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Mesoporous Silica Spheres Incorporated Aluminum/Poly
(Vinylidene Fluoride) for Enhanced Burning Propellants
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and Michael R. Zachariah*
In this paper, we demonstrate that preparation by electrospray deposition of
mesoporous SiO2 particles can be employed as additives to Aluminum/Poly
(Vinylidene Fluoride) (Al/PVDF) to enhance reaction velocity. We find that the
reaction velocity of Al/PVDF with 5wt% SiO2 is 3� higher. The presence of
meso-SiO2 appears to accelerate the decomposition of PVDF, with a
significant increase in HF release, resulting in higher heat release. We believe
that hot-spots around meso-SiO2 may serve as multiple ignition points, with
the multi-layered structure promoting heat convection to increase the
propagation rate.
1. Introduction

Due to its high energy density and availability, aluminum is
commonly employed as a fuel in propellant systems. One key
metric in energetic systems is burning rate, which can be tuned in
various ways. For example, when replacing traditionally micro-
sized aluminum particles with nano-sized counterparts, the
burningrateof thermitesystemscanbe increasedbyseveralorders
of magnitude up to �1000ms�1.[1–3] This effect is caused by the
reduced diffusion distances, increased interfacial contact area
between the metal fuel and metal oxide oxidizer, and changes in
modes of heat transfer.[4] In addition, additives such as ferrocene,
iron oxide, and copper chromite particles have been found to
increaseburningrateofpropellents.[5,6]Theseparticlesnotonlyact
as catalysts to lower the decomposition temperature of the oxidizer
(e.g., ammonium perchlorate, AP),[7] but can also affect the
thermal conductivity, in turn playing a role in bindermelting (e.g.,
copper chromite in HTPB).[5] There are also physical methods to
increase the burning rate such as the embedding of metal fibers
into solid-propellant to increase the burning rate by increasing the
thermal conductivity.[8–10] Oddly however, the burning rate of the
solid-propellant has also been shown to increase when adding low
thermal conductive materials such as silica and has never been
fully explained.[11–13] Somesuggest that silicadisturbs the integrity
of the propellant, creating pathways for oxygen diffusing to the
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surface of the metal.[11,14] Others have
proposed that the heat conduction in the
solid-propellant is obstructed by silica
particles, and the area around the particles
will have a much higher temperature owing
toheat accumulation, resulting in formation
of hot spots around the silica particles thus
enhancing burning rate.[13]

To maximize energy density, high alumi-
num nanoparticles (Al NPs) loadings are
desired, however, due to their high specific
surface area and resultant high viscosity of
the processing mix, creating a composite
propellant with a homogeneous dispersion
of high mass loading aluminum is highly
challenging. Hydroxyl-terminated polybutadiene (HTPB), for
example, is a commonly used binder in current propellant
formulations owing to its superior mechanical properties with
high loadings of metal particles. However, HTPB does not
positively influence the energy density of the propellant and does
not solve the issue of high viscosity during processing. Recently,
fluoropolymers such as Polytetrafluoroethylene (PTFE, Tef-
lonTM)[15,16] have been shown to react exothermically with Al in
addition toactingasabinder.More recently,AlNPsweredispersed
into PVDF solution and directly electrosprayed to create free-
standinghighmetal loading (50wt%)Al/PVDFfilms.[17]However,
these Al/fluoropolymers have slow burning rates. One intriguing
result is that the alumina shell (Al2O3) from the Al shows a pre-
ignition reaction with fluoropolymers.[15–18] Although it appears
not to enhance the burning rate.[18]

In this paper, we investigate how additives in Al/PVDF can
affect the thermal properties and reaction characteristics. Silica
in different forms (nanosized, microsized, and mesoporous)
were incorporated during electrospray fabrication into Al/PVDF
films and the resulting morphologies, crystalline phases,
thermal properties, and combustion characteristics were
evaluated. The results show that with only a 5wt% addition of
mesoporous silica, the burning rate of Al/PVDF film was
increased by a factor of three. Mesoporous silica was found to
promote the decomposition of PVDF as well as create hot spots
to accelerate reaction.
2. Experimental Section

2.1. Chemicals

Aluminum nanoparticles (Al NPs, �85 nm) were purchased
from Novacentrix with an active aluminum content of �81wt%.
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The poly-vinylidene fluoride (PVDF),[19–20] nano-sized silica
(nano-SiO2, �10–15 nm, as Figure S1 shows), and micro-sized
silica (micro-SiO2, �1–5mm; see Figure S1) were purchased
from Sigma-Aldrich. N, N-Dimethylformamide (DMF) was
purchased from BDH chemicals. Colloidal silica (SNOWTEX
ST-PS-S, 15–16wt% SiO2) was purchased fromNissan Chemical
Industries, Ltd. All chemicals were used as received.
2.2. Spray Dry Formation of Mesoporous SiO2 Particles

The as received SiO2 colloidal solution is �10–15 nm. The
mesoporous SiO2 particles (meso-SiO2) were produced by a
“droplet-to-particle” aerosol spray dry process to yield meso-
particles of average diameter of �0.9mm (0.2–4mm). The spray
drying setup can be found in our previous studies.[21,22] The
aerosol droplets were generated (�1mm) using compressed air
at a pressure of 0.24MPa in a collision-type atomizer, which
passed through a silica-gel diffusion dryer to remove water, and
then to a tube furnace at 300 �C. The products were collected on a
0.4mm (pore size) Millipore filter. After the spray-drying, the
product was collected in a glass vial and kept in an oven
(�100 �C) to avoid any moisture absorption. Scanning electron
microscope (SEM) and transmission electron microscope (TEM)
images of the formed mesoporous SiO2 particles are shown in
Figure 1. Thermogravimetry/Differential Scanning Calorimetry
(TG/DSC) and Fourier Transform Infrared Spectroscopy (FTIR)
results show �5wt% of both physically adsorbed and structural
water in the formed SiO2mesoparticles (Figure S2). As Figure S3
shows (Brunauer–Emmett–Teller test, BET test), the produced
SiO2 particles are mesoporous, with a specific surface area of
139m2 g�1 and an average pore size of �15 nm. By comparison
the purchased micro-SiO2 show a specific surface area of �6 m2

g�1 with no porosity (Figure S3).
Figure 1. The SEM a) and TEM b) images of mesoporous silica (meso-SiO2)
images of Al-PVDF films without c and e) and with meso-SiO2 films d and
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2.3. Electrospray Formation of Al/PVDF Films with and
without SiO2

The details about the electrospray system can be found in our
previous studies.[17,18,23–27] PVDFpowder was first dissolved into
DMF to which Al NPs were added. Lastly, mesoporous SiO2

particles were added into the Al/PVDF suspension. In a typical
experiment, 150mg PVDF was dissolved in 3mL DMF, then
52.2mg Al NPs and 10.6mg SiO2 particles were added. The final
suspension was sonicated for 1 h and stirred for 24 h. The
stirring process and electrospray was conducted in a fume hood
which has an average temperature of �35 �C and an average
humidity of 67%.
2.4. Reactive Chemistry and Structure Characterization

The produced Al/PVDF films (with and without SiO2) were
characterized using a Hitachi SU-70 scanning electron
microscope (SEM) coupled to an energy dispersive spectrome-
ter (EDS). The films were broken with tweezers in liquid
nitrogen for cross-section imaging of the films. The meso-
porous SiO2 particle were also characterized by transmission
electron microscopy (TEM) (JEOL 2100F field-emission
instrument). The different SiO2 particles were characterized
by powder X-ray diffraction (XRD, Bruker D8 with Cu K
radiation) and Fourier transform infrared spectroscopy (FTIR,
Nicolet i550R, Thermo Fisher Scientific), respectively. Ther-
mogravimetry/differential scanning calorimetry (TG/DSC)
results were obtained with a TA Instruments Q600 in an
argon or oxygen atmosphere (flow rate: 100mLmin�1) coupled
to a mass spectrometer with different heating rates (as labeled).
The sample mass was �1.3–1.9mg and the heat flow was
normalized to mass.
prepared by spray-drying. Low c and d) and high e and f) resolution SEM
f).
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T-Jump Time-of-Flight mass spectrometry (T-Jump TOFMS)
was also used for characterizing the species released during fast
heating. The details of the T-Jump time-resolved mass
spectrometer system can be found in refs.[28,29] Typically, a
�10mm long platinum filament (�76mm in diameter) coated
with the sample (�4mm long) was resistively heated to�1600K
(heating rate of �4� 105K s�1). The sample was coated on the
wire by direct electrospraying.[18] The precursor for preparing
SiO2/PVDF film had 150mg PVDF and 150mg SiO2 in 3mL
DMF.
2.5. Burning Rate Measurements

The burning rate tests were conducted in a quartz tube filled
with argon on 3� 0.5 cm samples. The film was fixed on two
parallel copper wires with tape to minimize any curling of the
film during burning. The films were ignited by resistively
heating a Nichrome wire (�1 cm in length, 0.010 inches in
diameter; TED PELLA. INC) triggered by an external DC power
supply. After each run, the tube was cleaned and purged with a
flow of argon for 5min (10 Lmin�1). The burning of the films
was monitored using a high-speed camera (14.9ms per frame
with 256� 256 pixels, Phantom V12.1). Each sample was tested
three times and the average values with standard deviation are
reported.
2.6. Combustion Cell Measurements

The details of the combustion cell experiment can be found in
our previous studies.[26,27] The gas generating ability of the Al/
PVDF films (with and without meso-SiO2) was evaluated in a
constant volume (�20 cm3) combustion cell, from which the
pressure and optical emission histories can be simultaneously
obtained. The sample mass was �25mg, and experiments were
replicated in triplicate.
Figure 2. FTIR a) and XRD b) results of PVDF films with different SiO2 pa
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3. Results and Discussion

3.1. The Effect of Different SiO2 on the Morphology of
Al/PVDF Films

Al/PVDF films with (5wt%) and without meso-SiO2 were
prepared by electrospray deposition. The SEM and TEM images
of mesoporous silica, the SEM images and EDS results (EDS
results are shown in Figure S4) of the two Al/PVDF films are
shown in Figure 1. As Figure 1c and e show, the Al/PVDF films
without meso-SiO2 are dense with a homogenous dispersion of
Al NPs in the PVDFmatrix (Figure S4d). In contrast, with 5wt%
meso-SiO2 particles, the formed films show a multi-layered
structure (Figure 1d and f). For comparison, Al/PVDFfilms with
nano-SiO2 and micro-SiO2 were also prepared by the same
procedure, as shown in Figure S5. Both cases show dense films,
especially for the case with micro-SiO2, (Figure S5d). One
interesting fact for the case with nano-SiO2 is that nano-SiO2

particles were well dispersed in the precursor after sonication
and were found to coat the surface of the Al NPs (Figure S5b).
Importantly,we note that the meso-SiO2 spheres retain their
integrity during the preparation process, as shown in
Figure 1f and Figure S4d.
3.2. The Effect of Different Forms of SiO2 on the Crystalline
Phase of PVDF Films

The obvious changes to the structure of the films with the
addition of meso-SiO2 suggest that there may be significant
interaction between PVDF and SiO2.

[19,20] To evaluate this, films
at 50wt% silica loading with micro-SiO2, nano-SiO2, and meso-
SiO2 were prepared and characterized by XRD and FTIR. FTIR
results in Figure 2a show that the signatures for the α-phase
are all but gone in the for the meso-SiO2-PVDF case relative to
the neat PVDF. Silica addition in general seems to decrease the
α-phase but appears to be most promoted with the meso particle.
rticles and without SiO2.
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Figure 3. Burning rates of different Al/PVDF films with different meso-SiO2 contents a) and different thicknesses (b), with 5wt% SiO2, blue dash line;
without SiO2, red line). Labeled are the thicknesses of different films. SiO2 particles here are mesoporous except otherwise noted.
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XRD which because of low crystallinity has poor signal to noise,
and thus less convincing, indicates similar behavior in
Figure 2b with a disappearance of the α-phase peak at 18�.
Using formulations employed for our burning measurements
Al/PVDF films with and without 5wt%meso-SiO2 (Figure 1) we
still see that addition of meso-silica triggers the β-phase
(Figure S6).
3.3. The Effect of Meso-SiO2 on the Burning Rate of
Al/PVDF Films

The burning rates of Al/PVDF films with different meso-SiO2

content were measured in triplicate in an argon atmosphere.
Figure 3a shows that with increasing meso-SiO2 content, the
burning rate increases by up to a factor of three at �5wt% and
then declines with increasing meso silica content. For
comparison, Al/PVDF films with 5wt% nano-SiO2 (�50mm)
and micro-SiO2 (�70mm) were found to be only marginally
higher.

The effect of film thickness on propagation velocity is shown
in Figure 3b. Meso-silica added material has essentially film
thickness independent while the Al/PVDF alone films do show
some thickness dependence but is consistently and significantly
below that of the meso particle added material. The apparent
trend seen in the Al/PVDF films is probably a reflection of the
larger error bars for the thin films rather than any underlying
thickness dependence.
3.4. The Effect of Meso-SiO2 on the Flame Structure

The burning of the Al/PVDF films with and without meso-SiO2

were recorded with a high-speed camera and the corresponding
snapshots are shown in Figure 4. In addition to the obvious
faster burning rate, the meso-SiO2 containing case has a much
larger and brighter flame. Moreover, the size and shape of the
Adv. Eng. Mater. 2018, 20, 1700547 1700547 (
flames in the two cases is also dissimilar. The flame size and
shape for the case of no meso-SiO2 remains small and constant
during the whole process, while for the meso-SiO2 case, the
higher volume presumably provided great radiative heat
feedback. The burning residues for the two cases are also very
different. The burn residues for Al/PVDF with no SiO2 remain
as an intact structure, while those with 5wt% SiO2 were ejected
along with the propagating flame.
3.5. The Effect of Meso-SiO2 on the Reactivity of Al/PVDF
Films

To measure the gas generating properties and reactivity of
Al/PVDF films with (5wt%) and without meso-SiO2, �25mg of
film (size: 0.5� 0.5 cm) was ignited in a confined combustion
cell (�20mL) while the pressure and optical emission histories
were simultaneously obtained. Three runs were conducted for
each sample, and the average with standard deviation are
reported. The detailed data including peak pressures, pressure
rise rates and burn times was shown in Table S1, and the typical
pressure and optical emission histories were shown in Figure 5.
As Figure 5a and Table S1 shows, the average peak pressure and
pressurization rate of 5wt% meso-SiO2 containing Al/PVDF
films are �206 and �38 kPams�1, which are �1.5 and 10.8
times higher than that of Al/PVDF without SiO2, respectively.
The high gas generating ability is consistent with the large flame
volume observed in the burning rate measurements (Figure 4)
and further confirm that meso-SiO2 containing Al/PVDF films
has higher reactivity.
3.6. The Effect of Different SiO2 on the Thermal
Decomposition of PVDF at Low Heating Rate

The role of silica in promoting the decomposition of PVDF was
evaluated at low and high heating rates, with TG/DSC and
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim4 of 7)
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Figure 4. Snapshots of burning Al/PVDF films with (5 wt%) and without
meso-SiO2.
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T-Jump TOFMS, respectively. Slow heating TG/DSC in argon
environments are frequently employed to investigate the
thermal behavior of Al and fluoropolymers.[17,18,30,31] However,
as our previous study showed, the PVDF decomposition
endotherm overlaps the early exotherm between alumina and
PVDF.[18] Therefore, the TG/DSC of pure PVDF and PVDF/SiO2

(1:1, by mass) films were run under 100mLmin�1 of pure
oxygen at heating rates of 25 �Cmin�1, and the TG and DSC
results shown in Figure 6a and b, repectively.[31] The oxidation of
PVDF in O2 is exothermic, with the onset temperature close to
Adv. Eng. Mater. 2018, 20, 1700547 1700547 (
the decomposition temperatures of PVDF. As Figure 6b shows,
for pure PVDF, the DSC curve clearly shows three exotherms for
decomposition and oxidation with a wide temperature range
from 400 to 550 �C.

In contrast addition of silica changes dramatically both the
oxidation kinetics as well as the heat release profile to that of one
narrow exotherm over a small temperature range. The onset
temperature appears to depend on the form of silica added with
meso having the lowest onset and the micron the highest. The
acceleration of the chemistry with silica addition, and in
particular with the meso-silica is best seen in the TGA which
shows a very dramatic reaction rate increase. T-Jump (heating
rate of �4� 105 K s�1) mass spectrometry of pure PVDF
and meso-SiO2/PVDF show clearly the formation of SiF3

þ

(Figure S7) and an enhanced release of HF. The final weight loss
of PVDF/silica after heating in TGA is higher than 50wt%
(Figure S8). Indicating a clear chemical interaction with silica
and implying the effects seen are more than simply a physical
effect.
3.7. The Effect of Meso-SiO2 on the Heat Release of
Al/PVDF at Low Heating Rate

The exothermic properties of Al/PVDF films with (5wt%) and
without SiO2 particles were also investigated by DSC at heating
rates of 5, 20, and 50 �Cmin�1 in an argon atmosphere. The
corresponding TG/MS was employed to evaluate the relative
HF released during decomposition (20 �Cmin�1). As
Figure 7a shows, under different heating rates, the integrated
heat release from Al/PVDF/SiO2 (5wt%) films are all consider-
ably higher than that from neat Al/PVDF films (3.3–1.2 higher
depending on heating rate). As Figure 7b shows, the normalized
HF intensity (normalized to 114, C3F4H2) from Al/PVDF/SiO2

(5wt%) is also much higher than that from Al/PVDF case. The
results indicate that with SiO2 catalysis, PVDF will decompose
much more completely and rapidly, releasing more HF gas to
react with Al to produce more heat.
3.8. Proposed Mechanism

We observe that the thermal decomposition of PVDF is
promoted by the addition of meso-SiO2 particles fabricated by
electrospray. We find that with only an addition of 5wt% meso-
SiO2, the heat release from Al/PVDF film was significantly
increased, resulting in much larger and brighter flame. We also
observe a temporally enhanced HF release. The latter point
suggests a chemical interaction although a physical effect may
also play a role, given that nano-silica does not have a
significant effect. It is possible that as schematically repre-
sented in Figure 8 that the low thermal conductivity of
mesoporous SiO2 particles will act as heat transfer barrier
producing hot-spots for multi-ignition points.[13] Perhaps more
importantly, upon ignition, the hot particles/gas products will
be ejected by the released high-pressure gas to increase the size
of the flame and promote radiative feedback and convective
heat transfer.[4]
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim5 of 7)
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Figure 5. The pressure a) and optical emission b) histories of Al/PVDF films with (5wt%, red line) and without SiO2 (blue line).

Figure 6. TGA a) and DSC b) results for PVDF films with (50wt%) and without SiO2.

Figure 7. DSC a), TG andMS results b) of Al/PVDF films and Al/PVDF/SiO2 (5wt%) films. Note: the calculated exothermic energy is integrated from 200
to 800 �C. The intensity of HF (m/z¼ 20) was normalized based on argon (m/z¼ 40).
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Figure 8. Possible mechanism for enhanced burning of Al/PVDF films by
SiO2 mesoparticles.
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4. Conclusions

In this study, mesoporous SiO2 particles were prepared using
spraying drying process and were added into Al/PVDF films as a
burning rate modifier. The burning rates of different Al/PVDF
films with and without meso-SiO2 particles were measured. The
results show that the addition of SiO2 mesoparticles (5wt%
SiO2), enhanced the burning by >3�. The presence of meso-
SiO2 appears to highly accelerate the decomposition of PVDF,
with a significant increase in HF release and resulting in higher
heat release. We also believe that hot-spots around meso-SiO2

may help to serve as multiple ignition points and the multi-
layered structure promote the heat convection thus highly
increase the flame spreading rate.
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