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Abstract 

Recent advances in the field of nmo-technology have focused intense interest on developing 
nano-scale energetic materials with potentially new and technologically useful characteristics. 
Despite the growing importance of nano-scale energetic materials, however, general combustion 
chmcteristics of ithese materials are not yet well characterized or understood. This study 
experimentally examines the mechanisms and phenomena that govern thermal and chemical 
proce!;ses associated with nano-structured energetic material combustion. Specifically, the 
general combusticm behavior of nanocornposite Al/MoO3 samples was observed. The composite 
material was prepared fiom nano-scale aluminum and molybdenum trioxide. Open combustion 
and confined burning were considered. Ai/Mo03 powder or pellet samples were ignited at one 
end in an open burxi tway and a high-speed imaging system recorded the flame propagation. 
Reaction behaviors were characterized from this photographic data. The goal was to obtain an 
improved understanding of flow pattenis (e.g., flame propagation mechanisms) associated with 
nano-structured energetic materials. These materials are shown to propagate at very high rates 
(>I 00 ids). E3ulk density effects on propagation rate iri these materials were found to be 
significant. Results from this study, and continuing work, could have an impact on the handling 
and application of nano-scala mergetic materials, and will eventually lead to a significantly 
improved understanding of this class of materials. 

Introductim 

The need for enhanced energetic materials has become more apparent in recent years. Nano-scale 
energetic material composites offer several advantages over traditional composites, including 
enhanced reactive power. An example is the metastable intermolecular composite (MIC) of fuel 
and oxidizer reactant species that together form a nano-scale thermite mixture. The MIC studied 
here is a composite of nano-scale (20- 100 nm particle diameter) aluminum and molybdenum 
trioxide. In a MIC, the reactant clusters of fuel and oxidizer particles are in nearly atomic scale 
proxiinity to each other and yield signilicantly faster reaction rates (Martin, 1998). These 
characteristics male the MIC a viable option to conventional energetic materials for some 
applications. 

Initial experiments indicate that reaction rates can be dramatically greater than those observed 
with traditional thermite mixtures (Martin, 1998 and Amiann, 1995). This variation can be 
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attributed, at least in part, to the orders-of-magnitude difference in particle diameter, which 
reduce!; the diffirsion distance between the reactants. In fact, in the recent literature on the 
combustion perfcrrmance of pyrotechnic materials, Brown (1998) found a qualitative connection 
between the calci.ilated numbers of contact points and measured burning rates of pyrotechnic 
compositions. They found that decreasing the particle radius of Mo from 17.2 to 6.9 microns 
produced faster burning Mo/peroxide mixtures than were possible by varying the composition of 
the mixtures with the larger Mo particles. They also dudied variations of particle size of the fuel 
in the SbKMn04 system and found that reducing particle size from 14 to 2 microns increased 
the burning rate from 2-8 m d s  to the range of 2-28 mnds. Shimizu and Saitou (1990) also 
evaluated the effect of contact points on reaction rate. They found that in thc FezO3-VzOs system 
increasing the number of contact points between fuel and oxidizer increased reaction rates. Both 
of these studies indicate that a higher degree of intimacy in the mixing of fuel and oxidizer 
particles results in improved performance of the energetic material. Aumann et al. (1995) studied 
the oxiciatian behavior of aluminum nano-powders. They suggest that A1 and Moo3 powder 
mixtures with average particle sizes of' 2,040 nm can react 1000 times faster than conventional 
powdered thermite owing to reduced diffusion distances between individual reactant species. The 
rale at which energy is released (i-e., reactive power) may depend on a number of factors 
inshiding particle size distribution, bulk density and degree of intermixing of fuel and oxidizer 
powders. 

The objective of this study was to begin to investigate the propagation physics and general 
cornbustion characteristics of AI/MoOJ. 'The combustion of AI/Mo03 powder was studied in 
various configurations including high-density pellets, in the confinement of a small tube (3.8 mm 
ID that yielded a rnore one dimensional burn), loose powder, and confined to a small, constant- 
volume chamber. These experiments provide information about the effects of conductive and 
convective heat transfer as propagating mechanisms for the reaction, as well as data that 
describes the energy release characteristics of the reaction. Understanding the reaction physics is 
important for predicting the bchavior and performance of these materials and improves our 
ability to safkly utilize these materials. 

Ex pedimental 

There are many methods for preparing nanocomposite thermites, including sol- gel synthesis 
(Gash, 2000), deposition of individual fuel and oxidizer layers that make up a multi-layer foil 
(Mann, 19971, and sonication of suspended particulates (Martin, 1998). For this study, A1 and 
Mo03 powders were immersed in a solvent and sonicated. The particles were suspended in the 
solvent and once thoroughly mixed, the mixture was poured into a pan and heated, allowing the 
solvent to evaporate. The powder was then collected and used in the following experiments. The 
A1 powder was characterized using a high resolution TEM to determine the particle size 
distribution and passivation layer thickness. For this study, the mean A1 particle size was 40 nm 
with a 5 nm oxide: shell thickness estimated from TGA and BET. 

Bum Rate 

F i p e  1 is a schematic of the experimental setup used to analyze flame propagation. 
Approximately 125 mg of AI/Mo03 powder was poured into the tray and leveled to obtain a 
neitr-.constant cross-section. The powder was ignited at one end of the tray with a piezo-electric 
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igniter. A Kodak EMTAPRO HS niode:l 4540 with frame rates up to 40,500 fps was used to study 
the propagation and monitor combustion at the reaction front. Images were captured for both 
loose powder and pressed pellet configurations. Cylindrically shaped pellets had a 4 mm 
diameter arid 5 mrn length, ;is illustrated in Fig. 2. In this way, density effects on flame 
propagation could be determined. All experiments were conducted inside a large volume 
chamber for protcction from the high temperatures and potentially harmful products. 

Camera 

_Y__..- 
Figure 1. Schematic diagram of open tray burn measurements. 

Figure 2 Pressed MTC Pellets 
Propagation Mechanism 

One objective of this study was to determine the physical mechanism controlling reactive wave 
propagation. Possible mechanisms that control propagation rate include conductive (classical 
deflagration), convective (advective energy transport), acoustic (involving shock waves, as 
occurs in detonations) and radiative or compressive (mechanical dissipation). A wide variety of 
experiments were performed to reveal the rnechanism(s) that dominate reactive wave 
propagation in these materials. Propagation experiments were performed using powder confined 
in 3.8 rnm inside diameter glass tubes. 'This arrangement allowed for observation of the flame 
propagation in a confined system, If convective processes are important, a pressure gradient is 
needed to drive the advective transport of energy forward. Although the reactants and products 
of pure AI/MoO3 materials are both solids, intermediates or products may be gaseous before they 
condense as they cool. Also, initial gas between particles is heated and could behave as a 
working fluid to transport heat forward. Observation of particulates ejected from the ends of the 
tube would indicate a possible convective mechanism controlling the reaction propagation. An 
accelerating wave front is also typical of convective flame spread. 

Radiant transport of heat may also be significant. The higher temperature (higher than other 
energetic materials) and solid products (instead of band emitting gaseous products) would 
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provicle a much more intense radiant source for propagation compared to propellants or 
explosives. In addition, the bulk of the emitted wavelengths would be larger than the very small 
particles present. Consequently, dependent scattering must be assumed to occur, and geometric 
optics or  indepenclent scatter could not be applied. Dependent scattering tends to make 
particulate media less opaque in packed beds. This penetration length would be expected to be a 
function of the particle size and density, as is the observed burn rates. The importance of 
dependent scattering is that the effective penetration length may be longer than expected, and 
coup1t:d with intense radiation, could prove to be critical to the propagation rates observed in 
these materials. For this reason, a special setup was developed to test radiant heat transfer effects 
(Fig. 3). Approximately I20 mg of Al/MoO3 powder was placed on a Plexiglas slab and two 
piles were formed, separated by a potassium chloride window. The KCl window is estimated to 
transmit at least 98% of the thermal radiation at the wavelengths expected. The powder was 
ignited on one side of the window. If the reaction propagated through the window, igniting the 
powtlar on the test side, radiant heating could be identified as a dominant mechanism for 
propagation. 

r -  KC1 Window 

t-.-..- Plexiglas. 
Figure 3. Schematic of radiant propagation setup 

Characterization ,Ytudies 

Figurc 4 is a scheinatic diagram of a constant volume (1 3 cc), cylindrical chamber. Pressure and 
light intensity wer'c measured in this conslant volume chamber during the reaction. A fixed 
volume of powder was placed in the chamber and laser ignited. Ignition occurred via a fiber- 
optic cable by a 30 ns, 20 niJ pulse from a Nd:Yag laser. Two PCB PiezotronicsTNC. high- 
frequency pressurle transducers were installed in the wall of the chamber; one with a 50 psi range 
and the other with a 250 psi range. These transducers fed a voltage signal to a digital Tektronics 
oscilloscope via a signal aniplifier. A fiber-optic cable mounted in the wall of the chamber 
monitored light erirission from each test. The light signal from the cable was transformed into a 
voltage signal by a photo-diode and then sent to the oscilloscope. The voltage-versus-time data 
was collected and processed with a laptop computer with data acquisition capabilities. 

4 



Chamber Cross-Section Enlarvemsa 
Laser lgnition 

Laptop Data 
Acquisition System 

Figure 4. Constant volume reaction chamber includes pressure and light intensity measurements. 
Results and Discussion 

The reaction rate lis expected to be dependent on factors such as the particle size distribution 
(Tornasi and Munir, 1999 and Aldushin, 1973) and the degree of intermixing of the powders 
(Armstrong, 1990). The reaction rate is also anticipated to be dependant on the stoichiometry of 
the powder mix anrd characteristics of the powders (Le., morphology and oxide shell thickness). 
For this study, the: particle size distribution and the degree of intermixing of the powders 
remained constant, while the bulk density varied. In order to characterize the variation in 
combustion behavior, experiments were performed in a constant volume chamber and pressure 
variations as a fkriction of time were recorded as the sample reacted. 

Constant-Volume Chamber 

Figure S is a typical pressure-time history for AlMo03 powder of varying compositions. Ignition 
time is defined as the time required for the reaction to produce 5% of the maximum pressure. 
This time is rneasiirred from the initial laser pulse. This parameter is indicative of the reactivity of 
the material. The iinaximurn pressurization rate is determined from the slope of the pressure 
versus time plot during rapid pressurization. Regardless of the composition, Fig. 5 indicates that 
the powder burns quickly, as observed by the consistently high pressurization rate. 

Figwe 5. Pressure variations as a function of time indicate ignition time, peak pressure and 
pressuriaation rate. 
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In addition to pressure, lighi intensity was also recorded using a fiber optic receiver. Results 
from these experiments suggest that the powder is consumed much more rapidly than the 
consolidated pellet. Figure 6 illustrates the pressure and light intensity history for a compressed 
pellet and loose powder. A 40/60 mass percent composition was used for this experiment. For 
thc pellet, 50.3 mg of powder was pressed to a 2.66 g/cc density and for the loose powder 30.4 
mg was used. The time to reach peak pressure was significantly longer for the pellet than the 
powder. This suggests that the powder is more highly reactive than the pellet and bums at a 
faster rate. The higher peak pressure observed with the powder is also indicative of the increased 
reactive power attainable from the loose powder cornpared with the pellet. 

ITII--.q-rv--- 
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Figure 6. Pressure and liglrt intensity versus time for AlNo03 powder and a pressed pellet. 

High-speed Imaging 

Conduction is the mechanisin of reaction propagation in traditional, slower burning, thermite 
mixtures (Rugun~man, 1994). These thermite mixtures typically burn at relatively slow velocities, 
i.e, between 2-20 mm/s (Drennan, 1992). Reactions that are dominated by conduction are also 
chiiracterized by relatively steady propagation rates when burned at constant pressure and usually 
exhibit a planar rcaction fiorit. In a convective dominant reaction, the reaction front will 
propagate much fkster with noticeable acceleration (Berghout, 2000 and 200 1). When confined, 
coiivectively dominant reactions will demonstrate pressure build up and may explode. To test 
coiivective influences, glass tubes 6 cm In length and 3.8 mm inside diameter were filled with a 
40/60 mixture of AlA4003 powder. The confined material was ignited at one end of the tube and 
the reaction propagated through the powder. 

Figure 9 shows a sequence of images of from this reaction. The first image was captured 
immediately following material ignition and the each consecutive image was captured after a 
time lapse of approximately 0.03 MS. All images show highly luminescent plumes ejected from 
the tube. 'The plumes are likely composed of gas and high temperature particulates. The radiant 
emission of these particles, possibly still Imrning, illuminates the plume. The expansion of the 
exit plume indicales pressurization of the tube. However, the pressure was low enough that the 
tube was not destroyed. Although Al/Mo03 nano-particles undergo the solicl/solid reaction 

gaseous transport is clearly present and illustrated in the plumes on the tube ends. These plumes 
may result from intermediate gaseous products of the reaction and from initial air pockets within 

2A1 -t MOO3 -+ A1203 + MO 
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the powder that when heated, expand aid thrust particulates out the tube. In either case, plumes 
of particulates are suggestive of significant pressurization generated by the reaction such that 
convection may be dominant. If the reaction produced gag, as in high explosive burning, gases 
would be expelled. Although these materials are not explosives they do appear to expel gas and 
illustrate the possible significant convective mechanisms driving the reaction forward. 
Conduction does not involve the bulk motion of a fluid but rather heat transfer by random atomic 
or molecular activity. The images in Fig. 9 indicate that the bulk motion of a fluid may be 
integral in the reaction, suggesting convection as a dominant mechanism controlling the reaction. 

C D 

Figure 9. Al/Mo03 powder ignited at one end in a glass tube. 
Figure 10 shows the flame propagation as a function of time. In this figure, the burn rate was 
obtained by differentiating the position of the flame front from individual images. Although only 
four measurements were resolved from the photographic data, the graph illustrates the unsteady 
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nature of propagalion. This transient behavior is also indicative of convective influences because 
coiivective burning consisE!; of reaction spreading threw the bed with burning continuing behind 
the ignition front. This burning behind the ignition front continues to contribute to the pressure 
field within the tube which serves to further accelerate the ignition front. In normal deflagration 
(canductive-driven burning) the material is consumed in a thin region and if the sample is 
unconfined the pr1r:ssure equilibrates with the surrounding environment. 

- 200 

0 
0 20 40 60 80 100 120 

Time (ms) 

Figure IO. Estimation of burn rate as a function of time. 

In addition to loose powder, higher density pellets were also ignited and photographic data was 
recorded. Figure 1 1 illustrates a sequence of images in which a pellet was ignited with a Tesla 
coil. Image A shows a darlc spot (the pellet) surrounded by highly luminescent particles projected 
in all directions. The pellet in this image is actually being propelled in a clockwise direction, 
spiraling toward the upper left corner of the image. The particles also appear to follow this spiral 
pattern. The consumption time of the pellet indicates a burn propagation rate that is about an 
order magnitude slower than loose powder. This is consistent with the pressure cell results 
shown in Fig.6. In image B the Tesla coil becomes apparent as the dark probe in the center of 
the frme.  This image also illustrates that particles are being ejected outward from the pellet in 
all directions. In image C the pellet is beginning to spiral upwards and out of the field of view 
while generating highly luminescent particulates in all directions. All of these images suggest 
that a gaseous fluid is helping to drive the reaction and propel particulates outward while 
thrusting the: pellet into a spiral motion. Although these images alone are not definitive, 
convection may continue to play a significant role in reaction propagationof the high density 
pellet. At some density we expect conduction to control the propagation rate. Continuing 
experiments are examining the combustion of consolidated MIC more extensively. 
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Figure 1 1. Images of a hrning pellet ignited with a Tesla coil. 

Experiments tailored to determine the influence of radiant heat transfer were also considered, as 
described in Fig. 3. Radiant heat transfer usually provides a small contribution to reaction 
propagation, although it can be measurable in propellant combustion (Kumar, 1983). As 
illustrated in Fig. 12, open burning of the powder indicates thatglumes of high temperature 
particulates are ejccted in all directions from the reaction zone. This observation led to 
sptxulation that radiation from this plume could affect the remaining, un-reacted material. A 
simple test using the setup shown in Fig. 4 was developed to determine if radiation emission 
alone could sustain the reac:tion. The salt window in this setup eliminates the propagation of 
conductive or convective transport processes. Therefore, when the powder is ignited on one side 
of the window, only radiant heat kansfer could propagate through the window. The radiation 
created from the combustion of approximately 150 mg of A M 0 0 3  powder was allowed to pass 
through a potassium-chloridc window (0.5 cm thick) to another mound of powder of similar size. 
No initiation of a reaction was observed in the second mound. Pig. 12 illustrates that burning is 
restricted to the right portion of the image, while the left powder (test side) remains unreacted. 
This is especially apparent in the last fcur images of this sequence. The window in the center of 
the image causes the light to be restricted to only the left side of the images. This test does not 
conclusively rule out the role of radiation in energy transport, but does suggest this mechanism is 
no1 controlling propagation of the reaction. Further experiments are planned to more fully 
quantify the possible role of radiant transport. 
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Figure 12. Images of reacting mound of loose powder Al/MoO3. 

Conclusions 

In summary we have presented initial c:ornhustion measurements and observations of nano- 
structured pyrotechnics 1 hat have new i d  potentially improved behaviors over conventional 
matterials. We have shown that convective energy transport is dominant for the powders and also 
for the apparently higher density pellets, Measurements of pressure time history in a constant 
volume chamber show that powder is more reactive than pressed pellets, exhibiting a higher 
pressurization rate and peak pressure. We are currently in the process of further evaluating the 
pexfsnnance properties of these materials, especially of pressed pellets. 
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