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A B S T R A C T   

This study demonstrates the use of a receiving antenna within a material to transmit microwave energy resulting 
in dielectric heating and ignition in a direct writing process. The wire antennas themselves do not heat, but 
rather the induced electric field results in dielectric heating of the sample, and with sufficient electric field 
strength, triggers ignition. With different length of embedded receiving antenna, local hot spots were generated 
at the ends of the receiving antenna as imaged with an IR camera. Simulation of a monopole source and receiving 
antennas, shows a spatial correspondence of the calculated electric field and the measured hot spots. We also 
demonstrate that receiving antennas can be incorporated to trigger ignition at desired locations, with multiple 
ignition points from which flame propagations can be induced. This study provides a new way to design and 
remote control the location of the hot spots and ignition.   

1. Introduction. 

Ignition is typically a localized phenomenon which ultimately leads 
to flame propagation and spread (Field, 1992; Granier and Pantoya, 
2004; Williams et al., 2012). One of the interesting issues to consider is 
how one can trigger ignition at a specified location in an energetic 
material remotely or perhaps in multiple locations so as to induce a 
predesigned flame spread in both space and time. Microwaves (MW) 
offer this potential opportunity since most components comprising en-
ergetic material are effectively MW transparent (Vargas et al., 2016; 
Crane et al., 2014). This means that one can, at least in principle, embed 
absorbing material at specified location so as to initiate ignition or 
augment combustion. 

This concept was demonstrated on a class of metastable intermo-
lecular composites (MICs) that offer significantly higher energy density 
and a tunable energy release rate as compared to traditional organic 
chemical energetic systems (Asay et al., 2004). These are typically a 
composite of metallic fuel (Al, Ti or Mg) and an oxidizer (CuO, Fe2O3 or 
MnO2), for which rapid and highly exothermic reaction is initiated at the 
ignition temperature. The energy release rate of a nanothermite system 
can be tuned by composition, particle diameter and packing density. 
And the use of components at the nano scale, greatly increases reactivity 
due to smaller diffusion lengths (Wang et al., 2014). 

Prior work has shown that certain reactive MW sensitizers can be 

used to initiate combustion in nanothermites (Alibay et al., 2021; Kline 
et al., 2020). Kline et al. showed that the oxidizing shell (mainly TiO2 
and TiN) of nano titanium (nTi) can be dielectric heated to ignite Ti/ 
PVDF thin film and subsequently ignite neighboring layers of non-MW 
sensitive energetics (Al/PVDF) (Kline et al., 2020). This was theoreti-
cally demonstrated by Mie theory calculation by Biswas et al., for coated 
spheres showing that the optical properties of the delectric coating is key 
to MW absorption efficiency and heating (Biswas et al., 2020). Al/MnOx 
can also be ignited by microwave stimulation by the presence of MnO2 
and Mn2O3 as a means to ignite an Al based fuel (Alibay et al., 2022). 
Barkley et al. studied the role of reduced graphene oxide (rGO) which is 
a good microwave sensitizer for the Al/Fe2O3 system and was able to 
show ignition in hundreds of milliseconds (Barkley et al., 2021). Cheng 
et al. doped Al/CuO with microwave absorbing layered Ti3C2 to show a 
significant decrease in ignition delay relative to the undoped sample 
(Cheng et al., 2022). The key point is that in all these studies, samples 
were placed either below the microwave probe or within a MW 
waveguide. 

Here we show that embedding a MW receiving antenna within 
printed energetic composites results in focusing of MW energy at the 
terminals of the receiving antenna. The focused MW energy further leads 
to sufficient heating in non-MW sensitive nanothermites, and can induce 
ignition remotely. The heating rate of the samples was observed by 
infrared imaging, and investigated with respect to the geometry, length 
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of the receiving antenna and power of the source MW antenna. COMSOL 
simulation of the receiving and source antenna shows that large electric 
field gradients are generated at both ends of the embedded receiving 
antenna, which leads to hot-spots in Al/CuO sticks, and induces ignition 
leading to combustion propagation. 

This paper demonstrates that by embedding a metal wire within a 
poor microwave absorbing system, localized heating and remote igni-
tion can be achieved. The heating rate of the sample is related to the 
electric field intensity extracted from simulation in this complex electric 
field environment. 

2. Experimental section 

2.1. Materials 

Aluminum nanoparticles (Al NPs, 80 nm) were purchased from 
Novacentrix Inc. with an active content of 67 wt% measured by ther-
mogravimetric analysis. Copper oxide (CuO) nanoparticles (40 nm) 
were purchased from U.S. Research Nanomaterials. METHOCELTM F4M 
hydroxypropyl methylcellulose (HPMC) was purchased from Dow 
Chemical Co. Poly(vinylidene fluoride) (PVDF, average molecular 
weight ~534000) and N, N-dimethylformamide (DMF) were obtained 
from Sigma-Aldrich. Aluminum 1199 wire (diameter 0.003 in., ~75 μm) 
was purchased from California Fina Wire Co. All materials were used as 
received. 

2.2. Sample preparation and fabrication 

High loading Al/CuO ink was formulated for a direct writing process, 
which is detailed in our previous paper (Wang et al., 2021). Al wires 
were chosen as the receiving antenna to minimize the magnetic field 
induced under MW. As such the receiving antenna (as will be deoms-
trated) is not itself heated by MW irradiation, but induces an electric 
field to heat the nanocomposites. To embed the receiving antenna into 
the sample, different lengths of Al wires: 5 mm (~1/24λ), 10 mm (~1/ 
12λ), 15 mm (~1/8λ), 20 mm (~1/6λ) and 30 mm (~1/4λ) were placed 
on top of the 10th printed layer. Then an additional 5 layers were 
printed. After drying the printed samples was cut into uniform 30 mm 
(~1/4λ) sticks. Fig. 1b shows the SEM image of the cross-section of the 
Al/CuO stick and embedded receiving antenna. 

2.3. Microwave antenna configuration and characterization 

A custom monopole MW source antenna was constructed to deliver 
energy to the receiving antenna remotely. The MW source antenna 
(Figure S1) was connected to a magnetron system (MKS Instruments 
Inc.) operating at 2.45 GHz (λ = 122.45 mm). The magnetron (MW head 

TM012) was powered by a switching power supply (SM445), connected 
to an isolator (VHU210 3 kW), triple-stub tuner (AG340M3) and a dual 
directional coupler (DC2340N) with a linear power sensor (RD8400) in 
series. A WR340 cavity to coaxial transition adaptor (Microwave Tech-
niques LLC) was attached at the end of the system. The source antenna 
was made from 2% thiorated tungsten (diameter: 1 mm, length: ~30 
mm, ~1/4λ) and connected to the adaptor by a coaxial cable (Pas-
ternack, LMR400, maximum continuous power: 330 W at 2.45 GHz). 

The actual power delivered to the source antenna, and the S11 
parameter (the reflected power from the source antenna) were measured 
by a vector network analyzer (VNA, Keysight N9918A) from 2.2 to 2.7 
GHz. To measure the power delivery, the source antenna was removed 
from the coaxial cable, and connected to a 50 dB attenuator (Fairview 
Microwave, SA3NFF300W-50) then to the VNA. The total external 
attenuation is − 50.6 dB considering the loss at the connection cable. 

2.4. Experiment setup and imaging system 

All samples were placed 15 mm below the source antenna (Fig. 1a). 
The left end of the samples was placed right under the source antenna 
tip. 

To understand how remote heating was taking place, an infrared (IR) 
camera (Telops, FAST M3K) was used to measure the surface tempera-
ture of the samples at 100–5000 frames per second. A 50 mm lens was 
coupled with a 0.5-inch extension ring with an exposure time of 5 μs. 
The resolution of acquired images was 140 μm per pixel, and the 
measured temperature range used in the experiment was 0–150 ◦C. A 
high-speed color camera (Vision Research Phantom, Miro M110) was 
used to determine the ignition delay of the sample. The exposure time 
was 24 μs and recorded at 5000 frames per second. 

2.5. Heating rate and ignition delay measurement 

The IR camera, color camera, and the magnetron system were set to 
trigger simultaneously. The rise time of the magnetron is 80 ms, and this 
time delay was subtracted in all measurements. The heating rate was 
calculated as the temperature increase over a time interval from the IR 
camera. Ignition was defined as the point of the first light in the color 
camera video. All measurements were repeated in triplicate unless 
otherwise stated. 

2.6. Source and receiving antenna simulation 

Simulation of the interaction between source and receiving antenna 
was performed in COMSOL Multiphysics 5.6. The frequency of the 
source antenna was 2.45 GHz and the input power was set to be 76, 153, 
222 W. Al and CuO nano particles and polymer matrix were not 

Fig. 1. (a) Diagram of the experiment setup. The samples were placed 15 mm below the monopole source antenna. (b) SEM image of the cross-section of the Al/CuO 
stick and embedded receiving antenna (Al wire). The cross-section area is ~1 mm2. 
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explicitly include in the model (Figure S2). The parameters of tungsten 
and aluminum were from the COMSOL build-in material properties. 

3. Results and discussion 

3.1. High power microwave antenna characterization 

To understand the power coupling between the magnetron and the 
custom monopole antenna through the WR340 transition adapter, a 
VNA was connected to the adaptor and used to measure the channel 
power between 2.2 and 2.7 GHz. Fig. 2a shows the relationship between 
the power delivered to the source antenna and the magnetron output 
power. At the lower power range (<150 W), almost 100% of the output 
power was delivered to the source antenna. However, with increasing 
magnetron output power, the conversion rate dropped to ~ 65%. This 
implies that the power loss at the WR340 adaptor and the coaxial cable 
is increasing at the high-power range. To keep the source antenna 
operating at a constant power, the magnetron output power was kept 
below 330 W. The overall conversion rate of the WR340 adaptor is ~ 
68% in this power range. For the subsequent heating experiments, three 
power levels which delivered to the source antenna were used, 76 W 
(minimum operational power), 153 W and 222 W (maximum opera-
tional power). 

To better understand the performance of the source antenna, a 
monopole antenna simulation was done with COMSOL. Fig. 2b shows 
the simulated S11 parameter which represents how much power is re-
flected from the antenna, for a 1/4λ monopole antenna, along with the 
measurement from the VNA. The simulation results show that the 
monopole source antenna has a minimum reflection of − 12.5 dB at 2.45 
GHz. The VNA measurement agrees quite well with the simulation. The 
measured S11 parameter at 2.45 GHz was ~ -14 dB, indicating that only 
4% of energy is reflected back by the source antenna. 

3.2. Role of embedded receiving antenna 

We begin by noting that the printed Al/CuO sample itself shows no 
obvious heating effect under microwave irradiation when placed 
remotely (15 mm below the source antenna) at all power levels (Fig. 3a 
and Figure S3) in the absence of the receiving antenna. This can be 
attributed to the low relativity permittivity (ε = ε’ - i ε’’) of the Al and 
CuO nano particles and low electric field intensity when the source 
antenna is 15 mm away from sample. The relative permittivity of the Al/ 
CuO nano particles (equivalence ratio, φ = 1) is 3.3 – 0.25i (Cheng et al., 
2022). The simulation confirms the experimental observation, showing 

that the average electric field intensity is only 4000 V/m 15 mm below 
the source antenna (at sample position), which is insufficient to achieve 
any significant heating (dash line in Fig. 3c and Figure S4). 

However, incorporation of the receiving antenna (length, L = 1/8λ) 
within the Al/CuO sample results in two hot spots (Fig. 3b). It is 
important to note at this point that the microwave is not heating the receiving 
antenna. This was checked by using an Al wire at the same location in the 
absence of the sample and monitoring heating with the IR camera. This 
control experiment indicates that the hot spots are not generated by heat 
transfer from the embedded receiving antenna (Al wire) to Al/CuO nano 
particles. Since both Al and CuO are non-magnetic, the main heating 
mechanism would be dielectric loss generated by the Al/CuO nano 
particles (Wang et al., 2012; Himmetoglu et al., 2011). To better un-
derstand this effect with the embedded receiving antenna, a simulation 
of the monopole source antenna and the receiving antenna (Al wire) was 
conducted with COMSOL. The results (Fig. 3c) show that the embedded 
Al wire works as a receiving antenna within the sample, and large 
electric field gradients are induced at both ends of the receiving antenna, 
with a peak electric field intensity ~ 20x higher compared to the case 
without the receiving antenna. This is a direct indication that a receiving 
antenna can be used for location control and amplification of heating. 

Fig. 3(d) plots the temporal temperature profile of the two hot spots 
generated at the ends of the receiving antenna. Overall the temperature 
profile shows that the heating rates of both hot spots gradually 
decreasing with time until they reach a steady state. To better under-
stand the thermal response of the sample with the receiving antenna, 
this temperature profile was divided into three regions. 

In the first linear heating region, the relative permittivity and spe-
cific heat capacity of the Al/CuO nano particles are assumed to be 
constant. The linear heating rates of the two hot spots can be calculated 
in this region (solid line in Fig. 3e). The heating rate of materials under 
microwave stimulation is proportion to the square of the electric field 
intensity. Under the assumption of negligible heat loss and neglection of 
thermal diffusion (a poor assumption in general) the heating rate can be 
expressed as (Gabriel et al., 1998): 

ΔT
t

=
ωε0ε′tanδ

ρC
|E|2 (1)  

where ω = 2πf is the angular frequency, ε0 is the vacuum permittivity, ε′ 

and tanδ are the real part of the relative permittivity and the loss 
tangent, ρ is density, C is the specific heat capacity. Electric field in-
tensity (|E|) is the average electric field in the 0.5 × 0.5 × 0.5 mm region 
centered at the two terminals of the receiving antenna. 

Fig. 2. (a) Power delivered to the source antenna measured by the VNA (y-axis), and the magnetron output power (x-axis). (b) Measured and simulated S11 
parameter of the monopole source antenna. 
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The simulation indicates that the electric field intensity induced by 
the embedded receiving antenna increases linearly with source antenna 
power (dash line in Fig. 3e). A general exponential growth relationship 
between the heating rates and the source antenna power was observed 
based on Equation (1) (Fig. 3e). In the second region we observe a 
decrease in heating rate. This is presumably because the heat capacity of 
Al and CuO is increasing with temperature, and the relativity permit-
tivity changes with temperature (Gafner et al., 2015; Havinga, 1961). At 
longer times, the power input from the receiving antenna is at steady- 
state with the heat loss from hot spots to the rest of the sample, and a 
time invariant temperature is achieved. 

Since the simulation did not contain Al and CuO nanoparticles or 
polymer matrix explicitly, it is not possible to calculate theoretical 
heating rates from the electric field distribution. However, this approach 
does give a simple estimation of the location of the hot spots induced by 
the receiving antenna under this complex electric field environment. To 
confirm this, Al/CuO samples with multiple receiving antennas were 
fabricated, and compared with simulation results. Two receiving an-
tennas were embedded into the sticks, 10 mm (1/12λ, Fig. 4(a1)) and 5 
mm (1/24λ, Fig. 4(b1)). The IR camera video shows that hot spots are 
generated at each end of the embedded antennas (Fig. 4(a 2–3) and (b 
2–3)). Comparing the simulation results (Fig. 4(a 4) and (b 4), 
Figure S5), clearly electric field gradients were formed at each end of 
the receiving antennas, the position of these gradients aligned with the 
position of the hot spots observed from the IR camera. In either case, the 
induced electric field intensity of the left receiving antenna was less than 

the right receiving antenna. From the IR camera, the steady state tem-
perature of the left two hot spots is lower than the right two hot spots 
(Fig. 4a2 and b2). Combining the experiment and simulation results, we 
can conclude that complex heating patterns can be achieved by judicious 
choice of antenna arrangements. 

3.3. Point and sequential ignition via embedded receiving antenna 

The position of the hot spots was always observed at the terminus of 
the receiving antenna regardless of their length: from 1/24λ to 1/8λ. 
Furthermore, increasing the receiving antenna length to 1/6λ (20 mm) 
and 1/4λ (30 mm), ignition can be triggered Figure S6 shows simulation 
results of the induced electric field of 1/6λ and 1/4λ receiving antenna; 
induced electric field are located at two terminals of the receiving an-
tenna. Fig. 5(a) demonstrates the schematic and the color camera im-
aging of the point ignition with a 1/6λ receiving antenna under 153 W 
source antenna stimulation. Since the right end of the receiving antenna 
induces a higher electric field compare to the left end, it is here that 
ignition first occurs after ~1s. After which a steady flame propagates 
along the sample in both directions. 

With a 1/4λ receiving antenna (Fig. 6a) and under the same power 
stimulation (153 W), the Al/CuO sample was first ignited from the right 
end, but after 40 to 70 ms, a second ignition was observed at the left end 
of the receiving antenna, so that two flames propagate toward the 
sample center. In this way it is possible to have multiple ignition points 
with one excitation source, and again this implies one can design burn 

Fig. 3. (a) IR image of the Al/CuO sample without embedding receiving antenna at steady state (sample placed 15 mm below source antenna). (b) IR image of the 
Al/CuO sample with receiving antenna at steady state. (Note: the dashed box in (a) and (b) indicate the boundary of the Al/CuO samples, white line in (b) indicates 
the position of embedded receiving antenna.) (c) Simulation of the near field electric field intensity at the sample position with and without receiving antenna. (d) 
Temporal temperature profile of the two hot spots. (e) The heating rate of two hot spots (from IR camera video) and electric field intensity (from simulation) at 
varying source antenna power level. 
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patterns using antennas. 
Fig. 5(b) and 6(b) show the ignition delay and the heating rate of the 

right ignition point (right end of the receiving antenna) of the two 
ignition cases. Both cases show an inverse relationship between the 
heating rate and ignition delay at the ignition point, suggesting that at 
below 300 W source antenna power, this is a thermally-limited process 
(Alibay et al., 2021). Since the heating rate shows an exponential growth 
with the source antenna power, this indicates that the sample with 1/8λ 
receiving antenna (Fig. 3) and even shorter receiving antenna (Fig. 4) 
may also achieve ignition if the monopole source antenna system allows 
higher power. The 1/4λ receiving antenna shows more efficiency in term 
of heating rate and ignition delay. This is consistent with the embedded 
receiving antenna acting as a monopole antenna. According to the 
classic electromagnetic and transmission line theory, the electrons 
moving inside the antenna move periodically for a distance of 1/2λ 

(Kong, 2000). When the length of the dipole antenna also equals 1/2λ, 
the reflected current from the antenna tip can reinforce with the current 
from the next cycle. When the length of the embedded receiving an-
tenna, L = 1/4λ, it is equivalent to a 1/2λ dipole antenna, and thus is 
more efficient compare with 1/6λ and 1/8λ receiving antenna (Chen, 
2005). 

Another interesting observation is that the ignition with 1/6λ 
receiving antenna only happened at the right end while there are two 
ignition points with 1/4λ receiving antenna. The heating rates of the two 
hot spots from each cases shows that with 1/4λ receiving antenna is 
higher than the 1/6λ receiving antenna (Fig. 7a and b). However, these 
heating rate differences is not enough to explain why at each source 
antenna power level, the 1/6λ receiving antenna sample only has one 
ignition point. One possible reason is that length of the receiving an-
tenna plays a key role here. In order to achieve ignition via MW 

Fig. 4. A1and b1: Al/CuO samples with multiple receiving antennas embedded. a2 and b2: IR camera images of steady state temperature under 76 W MW stim-
ulation (Note: white dash lines indicate boundary of the Al/CuO samples, steady state temperature reached after ~12 s for a2 and ~20 s for b2). a3 and b3: Surface 
temperature extracted from IR images (a2 and b2). a4 and b4: Simulated electric field distribution along the receiving antennas. 

K. Shi et al.                                                                                                                                                                                                                                      



Chemical Engineering Science 280 (2023) 118948

6

stimulation, the energy deposition rate of the Al/CuO composite must 
exceed the minimum ignition energy (MIE) (Alibay et al., 2022). The 
length of the receiving antenna controls the heating rate (energy 
deposition rate) by the induced electric field intensity (Fig. 7c) (Xie 

et al., 2009). The embedded Al wires were all consumed after combus-
tion. Considering the flame temperature of the Al/CuO and the melting 
point of bulk Al, implies the Al wires either melt or reacted during the 
combustion (Wang et al., 2021). Since the hot spots are generated by the 

Fig. 5. (a) Select point ignition with 1/6λ receiving antenna. (Note: dash line indicates the sample position.) (b) Heating rate and ignition delay of the ignition point 
at the location of the right end of the receiving antenna. 

Fig. 6. (a) Sequential two points ignition with 1/4λ receiving antenna. (Note: dash line indicates the sample position, ① and ② indicate the first and second ignition 
point.) (b) Heating rate and ignition delay of the first ignition point. 
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induced electric field gradient on the two ends of the receiving antenna, 
it is possible that with the ignition, the right end of 1/6λ receiving an-
tenna begins melting or reacting. Thus, the total length of the 1/6λ 
receiving antenna decreases, which also decreases the induced electric 
field. In the 1/4λ receiving antenna case, the receiving antenna would 
also decrease following ignition at the right-side ignition point. How-
ever, the remaining receiving antenna can still induce sufficient electric 
field at the left end and trigger a second ignition. 

4. Conclusions 

In this work, a microwave receiving antenna (Al wire) was embedded 
into Al/CuO nanothermites via direct writing process. We show that 
embedding a MW receiving antenna within a printed energetic com-
posite result in focusing of MW energy at the terminals of the receiving 
antenna (embedded wire) resulting in sufficient heating to induce 
ignition remotely. It is important to note that the wires themselves do 
not heat but rather the high induced electric field results in dielectric 
heating of the sample, and with sufficient electric field strength, trigger 
ignition. The heating rate of the local hot spots and ignition delay of the 
embedded sample placed remotely (15 mm) below the monopole source 
MW antenna were investigated. In all the tested samples with different 
length of embedded receiving antenna, local hot spots were generated at 
the ends of the receiving antenna as imaged with an IR camera. Simu-
lation of a monopole source and receiving antennas, shows a spatial 

correspondence of the calculated electric field and the measured hot 
spots. By changing the length of embedded receiving antenna, remote 
ignitions were achieved, and the results are consistent with what might 
be expected based on classical antenna theory. We also demonstrate that 
receiving antennas can be incorporated to trigger ignition in desired 
locations, with multiple ignition points from which flame propagations 
can be induced. This study provides a new way to design and remote 
control the location of the hot spots and ignition by embedding receiving 
antenna into non-MW sensitive composites. 
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