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ABSTRACT: An activated RDX—Fe,O; xerogel in a Si-microchannel
plate (MCP) has been successfully prepared by a novel propylene epoxide-
mediated sol—gel method. A decrease of nearly 40 °C in decomposition
temperature has been observed compared with the original cyclotri-
methylene trinitramine (RDX). The RDX—Fe,0; xerogel can release gas
and solid matter simultaneously, and the ratio of gas to solid can be
tailored easily by changing the initial proportions of RDX and FeCl;-6H,0, €

which significantly enhances the explosive and propulsion effects and is of v SLMCP
great benefit to the applications. The approach, which is simple, safe, and

fully compatible with MEMS technology, opens a new route to the
introduction of organic energetic materials to a silicon substrate.
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With the diversity in function in microelectromechanical
system (MEMS) devices, it is more and more difficult to
meet the growing need of power with batteries. Their limited
energy density is driving the emergence of a new class of power
MEMS."” Energetic materials are defined as a class of
substances that store chemical energy and generate gas, heat,
and power rapidly when they are fired.>~> Their performances
can be tailored by changing the stoichiometry and sizes of the
chemical reactants, which is a key to great advances in power
MEMS, such as micropropeller, microactuator, microinitiation,
and other microsystems.® Considering the compatibility of the
energetic materials with MEMS technologies, nanothermite and
energetic nanoporous silicon are usually used as energy for
power MEMS. Many efforts have focused on MEMS devices
that have been integrated with nanothermite by deposition
onto silicon substrates, which is a widely used technique in
MEMS research. In these processes, the oxidizer (e.g, NiO,”
CuO,® and Ni°) is first integrated onto the silicon substrate, and
subsequently the fuel (e.g,, Al) is introduced to the oxidizer by
thermal evaporation or sputter deposition. The energetic
materials fabricated using these approaches have numerous
advantages such as higher combustion velocity, lower ignition
temperature, shorter ignition delay, and tailored dimensions
when compared with conventional approaches.'® However, a
small amount of gas products of thermites reduce the potential
diversity of functionality in resultant MEMS devices. Several
previous papers have reported that nanoscale silicon can serve
as a fuel when combined with a source of oxygen.""™'* The
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reactions of sponge-like nanoporous silicon with liquid oxygen
or oxygen-containing salts (e.g, metal nitrates and metal
perchlorate) are strongly exothermic, but the long-term storage
stability of energetic nanoporous silicon must be addressed.
Extensive amounts of research have been reported regarding
nanothermite and energetic nanoporous silicon in terms of
integration onto silicon substrates.”> However, limited research
has been undertaken into gas-generating materials, especially
organic energetic materials that have been added to silicon
substrates. Nevertheless, several recent papers addressing this
issue indicate that gas generation plays an important role in the
altitude control of orbiting microspacecraft and in microscale
devices capable of producing tens of milliNewtons (mN) of
thrust.'®"” In our work, a silicon microchannel plate (Si-MCP)
was prepared by photoelectrochemical etching. A gas-
generating explosive, cyclotrimethylene trinitramine (RDX),
was then loaded into the pores of the Si-MCP matrix using a
sol—gel method. The sol—gel method involves reactions in
solution to produce dispersion of nanoparticles in a liquid
phase, called “sol”. Through condensation, the sol gives a 3-D
solid network, called a “gel”, with the open pores being
occupied by the solvent.® Finally, a RDX—Fe,0; xerogel/Si-
MCP composite was obtained after placing the Si-MCP loaded
with the RDX—Fe,O; xerogel composite in an oven for 72 h at
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60 °C. Compared with all the technologies discussed above this
method is simpler, safer, applicable to other organic energetic
materials, and of lower cost.

The source silicon wafer was P-type (100) oriented with a
resistivity of 2—8 Q-cm and a thickness of 525 ym. RDX was
supplied by the Institute of Chemical Materials, CAEP. Ferric
chloride hexahydrate (FeCly:6H,0), N,N-dimethylformamide
(DMF), and propylene oxide were obtained from Aladdin-
Reagent Inc. and used as received.

Si-MCP, with one end open, was produced bgr Ighoto—
electrochemical etching as in our previous work."*™>° The
backside of the silicon wafer, which served as a substrate in our
research, was not removed after anodization. The Si-MCP
sample was cut into squares with dimensions of approximately
5 X 5 mm using a 200 W CO, laser. The synthesis of nanoscale
RDX is possible with sol—gel processing.

Fabrication of the activated RDX—Fe,0; xerogel/Si-MCP
composite is illustrated in Scheme 1. Amounts of 1.57 mmol of

Scheme 1. Fabrication of the Activated RDX—Fe,0;
Xerogel/Si-MCP Composite
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FeCl;-6H,0 and 1.13 mmol of RDX were sequentially added to
2.0 mL of DMF until they were completely dissolved to form a
clear red-orange solution, which remained unchanged upon
storage. Si-MCP was then immersed in this solution for 5 min
under vacuum. Finally, 1.3 mL of propylene oxide was dropped
into the solution leading to the hydrolysis of FeCl;-6H,0
around RDX; the solution transformed into a rigid red-brown
gel after 1.5 h. The impregnated Si-MCP was then separated
and placed in the oven at 60 °C for 72 h to produce the RDX—
Fe,0; xerogel/Si-MCP composite.

During sol—gel processing RDX was entrapped within the
pores of the wet monolithic gel, which restrained the
crystallization growth of RDX particles beyond the nanometer
or submicron scales.”' >

The surface and cross-section morphologies of Si-MCP
without and with the activated RDX—Fe,O; xerogel composite
were examined by scanning electron microscopy (SEM,
Hitachi, S4800). A piece of RDX—Fe,O; xerogel/Si-MCP
composite was peeled from the silicon substrate for
thermogravimetric analysis and differential scanning calorimetry
(TGA-DSC, Mettler Toledo). The TGA-DSC experiment was
carried out between the range of 100 and 350 °C at a heating
rate of 15 °C'min™" under a N, flow of 20 mL-min~". X-ray

diffraction (XRD, Bruker D8 Advance) was carried out to
determine the crystalline nature of the RDX—Fe,O; xerogel/Si-
MCP composite before and after TGA-DSC testing. The
ignition property of this composite was monitored and
recorded using a high-speed camera running at 2500 fps.

In Figure 1, SEM images show the top view and the cross-
section of Si-MCP before and after filling with the activated

Figure 1. SEM images of the Si-MCP before filling with RDX—Fe,0;
xerogel composite: (a) top view; (b) cross-section view. SEM images
of the Si-MCP after filling with the RDX—Fe,0; xerogel composite:
(c) top view; and (d) cross-section view. Inset in (c) shows the
detailed morphology of the RDX—Fe,0; xerogel composite.

RDX—Fe,0; xerogel composite. From these images in Figure
la and b, one can see that the silicon microchannels were
highly ordered and had square pores of S ym in size. The walls
of the pores were smooth and straight before being filled with
the RDX—Fe,0O; xerogel composite. The morphologies of the
surface and the channels changed considerably after filling with
the RDX—Fe,0; xerogel composite. Figure 1c and d show that
the composite was intimately combined with the silicon
microchannel, and thus the composite was loaded successfully
within the Si-MCP. This special microchannel structure
effectively prevented the composite from breaking off. The
detailed morphology of the RDX—Fe,0; xerogel composite is
shown in the inset of Figure lc. The average particle size of
RDX, which was restricted by the size of the microchannels of
the Fe,O; gel network skeleton, was approximately S0 nm.
(More information about RDX—Fe,O; xerogel composite can
be found in the Supporting Information.) Combining SEM
images with FTIR spectra in Figure S3 (Supporting
Information), we can summarize that Fe,O; xerogel mixed
with nanoscale RDX had been synthesized successfully.
Figure 2a shows the TGA curve of the RDX—Fe,O; xerogel/
Si-MCP. Up to 189 °C, the weight loss of approximately 14.5%
is due to the evaporation of bonded water and DMF residue in
the sample. A sudden weight loss of more than 53.6% was
observed between 189 and 210 °C. This percentage is
significantly larger than the theoretical weight percentage
(<37%) of RDX in the RDX—Fe,O; xerogel/Si-MCP. This
weight loss was attributed to the rapid decomposition of RDX
resulting in N,, water vapor, and oxocarbon and the Fe,O;
xerogel being removed from the silicon microchannel upon gas
generation. A meticulous XRD (Figure 2¢c) did not reveal any

dx.doi.org/10.1021/am5028617 | ACS Appl. Mater. Interfaces 2014, 6, 10992—10996



ACS Applied Materials & Interfaces

(a) 100
90
804
70
R 60- RDX-F [
S -Fe,0; xerogel/
8 504 Si-McP
2
“1 31.9%
Vb e e S
100 125 150 175 200 225 250 275 300 325 350
Temperature/C
(b Exothermic
Tyneer: 189.0 C
_ T T 200.9°C
3 AH: 471.5)/g
8 (b1)
~
2 Tyeu: 223.2°C
- o
% (b2) Tpeas 2413 C
o AH: 1156.3)/g
T,:202.3 C
100 125 150 175 200 225 250 275 300 325 350
Temperature/C
() V RDX RDX-Fe,0; xerogel/Si-MCP
I * after TGA-DSC testing
Silicon * "
& (c4) ﬁ L * ’f
— RDX-Fe,0; xerogel/Si-MCP
s * *
3 v Yy ye3) A | £ %
= X b
E l Original RDX(JCPDS Card: 44-1619)
E \' \ N' T | (c2)
= l Si-MCP(JCPDS Card: 27-1402)
(c1) \ \ .

10 115 2I0 2I5 ?;0 3I5 4I0 4|5 5’0 5l5 GIO 6I5 710 7I5 8IO
20(°
Figure 2. (a) TGA curves of the RDX—Fe,O; xerogel/Si-MCP; (b)
DSC curves for (bl) the original RDX and (b2) the RDX—Fe,05
xerogel/Si-MCP; (c) XRD patterns of (c1) Si-MCP, (c2) original
RDX, (c3) RDX—Fe,0; xerogel/Si-MCP, and (c4) RDX—Fe,0,
xerogel/Si-MCP after DSC testing.

presence of Fe,O;, thus it was concluded that the Si-MCP
skeleton did not have residual Fe,O; after TGA-DSC testing.
Figure 2b shows a comparison between the DSC curves of
the original RDX and the RDX—Fe,0; xerogel/Si-MCP. The
original RDX exhibited a strong exothermic peak (Tpeak) at
241.3 °C and a relatively lower endothermic peak (T,,) at 202.3
°C. This proved that the decomposition of RDX occurred after

it melted. However, no endothermic peak was observed for
RDX melting on the DSC curve of the RDX—Fe,O; xerogel/Si-
MCP. Interestingly, it was noticed that a dramatic shift in the
decomposition temperature of the RDX prepared using this
sol—gel method occurred, which is nearly 40 °C less than that
of the original RDX. This means that the RDX decomposed
before it melted. The large decrease of decomposition
temperature of the RDX is shown to be caused by two factors:
the presence of Fe®* ions in the Fe,O; xerogel and the size of
the RDX particles. First, the presence of Fe’" ions in the Fe,O5
xerogel can generate a coordination bond with the —NO, in the
RDX, which accelerates the break of the N—NO, bond and
promotes the decomposition reaction,”*** and second, the size
of RDX particles in the RDX—Fe,O; xerogel/Si-MCP, shown
in Figure 1c, was restricted to the nanoscale due to the size of
the microchannels of the Fe,O; gel network skeleton.
Compared with the original RDX, nano RDX particles have a
larger part of atoms distributing on the surface of the crystals,
which has a greater influence on the properties of nano-
energetic material, such as the decomposition temperature.*®

The Fe,O; xerogel has not previously been known to
catalyze the thermal decomposition of RDX to such a great
extent, and the results achieved occurred only when specific
material properties were met. Although our methodological
study has not yet provided a complete characterization to fully
document the potential of the Fe,O; xerogel-based RDX for
optimal performance, it paves the way to a new route for the
fabrication of activated nanosized RDX with precise control
through sol—gel processing.

A further comparison between these two DSC curves
indicated that the exothermic heat (AH: 471.5 J-g™') of the
RDX—Fe,0; xerogel/Si-MCP was much lower than that of the
original RDX (AH: 1156.3 J-g™'). The large difference in
energy output may be related to the coexistence of the inert
materials: silicon and Fe,O; xerogel.

All the samples were finely ground using an agate mortar for
XRD characterization. XRD patterns of the RDX—Fe,0;
xerogel/Si-MCP before and after DSC testing are shown in
Figure 2c. For reference, the XRD patterns of Si-MCP and
RDX are also shown in Figure 2¢c1 and c2. The crystal phases of
both compounds were consistent with the standard XRD data
for Si-MCP (JCPDS card 27-1402) and RDX (JCPDS card 44-
1619). However, the relative peak height of the RDX in the
composite was much lower than that of the original RDX. The
decrease in intensities can be attributed to the dominance of
silicon diffraction, the lower concentration of RDX, as well as
the decrease in RDX crystallinity and particle size. The XRD
patterns and SEM images of Si-MCP with and without RDX—
Fe,0; xerogel gave clear evidence of substantial filling of silicon
microchannels with the RDX-—Fe,O; xerogel composite.
Furthermore, it was difficult to detect the XRD peaks of
Fe,0; in the composite because the product of the propylene
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Figure 3. Sequence of images that shows gas generation as well as an inert substance. (a) SCB equipment, (b) triggering of the RDX—Fe,O;
xerogel/Si-MCP, (c) inert smoke generated, (d) inert smoke dissipates, (e) after ignition.
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oxide catalyzed gelation of Fe(H,0)s** was mainly an
amorphous iron oxide/hydroxide phase known as ferrihydrite.””
Heat treatment of the amorphous xerogel at 300 °C under an
inert gas flow leads to the formation of hematite (a-Fe,0,).
However, there was no XRD pattern indicating the presence of
hematite in the Si-MCP of RDX—Fe,O; xerogel/Si-MCP after
the DSC analysis. This was due to monoliths fragmenting into
powder upon the decomposition of RDX and the gaseous
species rushing out of the microchannels together with these
fragments. An integrated analysis of the TGA and XRD
characteristics further showed that the xerogel was removed
from the silicon microchannel as the gas was generated.

A semiconductor bridge (SCB) was used to ignite the
fabricated sample. The gas generation procedure was
monitored and recorded with a high speed camera at a rate
of 2500 fps. A very bright flash is clearly visible in Figure 3b,
and this confirmed that the sample was successfully triggered.
The ball of smoke in Figure 3c is likely from an inert substance.

The nature of the RDX—Fe,0; xerogel/Si-MCP structure
was an assembly of many microartillery units arranged in an
ordered manner on a substrate, and the Fe,O; xerogel splinters
acted as bullets. The specially designed silicon walls separated
the RDX—Fe,0; xerogel, and the substrate was closed on one
side of the microchannel, which can help the gaseous species
rush out from the open window side. Directional flying
splinters from the Fe,O; xerogel, which are capable of
producing tens of millinewtons of thrust, can greatly improve
the explosive and propulsion effects (see Graphic Table of
Content). This function is widely used in the altitude control of
orbiting microspacecraft and the ignition of microscale devices.
Furthermore, the ratio of gas to “bullets” production can also
be tailored by changing the initial proportions of RDX and
FeCl;-6H,0. The presence of more RDX in the composite
leads to the release of a larger amount of gas, facilitating a
propellant application. Conversely, by increasing the Fe,0;
xerogel in the matrix pores to an optimal proportion, a
composite that is more suitable for ignition reliability of
microscale devices, microexplosive cutting, and separation and
other applications can be produced.

In summary, activated RDX—Fe,0O; xerogel in the Si-MCP
has been successfully synthesized by the epoxide-mediated sol—
gel approach, which opens a new route to the introduction of
organic energetic materials to a silicon substrate. From a
synthetic point of view, the ability to form nanoscale organic
energetic film from a simple sol in a controllable fashion results
in both simpler synthesis due to less required instrumentation
and greater safety, as the process does not rely on high
temperature, pressure, or mechanical force. Since the micro-
channel structure of Si-MCP is open at one end and RDX—
Fe,0; xerogel can release gaseous fluid and inert substances
simultaneously, the activated RDX—Fe,0; xerogel in the Si-
MCP can greatly enhance the explosive and propulsion effects.
It is advantageous to the altitude control of orbiting
microspacecraft and the ignition reliability of microscale
devices. This method, fully compatible with MEMS technology,
will significantly facilitate more research into gas-producing
MEMS devices for microactuators and for other applications.

In addition, the synergy gained from network skeleton
xerogel and Fe® ions has dramatically accelerated the thermal
decomposition of RDX, which has caused the endothermic
peak for RDX melting to disappear, and the decomposition
temperature shifted from 241.3 to 2009 °C. Due to the

reduction of ignition energy required, the ignition reliability of
microscale devices can be improved significantly.
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Photographs of RDX—Fe,0; xerogel/Si-MCP composite and
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