Chemical Engineering Journal 460 (2023) 141653

ELSEVIER

Contents lists available at ScienceDirect
Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej

Chemical
Engineering
.. Journal

Check for

Carbon fibers as additives to engineer agglomeration and propagation of = [&&s

aluminized propellants

Haiyang Wang, Erik Hagen, Keren Shi, Steven Herrera, Feiyu Xu, Michael R. Zachariah -

The University of California Riverside, CA 92521, USA

ARTICLE INFO ABSTRACT

Keywords:
Carbon fibers
Solid propellant
Agglomeration
Aluminum

A major challenge in the application of aluminum (Al) in solid propellants lies in the incomplete combustion and
severe agglomerations of Al particles that cause two-phase flow loss in aluminized solid rocket motor. In this
work, 2.5 wt% carbon fibers embedded into Al/AP/HTPB solid propellant shows a ~ 25 % enhancement in burn
rate. In-situ microscopic observation and thermal imaging of combustion find that carbon fibers intercept ejected

hot agglomerates near the burning surface and enhance heat feedback to the unreacted material. The post-
combustion products were also collected and analyzed, confirming that polyacrylonitrile (PAN)-based carbon
fibers keeps their integrity during the combustion, thus can efficiently catch the hot agglomerates and promote
the heat feedback. This study outlines how these approaches may enhance the propagation and reduce the two-
phase flow losses in solid propulsion.

1. Introduction

Aluminum (Al) particles are commonly used in propellants, explo-
sives, and pyrotechnics to increase the energy density of the energetic
composites [1-5]. Using nano-sized Al to replace conventional Al mi-
croparticles, offer higher energy release rate and a decrease in ignition
temperature (1000 K vs 2300 K) [6-9]. However, nano-sized Al particles
suffer from high viscosity induced handling issues [10-13] and severe
sintering/agglomerating [14-18], which significantly increase the
effective Al size (from nm to um) during combustion, lowering the en-
ergy release rate of aluminized energetic composites, and muting the
theoretical benefits of going to the nanoscale.

The sintering/agglomerating of micro-sized aluminum (Al) particles
has been commonly studied in solid propulsion, which is considered to
be a major cause for loss in specific impulse (two-phase loss) and might
cancel out the advantages of the addition of nano-Al [19-23].
Commonly, ex-situ techniques such as electron-microscopic character-
ization on the quenched/captured agglomerates are used to evaluate
agglomeration. Recently, in-situ techniques such as time-resolved X-ray
imaging [24-28] and digital in-line holography [22,29-32] have been
employed to observe the agglomeration and sintering in the combustion
of aluminized energetic composites.

Recently, high-speed microscopy has been employed to observe the
agglomerating process of nanosized Al particles at high spatial (um) and

temporal (ps) resolution and some approaches to affect agglomeration
and flame propagation were proposed [16,33-37]. One approach we
found was that addition of carbon fibers can promote the flame propa-
gation and reduce the agglomeration size of Al/CuO nanothermite
composite [33]. With the addition of only ~2.5 wt% carbon fibers (CF,
the propagation rate of the composite was promoted by > 2x. From in-
operando microscopic observations, we found that the carbon fibers
intercept ejected hot agglomerates from the burning surface which
provided enhanced heat feedback to the unburnt materials. In that work,
we proposed that the carbon fibers might also enhance the combustion
of aluminized propellants in a similar way.

As a follow on then, in this work, carbon fibers were embedded into
aluminized propellants, and we observed that the burn rate increases by
~25 % with an addition content of only ~2.5 wt of CF. High-speed
macroscopic and microscopic videos also confirm that the carbon fi-
bers “catch” the agglomerates ejecting from the burning surface,
providing efficient heat feedback to the unburnt surface and creating a
deepened pre-heating zone. In this work, different types of carbon fibers
were also compared, with polyacrylonitrile (PAN)-based carbon fibers
found to be the most efficient in promoting flame propagation of
aluminized propellants due to their better tolerance to high tempera-
tures compared to other types of carbon fibers. This study provides a
simple approach to increase the burn rate of aluminized propellants,
reduce the agglomerates and two-phase flow losses in solid propulsion.
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Fig. 1. SEM images (a, and c¢) and CT scanning images (b) of nanoAl/AP/HTPB with (2.5 wt%) and without PAN-based carbon fibers. Measured burn rates (d) of
different Al/AP/HTPB propellant grains (with microsized and nanosized Al) with and without 2.5 wt% PAN-based carbon fiber addition; Measured burn rates (e) of
AP/HTPB and Al/AP/HTPB (with nanosized Al) with different carbon fibers addition (2.5 wt% of carbon fibers labelled as PAN, 03z, and 25 M). Measured burn rates
(f) of Al/AP/HTPB (with nanosized Al) with different carbon fibers addition from 2.5 wt% to 10 wt%.
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Fig. 2. Macroscopic (a-c) and microscopic (a-1 ~ ¢-1) burning snapshots, the corresponding microscopic temperature maps (a-2 ~ c-2) of Al/AP/HTPB (¥=1) solid
propellant grain (diameter = 4.7 mm) without carbon fibers (a), with PAN-based (b) and graphite-based (03z) carbon fibers (c). Low and higher magnification SEM
images (d-f) of the post-combustion products of Al/AP/HTPB (@=1) solid propellants without carbon fibers (d), with PAN-based (e) and graphite-based (03z) carbon
fibers (f). Note: carbon fibers’ content is ~2.5 wt%.

2. Experimental section (NPs) were purchased from Argonide Corporation with an average size
of ~50 nm and an active content of 67 wt% according to thermogravi-

2.1. Materials metric measurement. Ammonium perchlorate (AP) particles (90 um)
were purchased from Pyro. Chem. Source. The scanning electron mi-

Microsized aluminum particles (—100 + 325 mesh, ~50 pm, 99.5 % croscope images of microsized Al, Al NPs and AP microparticles are
active content) were purchased from Thermo Scientific. Al nanoparticles shown in Fig. S1. Hydroxyl-terminated Polybutadiene (HTPB, OH value
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Fig. 3. XRD of the post-combustion products of Al/AP/HTPB (¥=1) solid
propellant without carbon fibers (a, and d), with PAN-based (b, and e) and
graphite-based (03z) carbon fibers (c, and f). Note: carbon fibers’ content is ~
2.5 wt%. More a-phase Al,O3 in the PAN-based carbon fiber case compared to
the other two, further confirming the higher heat feedback.

0.81, measured by the vendor), methylene diphenyl diisocyanate (MDI,
modified curing agent), and isodecyl pelargonate (IDP) plasticizer were
purchased from Rocket Motor Components, Inc. Polyacrylonitrile
(PAN)-based carbon fibers (diameter: 7 um) were purchased from
Composite Envisions, which were chopped in a length of ~3 mm. Highly
thermal conductive fibers (graphite fibers with product # of XN-100,
diameter: 10 pym) are gifted by Nippon Graphite Fiber Corp. from
Japan. Two different graphite fibers were provided with a chopped
length of ~3 mm and ~25 um, which are labeled as 03z and 25 M,
respectively. The detailed physical properties (thermal conductivity,
density, filament diameter, and length) of the carbon fibers are sum-
marized in Table S1. SEM images of the fibers are shown in Fig. S2.

2.2. Propellant grain preparation

A detailed formulation with weight of each composition can be found
in Tables S2. Typically, ~392 mg HTPB was weighed, then ~58 mg MDI
and ~ 50 mg IDP were added into the HTPB. The mixture was then
mixed for 5 mins at a rate of 2000 rpm in a mixer (Thinky AR100). Then
62.5 mg carbon fibers were added into the above binder mixture and
mixed for 10 mins, and 1750 mg AP was added into the above binder and
mixed for 10 mins. Finally, 250 mg Al was added and mixed for another
10 mins. In a typical cast process, slurries were pressed using a syringe
pump to remove any air. Then the propellant filled syringe was stored in
a fume hood for 3 days to fully cure the HTPB. Following this, the solid
propellant grain was cut into desired lengths for combustion charac-
terization. The density (mass/volume) was determined from the mass
and geometry of each propellant grain rod. The measured and theoret-
ical densities of the propellant grains are summarized in Fig. S3. For
preparation of AP/HTPB, all the procedures are the same except the
addition of Al NPs.

2.3. SEM/EDS, XRD, TG/DSC and X-ray tomography

The morphologies and compositions of the carbon fibers, the cured
propellant grains, and the post-combustion products were characterized
by scanning electron microscope (SEM, Thermo-Fisher Scientific
NNS450) coupled with energy dispersive X-ray spectroscopy (EDS). The
post-combustion products were also characterized by X-ray Powder
Diffraction (XRD, PANalytical Empyrean Series 2). Thermogravimetric
analysis/differential thermal analysis (TGA/DSC, Proteus80 from
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NETZSCH) in this study were conducted in argon flow (50 mL/min) at a
heating rate of 10 °C/min from room temperature to 425 °C. X-ray to-
mography was performed using the Zeiss Versa 510 (UCSD NCMIR). The
sample was scanned as printed on a glass slide. The X-ray source was
operated at 80 kV and 75 pA with a LE1 filter inserted. The source dis-
tance and a detector distance, 41000 mm and 19000 mm respectively,
with a 4x objective contributed to a pixel size of 4.7 um. Exposure time
for each projection was 1.5 sec.

2.4. Macroscopic and microscopic imaging

The experimental setup used in this study is shown in Fig. S4. The
samples are solid propellant grains (~1 cm long, ~4.7 mm in diameter).
The propellant grains were ignited by nichrome wire in open air (1 atm).
One high-speed camera (Vision Research Phantom Miro M110) captures
the macroscopic combustion of the grain at a sample rate of 1,500
frames/s (832 x 800 pixels), while a microscopic imaging system (~2.2
um/pixel, Vision Research Phantom VEO710L coupled to Infinity Photo-
Optical Model K2 DistaMax) captures the microscopic combustion at a
sample rate of 7,500 frames/s (1280 x 800 pixels).

2.5. Burn rate and flame temperature measurement

The burn rates (v) of the propellant grains were determined from the
macroscopic ***deos. Burn rate was calculated by dividing the length of
the sample (1 cm) by the burn time observed with the macroscopic
***deo. Average burn rates of triplicate experiments for each sample are
reported with standard deviation. The burn rate data was also further
confirmed by a setup (Fig. S5a) using a linear variable differential
transformer (LVDT, displacement sensor purchased from Omega) as
described in other studies [38,39]. The comparison using different burn
rate measurement methods are shown in Fig. S5b and S5c. The details of
color pyrometry are in our previous studies [36,40]. Briefly, three
channel intensity (red, green, blue) ratios are extracted, processed, and
demosaiced for the camera’s Bayer filter (MATLAB). The system was
calibrated with a blackbody source (Mikron, Oriel) and the temperature
uncertainty is estimated to be ~200-300 K.

2.6. Infrared radiation (IR) measurement of the pre-heating zones

The IR measurement setup used in this study is shown in Fig. S6. The
Al/AP/HTPB (with Al NPs) with (with PAN-based and 03z carbon fibers)
and without carbon fibers (reference) were casted on thin silicon wafers
(thickness: 75 pm). The propellant films thickness is ~1 mm. The IR
camera (Telops FAST M3K high-speed infrared camera) captured the
infrared radiation signals through the silicon wafers. The lens used in
this study is G4x microscope lens (Telops), and have a resolution of ~10
um/pixel. The transmittance of the silicon wafer is 55 % in the spectral
range of the IR camera (3-5 um) (Thermo Scientific FT-IR Spectrometer
Nicolet iS50).

2.7. Post-combustion products analysis

The post-combustion products of the solid propellants: Al/AP/HTPB
(with Al NPs) with (with PAN-based and 03z carbon fibers) and without
carbon fibers (reference) were collected as shown in Fig. S7a and S7b,
for SEM/EDS (Fig. S8) and XRD (Fig. S9) characterization, respectively.

3. Results and discussions
3.1. Embedding carbon fibers into Al/AP/HTPB

The solid propellant grains were prepared by casting and curing the
composite in a syringe with an inner diameter of 4.7 mm. The SEM and

CT scanning images of Al/AP/HTPB grains are shown in Fig. 1a and
Fig. 1b, respectively, which confirms the close and uniform packing of
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Fig. 4. IR measurement on the pre-heating areas (a-c) and schematic showing (a-c) of the heat feedback (d-f) of Al/AP/HTPB (=1) solid propellant without carbon
fibers (a, and d), with PAN-based (b, and e) and graphite-based (03z) carbon fibers (c, and f). The propellants are pre-cast on a thin silicon wafer (75 um) with a
thickness of ~1 mm, and the IR measurements are looking through the wafer. Note: white dash lines (a-c) indicate the burning surface.

AP particles (mean size 90 um) in an Al/HTPB matrix. The carbon fibers
(PAN-based) embedded in Al/AP/HTPB (with 2.5 wt% carbon fibers)
are observed in Fig. 1c.

All the solid propellant grains were ignited by nichrome wires in the
air (1 atm) and the burning rates (Fig. 1d—f) are obtained via high-speed
videos (supporting videos). As Fig. 1d shows, the burn rates of solid
propellant grains are increased by ~28 % and ~25 % with 2.5 wt%
addition of carbon fibers, for micro-sized Al and nano-sized Al based
solid propellants, respectively. Different carbon fibers (details about
different carbon fibers are shown in Fig. S2 and Table S2) were also
added into Al/AP/HTPB (with nanosized Al) and AP/HTPB (with no Al)
grains. As shown in Fig. e, all types of carbon fibers increased the burn
rates of Al/AP/HTPB to different, while no effects were observed on the
burn rates of AP/HTPB without Al. Among different types of carbon fi-
bers, the PAN-based carbon fibers (thermal conductivity 10 W/(m-K),

length 3 mm) are the most efficient, followed by the graphite-based
carbon fibers (03z, thermal conductivity > 900 W/(m-K), length 3
mm), and the shorter version (25 M, thermal conductivity > 900 W/
(m-K), length 0.25 mm) of the former graphite-based carbon fibers.
Fig. le indicates the enhancement of burn rates cannot be attributed to
thermal transport into the solid propellant as there is no observed effect
with the addition of higher thermally conductive carbon fibers. Different
PAN-based carbon fibers from 2.5 wt% to 10 wt% were added into Al/
AP/HTPB (with nanosized Al). As Fig. 1f shows, the burn rates increased
with the carbon fibers content, further confirms the enhancement. It is
noted that there is an abrupt increase (>50 %) on the burn rate when the
carbon fiber content increased from 2.5 wt% to 5 wt%, and likely
because of the packing density is reduced from ~ 100 % to ~ 84 %
(Fig. $3).

As we mentioned above, our previous work with added carbon fibers
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to Al/CuO thermite composites observed carbon fibers “catching” the
agglomerates of Al and thus having an efficient means to couple heat
back to the sold composite, [33]. In this study, we embedded carbon
fibers into Al/AP/HTPB propellants and the agglomeration status of Al
NPs were observed via a dual-camera (macroscopic and microscopic
high-speed cameras) system (Fig. S4). As the macroscopic video snap-
shots (Fig. 2a—c) show, the propellant with PAN-based carbon fibers has
much thicker and brighter flame front compared to the other two cases.
After zooming in, the microscopic video snapshots (Fig. 2a-1 ~ 2c-1)
and the corresponding pyrometry results (Fig. 2a-2 ~ 2¢-2) confirm that
the agglomerates formed from Al NPs were caught by the carbon fibers
and burned closer to the surface of propellant, providing more heat
feedback to the unburnt materials.

Even though both carbon fibers (PAN and graphite based) intercept
the agglomerates, the PAN-based carbon fibers in the flame are much
longer compared to the graphite-based carbon fibers during the com-
bustion, indicating PAN-based carbon fibers survived better at high
temperature (Fig. 2a-c and supporting videos). The post-combustion
products were collected and the SEM/EDS images are shown in
Fig. 2d-f and Fig. S8, respectively, which confirm that PAN-based car-
bon fibers survive in the combustion while graphite-based carbon fibers
break into much shorter ones (<0.1-0.5 mm) as compared to their
original length (~3 mm). Graphite-based carbon fibers may break due to
defects containing functional groups that when heated result in delam-
ination and thus breakage. This would require further investigation.
Fig. 2 and Fig. S8 also confirm that the agglomerates were caught by the
carbon fibers and their relatively smaller agglomeration size compared
to the reference (no carbon fiber case).

The XRD results (Fig. 3) of the post-combustion products show that
significantly higher amount of a-phase AlyO3 was detected in the PAN-
based carbon fiber case compared to the other two, further confirming
the higher heat feedback as the transition from y-phase Al,O3 to a-phase
Aly03 requires higher temperature and longer residence time [41,42].

The above-mentioned heat feedback was further confirmed by IR
measurement on the pre-heating zones of the solid propellants, which
are shown in Fig. 4a—c at the temperature range of 480-854 K. The
calculated head flux at the burning surface by the tangent line shows ~
36 % increase in the propellant with the PAN-based carbon fibers while
the addition of 03z carbon fibers only increase the heat flux by ~18 %
(Table S3)[43]. The PAN-based carbon fiber case has the largest pre-
heating zone, confirming more efficient heat feedback (Fig. 4b). In
contrast, the TG/DSC results (Fig. S9) show that all three samples
(reference, PAN-based and graphite based) have roughly the same
decomposition stages of AP, confirming no chemical effects from the
addition of carbon fibers.

Clearly, the PAN-based carbon fiber case has the largest pre-heating
zone, confirming more efficient heat feedback (Fig. 4b). In the contrast,
the TG/DSC results (Fig. S9) show that all the three samples (reference,
PAN-based case, and graphite-based case) have the roughly same
decomposition stages of AP, confirming no chemical effects from carbon
fiber addition.

As proposed in Fig. 4d-f, the heat feedback from the flame to the
burning surface is enhanced due to the addition of carbon fibers. Clearly,
PAN-based carbon fibers (10 W/(m-K)) provide for faster heat transfer
routes from the flame to the unburnt material compared to only gas
phase conduction (0.02 W/(m-K)). However, the enhancement from the
graphite-based carbon fibers (~1000 W/(m-K)) is likely not relevant due
to many of the fibers burning and not sticking out far enough from the
burning surface, making the agglomerate “catching” ability much lower.
Therefore, even though the heat conductivity of graphite-based carbon
fibers is ~10x higher than the PAN-based carbon fibers, the enhance-
ment on the flame propagation of Al/AP/HTPB is not further increased
(Fig. 1e).

Chemical Engineering Journal 460 (2023) 141653

4. Conclusion

In this work, carbon fibers were embedded into aluminized pro-
pellants and were found to increase the burn rate by ~25 % with the
addition ~2.5 wt% CF. High-speed macroscopic and microscopic videos
show that the carbon fibers intercept the agglomerates ejecting from the
burning surface, providing more heat feedback to the unburnt surface
and creating a deeper pre-heating zones, which are confirmed by the
diffusion analysis (post-combustion product) and infrared thermal
measurement (pre-heating areas). Different types of carbon fibers were
compared and the PAN-based carbon fibers were found to be the most
efficient to promote flame propagation of aluminized propellants. The
PAN-based carbon fibers can survive the flame and retains their integ-
rity, confirmed by the electron microscopy characterization on the post-
combustion products. This study provides a simple approach to increase
the burn rate of aluminized propellants, reduce the agglomerates and
two-phase flow losses in solid propulsion.
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Appendix A. Supplementary data

SEM images of Al and AP particles, as well as different types of
carbon fibers. Physical properties of different types of carbon fibers, as
well as the detailed formulations of the solid propellants used in this
study. The measured and theoretical densities of different Al/AP/HTPB
propellant grains used in this study. Macroscopic and microscopic im-
aging, as well as the IR systems for the solid propellant grain burning.
Setup for using a LVTD based burn rate measuring and setup for the post-
combustion products collecting. The SEM/EDS of the post-combustion
products. The TG/DSC results of Al/AP/HTPB grains with different
types of carbo fibers. Video 1: macroscopic burning videos of microAl-
AP-HTPB with and without 2.5 % PAN-based carbon fibers. Video 2:
macroscopic burning videos of nanoAl-AP-HTPB with and without 2.5 %
PAN-based carbon fibers. Video 3: macroscopic burning videos of
nanoAl-AP-HTPB with 2.5 % different types of carbon fibers (PAN, 03z,
and 25 M). Video 4: microscopic burning videos of nanoAl-AP-HTPB
with 2.5 % different types of carbon fibers (PAN, 03z, and 25 M).
Video 5: microscopic burning videos with pyrometry of nanoAl-AP-
HTPB with 2.5 % different types of carbon fibers (PAN, 03z, and 25
M). Video 6: macroscopic burning videos of nanoAl-AP-HTPB with
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different addition content of carbon fibers (from 2.5 wt% to 10 wt%).
Video 7: macroscopic burning videos of AP-HTPB with 2.5 % different
types of carbon fibers (PAN, 03z, and 25 M). Supplementary data to this
article can be found online at https://doi.org/10.1016/j.cej.2023.141

653.
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