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High-resolution transmission electron microscopy of nano-
particles of aluminum has resolved the oxide surface and
aluminum lattice down to atomic level. The ozide was
found to be about 2.5nm in thickness with a part amor-
phous and part crystalline nature. It appears highly
porous, allowing the permeation of water molecules from
humidity, linkable with the aging characteristics. The alu-
minum crystal lattice revealed a slight compressive stress.
A model of the oxidation was developed to characterize
the process. Finally the presence of impurities detected
i the nanoaluminum is revealed as a trigger to low-
temperature (below the melting point) autocatalytic
reactions.
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Introduction

Aluminum is the third most abundant element in weight after
oxygen and silicon in the earth’s crust. It is very reactive,
with a high heat of combustion, and some of its reactions pro-
ceed with explosive violence. The rapid formation of a thin
layer of the oxide, however, prevents the further attack by
oxygen and retards chemical reactions of the aluminum as, for
example, with acids. When pure aluminum is heated in dry
oxygen, it reacts vigorously, forming a layer of aluminum
oxide, which prevents its further attack. The property of this
protective oxide allows the use of aluminum, a very light, malle-
able, ductile, and abundant metal in numerous applications.
The thin oxide layer is considered to be nonporous, very differ-
ent from iron metal, which forms a porous oxide layer of rust,
readily penetrable by water, with corrosion proceeding beneath
the superficial layer of the rust.

In the case of the use of aluminum in solid rocket propel-
lants, the high reactivity of the metal is the most desired prop-
erty. The oxide surface, on the other hand, although providing
good aging characteristics to the fuel additive, often has been
considered in the literature [1, 2] as a less than desirable prop-
erty for the rapid and efficient release of heat from the metal.
In fact, the order of amount of heat release per unit volume
of typical potential fuel metal additives is the following:
boron > beryllium > aluminum > magnesium > lithium. Table 1
gives the heat of combustion of the metals per unit volume and
unit weight, together with the electronegativity on the Pauling
scale (the electronegativity of an atom provides a numerical
measure of the electron attraction power for the atom or ele-
ment). As can be seen from the table, although other potential
metal fuel additives may release more heat per unit weight or
volume, aluminum is the additive of choice in propellant compo-
sitions, primarily due to its higher availability and compara-
tively low cost. In addition the aluminum oxide residue in the
form of particles inside a rocket motor serves a very important
purpose in alleviating certain combustion instabilities, by
quenching the acoustic resonant oscillations forming in rocket
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Table 1
Properties of potential metallic fuels compared
Heat of Heat of Pauling
combustion combustion electro-
Metal metal kJ/cm® of metal kJ/g negativity
Boron —142.25 —58.90 2.0
Beryllium —124.86 —67.64 1.0
Aluminum —83.80 —31.06 1.5
Magnesium —43.03 —24.76 1.5
Lithium —22.96 —43.07 1.2

Note: Table compiled from various sources [2, 3, 4].

motors, which otherwise would lead to structural damage to the
motors during flight [2]

The aluminum combustion in a solid rocket propellant and
the role of the oxide were studied in detail and described in
the literature. In summary, experimental observations of the
standard micron-sized aluminum include microscopic studies
of partially burned or heated samples, visual and photographic
observation of the burning, spectroscopic observations of the
flame, and collection and analysis of the reaction products [1].

When the micron-sized aluminum particles are heated on a
hot stage microscope, there is little response until the melting
point of 660°C is reached. The thermal expansion becomes
visually evident prior to the melt. When heating is continued
in inert atmospheres, the oxide skin breaks open and releases
the liquid aluminum, which fuses with that of the neighboring
particles to form aggregates [5, 6]. In an oxidizing atmosphere
healing of the cracks occurs by surface oxidation from the
gases. In this case the oozing out of molten or liquid aluminum
followed by aggregation takes place at higher temperatures [6].
Evidence of crack healing comes from recovered particles, which
show clear expansion crack patterns in the oxide ‘‘healed up’’ by
oxidation of the emerging metal [5, 6].

Most of the particle ignition occurs in the flame and takes
place in 1-50ms [7]. The metal droplet surface temperature,
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at the instant of ignition, is just below the melting temperature
of the oxide (2040°C), and the surrounding reacting metal
vapors extend in a radial flame zone around the particles
about 2 to 5 particle radii in size. In practice the temperature
of the metal surface in the self-sustaining combustion is in the
range of 2100-2400°C, that is, below the boiling temperature
of pure aluminum.

Questions were raised in the literature [1, 2] as to whether
the observed agglomeration of the micron-sized aluminum on
the surface of the propellant may be impeding the combustion
process and slowing the burning velocity, whether combustion
of the metallic particles may be incomplete in part due to the
oxide coating present on the aluminum surface, and whether
condensed oxide combustion products or slag formation may
result in a reduction of motor efficiency. Nanoaluminum was
considered as a potential solution to these questions. In this
paper a detailed study of nanoaluminum at the atomic level is
described. This understanding can be important both in optimiz-
ing the use of the standard aluminum and in the tailoring of
nanoaluminum with improved properties for use in propellants
and other applications. Finally, it can shed light on the potential
use of other additive fuels leading to the more efficient and rapid
release of energy for improved and cost-effective solutions in the
efficient harnessing of energy from energetic materials.

Observations and Results
High-Resolution Transmission Electron Microscopy

Nanoaluminum particles have been examined at a resolution of
1.6 A using the National Center for Electron Microscopy
(NCEM) Atomic Resolution Microscope (ARM). The high-
voltage JEOL ARM-1000 microscope was used at an electron
energy of 800kV and a magnification of 600 K x to ensure ade-
quate electron beam penetration of the whole (nonsectioned)
nanoaluminum particles. The electron micrographs obtained
from the ARM were analyzed by computer imaging and local
areas of the micrographs enlarged.
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Figure 1 shows the typical “‘corner’ of a nanoparticle of alu-
minum. As can be seen from the micrograph, an oxide layer
2.5nm in thickness is clearly visible. The aluminum crystal lat-
tice is evident, and the separation between the atomic planes of
aluminum atoms considering a face centered cubic lattice was
measured from the micrographs and found to be ~4.0A,
which agrees with the unit cell lattice parameter for the alumi-
num of 4.05A, proving that the nanoparticle consists of an
apparently unstrained aluminum lattice. This is in agreement

Figure 1. High-resolution electron micrograph of nano-
aluminum.
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with X-ray diffraction measurements reported in an earlier
paper [8].

The aluminum oxide surface appears to be primarily amor-
phous, in agreement with the X-ray data [8]. A closer examina-
tion of the micrographs indicates that some areas of the oxide
are arranged in single molecular sheets, the smallest ones 10
to 20 molecules in length. In fact, chemical analysis of the
nanoaluminum by Prompt Gamma Neutron Activation Analy-
sis (PGAA), reported in an earlier paper [8], evidences a large
fraction of hydroxide together with absorbed humidity or
water molecules and boron impurities. Thus the outermost
oxide layer gradually gets converted to hydroxide in contact
with atmospheric humidity. The molecular layer on the particle
surface can be seen to consist of a single crystalline layer. There
is thus localized crystalline order, both on the surface of the par-
ticles and in localized areas within the oxide/hydroxide surface
not detectable by X-ray diffraction.

Figure 2 shows another area from a different nanoparticle.
Several crystalline molecular layers can be seen clearly to
cover the oxide/hydroxide surface of the particle. The rest of
the oxide is amorphous with localized crystalline order in
other areas. The molecular layers appear to superimpose with
some crystalline mismatch.

The crystalline mismatch in the molecular layers of the sur-
face oxide indicates that they may tend to exfoliate readily. This
is confirmed by examination of the electron micrographs, of
which Figures 3 and 4 are examples.

From the PGAA measurements reported in the earlier paper
[8] it was determined that the surface layer primarily consists of
aluminum hydroxide, for samples where humidity has come into
contact with the material. Also moisture or water molecules were
found trapped within the intermolecular spacing of the hydro-
xide. PGAA data confirmed that the nanoaluminum had
absorbed twice as much water compared with standard
“flaked” aluminum. This shows that the oxide/hydroxide sur-
face of the nanoaluminum particles has a highly porous structure.

As described in the introduction, cracking of the oxide shell,
followed by oozing of molten aluminum from the particles,
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Figure 2. Nanoparticle showing layered structure in oxide/
hydroxide surface and the aluminum/oxide boundary.

allows the aggregation of two or more particles of aluminum on
the surface of the propellant during combustion. The nanoparti-
cles were produced by formation of metal clusters by aggre-
gation in a coolant gaseous atmosphere. The fusion or
aggregation of two or more nanoparticles was found here to
occur during the production process itself. Figure 5 shows two
nanoparticles fused together with the formation of a clear
grain boundary.
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Figure 3. Exfoliation of single molecular laminar sheets from
nanoaluminum coating.

With reference to crystalline impurities, PGAA analysis [8]
has evidenced the presence of boron as well as hydrogen and
water impurities. In fact, the nanoaluminum appears as a
black powder. Crystalline boron is jet-black in color. The
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Figure 4. Exfoliation of oxide layers from surface.

amount of boron impurity found indicates that the black colora-
tion can be achieved by concentration of the boron impurity in
the surface oxide/hydroxide. In fact, it was estimated that if all
the boron was crystallized in one of the outermost molecular
layers, it would consist of about 12% atomic boron. Further-
more iron, copper, potassium, and (nitrogen in some aluminum-
ALEX samples) impurities were detected by XPS (X-ray
Photoelectron Spectroscopy) [9].

The presence of light-element impurities was related to
“low”’-temperature (~515°C) impurity-triggered autocatalytic
reactions [8], formerly attributed to the phenomenon of “‘struc-
tural bond release energy.” In fact, no apparent positive strain
was found stored in the nanoparticles, neither by X-ray diffrac-
tion nor from the examination of the high-resolution electron
micrographs (though detailed examination of the X-ray diffrac-
tion data shows indications instead of a small amount of com-
pressive stress, as described later). The observation of
predominant lattice deformations was not found in any particle,
and dislocations were extremely rare. Only one dislocation was
found and imaged in one nanoparticle, as seen in Figure 6.

Aluminum hydroxide tends to occlude water molecules,
easily the A" ions clinging to electron-rich atoms. The
boron ‘“‘metal” may thus be ‘“held” in the aluminum hydroxide
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Figure 5. Grain boundary of two fused aluminum nanoparti-
cles.

structure, giving it the black coloration. A small amount of
boron oxide and possibly boric acid may also be present, by
reaction of the water with boron oxide. Now, aluminum reacts
with both dilute acids and alkalis producing hydrogen gas,
which itself will react with oxygen, forming more water.
However, when temperatures of over 100°C are reached, the
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Figure 6. Dislocation in nanoparticle of aluminum.

water molecules all may have evaporated leaving boron, boron
oxide, aluminum oxide, and aluminum hydroxide and iron,
copper, potassium, and nitrogen impurities. Now, pure boron
oxide melts at 450°C, and pure aluminum melts at 660°C. The
hydroxide form present on the nanoaluminum is unstable
above 450°C, and dehydrates to form alumina and water.
The reactions described earlier thus can start to occur.
Boron can start igniting at ~830°C, in the presence of
metallic impurities [2], producing larger quantities of heat as
described in the Introduction. Thus the presence of the impu-
rities may overall catalyze reactions when a temperature of
500°C is approached, and in nanoaluminum the low level of
impurities has a greater weight effect or impact per nano-
particle and material as a whole, as compared with micron-
sized aluminum.

Such an inference can be used constructively. For example,
when one considers that nitrogen is one of the main constituent
elements of explosives, the nitrogen present within the nano-
aluminum potentially may be incorporated in such a way as to
make the material “part-explosive” by triggering the appropri-
ate physiochemical reaction. The incorporation of light-element-
tailored impurities during the manufacture may provide for new
improved forms of nanoaluminum by ‘“‘atomic-scale design.”

X-ray Diffraction

An X-ray diffraction scattering experiment was performed on
the sample of nanoaluminum. X-ray powder diffraction (XRD)
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patterns were recorded using a Bruker D2 Discover X-ray
Powder Diffractometer (CuKa radiation) and analyzed with
an MDI software analysis system. The analyzed X-ray scatter-
ing plot obtained is shown in Figure 7 as well as reported in
an earlier paper [8]. The corresponding peak positions and rela-
tive intensities for a reference sample of pure 100% aluminium
are shown under the graph. These were obtained from the
MDI software spectra databank. A perfect correlation can be
seen. At the lower diffraction angles there is evidence of the
“beginning”’ of a peak generally attributable to an amorphous
or nanocrystalline material. It can be assigned most closely to
nanocrystalline areas of a-aluminum oxyhydroxide (A1O(OH)
20 = 22 for the most intense peak) and possibly some a-boron
(20 = 18 for the most intense peak).

Table 2 gives the X-ray diffraction data for the nanoalumi-
num and standard flaked aluminum reported in an earlier paper
8] and resummarized with the computed strain taken as Aa/a,
where a for aluminum is 4.05 A. A detailed analysis of the X-ray
diffraction data shows that the nanoaluminum particles have a
small amount, on the order of 1-2%, of negative strain or
compressive stress in some orientations. This might have been
induced during the solidification of the oxide on the surface of
the aluminum, which may have compressed the lattice by a
small amount.

nh =2d, sin® Bragg’sLaw

l1=RK+kK+E | (111) p=1
dyt @ N\ (200) n=1 111) n=2
. Nanocrystalline / (220) n=1
for cuble systemo(0H) & B(111) (311) 01 Reference pure Al
(100) | /" )/ Xray diffraction
o |y peaks

Figure 7. X-ray diffraction scattering measurements for
nanoaluminum and 100% aluminum compared.
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Table 2
X-ray diffraction data on the standard aluminum and
nanoaluminum compared

Sample H, K, L a (A) Aa/a
Al flaked 1,1,1 4.03 +£0.02 0

Al nanopowder 1, 1,1 3.96 +0.02 —0.017
Al flaked 2,0,0 4.03 +0.02 0

Al nanopowder 2,0,0 3.98 +0.02 —0.012
Al flaked 2,2,0 4.054+0.02 0

Al nanopowder 2,2,0 4.05+0.02 0

Al flaked 3,1, 1 4.05+0.02 0

Al nanopowder 3,1,1 4.07+£0.02 0

Modeling of Aluminum Oxidation

Aluminum has a face-centred cubic lattice with the unit cell
parameter a of 4.04958 A. A model for the oxidation of nano-
aluminum is described here where oxygen adatoms appear to be
able to “move” through the aluminum interatomic spaces to fill
the lattice until electric charge equilibrium is obtained and no
further atoms can penetrate.

Figure 8 shows the face-centered cubic lattice of aluminum
generated by the Crystalmaker Software [10]. The covalent
atomic radius of a single oxygen atom is on the order of 0.6 A:
an oxygen molecule thus has a total length of 2.4A (or
4x 0.6 A). When computing the interatomic space in the fcc
lattice, it is noticed that there is enough space for an oxygen
molecule to enter the octahedral interstitial site of aluminum
atoms on the surface in a vertical orientation, as depicted in
Figures 8 and 9. In fact, when a clean aluminum metallic surface
(free from oxygen and oxide) is exposed to air or oxygen, oxygen
molecules will attach themselves by ordinary intermolecular
(van der Waals) forces almost instantaneously. This is a physi-
cal adsorption. .

The octahedral site has a diameter of 1.20A
(4.05 — (1.43 x 2)), where 1.43 A is taken as the atomic radius
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(é

Figure 8. Face-centered cubic structure of aluminum.

of an aluminum atom, which can just fit the diameter of a single
oxygen atom, which is 1.20 or 2 x 0.6 A. Figure 9 depicts the
deposition of an oxygen molecule in the interatomic spacing of
the surface aluminum atoms. Since the oxygen molecule just
fits into the octahedral interstitial site of aluminum, it becomes
“clamped” and permits the second phase to take place, namely,
a combined chemisorption and dissociation of the oxygen mole-
cule. The dissociation of the oxygen molecule produces an
oxygen adatom as described in the literature [10]. This dissocia-
tion of the molecule can occur by combination and dissociation
of the surface oxygen with an oxygen molecule in the gas
as occurs on the surfaces of TiO, [11] or by the high-
temperature-triggered combination of the surface aluminum
atom with the oxygen molecule to form an oxygen adatom.
The oxygen thus enters into combination with the metallic basis
owing to electron transfer or electron sharing between oxygen
and metal atoms; an oxygen molecule must attain a certain
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Figure 9. Deposition of oxygen molecule in octahedral inter-
stitial site of aluminum surface.

energy before this chemisorption can take place, for example,
with higher temperatures. As such the covalent radii (eventually
ionic) of the aluminum atoms can be taken into account and
nominally applied to the model, as shown in Figure 10.
Considering the unit cell of aluminum now, the interatomic
spacing between the face-centered aluminum atom and the
corner atom is 0.35A or ((4.05% + 4. 052)1/2 (1.25 x 4))/2.
This is ~— the dimension of a single “dissociated” oxygen
atom, Wthh is 1.20A. However, there is some lateral inter-
atomic space available for the aluminum atoms to shift. The
repulsion of the neighboring aluminum atoms prevents this
shift unless the aluminum atoms gain energy or are in an excited
state. This state can be achieved through the higher tempera-
tures and/or by the ‘“‘combination” of the oxygen adatom
with the surrounding aluminum atoms. Thus, for example, for
the oxygen atom to move into the lattice, the aluminum
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Figure 10. Insertion of oxygen molecule on aluminum
surface.

atoms must separate by 0.85 A, which corresponds to a shift by
each atom of 0.425 A. Once the repulsion barrier has been over-
come and the oxygen adatom slipped between the aluminum
atoms, it can fit snuggly into the next octahedral interstitial
site, depicted in Figure 12. When a new oxygen molecule depos-
its on the surface, it can “push” down the oxygen adatom.
Furthermore the presence of the oxygen atom in the interatomic
spacing has the effect of autocatalyzing the further oxidation, as
is seen in the case of lead [12]. The autocatalysis may be due
again to the excitation of the surrounding aluminum atoms by
‘“‘combination’” reactions with the oxygen adatoms. Thus at
higher temperatures the oxide surface appears to catalyze or
facilitate the further oxidation, rather than impede it. A series
of “video clips” can be drawn, as shown in Figure 12 for a
single unit cell, to show how the oxidation can progress to
form the surface oxide.

As the oxygen atoms fill a unit cell, further oxygen mole-
cules depositing on the surface can ‘“‘push” the oxygen atoms
farther down until 2.5 nm of oxide is created. This is equivalent
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Figure 11. ‘Videoclips” of the oxidation of aluminum. (a)
Oxygen adatom slips between the two aluminum atoms,
which have shifted due to the ‘“‘excitation” of the aluminum
atoms shown. (b) Oxygen adatom fits in interatomic spacing,
and new oxygen molecule approaches.

to the “filling” up of 6 unit cells. No further oxidation occurs
when the interatomic space is so filled up with oxygen atoms
that there is no extra space for any additional ones to move
into after electric charge equilibrium has been reached. From
this it can be realized that single crystalline aluminum oxide is
difficult to form on the surface of the aluminum, but rather
an overall amorphous or part-crystalline coating is produced.
Single molecular sheets, however, form prevalently on the sur-
face of the coating. This is in agreement with the model where
oxygen atoms drop into the spaces and “fill up”’ the interatomic
spaces. Thus the atoms at the surface combine and separate
with the oxygen atoms sequentially and have the time to
settle into the final equilibrium positions. This allows for the
formation of a crystalline lattice on the surface where charge
equilibrium is attained.

Figure 12 shows the crystal structure of ¢-aluminum oxide
[13], which is believed to correspond with the crystalline areas
of the surface oxide. In fact, the main phase composition of
the oxide, forming upon aluminum combustion in oxygen,
depends on the conditions of its formation [2], the main fraction
consisting of a-alumina under usual combustion conditions. In
fact, during the production process of the nanoaluminum, cool-
ing was achieved with oxygen gas, which is believed to have had
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Figure 12. Unit cell of a-aluminum oxide [13].

the effect of a surface combustion. The most stable phase of
alumina is the a-form. Combustion in subatmospheric condi-
tions or upon sharp cooling produces y-alumina, which under
heating to 1000 K transforms to o-alumina. The w«-alumina
phase is the higher density phase with a density of 3.96 g/ cm?®
compared with y-alumina with a density of 3.42g/cm’. The
o-phase of alumina has a rhombohedral lattice, and y-alumina
has a cubic face-centred lattice. The rhombohedral a-form of
alumina can grow into crystals with a platelet morphology,
which may explain the observed surface laminar layers on the
nanoaluminum, which tend to exfoliate. Both forms of alumina,
if uncompressed, would occupy a greater volume than the metal
destroyed in producing them. When they are first formed on the
surface of a metal they will be in a state of lateral compression.
The a-form will have the greater compression. Thus the forma-
tion of the more compact o-form may have transferred a small
amount of its compressive stress into the aluminum of the
nanoaluminum particle, since it surrounds or constrains the
whole nanoparticle.
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As can be seen from Figure 12, the aluminum atoms have
displaced from their original equilibrium positions in the alumi-
num lattice to new positions in the oxide lattice, in agreement
with the model. The interatomic distance between aluminum
atoms on the surface corresponds with 2.654 and 3.844 A. The
oxygen atoms thus have drawn the aluminum atoms closer
together from the original 4.04958 A, in agreement with the
model. It can be seen that the two aluminum atoms, which
are closer, better overlay the oxygen atoms. The space between
the aluminum atoms on the surface can be computed and is
found to be approximately 1.254 and 2.444 A. This is barely suf-
ficient space for a water molecule to enter and deposit between
the atoms in different orientations. By PGAA analysis it was
found [8] that the nanoaluminum had absorbed a lot of water.
By heating the material in a vacuum oven, the water was
released, and it was found that a large amount of hydrogen
still resided in the form of hydroxyl groups. This means that
the nanoaluminum coating is porous, and some of the water,
which deposited into the coating, reacts to form aluminum
hydroxide. The surface layer is thus considered to consist of
a-aluminum oxy-hydroxide [14] AFO(OH) since there is a
topotactic relationship between the two phases of a-alumina
and o-aluminum oxy-hydroxide (the equivalent phases in miner-
alogy are termed corundum and diaspore). Thus when a-alumi-
num oxy-hydroxide is heated above 450°C, o-alumina is
generated. The unit cell of the a-aluminum oxy-hydroxide is
shown in Figure 13, together with a typical exfoliation plane
along which exfoliation of molecular layers from the surface
might occur.

The y-alumina and y-aluminum oxy-hydroxide have a more
open and porous structure than the a-forms but are less stable,
and according to the dehydration scheme used for measuring the
hydrogen content by PGAA before and after dehydration, had
the y-form been present, there would have been greater if not
total loss of hydrogen than was actually measured [8]. In fact,
y-aluminum hydroxide Al(OH); readily reverts to y-aluminum
oxy-hydroxide AFO(OH) at 100°C and becomes totally anhy-
drous, forming the y-alumina form Al,O3z at 150°C [15]. Also
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Aluminum hydroxide unit cell

Exfoliation plane
(001)

Figure 13. Unit cell of o-aluminum oxy-hydroxide: (diaspore)
AO(OH) [14].

from the X-ray diffraction data, it appears that the formation of
the a-forms of alumina, with mismatched intercrystalline layers
where water molecules can deposit and gradually penetrate into
the structure to form o-aluminum oxy-hydroxide, is highly
likely. Furthermore y-alumina is typically white in color, and
a-alumina is transparent but readily takes on the color of the
impurities it contains (e.g., ruby is o-alumina with red Cr®*
ions, sapphire is o-alumina with blue Fe?™, Fe3 ', and Ti*™,
emerald is green with V®* and similarly for amethyst and
topaz, etc.) The nanoaluminum gave no evidence of a surface
white coloration but had a marked black color in agreement
with boron impurities in an o-alumina or c-aluminum oxy-
hydroxide surface structure.

A third form of aluminum oxide is known to form as a pro-
tective layer on metals [15]. It is the one typically formed on
larger sheets of aluminum metal and has a defect NaCl-type
structure with Al occupying two-thirds of the octahedral (Na)
interstices in an fcc oxide lattice. However, this structure is non-
porous and does not readily form the hydroxide or absorb water.
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The presence of the oxide thus does not appear to act as a
barrier to oxidation close to the ignition point of the nanoparti-
cles, but it can ‘“facilitate’” the oxidation reaction. Thus when
the aluminum liquefies, at this point the nearest available
oxygen atoms for oxidation come from the neighboring oxygen
atoms in the aluminum oxide coating. As the aluminum
oxidizes, heat is released, and as the coating loses oxygen,
new oxygen atoms move into the aluminum from the outer
surface.

As the temperature of the particles is further raised, the
liquid aluminum gets ‘‘contaminated” with liquid aluminum
oxide, hydroxide, nitrides, chlorides, etc. This occurs when the
melting point, for example, for aluminum oxide of 2047°C, is
reached. These impurities can be picked up during the ‘‘healing”
oxidative process of the cracking oxide coating with the combus-
tion gases such as chlorine, carbon monoxide, water, etc., pro-
duced by the burning propellant. The impurities further
reduce the boiling point for aluminum. As they dissolve in
the aluminum, surface oxidation of the droplet continues and
accelerates. This is due to the fact that as the oxidation takes
place, further heat is released, until the process accelerates to
a point where the aluminum temperature has increased to the
dissociation point of 2477°C, and the molten drop dissociates
or ignites with a sudden flash.

Discussion

High-resolution transmission electron microscopy has evidenced
an oxide surface 2.5 nm in thickness with some crystalline layers
possibly of a-alumina. The latter appear to exfoliate readily and
allow water to permeate into the surface of the material, gradu-
ally transforming the alumina to the o¢-aluminum oxy-hydroxide
form. The crystalline layers thus appear to have some mismatch,
and the ready exfoliation of the surface crystalline layers
explains the fast aging characteristics typical of the nanoalumi-
num particles. The incorporation of boron impurities in the
o-forms of alumina can explain the marked black coloration of
the nanoaluminum.
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A small (1-2%) negative strain or compressive stress was
detected in certain orientations of the nanoaluminum particles.
The latter were related to the formation of the high-density
o-alumina oxide on the surface of the nanoparticles, which
transmits the natural compression of the surface aluminum
oxide into the aluminum lattice that it surrounds or constrains.
As the oxidation model shows, oxidation is favored when atomic
space is allowed for the oxygen atoms to enter the aluminum
interatomic lattice spaces. A compressive stress thus may not
facilitate this process. Thus the initial presence of oxygen on
the surface facilitates the oxidation, rather than forming a
barrier, until there is no extra space for any additional oxygen
adatoms to move into the lattice spacing after electric charge
equilibrium has been reached. After this point is reached, the
oxide can be considered as a barrier to further oxidation.

However, in the case of nanoaluminum, as a temperature of
500°C is approached, impurity catalyzed reactions have been
detected to occur. These can produce gaseous molecules,
which generate further interatomic space and more oxidation.
In fact, the nanoaluminum particles are so small that with the
aid of impurity-catalyzed reactions at ~ 500°C oxygen can be
allowed to permeate farther into the interior of the particle.
Thus when the ignition point of ~2000°C for aluminum is
reached, some oxygen already may be present in the interior
of the nanoparticle, which can trigger a heat release from
inside, catalyzing a rapid inflammation. For a nanoparticle
the oxygen incorporated per unit volume can be a lot. For the
micron-sized aluminum in the liquid state one can consider
that O, gets boiled off continuously, giving very high tempera-
tures of inflammation.

That nanoparticles are likely to have a higher relative level or
proportion of impurities is not only due to their small size but
also to the extreme conditions of manufacturing under which they
are made. Thus the very high temperatures required often involve
the use of heat-resistant ceramic materials of various kinds, which
come in contact with the base metal and from which the impurities
may be picked up. The manufacturing process itself thus determines
the species and level of impurities present in the nanoparticles.
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Table 3
Potential benefits of nanoaluminum distributed in propellant
formulations compared with micron-sized aluminum

Nanoparticles of
aluminum

Micron-sized aluminum
particles

Surface agglomeration
less likely

Rapid inflammation
Complete combustion

Potential of more distributed
homogeneous distribution
Does not readily act as
heat sink

Rapid transformation to
“semifluid”’ state with
corresponding fast ignition

Weight impact of impurities
is large, triggering
autocatalyzed reactions,
which increase rate of heat
emission and facilitate
oxygen incorporation

Potential oxygen incorporated
per unit volume can be
large, triggering heat release
and inflammation from
inside

Potential of atomic-scale
design for part-explosive
nanoaluminum with, e.g.,
appropriate incorporation
of nitrogen

Surface agglomeration of
micron-sized aluminum

Longer time to reach
inflammation point
Incomplete combustionlikely

Less homogeneous
distribution

Micron-sized particles take
more time to heat and
thus act as heat sink

In liquid state O gets boiled
off continuously, which
increases temperature of
inflammation

Impurities have little weight
effect on micron-sized
aluminum

No large amount of oxygen
incorporation possible

Weight percent of
incorporated impurities
have little effect on
micron-sized particles
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In fact, the nanoparticles can reach 2000°C more rapidly than
the micron-sized particles and can be considered to reach a ‘‘semi-
fluid” state quickly when heated, with a very rapid ignition.
Furthermore the micron-sized aluminum can act as more of a
heat sink in comparison to the nanosized aluminum, delaying
the time for the overall temperature rise in a formulation. In addi-
tion, when one considers that nitrogen is one of the main consti-
tuent elements of explosives, the nitrogen present within the
nanoaluminum potentially may be incorporated in such a way
as to make the material ‘‘part-explosive’ by triggering the appro-
priate physiochemical reaction. The incorporation of light-
element-tailored impurities during the manufacture thus may
provide for new improved forms of nanoaluminum by ‘‘atomic-
scale design.” Table 3 is a comparison between nanoaluminum
and micron-sized aluminum, which summarizes some of the
potential benefits of nanoaluminum compared with micron-sized
aluminum, when the physiochemical phenomena occurring at
the atomic or nanoscale are taken into account, for a more
rapid burn in propellant formulations containing the same.
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