot spot temperature. On the falling side of the hot spot the burn
rate also decreases. By increasing MW power one can achieve a higher
steady-state temperature. Thus, for hot spots peaked at ~150 °C (Fig. 5)
and ~200 °C (Fig. S7), the peak local burn rate increased to ~180 mm/s
and ~230 mm/s respectively. These instantaneous burn rate increases
were also observed with an embedded Al receiving antenna at each hot
spot level (Figs. S8 to S10). Comparing the two geometries and two
antenna materials, all peak local burn rates were enhanced to the same
level which indicates that the burn rate increase is independent of
geometrical arrangement of the embedded receiving antenna, or an-
tenna material, but only a reflection of the initial hot spot temperature.
These results show that by inducing local hot spots through MW radia-
tion, the burn rate can be dynamically increased. These results suggest
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considerable opportunity to embed antenna at desired locations to
manipulate the burn rate by a significant degree: 6x.

3.2. Effective activation energy

Since the local burn rates show a sensitivity to the instantaneous
local temperature, an activation energy can be calculated over the hot
spots profiles to assess if the local burn rate shows Arrhenius behavior.
Assuming the burn rate (v) of a solid propellant is proportional to the
square root of thermal diffusivity («) and reaction rate (w) [26,27]:

veVatm 2

And further assuming the reaction rate (o) follows an Arrhenius
behavior, and can be written as:

Eaef

vxVa*A*e 2RT 3)

If we assume « and A are temperature-independent, the burn rate can be
plotted as a function of temperature in an Arrhenius plot. Fig. 6 shows
Arrhenius plots for the two geometries and the three initial temperature
profiles with an embedded NiCr receiving antenna. Quite clearly the
behavior is Arrhenius over the whole temperature profile in the sample,
and thus an effective activation energy can be calculated, to yield a
value of ~18 kJ/mol (the effective activation energy calculated for
embedded Al antenna is ~20 kJ/mol, Fig. S11). This is an order of
magnitude lower than the reported activation energy for the chemical
reaction between Al and CuO of 270 kJ/mol [28]. Such large activation
energy differences have been reported for other metal/metal oxidizer
systems, where a temperature profile analysis gives an activation energy
an order of magnitude lower than calculated chemistry activation en-
ergy from thermal analysis [29,30]. The reader should keep in mind that
the calculated effective activation energy in this study represents the
temperature sensitivity to the burn rate of the high loading nano-
thermites samples, and thus reflects not only the intrinsic chemistry, but
also the effective transport limits associated with particle-particle con-
tacts and retardation effects of the polymer matrix [31]. To investigate
which limiting effect dominates the chemical reaction, 95 wt% loading
nanothermites with an embedded NiCr receiving antenna of side ge-
ometry were fabricated and tested with hot spots at ~100 °C, ~150 °C
and ~200 °C (Ink composition is listed in Table S2). The 95 wt% loading
samples with embedded receiving antenna propagates linearly at ~100
mm/s without MW heating. With generated hot spots at ~100 °C,
~150 °C and ~200 °C, the peak burn rate increases ~2x, ~3 x and
4.5x respectively, and the burn rate changes track the hot spots

Chemical Engineering Journal 492 (2024) 152192

temperature profile (Fig. S12). The effective activation energy calcu-
lated from the Arrhenius plot is ~16 kJ/mol. Since the two different
loading samples have similar porosity of ~60 % (Fig. S13). This suggests
that at high loading condition, the chemical reaction between nano-
thermites is greatly limited by the diffusion process and the polymer
only forms a binder matrix [32,33].

Three color pyrometry was used to measure the flame temperature
when the samples propagated through the hot spots at different initial
temperatures to understand the relationship between the flame tem-
perature and local burn rate changes. Fig. 7 shows the average flame
temperature for different initial temperature profiles. The results indi-
cate that flame temperature is not sensitive to initial temperature, or
MW radiation level, or at least within the uncertainty in our temperature
measurement. This indicates that the main mechanism of burn rate in-
crease is related to the localized hot spot temperature profile. The re-
action rate increases with initial temperature profile of the hot spots and
increases the burn rate of the nanothermites. Since the energy release
rate of a solid propellant is proportional to flame temperature and burn
rate. This means both burn rate and energy release rate can also be
modulated, via local hot spot generated by embedding receiving an-
tenna, and provides a new method to throttle solid propellant via
localized MW energy.

4. Conclusions

In this work, localized hot spots generated by remote MW stimula-
tion have been shown to dynamically modulate the burn rate of Al/CuO
nanothermites with an embedded receiving antenna. Two embedded
antenna geometries (center and side geometries), two antenna materials
(NiCr and Al) and three initial MW induced hot spots temperatures
(~100°C, ~150 °C and ~200 °C) were tested. High speed color imaging
shows that the local burn rate changes correspond to the initial hot
spots’ temperature profile. The local burn rate increase closely tracks the
hot spot spatial distribution, and for our experimental condition enabled
an amplification of burn rate of ~6x. It was found that the local
instantaneous burn rate showed Arrhenius behavior with respect to local
initial temperature enabling determination of an effective activation
energy of ~18 kJ/mol. This effective activation energy represents the
burn rate sensitivity to initial temperature of the high loading Al/CuO
samples and likely represents the limitation of transport between the
nano particles in the polymer matrix. The local burn rate increasing
remain the same at different geometries and the unchanged mean flame
temperature when propagated through the hot spots indicated that the
main mechanism of the local burn rate increases is caused by the
localized hot spot on the Al/CuO nanothermites. This experiment pro-
vides a new approach to evaluate the temperature sensitivity of solid
propellant and shows that one can dynamically modulate the burn rate
of solid propellants by localized MW energy.
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