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Laser or flash excitation is an attractive ignition option for many energetic systems because of increased
safety and control. Commonly used electrical ignition systems are more likely to cause accidental igni-
tion due to stray currents. Upgrading to laser or flash ignition mitigates this problem as well as allowing
the ignition at multiple sites more easily for improved control of the energy release. Carbon nanotubes
and nanoscale aluminum have been shown to be flash ignitable in loose powders or very porous low-
density materials; however, these previous low-density formulations may not be as useful in practical
energetic systems. In this study, nano aluminum particles are combined with a polyvinylidene fluoride
binder/oxidizer in order to create a full-density photosensitive material. Using a low energy broadband
flash source and an Nd:YAG laser at 1064 and 532 nm, films of nano aluminum and polyvinylidene flu-
oride were successfully ignited experimentally and ignition response was quantified. Solids loading was
found to be the dominating factor controlling minimum ignition energies, with the lowest energies ob-
served at 20 to 25 wt.% nAl. Simulations of the wave and particle interactions were modeled with COM-
SOL Multiphysics® for both the flash and laser-induced heating. The results show that optimal energy
absorption occurs at nAl particle fractions of 20-25 wt.%, consistent with the experimental observation.
Additionally, the results show the effect of plasmonic resonant enhancement of the heating, specifically
at lower wavelengths near 250 nm.
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In addition, they could be potentially safer from stray electrical
charges causing unintentional ignition.

1. Introduction

The ignition of energetic materials, and specifically solid propel-
lants, is a complex process that must be safe, consistent, and pre-
cisely controlled. There is a wide range of applications with spe-
cific ignition requirements for solid propellants including inflation
of airbags, propulsion systems (including rockets), as well as arm
and fire devices. Currently, electrical or percussion pyrotechnic ig-
niters are most the commonly used ignition systems. These sys-
tems must be carefully designed to deliver the proper amount of
energy to a specified surface area of the propellant [1,2]. A photon
light source (i.e. flash or laser-based) can potentially be used to ig-
nite energetic materials with lower input energy and more precise
spatial and temporal control, thereby improving safety and reliabil-
ity by eliminating electrical systems used in pyrotechnic igniters.
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Carbon nanotubes, nanoscale aluminum particles (nAl), and
nanoscale iron particles (nFe) have been shown to be flash ig-
nitable [3-13]. However, flash ignition of these materials has only
been achieved in loose powders or at very low densities. Conse-
quently, these formulations may not be useful in practical energetic
systems where density is critical for energetic performance. Laser
ignition of solid propellants has been studied extensively [14-30],
as well as adding photosensitive particles to improve laser igni-
tion [17,19,29-39]. In general, direct laser ignition of full-density
propellants, or other dense materials, requires significant energy,
which has made this approach uncommon. Therefore, a photo-
sensitive high-density energetic material would be attractive as it
could enable the use of radiative ignition in practical applications
at reasonable laser energy levels.

One of the first flash ignitable materials discovered was single-
walled carbon nanotubes [3]. Carbon nanotubes could only be flash
ignited in dry, non-compacted samples. At higher densities, the en-
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ergy required for ignition rises sharply, which Ajayan et al. [3] at-
tributed to increased heat conduction into the material. Later stud-
ies doped low-density pentaerythritol tetranitrate (PETN) with car-
bon nanotubes to produce a flash ignited reactive wave [4]. This
research demonstrated the capability to ignite composite materi-
als, below the theoretical maximum density, with a relatively sim-
ple flash ignition setup.

Beyond carbon nanotubes, flash ignition has been studied for
a variety of materials. For example, a study using freestand-
ing nano-porous silicon films showed ignition sensitivity de-
pended on the rate of heat loss from the ignition site before
decomposition and ignition occurred. Consequently, again, ma-
terial porosity was important as it led to hotspots where ig-
nition would start [40]. Narendra et al. [19] showed that cer-
tain high-nitrogen energetic materials, e.g., 3,6-bis(1H-1,2,3,4-
tetrazol-5-amino)-s-tetrazine (BTATz) and 3,3’-azo-bis(6-amino-
1,2,4,5-tetrazine) (DAAT03.5) powders were flash ignitable. The
study hypothesized that the flash ignition was achieved due to the
high absorption of visible light and the reaction dynamics of these
high nitrogen materials. These high-nitrogen materials were also
ignited with a CO, laser at a wavelength of 10.6 pm at a fraction of
the energy required for photoflash [19]. Overall, these studies were
limited to less desirable, lower-density materials but demonstrated
the capability for direct flash ignition of energetic materials.

Tseng et al. showed that nanotube photo-sensitivity was likely
due to catalyst particles, such as nano-iron particles left behind
from the synthesis process [6]. Since then, flash ignition has been
further studied for both nano-aluminum (nAl) and nano-iron (nFe)
particles [6-11]. Flash ignition of nAl has been of specific interest
due to aluminum’s widespread use in energetic materials. Flash ig-
nition is heavily dependent on the size of the particles, as micron-
aluminum will not flash ignite [7]. This is likely due to nAl hav-
ing lower ignition temperatures than micron-aluminum, as well
as being absorption dominated rather than scattering dominated
at the nanoscale [7,8]. While some micron-sized particles have
been shown to be optically sensitive, they require either mechan-
ical activation or a photosensitive additive such as graphene oxide
or tungsten oxide nanoparticles [12,41,42]. Ohkura et al. [7] con-
cluded that the particles needed to be submicron in diameter and
that packing density played a critical role in flash ignition. As pack-
ing density was increased, the temperature achieved from a flash
was modeled to rise due to an increased density of absorbing nAl
particles. However, packing densities above 50% by volume alu-
minum in air were not considered.

Modeling of the optical ignition for aluminum is also of interest
in order to better understand the mechanisms behind ignition and
predict the ideal circumstances for viable optical ignition. Jin et al.
[33] developed a model for laser ignition of aluminum particles of
different sizes that accounted for the effects of oxide shell thick-
ness, porosity, and combustion characteristics. Other models have
focused on plasmonic effects as the main contributor to nAl's opti-
cal sensitivity [9,10,43]. Localized surface plasmon resonance is the
resonant oscillation of free electrons in the metals that can confine
or enhance the radiation energy absorbed from light sources. These
effects are specifically prominent in nanostructures smaller than
the light wavelengths interacting with them, and multiple studies
have shown aluminum nanoparticles to exhibit these interactions
[9,10,43,44].

Flash ignition of nAl becomes difficult at higher densities be-
cause the energy threshold for ignition increases dramatically
with higher densities [3,18,41]. Sippel et al. [41] investigated the
use of micron aluminum combined with fluoropolymer polycar-
bon monofluoride (PMF) using mechanical activation (low and
high energy milling) to form nanoscale inclusions of PMF in the
aluminum. These particles had high aluminum content (70 and
90 wt.%) and were also found to flash ignite similarly to nAl parti-
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cles. However, only the low energy milled particles pressed to 50%
theoretical maximum density (TMD) or less could flash be ignited.
Higher TMD pellets were no longer flash ignitable, likely due to in-
creased thermal diffusivity that lowered the temperature achieved
from the flash [41].

Extensive research has also been performed on the ignition of
solid propellants or explosives using a CO, laser (10.6 pm) that is
absorbed well by many materials [15-18,24,26-30], but still a rela-
tively high energy pulse is needed for ignition in most cases. Other
lasers of interest operate at shorter wavelengths and have been
considered also. For example, 1064, 808, and 500 nm lasers have
been used to successfully ignited some energetic materials [16,20-
22,27]. The ignition energy threshold for these shorter wavelengths
was sometimes lower than for CO, lasers, but can still be relatively
high, and more research is needed to achieve low energy ignition.

In this study, nAl was combined with the fluoropolymer
polyvinylidene fluoride (PVDF) to create a high-density, photosen-
sitive energetic material. The objectives of this study were to (i)
create a high-density, photosensitive material, that is easily ignited
(either laser or a broadband light energy source), and (ii) model
nAl/PVDF ignition to determine the critical ignition mechanisms.

2. Materials and methods

2.1. Preparation and microstructural characterization of nAl/PVDF
films

Two-gram (2 g) batches of nAl/PVDF mixtures were prepared
using nAl particles (80 nm diameter, 70% active content, Nova-
centrix) and PVDF (Kynar 711, Arkema). The active content of the
aluminum was confirmed to be 70 wt.% by fully oxidizing small
amounts of nAl particles during thermogravimetric analysis (TGA),
and then the percentage of mass gained was used to calculate the
percentage of aluminum that transitioned to aluminum oxide. To
prevent oxidation, the nAl particles were stored in an argon glove
box and only used for the mixing process immediately after they
are taken out of the glove box. The nAl was mixed with a solu-
tion of dimethylformamide (DMF) at a ratio of 1 g PVDF to 6 mL
of DMF. This solution was mixed further using an ultrasonic mixer
(Branson Digital Sonifier) for 1.5 min on, 1.5 min off for a total of
3 min on at the amplitude of 15%. PVDF was then added and the
mixture was once again sonicated for 1.5 min on, 1.5 min off, for a
total of 3 mins on. Once the samples were well mixed, they were
cast onto glass slides using a tape caster (MIT Corporation MSK-
AFA-HC100) with a heated bed. Films were cast on a heated bed
temperature of 125 °C after determining this was the temperature
that would ensure high-density films. All films were dried on the
heated bed for 15 min and then removed to dry overnight at room
temperature. To prevent oxidation of the nAl in the composite, the
films were tested within 24 h of being cast, however, the films can
be stored in an argon environment to extend the longevity of the
nAl/PVDF composites. The film thicknesses were measured with a
micrometer to be 35.8 + 2.6 pm and were then cut into 1 cm?
square samples to be used for flash and laser tests.

The films were made with 5, 10, 15, 20, 25, 30, and 40 wt.% nAl
content to show the effect of nAl solids loading on the ignition
characteristics, with 20 wt.% nAl being stoichiometric. The max-
imum solids loading was found to be 40 wt.% nAl. Due to nAl's
large oxide shell relative to the volume of aluminum, only the ac-
tive content of aluminum included was used for weight percentage
calculations. The active content for the nAl used was confirmed to
be 70% using differential scanning calorimetry (DSC) (SDT Q600, TA
Instruments).

To study the microstructure of the samples, portions of the
nAl/PVDF films were shattered below the PVDF glass transition
temperature (—30 °C) in liquid nitrogen, which resulted in smooth



KE. Uhlenhake, D. Olsen, M. Gomez et al.

) Flash Bulb

Combustion and Flame 233 (2021) 111570

= Xenon Flash Lamp
Sample
Speed
Camera
— (" § Nd:YAG Laser

I:-— Sample

Fig. 1. The schematics of experimental setups for photoflash and laser ignition tests. a) Photoflash experimental set up, where sample is held in front of the flash and the
energy is controlled by varying distance to the bulb. b) Laser ignition set up. For both tests, the absorbing face is in the same plane of the flash bulb and lasers while the

camera records from the side.

cross-section surfaces per reference [45]. The shattered films were
then mounted on Al stubs and coated with 20 nm palladium
layer using a sputter coater (Cressington, UK). Sample morphol-
ogy and microstructure were investigated using a scanning elec-
tron microscope (FEI Nova nanoSEM, Oregon) at an accelerating
voltage of 5 kV. The density of the samples was determined using
Archimedes’ principle.

2.2. Flash and laser ignition tests

Flash ignition tests were carried out using a xenon flash lamp
(White Lightning X3200, Paul C. Buff Inc.). The energy output of
the xenon flash lamp was measured using a power meter (Gen-
tec) with a 1 cm? area open to the flash. The energy fluence was
recorded at numerous distances from the flash lamp in order to
control the energy deposited into the sample. Samples of nAl/PVDF
films were ignited using the flash lamp at specified distances to
determine the minimum ignition energy (MIE) using the configu-
ration as shown in Fig. 1. The samples are held in front of the flash
bulb by means of a small clip. Multiple configurations were tested
to ensure the sample was well fixed and a consistent area was ex-
posed to the flash or laser energy. There was no significant change
in MIE regardless of how the samples were secured. The burning
samples of films and propellant were recorded using a high-speed
video camera (Vision Research, Phantom v10) at 4700 fps. Addi-
tionally, the burn rate of the films was captured by using a photo-
diode (Gentec) to measure light emitted from the burning samples.
The photodiode data was then used to measure the ignition de-
lay by calculating the time between the flash being triggered and
the initial combustion of the films. After the flash signal was sub-
tracted, the photodiode data first showed a rising slope while the

sample transitioned into steady combustion and then quickly tran-
sitioned into a falling slope as the sample burned to completion
(an example such a profile can be seen in Supplementary Fig. 1).
The onset of ignition was defined to be at the point on the rising
slope that is 50% of the peak photodiode output.

For the laser studies, a custom burst-mode Nd:YAG laser was
used [46]. For all laser ignition tests, the laser was fired using
a pulse burst profile with a 5 ms burst and a repetition rate of
100 kHz at a wavelength of 1064 nm, and 532 nm with an identi-
cal burst profile. These burst settings were chosen to closely repli-
cate the flash profile for ignition purposes. Similar to the flash
tests, a high-speed camera along with a photodiode was used to
capture ignition and the burning rate of the films. The laser was
blocked with OD 7 filters corresponding to each wavelength used.
To study the effect of heating rates, the laser profile was adjusted
to simulate more commercially common lasers such as Q-switched
and continuous-wave lasers. For these studies, the laser produced
a 2.0 ms and a 0.2 ms burst at 5 MHz with 10 ns pulses to ap-
proximate a continuous wave and a Q-switched laser, respectively.
The profiles of these laser bursts and pulses can be seen in the
supplementary materials (Supplementary Fig. 2).

Due to the latent distribution nature of nAl/PVDF when flash
and laser ignition testing, the Neyer's sensitivity test [47] was uti-
lized to determine MIE values. For all sensitivity tests, a significant
number of samples (n > 30) were taken according to the Neyer
sensitivity test. The test then utilized maximum likelihood estima-
tions to determine the next test point and the final MIE [47]. Sam-
ples were taken until the Neyer's test displayed the average and
standard deviation showed independence and a confidence inter-
val could be determined for the tests. The energy fluence where
ignition was observed is defined herein as the ignition energy and
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is the value at which the sample is expected to ignite 50% of the
time; this is presented along with the 95% confidence interval for
all cases.

2.3. Modeling/Simulations

Along with the experimental studies, computational analyses of
the laser and flash heating of the nAl/PVDF propellants were car-
ried out. The primary intent is to (i) understand how heating oc-
curs through the interactions of the electric and magnetic fields
(E-field and M-field respectively) of the incident radiation with the
composite microstructures of both dielectric and conducting con-
stituents and (ii) delineate the trends in heating that leads to ig-
nition. To this end, the microstructure models include three con-
stituents: PVDF, aluminum oxide (Al;03), and aluminum (Al). Par-
ticles in the microstructure have an 80 nm diameter consisting of
an Al core with a 3 nm Al,03 shell. This oxide shell thickness
matches the oxide shell thickness for the nAl used experimen-
tally at 70 wt.% active aluminum. The core-shell structured par-
ticles (Supplementary Fig 3.) are embedded in the PVDF binder
matrix. Microstructures with four solids loading levels are consid-
ered. These microstructures were used in electrodynamic calcula-
tions which track the e-fields and the m-fields through which di-
electric heating and conductive heating are evaluated.

The calculations were carried out in COMSOL Multiphysics®
[48]. The microstructure samples are 5 pm x 5 pm in size. This
size is smaller than the 1 cm x 1 cm x 30 pm 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 adsorption of the incident energy
by the particles and the binder in microstructures with different
solids loadings.

To match the experimental tests, the nAl/PVDF composite mi-
crostructures have solids loadings ranging from 10 to 40 wt.% in
5 wt.% increments. For each solids loading level, five statistically
equivalent microstructure sample sets (SEMSS) were generated.
The images of four representative samples are shown in Supple-
mentary Fig. 4, one from each of the SEMSS at four solids loading
levels. The oxide shell thickness is chosen to match the 70% ac-
tive aluminum content found for the nAl powders used in the ex-
periments. The particles are approximately uniformly distributed;
particulate agglomeration and voids were not modeled. SEM im-
ages of the films showed a random distribution of nAl particles
in the PVDF matrix. Therefore, a random distribution of nAl parti-
cles was selected for the modeling study as well. While such im-
ages can be digitized and used in the simulations in the future,
the computational design approach of microstructures taken here
has the benefit of allowing systematic variations of microstructure
attributes that are practically difficult to achieve in experiments.
The ignition/excitation condition emulates that in the experiments
in Fig. 2, with the incident wave coming from the top of the two-
dimensional sample and the E-field vector in plane and horizontal,
as illustrated in Fig. 2. The boundary condition at the bottom edge
of the sample was transparent.

Modeling is based on a commonly used framework for particles
of this size. The input optical excitation is that from the experi-
ments and is specified by defining the incident electric field. All
material properties used are taken from reports from experiments
in the literature. The electrodynamic governing equation concern-
ing the conservation of electric charge in the frequency domain has
the form of

1 (e~ 37 g
V x u;'(V xE) k(sr wé‘o)E_Q (1)
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Transparent Boundary
nx(VxE)-jinx(Exn)=0

Fig. 2. Configuration of the computational model using a 5 pm x 5 pm microstruc-
ture sample. The transparent boundary at the bottom allows the waves to pass
through without reflection back into the domain. The lateral boundaries are peri-
odic.

where, E is the electric field vector, V x is the curl operator, 1 is
real permeability, k is the wavenumber, €, is permittivity, o is elec-
trical conductivity, j = +/—1 is the imaginary unit, &¢ is the vacuum
permittivity, and w is frequency. The transparent boundary condi-
tion at the bottom edge of the sample is

nx (VxE)— jkn x (Exn)=0, (2)

where, n is unit normal to the boundary surface. Since heat gen-
eration and conduction are considered, the governing equation re-
lates to the time-dependent conservation of energy in the form of

oT
PCrgp +kV?T =g, 3)

where, p is the mass density, C, is the specific heat under con-
stant pressure, T is temperature, x is thermal conductivity, and g
is the heat generation rate per unit volume due to conductive and
dielectric dissipation, i.e.,

1 1
q= §U|E|2+§w£08”|]‘:|2 (4)

where, ¢” is the imaginary part of the complex permittivity. The
first term represents conductive joule heating or the power, and
the second term is for dielectric heating. The heat generation rate
can be used to obtain the accumulative heat deposited Q in a vol-
ume V of a sample up to a time t via

Q:/Ot/‘/qudt. 5)

This quantity will be used later to assess the heating in differ-
ent material cases.

To assess the amount of energy reflected and transmitted, the
energy at both the top and bottom surfaces. The energy at each
surface and an understanding of the applied energy allows for the
reflection and transmission coefficients for the material to be cal-
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culated [49].

S — Js1 (Ec —E;) -E;dS  [Refelcted Energy 6)
R T E - EdS Total Energy

where, Sy is the reflected energy, E. is the calculated electric field
at a surface, and E; is the expected electric field mode at the top
surface.

_ JpEe BpdS _ )
Jo Es -EpdS

where, St is the transmitted energy and E, is the expected electric
field mode at the top surface.

The experimentally measured spectrum of the xenon flash was
used to calculate the heating through superposition of calculations
at discrete single wavelengths from 200 to 1000 nm. The integra-
tion accounts for the relative intensities of different wavelengths in
the xenon flash pulse over the flash duration [50,51]. Laser heating
at 1064 nm, 532 nm, and 250 nm wavelengths were considered.
The 250 nm wavelength was chosen to isolate the possible effect
of plasmon resonance associated with the nAl particles. This wave-
length is similar to the wavelengths studied by Chong et al. [9].
This effect will be described in more detail later.

The simulations of the material response to YAG laser excita-
tion follow two steps. First, the E-field history in the microstruc-
ture is evaluated using Eq. (1) along with the period boundary
condition (Fig. 2) and transparent boundary condition in Eq. (2).
The resulting heating rate is calculated using Eq. (4) [52]. Subse-
quently, the temperature field is obtained by solving Eq. (3) The
laser excitation is accounted for by specifying the E-field at the
top edge of the microstructure in Fig. 2 over the duration of de-
sired exposure. Although calculations are carried out for shorter
durations than those in the experiments, they are long enough to
allow the heating mechanisms and trends to be analyzed. The sim-
ulations are inert and focus on how energy deposition is affected
by the microstructure and solids loading in order to understand
the trends observed in the experiments. While exothermic chemi-
cal reactions are a critical aspect of the combustion process for the
nAl/PVDF films, the focus of this paper is to understand the heat-
ing mechanisms and the conversion of electromagnetic energy into
heat energy for samples with various solids loading. The goal is to
understand the conditions most conducive to maximum energy ab-
sorption and heating so as to enhance the sensitivity of nAl/PVDF
to optical ignition. In contrast, the effects of chemistry and pre-
ignition reactions on nAl/PVDF combustion are more of interest in
a future publication.

Because the electromagnetic wave traverses the microstructure
on an order of picoseconds, the E-field in the microstructure is ob-
tained by solving Eq. (1) in the frequency domain at each point
of time in a time-independent manner with the prescribed bound-
ary condition. The time increment in this process is 1 ps. Due to
the vastly disparate time scales of the EM and thermal conduction
processes, the heat equation Eq. (3) is solved independently with
a much longer time step of 3 ns, with the heat generation rate
q being evaluated via Eq. (4) using the result of the EM solution
process. This small time-step is sufficient to resolve the laser pulse
duration of 10 ns. This solution procedure is frequently used and
is available in COMSOL. One benefit of this procedure is that it is
computationally more efficient and offers sufficiently accurate re-
sults. Due to the lack of experimental data, the time-dependence
of material properties is not considered.

The smallest constituent is the nAl particles which have a ra-
dius of 35 nm. COMSOL Multiphysics® was used to generate mesh
with triangular elements. The element size is 5 nm, allowing for
~14 elements across each particle. A mesh convergence study is
carried out, showing that the difference in the electric field for the
shortest wavelength of 250 nm using element sizes of 5 nm and

St

Transmitted Energy
Total Energy
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Table 1
The measured densities of nAl/PVDF films using Archimedes’ principle and calcu-
lated TMD’s as a function of solids loading.

Solids Loading Density Theoretical Max
of nAl in PVDF (g/cm?) Density (% TMD)
10% 1.84 97.9 £ 0.9
15% 1.88 973 £ 1.2
20% 1.96 98.2 + 0.6
25% 2.00 979 + 1.0
30% 2.03 964 + 1.4
40% 1.97 88.9 + 0.8

2 nm is less than 1%. Therefore, the chosen element size provides
sufficient accuracy. In order to make sure that the temperature rise
and heating effects are accurately captured, several time steps of
less than 10 ns are used. The results show that the difference in
temperature between the time steps of 5 ns and 3 ns is ~2%. There-
fore, all calculations are carried out using the time step of 3 ns.

3. Results and discussion
3.1. Microstructural characterization

The porosity of the films is controlled by the temperature of
the tape caster bed during casting. By increasing the temperature
of the drying bed, DMF is allowed to evaporate out rapidly from
the liquid mixture of nAl/PVDF, resulting in high-density thin films
being formed. This effect can be seen in Fig. 3, where cross-section
images of the films cast at a range of temperatures are shown.
At temperatures up to 65 °C, large macroscopic porosities can be
observed. The porosity in the films is decreased when the heated
tape casting bed temperature is increased to 85 °C and is almost
completely removed at 105 °C. At 105 °C, the film is generally full
density, but defects can occasionally be seen. A casting tempera-
ture of 125 °C consistently yields no macroscopic porosity in the
film and is considered as the optimum temperature for making full
density samples. At this temperature, only defects from snapping
the films(out-of-plane features in Fig. 3d) were consistently seen
under SEM imaging. The density of 20 wt.% nAl/PVDF processed at
125 °C was quantitatively measured to be 1.96 g/cm? (98.2% TMD)
using Archimedes’ principle.

To understand the effect of solids loading on structure, SEM
imaging was performed on films at both the micro and nano scales
with the various solid loadings analyzed. Cross-section SEM micro-
graphs taken from the nAl-PVDF films show that nAl particles were
successfully dispersed in the PVDF matrix (Fig. 4). All films were
processed at 125 °C in order to ensure they were at the maximum
possible density. Low and high magnification images of nAl/PVDF
films with a stoichiometric ratio of 20, 30, and 40 wt.% nAl are
shown in Fig. 4. The lower magnification shows that the solid film
exhibits little to no porosity on a micron scale until 40 wt.% nAl,
whereas the high magnification shows that the individual 80 nm
aluminum particles are well-dispersed in the PVDF matrix at 20
and 30 wt.% nAl At 40 wt.% nAl, agglomeration becomes signif-
icant. Below 40 wt.% nAl, it is apparent that the nAl is success-
fully separated, and the PVDF acts as a continuous binder making
it a high-density material ideal for photosensitive energetic appli-
cations. The critical solids loading limit between 30 and 40 wt.%
nAl is due to the high specific surface area of nAl; as the solids
loading increases, there is not enough binder to fully wet the sur-
face area of the nAl particles. The density of films at all solids load-
ings were measured using Archimedes’ principle and can be seen
in Table 1.
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Fig. 3. Cross-section SEM images of 20 wt.% nAl/PVDF films that were tape casted and held at a) 65 °C, b) 85 °C, ¢) 105 °C, and d) 125 °C for 15 mins before being removed
and dried at room temperature overnight.

Fig. 4. Cross-sectional low-magnification SEM images of nAl/PVDF films at nAl solids loading of a) 5, b) 10, ¢) 15, d) 20, e) 30, and f) 40 wt.%. The corresponding higher
magnification images of 20, 30 and 40 wt.% nAl images taken from the marked areas in D-f) are shown in g-i). Similar snapping defects as Fig. 3. are observed.
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Fig. 5. High speed images of 20 wt.% nAl/PVDF film processed at 125 °C burning from flash ignition. The sample is loaded in front of the flash bulb with the absorbing
face exposed to the bulb. The time is measured from the start of the flash. Curling of the sample is due to thermal stress from the sample absorbing the flash energy and
converting it to heat. The method of securing the sample had no significant effect on ignition.
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for nAl/PVDF samples at a wavelength of 1064 nm and an energy of 8.0 J/cm?2.

3.2. Flash ignition and burning study

High-speed imaging is used to quantify the combustion of
nAl/PVDF films after being flash ignited (Fig. 5). As the flash is trig-
gered (3 ms), the nAl/PVDF film absorbs the light energy and the
film starts to curl from thermal stresses due to the elastic nature
of PVDF. When the film absorbs a critical amount of energy from
the flash, a hot spot is formed on the film, which quickly develops
into a small flame. This small flame grows slowly, and there is a
delay of around 10 ms until full deflagration is seen. The steady
burn after the flash consumes the entire sample, confirming that
high-density nAl/PVDF materials are sensitive enough to be ignited
from a broadband flash.

Flash ignition of nAl/PVDF samples at various solids loadings
were characterized by ignition delay and MIE. For samples under
10 wt.% nAl, no flash ignition was observed (Fig. 6), and we spec-
ulate that two effects may be causing this; (i) there is not enough
nAl in the material to absorb the light energy and the ignition
temperature is not reached, or (ii) the nAl near the surface of the
sample absorbs enough energy to react with the PVDF binder, but
the reaction is quenched due to the surrounding binder acting as
a heat sink. However, even at low solids loadings, the absorptivity

of the nAl was still causing the sample to heat up enough to see
curling of the films. Additionally, a white powder/residue on the
film surfaces, could sometimes be seen by samples with less than
10 wt.% nAl. This is attributed to some of the nAl oxidizing into
aluminum oxide.

The MIE values for the nAl/PVDF samples can be seen in Fig. 6.
At 10 wt.% nAl, the MIE is significantly higher, and also has a sig-
nificantly higher confidence interval. The MIE decreases to a min-
imum near stoichiometric conditions just above 20 wt.% nAl, be-
fore rising once again at 40 wt.% nAl. This minimum value near
20 wt.% nAl and subsequent rise as the solids loading is increased
can be attributed to the thermal diffusivity of the samples. As more
nAl particles are introduced, more of the flash can be absorbed
and converted into heat energy. However, as the solids loading is
increased, the nAl particles increase the overall thermal diffusiv-
ity of the composite, resulting in heat dissipation of the absorbed
energy.

Aluminum has a thermal diffusivity of 9.7 x 10~> m2/s com-
pared to PVDF's 7.2 x 10~® m?/s, and as a result the composite
thermal diffusivity at 10 wt.% nAl can be estimated to be around
1.0 x 107> m?/s when assuming a linear model. This value in-
creases to 2.1 x 107> m2/s and then 3.1 x 10~ m?2/s at 25 wt.%
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a) ‘2 ms Pulse Starts t = 0.0 ms

0.21 ms 1 cm

Laser Pulse Ends t =2.00 ms

2.55 ms 8.09 ms

b) ‘ 0.2 ms Pulse Starts t = 0.0 ms Laser Pulse Ends t = 0.20 ms

0.181 ms 0.272 ms

0.363 ms 0.453 ms 0.544 ms

Fig. 8. 1064 nm laser ignition for single pulse. a) Continuous wave setting with a 2 ms pulse, where full deflagration of the film can be seen. b) Q-switched setting with a
0.2 ms pulse, where the film burns for the duration of the pulse then quickly extinguishes.
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Fig. 9. The absorption, reflection and transmission coefficients for A = 532 nm.

and 40 wt.% respectively. Since thermal diffusivity is dependent
on thermal conductivity, this is consistent with studies showing
micron aluminum particles in PVDF have a higher overall ther-
mal conductivity than pure PVDF [53], as well as studies showing
pressed nAl pellets have a higher thermal conductivity than porous
pellets with air voids [54]. For the low solids loading samples, the
particles that heat up are surrounded by the lower thermal diffu-
sivity PVDF, and while a few individual particles may ignite, there
is not enough heat transfer to see bulk ignition of the sample. The
solids loading of 20-25 wt.% results in an ideal scenario of enough
particles to absorb the energy, while the thermal diffusivity is still
low enough to not see significant heat dissipation. At 40 wt.% nAl,
the MIE would be expected to rise as the heat conducted away
is dispersed throughout the matrix, keeping the average tempera-
ture lower. It is important to note that both 10 and 40 wt.% sam-
ples have larger confidence intervals compared to the rest of the
samples (Fig. 6). The 10 wt.% samples showed a large amount of
variation when tested. Additionally, the accuracy of the test drops
rapidly as the distance between the sample and the flash bulb is
decreased. At 40 wt.% the increased variation is attributed to de-
fects within the samples such as porosity that is introduced.

Ignition delay for varying solids loadings of nAl shows a similar
trend as MIE (Fig. 6(b)). Using photodiode data, the burn rate of
the films was observed and the delay from the start of the flash
to full combustion was found. An energy of 8 J/cm? was used to
ensure ignition of all samples tested. At low solids loadings, there
is a large delay before the films steadily burn. As the solids load-
ing approaches stoichiometric, the ignition delay drops before ris-
ing again at higher solids loadings.

3.3. Nd: YAG laser ignition

Using the Nd: YAG fundamental and second harmonic fre-
quencies (1064 nm and 532 nm), the effects of solids loading in
nAl/PVDF films were studied using narrowband wavelengths as op-
posed to the broadband flash seen in the xenon flash lamp. Using
the pulse burst mode, the laser was operated at a burst duration of
5 ms with a repetition rate of 100 kHz to simulate a similar tempo-
ral profile as the flash. Due to the 10 ns pulses, a large amount of
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energy was delivered per pulse within the burst while still main-
taining a relatively low overall energy profile for ignition purposes.
The MIE was again found utilizing the Neyer sensitivity test for
both wavelengths. These results were then compared to the flash
MIE values (Fig. 7).

At 15 wt.% nAl and above, the laser ignition energy of nAl/PVDF
samples were an order of magnitude lower than what was ob-
served for flash ignition. Additionally, the MIE at all solids load-
ing was nearly identical for both wavelengths, suggesting the nAl
particles can equally absorb the light energy at both wavelengths.
The MIE at 10 wt.% was significantly higher. This is because at
lower energies, the samples would partially burn when hit with
the laser energy, but not fully deflagrate. This was apparent from a
hole surrounded by charred black material visible on the film after
the laser was fired. The partial burning also supports the hypoth-
esis that nAl is reacting at lower energies, but the flame is unable
to spread throughout the films. While the samples did see an in-
crease in MIE as the solids loading was increased past 25 wt.%,
it was not as significant as the rise observed from flash ignition,
indicating the defects or porosity have less of an effect for laser
ignition. The ignition delay for 1064 nm showed little change as a
result of solids loading but is again significantly smaller than flash
ignition. In order to compare to the ignition delay from flash igni-
tion, an energy of 8 J/cm? was used. Similarly to MIE, the ignition
delay was nearly identical for 532 nm.

When comparing to the broadband flash, the stark decrease in
MIE could be due to the discretized energy depositions of the laser
energy and the thermal time constant of the nano-aluminum par-
ticles. The discretized laser energy deposition has a 1000:1 (10
ps:10 ns) ratio due to the 10 ps inter-pulse spacing. This means
that for equivalent total energy deposition, the instantaneous laser
energy is 1000 times larger than those from the flash. Assuming
that the laser energy deposition energy is only thermal, as sug-
gested by the independence of wavelength, then the reduction in
MIE would only be caused by a faster time-averaged heating rate
as seen by the particle. The faster heating rate from the cyclic laser
heating would then be enabled by the inability of the nano alu-
minum particles to dissipate the thermal energy within the 10 ps
between pulses. In other words, the faster heating rates are only
possible for thermal time constants on the order of 10 ps for the
nAl particles when embedded in a PVDF matrix. Thermal time con-
stants of nAl particles have been reported to be 200 ns in shock
tube studies with a Nusselt number of 2 [55]. For the shock tube
study, convection dominates heat transfer which can be orders
of magnitude larger than conduction. This decrease in heat dissi-
pation should result in a proportional increase in time constant.
Determination of the actual thermal time constant is outside the
scope of this paper.

While the pulse burst setting is efficient for igniting the films
by taking advantage of high intensity pulses, pulse burst lasers are
still relatively new and uncommon. Therefore, a simplified laser
heating setup would be more practical in real-world applications.
The two lasers chosen for this study were a continuous wave laser
with steady energy output, and a Q-switched laser with a large en-
ergy output in a single pulse. The laser was programmed to simu-
late a continuous wave laser with a 2 ms burst duration and inter-
pulse spacing of 200 ns. The resulting laser had an energy deposi-
tion ratio of 20:1 (200ns:10 ns). Additionally, the burst was short-
ened to roughly 200 ns while maintaining the 200 ns inter-pulse
spacing to simulate a single pulse Q-switched laser. Both of these
settings were tested on 20 wt.% nAl/PVDF in an identical setup to
previous laser ignition tests. Using the continuous wave setting,
the 20 wt.% film was ignited at an energy as low as 0.6 J/cm?,
nearly the same energy as the pulse burst setting for a 5 ms burst.
However, when the Q-switched setting was used, the film was not
able to be ignited even at the maximum energy for that setting of
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Fig. 10. Energy deposition in materials at different laser wavelengths. a) heating rate at 1064 nm b) heating rate at 532 nm, c) heating rate at 250 nm, d) Depth of heating
penetration dyas function of solids loading. The depth of penetration d; is the thickness of the top layer of the sample in which the temperature reaches or exceeds the

ignition temperature of Al T = 630 °C (900 K).

1.52 J/cm?. The results of these tests can be seen in Fig. 8, and it
is clear that the Q-switched setting ignites the film for the dura-
tion of the pulse but is quickly extinguished when the pulse ends.
These findings indicate that there is a critical energy deposition
ratio, equivalent to a heating rate, needed to achieve flame propa-
gation and consequently full combustion.

3.4. Computational simulations

Calculations were carried out to analyze the heating in the
nAl/PVDF samples caused by flash and laser excitation to better
understand the response of nAl/PVDF. Depth of wave penetration,
the plasmonic effect, and how solids loading affects ignition were
investigated in this study. Fig. 9 contains the absorption, reflection,
and transmission coefficients for each solids loading. Notably, the
transmitted fraction of the wave is effectively zero once 20% solids
loading is reached. Meaning all the incident energy from the wave
is either reflected or absorbed. When energy is transmitted, it is
around 20% of the incident energy, meaning for all samples ana-
lyzed most of the energy that drives ignition will be captured in

1

the first 5 pm of the material. Most of the incident energy is ab-
sorbed by the material, with all but the 10% solids loadings having
around 90% absorption of the wave. This trends helps to confirm
the experimental observation that the MIE decreases as nAl solids
loading is increased, specifically at around 20 wt.% nAl.

Figs. 10(a-c) show the energy deposited per unit volume per
unit time (the energy deposition rate) at t = 4.4 ps at different
depths into the material from the surface of exposure (top sur-
face in Fig. 2). The intensity of the laser pulse is 0.8 J/cmZ. The
three plots correspond to the three laser wavelengths, respectively.
Overall, the deposition rate is highest at the surface and decreases
with the depth into the material. At all wavelengths, the energy
deposition rate decreases as the solids loading increases. This ef-
fect is especially significant at higher solids loadings. At higher
solids loadings, energy deposition, and therefore heating, is lim-
ited to within a few microns of the top surface. The mechanism
responsible for the trend is the generation of current in the nAl
particles. Specifically, as the fraction of nAl particles increases, cur-
rent flow increases near the surface. The consequence is twofold:
one is increased Joule heating near the surface, and the other is the
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Fig. 11. a-c) Temperature Distributions of 10 wt.% solids loadings at t = 343 ns, Iy = 0.8 J/cm?, 250, 532, 1064 nm. d) Total energy deposited into the matrix vs solids loading

for 250, 532, and 1064 nm.

increased shielding reflection that prevents further penetration of
the EM wave deeper into the material, thereby resulting in overall
lower heating.

To compare the heating distribution in the material, a measure
of significant heating referred to as “depth of wave” or “heating
penetration” is used. The thickness d; is the top layer of the mi-
crostructure with average temperatures (along the horizontal di-
rection) at or above the ignition temperature of Al (630 °C or
900 K) [56,57]. Fig. 10(d) compares this measure of the depth
of penetration for different laser wavelengths, and we conclude
that wave penetration decreases with increasing solids loading and
higher wavelengths lead to deeper penetration.

The trends shown in Fig. 10 are due to the interactions between
the microstructure and the EM waves. Specifically, the plasmonic
effect is important when looking at these materials and their ig-
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nition characteristics. The plasmonic effect results from enhanced
particle-wave interactions (resonant oscillation of free electrons) at
wavelengths much higher than the characteristic lengths of mate-
rial heterogeneities. This effect enhances dissipation and heating
[10] and has been studied for both nAl and nFe particles [9,10,43],
leading to the conclusion that wavelength can be optimized to
maximize heating for a given nanoparticle diameter [9]. The im-
plication is that overall heating is affected by both the particle
size, inter-particle distances (which depend on solids loading), and
wavelength. To compare the effect of wavelength on heating, the
temperature distributions in a sample with 10 wt.% solids loading
at t = 343 ns are shown in Figs. 10(a-c). Overall, the trend is clear;
at shorter wavelengths, heating is more concentrated near the top
surface where exposure to the laser occurs and is more intense;
at longer wavelengths, heating is more diffused and less intense.
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Fig. 12. a) Spectrum or relative intensities of different wavelengths of a xenon flash
pulse, b) Energy deposited into a sample with 40 wt% solids loading as function
of wavelength, ¢) contributions of different wavelength ranges to total energy de-
posited by flash pulse.

To quantify the difference, the total energy deposited (Q) into the
layer of the material reaching the ignition temperature (d;) is cal-
culated using the Eq. 5. This allows us to focus on the part of the
samples that is heated to the point of ignition. From Fig. 11, it can
be seen that more heat is deposited in the top layer at 250 nm
than at 1064 and 532 nm. This is primarily because the plasmonic
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effect is stronger at the lowest wavelength for the length scales of
the microstructures considered.

Since experiments are carried out at 1064 and 532 nm, we will
focus our discussion on the results for the two wavelengths. The
energy deposited is highest when the solids loading is near 20 to
25 wt.% and subsequently decreases as the solids loading increases
towards 40 wt.%. Note that this trend is consistent with the inverse
trend for MIE shown in Fig. 7. This is because of the underlying
absorbency trend seen in Fig. 11(d). This absorbency trend reflects
the outcome of the competing effects of wave penetration and re-
flection. Specifically, higher solids loading of nAl leads to higher
current and more reflection, resulting in shallower penetration and
lower energy dissipation. On the other hand, a higher current can
lead to more Joule heating. The optimal energy deposition at ~ 20-
25 wt.% solids loading also reflects the effects of thermal conduc-
tion which are explicitly accounted for in the analyses (see Eq. (3)).

Calculations are also carried out to study the heating due to
a broadband energy source such as a xenon lamp. The objective
is to simply outline which factor is more important in causing
the heating behavior observed in experiments: wavelength or rel-
ative intensity of different wavelengths in the broadband pulse. To
this purpose, a spectrum experimentally measured for xenon flash
bulbs (see Fig. 11(a)) is used. The wavelength range of the spec-
trum is 200-1000 nm, as noted earlier. This profile has large inten-
sity spikes in the infrared range (800-1000 nm) and relatively low
intensities in the ultraviolet range (200-400 nm), see Fig. 12(a).

To compare the effects on heating of the different wavelengths
in the spectrum, calculations are carried out for the microstruc-
tures at discrete single wavelengths between 200 and 1000 at an
increment of 5 nm, therefore a total of 160 single-wavelength cal-
culations are conducted, each at the corresponding relative inten-
sity shown in Fig. 12(a). The resulting heating rate (energy de-
posited in the sample per unit time) as a function of wavelength
is shown in Fig. 12(b). Note that the profiles in Figs. 12(a) and (b)
are very similar, indicating that the relative contributions from dif-
ferent wavelengths are primarily determined by their relative in-
tensities, therefore, the effect of wavelength is relatively minor. To
further gain insight, the wavelengths were grouped into an ultravi-
olet range (200-400 nm), two intermediate ranges of 400-600 nm
and 600-800 nm, and an infrared range (800-1000 nm). The to-
tal energy deposited by the flash pulse was obtained by integrat-
ing the energy deposition contributions from different wavelengths
over the range studied. This allows the contribution of each of the
wavelength ranges to the overall energy deposition to be evalu-
ated. The result is shown in Fig. 12(c) for the solids loading of
40 wt.%. Note that the same trend is observed for other solids load-
ings.

Fig. 12(c) shows that there is an increase in heating from the
200-400 range as well as from the 400-600 range. This means
that both of these ranges provide a larger amount of energy than
would be expected if there were no wavelength dependency. These
fractions include the effects of both relative intensities and wave-
length, including the plasmonic effect which can be more pro-
nounced here at the lower end of the wavelength spectrum (200-
400 nm) [9]. This was seen in the 250 nm single wavelength laser
heating results discussed earlier.

4. Conclusions

We have produced full density energetic films of nAl and PVDF
that can be ignited by laser or broadband light excitation. Experi-
ments were carried out using xenon broadband flash and a Nd:YAG
laser, with ignition energies as low as 4.7 and 0.6 J/cm?2, respec-
tively. These ignition energies represent the minimum energy flu-
ence from the laser or flash source required for ignition probabil-
ity of 50%. No significant difference in results between 1064 and
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532 nm was found experimentally. Solids loading was found to
be the dominating factor controlling minimum ignition energies,
with the lowest energies observed at 20 to 25 wt.% nAl. This opti-
mal solids loading reflects a balance between sufficient energy ab-
sorption and low overall thermal diffusivity of the sample to avoid
pronounced heat loss away from hotspots. This trend was also ob-
served for ignition delay of the nAl/PVDF films when flash ignited,
but laser ignition showed a consistent ignition delay for the sam-
ples when tested at the same energy as the flash. More tests would
need to be conducted to measure ignition delay at lower energies
for laser ignition.

In addition to successful ignition with a pulse burst laser, we
also showed that the films could be ignited in a continuous wave
laser setting. In order to emulate the effects of more common
lasers, the laser was programmed to resemble both a Q-switched
laser with a high pulse energy and a relatively short pulse of
0.2 ms, as well as a continuous wave laser with a pulse duration of
2 ms. The films were only able achieve sustained combustion us-
ing the continuous wave mode, and at an ignition energy as low as
0.6 J/cm?. Although the Q-switched mode created localized burn-
ing, the flame was quenched after the pulse, even at the highest
energy setting.

Microstructure level computational simulations were conducted
using COMSOL [48] to understand the heating mechanisms respon-
sible for the laser and flash ignition. The results show that optimal
energy absorption occurs at nAl particle fractions of ~20-25 wt.%,
consistent with the experimental observation. This optimal solids
loading level reflects a balance between the heat conduction, ef-
fects of wave penetration, wave reflection, and Joule heating. The
analyses also show the effect of plasmonic resonant enhancement
of the heating, which is most pronounced at lower wavelengths
near 250 nm and less significant at the higher wavelengths of
1064 nm and 532 nm. Analysis of the broadband flash heating
show that the plasmonic effect is pronounced at wavelengths from
200 to 400 nm and contributes to a significant portion of the
total energy deposited. However, for the experiments performed,
plasmonic effects are minimal. The relative intensities of different
wavelengths in the flash spectrum dominate the wavelength con-
tributions to the overall heating.
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