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Figure 1. Schematic top view of the complete levitator apparatus displaying the ultrasonic levitator, process chamber, carbon dioxide laser, Raman

spectrometer, infrared camera, optical camera, and some other complementary spectroscopy tools
spectrometer). Adapted with permission from ref 20. Copyright 2024 American Chemical Society.™*~

SISTIR spectrometer and fiber optic UV—vis

polymer chains.®*® These smaller fragments can either go on to
form smaller stable molecules such as 1,3-butadiene (the most
prominent gaseous product formed) and ethylene or undergo
some cyclization and produce molecules such as toluene.®*
Extensive studies have been performed on the combustion of
boron particles. Under high-temperature conditions, the
combustion of boron follows a two-stage process. The first is
the ignition stage where the removal of the oxide layer transpires
(as low as 783 K; —69 ki mol™)."*~** The second stage is the
combustion stage where the combustion of the boron core takes
place (—461 kJ mol™).**** This combustion process has been
shown to yield important intermediate products such as boron
dioxide (BO,) and boron monoxide (BO).*? Although the
combustion of boron/hydroxyl-terminated polybutadiene (B/
HTPB) has been recently studied,”™® there is still a lack of
fundamental knowledge of the key reaction mechanisms that
drive the combustion of B/HTPB.

Decipheringthee ciency of the complex combustion process
and the underlying reaction mechanism of the B/HTPB
composite fuel is essential to validate it as a superior fuel.
From a chemical viewpoint, it is also imperative to decode the
specific role of boron in the thermal decomposition and
combustion of HTPB. This knowledge is also vital to the
development of next-generation boron-based solid fuels and
requires the identification of key reactive intermediates and
transient species to depict the reaction mechanisms. Here, we
report a comprehensive study of the thermal decomposition and
ignition of singly levitated millimeter-sized B/HTPB composite
particles via excitation of a quasi-continuous carbon dioxide
(CO,) laser under controlled conditions to resolve the
mechanistic path while detecting reactive intermediates
exploiting time-resolved ultraviolet—visible (UV—vis) emission
spectroscopy and stable products released in the gas phase by
Fourier Transform Infrared Spectroscopy (FTIR). The
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contactless levitation of such particles allows the elimination
of higher-order surface-driven processes, which facilitates the
study of the inherent reactivity of the particles. Primarily, small
millimeter-sized levitating B/HTPB composite particles were
studied within an ultrasonic levitator that is encapsulated in a
stainless-steel process chamber. The chamber was filled with
gases simulating both an inert atmosphere (100% argon (Ar))
and air (20% O, and 80% Ar mixture). Additionally, HTPB
particles without boron were studied by using identical
conditions to isolate the e ects of boron in these reactions.
Notably, the presence of boron in HTPB leads to spontaneous
ignition with bright green-yellow flame, whereas no ignition was
recorded for pure HTPB in simulated air (20% O, and 80% Ar
mixture). Indicating strong catalytic influence from boron. From
the flame emission spectroscopy, various key transient species
such as boron dioxide (BO,), boron (B), boron monoxide
(BO), and diatomic carbon (C,) were identified in the ignition
of B/HTPB which cater as the vital information to reveal the
boron mediated catalytic chemistry of the combustion event.
Along with conventional combustion products such as carbon
dioxide (CO,) and water (H,0), the formation of partially
oxidized gaseous products such as methanol (CH,;OH) and
methyl vinyl ether has also been detected as a tracer of diverse
oxidation events. These key observations and systematic
understanding of the complex combustion can then ultimately
aid in the production of next-generation solid rocket and
hydrocarbon fuels.

2. EXPERIMENTAL SECTION

2.1. Materials and Gases. Hydroxyl-terminated polybuta-
diene (HTPB) (RCS Rocket Motor Components Inc.) and
isophorone diisocyanate (IPDI) (98%, Sigma-Aldrich) were
used as a prepolymer and cross-linker, respectively. They were
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mixed in a stoichiometric ratio of 91.5%:8.5% (HTPB:IPDI) in
mass by a speed mixer (FlackTek) at 2300 rpm for 3 min. The
mixture was degassed in a vacuum; then, it was cured at 60 °C for
3 days. Amorphous boron powder (95% purity, SB Boron
Corp.) was mixed with HTPB and IPDI to prepare B/HTPB.
The mass percentage of B in B/HTPB is 30%. These particles
were characterized using scanning electron microscopy (SEM;
Thermo Fisher Scientific Apreo (TFS Apreo)) at a voltage and
current of 10 kV and 50 pA, respectively. Particles were prepared
by cutting larger samples into smaller millimeter-sized cubes.
The largest particles that could be steadily levitated were
approximately 3 mm in size. The argon (99.9999%, Ar) and
oxygen (99.999%, O,) used to fill the process chamber were
obtained from Airgas.

2.2. Ultrasonic Levitator Apparatus. The experiments
were carried out using an ultrasonic acoustic levitator. Ultrasonic
sound waves were generated from a piezoelectric transducer
oscillating at 58 kHz.**~*" A standing wave is generated through
multiple reflections between the transducer (bottom) and the
concave reflector (top). The distance between the transducer
and reflector is adjusted by a micrometer manipulator to an
integral number of half wavelengths, which allows for resonance
conditions to be maintained following any changes that occur in
gas composition, temperature, or pressure. A typical distance
between the front plate and reflector is selected to be 2.5 times
the wavelength (14.8 mm), resulting in five pressure nodes. The
amplitude of the oscillations can be optimized through an
adjustment of the radio frequency (RF) power between 0.7 and
5.0 W and monitoring the feedback voltage on an oscilloscope.
The levitator is housed within a pressure-compatible stainless-
steel process chamber (Figure 1),***° enabling HTPB and B/
HTPB particles to be studied in a well-defined and contained,
either pure argon or oxygen—argon environment at higher
elevated pressures. The experiments were carried out at a
pressure of 800 Torr, measured by a MKS 626B Baratron. 800
Torr was the optimal pressure to stabilize the particles in the
third pressure node of the standing wave.

2.3. Solid Particle Sampling. Solid samples are levitated
slightlly below the pressure minima of the ultrasonic standing
wave."*~*° This is feasible since the acoustic radiation pressure
from the sound waves counteracts the gravitational force. The
horizontal restoring force centers the particle on the axis of the
levitator. In the single-axis levitator, this horizontal force is 1
order of magnitude smaller than the axial force. The particles are
introduced to the central pressure node via a magnetically
coupled wobble stick attached to a side port of the process
chamber. The 1 cm x 1 cm stainless-steel wire mesh is attached
to the end of the wobble stick shaping an acoustically
transparent spatula inside of the process chamber, which holds
the HTPB and B/HTPB samples.*®*’

2.4. Pyrolysis and Heating of Particles. To initiate the
decomposition and ignition of the levitated particles, a 40 W
carbon dioxide (CO,) laser emitting at 10.6 pm (Synrad, Inc.,
model FSV40KFD) was used.*®* The output power of the laser
can be adjusted by changing the duty cycle of the discharge by
externally triggering the laser using a pulse delay generator
(Quantum Composers 9518 plus). For the thermal decom-
position experiment, the output is adjusted by 1% (0.5 W) per
minute, reaching a maximum of 4% before the particles
detrapped. Additionally, the CO, laser was operated in normal
(laser running continuously) mode (Figure Sla). For the
oxidation and ignition experiment, the output power of the laser
was externally triggered and synchronized using the same pulse
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delay generator as described above. The CO, laser was operated
in burst mode with a delay of 100 ms (Figure S1b) making it so
the laser is only irradiated for a brief moment.*®*” The overall
duty cycle used in this experiment was 80% with a repetition rate
of 1 kHz. For both experiments, the output of the laser passed
through a zinc selenide window and was introduced to the
center of the levitator by a parabolic copper mirror. The
diameter of the laser beam was focused to a diameter of 0.2 mm
onto the particle by using an 8-fold beam expander followed by a
parabolic copper mirror with a focal length of 300 mm. The
exiting beam from the laser had a diameter of 2.5 mm with a
beam divergence angle of less than 7.0 mR.**” The more or less
cubic particles, due to their asymmetry compared to spherical
particles, were found to be spinning around the vertical axis in
the node of the sound wave; thus, the particles would have
su cient uniformity in heating.

2.5. Raman Spectroscopy. Raman spectroscopy is
exploited to trace the chemical modifications of the trapped
particle during the thermal decomposition experiment. The
Raman transitions were excited by a 532 nm output of a diode-
pumped, Q-switched Nd:YAG laser (CrystaLaser, model
QL532—1W) at a repetition rate of 1 kHz. The laser operated
with a beam diameter of 0.35 mm and a divergence angle of 3.8
mR, producing an average power output of 200 mW and a pulse
width of 13.5 ns. After being reflected from a 45° mirror
(Edmund Optics, model NT45—991, >99% reflectance) and a
45° dichroic beamsplitter (Semrock, RazorEdge, model
LPD01-532RU-25 x 36 x 2.0), the laser beam entered the
process chamber through an antireflection coated window."” A
planoconvex lens with a focal length of 60 mm was exploited to
focus the laser beam onto the particle. The lens then collimates
the Raman-shifted photons backscattered from the levitated
particles. The beam splitter reflects the incident 532 nm laser
beam but transmits longer Raman-shifted wavelengths. These
passed through a 532 nm RazorEdge ultrasteep long-pass edge
filter (Semrock, model LP03- 532RE-25), which further
decreased the transmitted 532 nm laser light. A 50 mm /1.8
camera (Nikon, Nikkor 2137) lens focuses the light through the
100 um entrance slit of the spectrograph; the resolution of the
spectrometer is 9 cm =%’

The light then is introduced into a Holospec /1.8 imaging
spectrometer (Kaiser Optical Systems, model 2004500—501),
where the beam is collimated by a lens toward two overlaid
holographic transmission gratings (Kaiser Optical Systems,
model Holoplex HPG-532). Each grating separates the Raman-
shift wavenumbers into low and high regions (2400 to 100 cm™,
4000 to 2200 cm™). These gratings disperse the light onto
spatially distinct halves of a Peltier-cooled charge-coupled
device (CCD) detector (Princeton Instruments, PI-MAX2).
The CCD detector is composed of 1024 x 256 pixels each
having a pixel size of 26 pm. In order to reduce the fluorescence
background, it is imperative to conduct pulsed Raman
experiments with the pulsed laser and the gated detector system
described above. The time delay between the laser pulse, the
opening gate to collect signal, and the period for which the gate
is open are optimized to allow for an early detection of the
Raman signal while rejecting the major portion of the “delayed”
fluorescent background. Here, the HTPB particles produced a
significant amount of fluorescence. To help this, the CCD was
kept at a pulse width of 50 ns per pulse and a gate delay of 490 ns
with 1000 gates per exposure. The detector operated at a 1 kHz
repetition rate. Both the excitation laser and the detector were
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Figure 2. (A) SEM image of HTPB without boron particles. The inset displays the HTPB polymer at full scale. (B) SEM image of the isolated boron
particles. (C) SEM image of the boron particles within the HTPB matrix. The inset displays the B/HTPB polymer at full scale. (D) Magnified SEM

image of the boron particles in (C) outlined in red.

externally triggered through the pulse delay generator as
described above (Figure S1a).

2.6. Fourier Transform Infrared (FTIR) Spectroscopy.
The gases produced by the thermal decomposition and ignition
of the HTPB and B/HTPB were detected by collecting an FTIR
spectrum in the 400—4000 cm™* wavenumber region through
the full width of the process chamber. The FTIR spectrometer
system combines a Nicolet 6700 FTIR spectrometer (Thermo
Scientific) with two stages of copper mirror optics. The infrared
incident beam from the spectrometer was focused into a
diameter of 4 mm around the levitated sample before
recollimating prior to detection by a liquid nitrogen-cooled
MCT-B (mercury cadmium telluride, wide band) detector. The
accumulation time for each spectrum was 1 min with a spectral
resolution of 4 cm™. In the experiment, data acquisition was
initiated at the start of heating. For the thermal decomposition
experiment, the data collection was accumulated continuously
from the start of heating until after the particles decaptured at
the end of heating to observe the production of gaseous
products. The background infrared spectrum was recorded each
time before loading the particles.

2.7. Ultraviolet—Visible Spectrometer. The ultraviolet—
visible (UV—vis) spectra were collected in situ in the wavelength
region of 200 to 1,100 nm using a StellarNet SILVER-Nova
ZAP1 UV-vis spectrometer with a fiber optic probe (high OH
fused silica core; 200—1100 nm).*® The end of the fiber optic
probe is attached to an x, y, and z manipulator to position the
receiving end of the probe at an optimal distance from the
ignition. In this experiment, the end of the probe was positioned
13 mm from the center of the levitator. For every measurement,
the UV—vis spectrometer operated at a 1 kHz rate, collecting
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127 consecutive spectra. The detector integration time was set
to 2 ms. The UV—vis spectrometer was externally triggered and
synchronized to the CO, laser with a delay of 100 ms (Figure
S1b). The wavelength-dependent sensitivity calibration for the
spectrometer system, including the optical fiber, has been
performed prior to the experimental run, and the methods are
briefly outlined in previous studies.'® To account for the
baseline shape and sample emissivity, the modified Planck’s
blackbody radiation formula (eq 1) is used to account for the 1/
A wavelength dependence of emissivity.'®

_ 27hc? 1
E(T,A) =&(T, 4) 25 oholika) _ 4
C(T) ,, nesaksT
=—=72/(e 8 —1
5/ ) )

where €(T, A) is emissivity, h is Planck’s constant, kg is
Boltzmann’s constant, ¢ is the speed of light in vacuum, T is
temperature, A is the wavelength and C(T) is a numerical fit
constant that includes temperature dependence on emissivity.*
In addition, varying the sin(2nnA/A,) and cos(2mnA/A,)
functions are added to the baseline to adjust for unaccounted
wavelength dependencies of emitting particles.”> Since the
samples do not show perfect blackbody radiation, the emissivity
is not equal to unity and therefore can be treated as gray body
radiation.

2.8. Optical and Infrared Videos. Optical videos were
obtained by a Phantom Miro 3al0 camera equipped with a
Navitar Zoom 6000 modular lens system. Infrared thermal
imaging videos were collected in tandem with the optical videos
using an FLIR A6703sc IR camera. For the thermal
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Figure 3. Optical and Infrared camera images of B/HTPB ignited in 20% O, and 80% Ar.

decomposition experiment, both cameras were triggered
internally and operated at a frame rate of 30 Hz. These cameras
could be operated at higher repetition rates; however, 30 Hz was
used for optimized synchronization and to allow for the
recording of longer movies. To capture the ignition event of
B/HTPB, the optical camera was operated at 1 kHz. An ND2
filter was used to attenuate the intensity while working in the
high-temperature range (523—1773 K). The infrared (IR)
camera was set to a repetition rate of 250 Hz. Both cameras were
externally triggered by the pulse delay generator without any
delay referenced to the trigger pulse (Figure S1b).

3. RESULTS

3.1. Material Characterization. The detailed preparation
methods for HTPB and the B (30 wt %)/HTPB composites are
discussed in the experimental section. The cured HTPB (Figure
2a) has a clear color with a smooth surface and a rubbery texture.
The B particles used here have irregular shapes with sizes
ranging from submicrometer to a few micrometers. The B/
HTPB sample has a dark color with numerous B particles
scattered in the HTPB matrix (Figure 2c,d).

3.2. Optical and Infrared images. To capture any changes
in the HTPB and B/HTPB particles during heating by a CO,
laser followed by ignition, high-speed, synchronized optical, and
infrared (IR) videos were utilized (Supporting Information
movies M1—M4 and M1IR—MA4IR). Extracted snapshots of the
ignition of B/HTPB in a 20% O, and 80% Ar mixture are
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displayed in Figure 3. The snapshots for the heating of HTPB
and B/HTPB in 100% Ar and 20% O,/80% Ar are compiled in
Figures S2—S4. Temperatures are determined using the infrared
camera and corrected with the gray body temperatures found
from the UV—vis. The temperatures obtained from the UV—vis
were found using previous procedures.”> Uncertainty for the
temperatures is based on both the fluctuations in the IR camera
and the fitting of the emission spectra.’®

During the ignition of B/HTPB in 20% O, and 80% Ar
(Figure 3), two distinct stages can be noted. The first stage is the
ignition of the boron particles with the generation of a bright
flash of green flame, and the second is the ignition of HTPB
which exhibits more of an orange flame. During the first stage of
ignition, there is a rapid rise in temperature to 2,115 + 59 K
which continues rising until a maximum of 2,255 + 59 K is
reached. Under the same conditions, HTPB without boron
burns with no signs of ignition (Figure S2). However, there is a
release of dense smoke at the maximum temperature of 877 + 10
K. After heating, the HTPB particle volume is significantly
reduced by 50% of its original volume and appears to have a
smooth, reflective surface.

To examine the thermochemical and thermophysical changes
of B/JHTPB in the inert atmosphere (100% Ar), the particles
were heated from room temperature (300 K) until the particles
detrap at about 1168 + 10 K (Figure S3). Initially, there is not
much visible change, but later, white smoke is released from the
hot particle when the temperature reaches 1027 + 10 K. At the
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