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Ignition studies of Al /Fe,O3 energetic nanocomposites
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We prepare energetic nanocomposites, which undergo an exothermic reaction when ignited at
moderate temperature. The nanocomposites are a mixture of Al fuel a4 Bridizer where

Fe,O; is in the form of an array of nanowires embedded in the thin Al film. We achieve a very high
packing density of the nanocomposites, precise control of oxidizer—fuel sizes at the nanoscale level,
and direct contact between oxidizer and fuel. We find that the flame temperature does not depend on
ignition temperature. €2004 American Institute of Physic§DOI: 10.1063/1.1759387

Energetic material€’ are a class of substances that storealumina membranes?® Fabrication of the membranes in-
energy chemically and, when ignited, undergo an exothermigolves dc electrochemical anodization of an aluminum foil in
reaction without the need for an external substance such a acid. During anodization, aluminum is converted to nan-
oxygen. Traditionally, fabrication of such materials has in-oporous aluminum oxide. The diameter of the pores is con-
volved processes such as grinding and mixing oxidizer antrolled by the anodization voltage and the acid used. Typical
fuel componentgas in black powdéror the introduction of ~pore diameters range from 8 to 200 nm. Figute) shows
oxidizer and fuel into one molecul@s in trinitrotolueng  the top view image of a nanoporous alumina template with
Nanoscaled energetic composites, due to increased surfacefigre diameter 50 nm. The image demonstrates the high level
volume ratio of the reactants, can result in higher-energyf ordering obtained for these templates. The pores do not
release in comparison with traditional materials. In this re-reach the aluminum surfa¢eee schematic diagram in Fig.
gard, two processes to prepare such nanocomposites are Béb)] due to the presence of a 30 to 40 nm thick barrier layer
ing developed, namely, sol—-gel processing and muItiIayerle aluminum oxide at the bottom of the pores. Presence of
foils. Sol—gel chemistry produces nanometer-size particleH“iS barrier layer is sufficient to inhibit interdiffusional reac-
immersed in a solid network Such structures are macro- tion between the aluminum and an oxidizer Bg)."*"
scopically uniform due to the small particle size and theOnce the templates are synthesized, nanowire arrays can be
small interparticle separations. However, the particle distriPrepared by ac eIectrodgposﬁ’r&ﬁl inside the poregsee
bution is random which can inhibit self-sustaining processe&9- 1b)]. Length of the wires can be controlled by adjusting
by locally separating the fuel and oxidizer. In addition, sol—the time of deposition. Figure(d shows a typical cross-
gel reactants often have organic impurities that make uS€Ction scanning electron microscofBEM) image demon-
about 10% of the sample masThese factors result in re- strating nanowires arranged in a parallel manner inside nan-

duced energy release. Multilayered foils consisting of alter_opo;(\)ushalumltr_wa_ltlenlplzti_tes. fth h develoned h
nating layers of oxidizer and fuel material provide large, schematic flustration of the approach developed here

regular planar interfaces and very close physical contact bépr fabricating such nanocomposites is shown in Fig. 2. Fe

tween oxidizer and fuel reactam8.They are nanoscaled in ?eagogltfss(stires :al?r;tr?r?]ipgi i?o dlgt%sngosp;;oﬁ .:ltjhn;'r?a
one dimension and the energy release proceeds through in- P ASteps 1=10. 1 pos! pie 1
I . coated with a thin organic layéstep IV) followed by soak-

terdiffusion at the interface. e . . .
We demonstrate a fabrication approach to prepare enefid I 3% mercuric chloride solutiofstep V) to remove the
‘Al layer at the bottom. The organic layer protects the Fe

getic nanocomposites based on advanced nanoengineerl\r)\,gr . . )
. . . es inside the pores from being etched away by mercuric
and processing methods. Our composites are highly struc;

tured consisting of an arr £ nanowir ially embedd (ghloride solution during this process. In the next step, the
tred consisting of an array of hanowires partially émoeadde rganic layer is removed in ethyl alcohol solutistep VI)
in a thin film. The wires are perpendicular to the film allow-

. . ) ) . and the sample is dried. The sample is soaked in a mixture of
ing for the maximum pps&ble density of the Nanowires. Ourchromic-phosphoric acid at 60 °C to partially etch the pores
approach allowg precise control of .the oxidizer and fueIfrom the top(step VII), revealing Fe wires. At this stage, the
structure for achieving excellent physical contact. exposed part of the Fe nanowires, are oxidized. The sample
Oxidizer nanowires are formed in a regular array by self-iS rinsed and dried and a thin film of A0 nm is coated on
assembly, and embedded in the fuel by means of thin-filnbp by means of thermal evaporatiéstep VIII). Al film is

deposition. The nanowires are prepared using nanoporoys,. in contact with Fe/R©, nanowires. The sample is

briefly annealed at 100 °C to further improve the interface
dElectronic mail: latika.menon@ttu.edu contact between Al and the nanowires. It is then soaked in
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FIG. 1. (a). AFM image of a nanoporous alumina template fabricated by
anodization in 3% oxalic acid at 40 V. The dark areas are the pores while the
light areas are the surrounding aluminum oxide. The pore diameter is about

50 nm.(b) Schematic diagram of a nanoporous alumina template containing FIG. 2. Sequence of steps to prepare energetic nanocomposites.
deposited nanowiregc) Cross-section SEM image of a nanoporous alumina

template containing electrodeposited nanowires.
minum oxide barrier at the Al/R©; interface during depo-
sition. Close packing of the embedded nanowires tips results

hromic—phosphoric acid mixtufstep IX) to etch th
chromic—phosphoric acid mixtufgtep 1) to etch away the in the high density of 1 cm™2 and a surface fill factor of

remaining aluminum oxide film. At this stage, all of the Fe
wires are converted to Fe oxide. The sample is cleanecp,'z'
dried, and annealedstep X to completely remove trace
amounts of water vapor.
A typical SEM image of a high-density nanowire array
embedded in Al film is shown in Fig. 3. The diameter of a
single nanowire is about 50 nm and the density of nanowire
for all observed specimens is10'° wires/cnf.
For maximum energy density, one would like to fabri-
cate samples having controlled size of fuel and oxidizer a
the nanoscale level and intimate physical contact betwee
fuel and oxidizer. These conditions are satisfied using our,
approach. In our samples, the reactive part of the specimen i
the portion of FeO3; nanowire embedded in the Al filifiig.
2X). F&0; is in effect covered with aluminum layer of
thickness 25 nm. In this sense, our sample consists of
array of nanowires in a closely packed arrangement. Sizes
fuel and oxidizer can be controlled in our fabrication proce-
dure. This is because the diameter of the wires depends onl
on the pore diameter of the nanoporous alumina membranes
The close physical contact between fuel and oxidizer is
result of direct vacuum deposition of the Al film on the ki 3. sEm image showing the cross section of the fabricated ADFe

nanoarray. This approach eliminates the formation of an aluranocomposite.
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FIG. 5. Flame temperature as a function of ignition temperature for
Al-Fe,O3 nanocomposites.

In conclusion, we describe a highly reproducible ap-
proach to create high-energy density composites. The advan-
tage of this technique is precise control of oxidizer and fuel
FIG. 4. (a) Image of energetic sample before ignitiize is of the order of  dimensions at the nanometer scale. The method precludes
millimeters, (b) bright flash of light as demonstrate by an igniting sample, nhoth the incorporation of impurities and the oxidation of the
and (c) image of sample after ignition. . .. . . B

aluminum at the fuel—oxidizer interface prior to ignition. Ig-

- ) ) _nition temperatures are well below the melting point of alu-
_ Ignlthn has been achieved using a buFane fl'ame, reSiSninum, while reaction temperatures are high4000°Q
tive heatln.g element, gnq .Iaser |IIum|naf[|on. Flguréb)'4 and independent of ignition temperature.
shows an image of an igniting sample using an electrically
heated filament. Before and after ignition images are also This work was funded in part by the National Science
shown for comparison in Figs.(@d and 4c). The tempera- Foundation(CTS-0210141 and ECS-0304224nd the J. F.
ture of the heating wire is calibrated using an optical pyrom-Maddox Foundation.
eter. Ignition temperatures are well below the Al melting
point of 660 °C. Ignition is accompanied by a bright flash of iw. C. Danen and J. A. Martin, U.S. Patent No. 5,266, 1B293.
light. The reaction temperature is obtained by measuring thea-ggéD'Xom J. A Martin, and D. Thompson, U.S. Patent No. 5,717,159
blackbody emission spectrum of the igniting sample. F|.gur.e3A. E. Gash, R. L. Simpson, T. M. Tillotson, J. H. Satcher, and L. W.
5 shows the plot of flame temperature as a function of igni- Hrubesh Proceedings of the 27th International Pyrotechnics Semippr
tion temperature. Ignition starts at a temperature-4i.0 °C. 41-53, T. M. Tillotson, L. W. Hrubesh, R. S. Lee, R. W. Swansinger, and
As expected, the flame temperature is independent of thgR- L- Simpson, J. Non-Cryst. Solidi25 358 (1998.
ianition temperature and is of the order of 4000 °C. The high T. M. Tillotson, A. E. Gash, R. L. Simpson, L. W. Hrubesh, J. H. Satcher,
igni p : _ : - 9N and J. F. Poco, J. Non-Cryst. Soligg5, 338 (200).
flame temperature is consistent with the large energy releasey. Anselmi-Tamburini and Z. A. Munir, J. Appl. Phy&6, 5039(1989.
expected. The flame temperature in our samples may b@&D. Aurongzeb, M. Holtz, M. Daugherty, J. M. Berg, A. Chandolu, J. Yun,

compared with the reported “adiabatic flame temperature” of ,and H. Temkin, Appl. Phys. Let83, 5437 (2003.
P P P L. Menon, in Quantum Dots and Nanowires Advances in Nanophase Ma-

about 3250 °C for the Al-F©; reaction:* terials and Nanotechnology, edited by H. S. Nalwa and S. Bandyopadhyay
The thermite reaction between aluminum and iron oxide (Amer. Sc. Publ., 2003
can be written as 8H. Masuda and K. Fukuda, Scien268 1466(1995.
9H. Masuda, H. Yamada, M. Satoh, H. Asoh, M. Nakao, and T. Tamamura,
Fe,0;+Al—Fet+ Al,O3+AH, (1) Appl. Phys. Lett.71, 2770(1997).

. . . This is also known to be problematic in granular mixtures where alumi-
where AH is the energy released during the reaction. We num powders rapidly oxidize. The subsequent aluminum oxide coating
estimate the amount of energy released per square centimetlgrlhibits reaction involving the underlying aluminum.
of our samples using the following known values from lit- = - Menon, M. Zheng, H. Zeng, S. Bandyopadhyay, and D. J. Sellmyer, J.
heat of formation for AJO5 is —335 kJ/mole atom Electron. Mater29, 510(2000.
erature(heat o ] —3 is 123, Bandyopadhyay, L. Menon, N. Kouklin, H. Zeng, and D. J. Sellmyer, J.
and heat of formation for F©; is —168 kJ/mole atom Electron. Mater28, 515(1999.

Assuming a volume reaction betweenz% and A|, we es- Ba, J.DYin, J. Li, A. J. Bennett, and J. M. Xu, Appl. Phys. Letd, 1039
: ; e (2002.

timate that 'the energy released is about 0.4 ¥/dmis is a 147 A Munir, Am. Ceram. Soc. Bulls7, 342 (1988

thousand times higher than the energy released due 0185 g kubaschewski, C. B. Alcock, and P. J. Spenbaterials Thermo-

purely surface reactiofas in planar films chemistry 6th ed.(Pergammon, Oxford, 1993
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