JOURNAL OF PROPULSION AND POWER
Vol. 25, No. 2, March—April 2009

Production, Characterization, and Combustion of
Nanoaluminum in Composite Solid Propellants

K. Jayaraman,* K. V. Anand,f D. S. Bhatt,* S. R. Chakravarthy,* and R. Sarathi?
Indian Institute of Technology—Madras, Chennai 600 036, India

DOI: 10.2514/1.36490

This paper reports the production of nanoaluminum particles using the wire explosion process at our laboratory.
Electrical energy is applied to the aluminum wire in an argon atmosphere to yield spherical particles around 50 nm in
size. The material is also characterized by a number of methods. The nano-Al is included in bimodal ammonium
perchlorate composite solid propellants, and their burning rates are compared with those containing normal micron-
sized aluminum and nonaluminized propellants in a total of 21 formulations in the 1-12 MPa pressure range.
Nanoaluminized propellants show ~100% increase in burning rate relative to nonaluminized or microaluminized
ones, but only when large-sized coarse ammonium perchlorate particles are used. Burning-rate plateaus observed in
non- and microaluminized propellants are washed out with the addition of nano-Al, but the burning rates of
nanoaluminized propellants register low pressure exponents in the elevated pressure range. The results suggest that
the heat feedback from the diffusion-limited combustion of nano-Al particles near the propellant burning surface
controls the propellant burning rate when sufficiently large parts of the burning surface are made up of the

nanoaluminized fine ammonium-perchlorate/binder matrix.

1. Introduction

LUMINUM powder of nanometric particle size has been

gaining attention in recent times as a potential ingredient in
solid propellant rockets, guns, explosives, thermites, etc. In the
context of rocket propulsion, the use of nanoaluminum (nAl) offers
the possibility of an increased specific impulse because of reduced
two-phase losses to thrust, despite the increased content of aluminum
oxide in the powder. In judicious combination with micron-sized
aluminum of appropriate size, it could enable finer control of
particulate damping of combustion instability in solid rockets by
reducing the agglomeration of the latter to a significant extent.

The use of “ultrafine” aluminum of particle size ~100 nm or
above in the combustion of solid propellants was reported relatively
early in the literature [1]. In recent times, a plethora of papers are
appearing on this subject. Ivanov et al. [2] reported the production of
ultrafine powders of different metals including aluminum by the
electrical wire explosion process. They reported the generation of
aluminum particles of mean sizes in the 30-50 nm range. Lee et al.
[3] reported the production of nAl powder by a similar technique in
the size range of 80-120 nm.

Many researchers reported working with nAl samples obtained
from different commercially available sources and some Russian
universities. These sources adopt different methods for the
production of nAl, such as the pulsed plasma technique, vapor
condensation, etc., besides the electroexplosion technique. The
particles from these different sources are over a relatively wide range
of mean sizes, 24-500 nm, mostly in relation to the method of
production. Particles produced by the electrical wire explosion
method, popularly termed “Alex” and widely studied/reported on,
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are typically ~100-200 nm in size, except for what has been
reported by Ivanov et al. [2] so far.

Thermal analyses such as thermogravimetric analysis (TGA),
differential thermal analysis (DTA), and differential scanning
calorimetry of nAl samples were performed and contrasted with the
characteristics of micron-sized aluminum samples by several
investigators [4-8]. Some other investigators examined the role of
nAl in the thermal decomposition of other propellant/explosive
ingredients, such as ammonium perchlorate (AP) [9] and
cyclotrimethylenetrinitramine (RDX) [5,10]. The important
pertinent results of these investigations are as follows: 1) nAl melts
at a lower temperature than the melting point of bulk aluminum,
2) the oxidation of nAl commences at quite low temperatures, and
3) the low-temperature decomposition of AP is accelerated in the
presence of nAl. The last result supports the observation of
extraordinarily high burning rates of pressed pellets of dry mixtures
of AP and ultrafine aluminum (UFAI) reported earlier in [1]. DeSena
and Kuo [11] examined the possibility of stored energy due to rapid
solidification in the formation of ultrafine exploded aluminum
particles and found it to be negligible. Trunov et al. [8] explained the
mechanism of oxidation of nAl in the framework of the staged
oxidation and ignition of micron-sized aluminum particles and
associated crystalline phase changes of the formed oxide, as in earlier
works [12,13]. Rai et al. [14] examined the oxidation of nAl particles
with mass spectrometry, transmission electron microscopy, and
density measurements. They highlight the role of the diffusion of
oxygen across the oxide skin in nAl particles, which is slow before
the melting of the aluminum but rapid thereafter. Kwon et al. [15]
combusted dusts of UFALI in air to find a prominent role for the
formation of aluminum nitride from the nitrogen in the air along with
aluminum oxide formation. Huang et al. [16] combusted particle
clouds of bimodal blends of nano- and micron-sized aluminum
particles in air and reported higher flame speeds of the nano-Al/air
flame when compared with the micron-sized Al/air flame. For
smaller quantities of nAl in the blend of both sizes, two distinct flame
zones exist, but for larger quantities of it, a merger of the two flame
zones is evident.

Some investigators devoted attention to the aspect of effecting
surface coatings on nAl particles for passivation and have
characterized such coated particles. Jones et al. [17] and Kwok et al.
[18] reported the characterization of nAl particles of different sizes
coated with a thicker oxide layer, a fluoropolymer, etc. They also
investigated the thermal behavior of such particles in combination
with other energetic materials, such as RDX, trinitrotoluene, AP, etc.
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Bocanegraetal. [19] compared the burning times of micron-sized Al,
uncoated and coated with nickel, with those of UFAI powders
obtained from several Russian sources. They found that both the Ni-
coated micron-sized aluminum and UFAl have decreased burn times,
but the latter burn still faster. Dubois et al. [20] reported the coating of
nAl and boron particles by grafting polyethylene-type polymers and
polyurethane onto the metal powders and characterized the resulting
materials.

Many studies investigated the effect of UFAI on the burning rates
of composite solid propellants, particularly those based on AP. As
mentioned earlier, Romonadova and Pokhil [1] reported burning
rates of dry-pressed mixtures of AP and UFAL. Pai Verneker et al.
[21] sought to explain the results based on the variation of the heat of
combustion of the AP-Al reaction with a composition of such
mixtures. Dokhan et al. [22] examined the burning rates of propellant
compositions up to 6.9 MPa, with unimodal ultrafine or micron-sized
aluminum particles as well as bimodal combinations of the particles
of both sizes. They reported that the addition of UFAI increases the
burning rate of the propellant through ignition of the aluminum
particles by the leading-edge flames (LEFs) over the coarse AP/
binder interfaces and/or the flames of the fine AP/binder matrix.
Ivanov et al. [2] also reported increases in burning rates with nAl by
about 1.6-2 times relative to nonaluminized propellant compositions
at different pressures and levels of aluminum addition. De Luca et al.
[23] and Galfetti et al. [24,25], among other tests, reported most
importantly on the burning rates of propellants containing UFAI in
comparison with those without it over a pressure range of up to
7 MPa. They found that the burning rates nearly double with the
addition of UFAl uniformly across the test range of pressures, that is,
without any change in the pressure exponent of that burning rate
averaged over the entire test pressure range. These studies also tested
bimodal blends of aluminum in some propellant formulations, with
results that are similar to that of Dokhan et al. [22]. Pivkina et al. [26]
reported the production of nanosized AP as well as nanosized
aluminum containing 10% graphite by the method of mechanical
activation in the size ranges of 35-100 nm for the former and 20—
50 nm for the latter. They combusted AP—Al mixtures approximately
in the ratio of 76:24 over the 1-6 MPa pressure range, and found that
the replacement of micron-sized (10 ;m) AP by nanosized AP alone
did not significantly alter the burning rate or its pressure exponent.
Replacement of micron-sized (97 pm) Al by nAlalone increased the
burning rate by >5 times, but without altering the pressure exponent.
The simultaneous replacement of both micron-sized AP and Al by
nanosized AP and AL caused an over tenfold increase in the burning
rate relative to their micron-sized counterpart mixtures and also
nearly halved the pressure exponent averaged across the entire test
pressure range. Popenko et al. [27] reported an increase in burning
rates and a decrease in pressure exponents of condensed systems of
high-molecular-weight RDX with small quantities (1.25-5%) of
UFALI powders. They noted that no adverse effect was observed on
the rheological properties of the model propellants because of such
an addition. Dokhan [28] and Galfetti et al. [24,25] reported studying
the agglomeration of UFAI during the combustion of a propellant
containing such particles. Karasev et al. [29] further studied the
structure of aggregates of aluminum oxide formed in the combustion
of UFAl in air. These studies affirmed that agglomerates of UFALI or
their combustion products do not exceed a few micrometers in size,
an aspect of practical interest in solid rocket propulsion.

Among the many methods of producing nanoparticle-sized metal
powders, the electrical wire explosion technique consumes relatively
low levels of energy. It is estimated at ~4 kWh/kg, although lower
estimates at around half this value were also reported earlier [30]. Our
laboratory has been involved in the development of procedures for
generating nanometal powders by the electrical wire explosion
technique in recent years. Sabari Giri et al. [31] reported the
generation of nano-Al,O; by the explosion of an aluminum wire in
air ambience. Sarathi et al. [32] reported the material characterization
of nano-Al,O; and high-speed imaging of the explosion event to
understand the mechanism of nanoparticle formation by the wire
explosion technique. Sindhu et al. [33] reported the production of
nano-AlN by explosion of aluminum wire in a nitrogen ambience.

Sarathi et al. [34] reported the generation and characterization of nAl
metal particles by the explosion of wires of that material in different
inert ambiences, such as nitrogen, argon, and helium. Sindhu et al.
[35] reported the effect of pressure of the ambient medium on the size
distribution and other material characterization features of nAl
particles obtained in different ambiences. In a novel approach,
Sarathi et al. [36] explored the use of binary mixtures of inert gases
for the ambience in influencing the particle size and other
characteristics of nAl powders. All these works have enabled the
control of the peak in the size distribution of the produced
nanoparticles within the 20-50 nm range over a spread of 0—100 nm.
The total cost of production of nAl at this laboratory, including the
cost of aluminum wire and power consumption, is estimated to be
~US6.3/kg. Sindhu et al. [37] modeled the process of nucleation
and coagulation of vaporized aluminum following the wire
explosion and simulated the population dynamics of particles to
obtain the late time size distribution in different ambiences. The
model predictions agree well with the experimental results in terms
of the size distributions and also support the partial formation of
irregular-shaped particles in a nitrogen ambience due to nitration of
the surface of the particles. A similar modeling effort including a
Monte Carlo simulation accounting for the exothermic nature of
particle coalescence was also reported by Mukherjee et al. [38].
The aforementioned work was performed in this laboratory only
on a single-wire/single-shot mode at the level of producing a few tens
of milligrams of nanoparticles. Therefore, a new setup has also been
developed to sequentially explode multiple wires per batch, so that
the yield is improved to the gram level for application in solid
propellants. The present paper reports the production and
characterization of nAl in the new setup and the use of this material
in propellant compositions. Comparisons of burning rates of
nanoaluminized propellant formulations are made with those of
nonaluminized formulations and those containing micron-sized
aluminum particles, referred to here as microaluminized
formulations, altogether totaling 24 propellant formulations in the
pressure range of 1-12 MPa. All the formulations contain a bimodal
size distribution of AP particles. These formulations are based on
propellants with bimodal AP size distribution exhibiting plateau-
burning-rate trends in the intermediate pressure range of ~4—-6 MPa
[39] and in the elevated pressure range of ~10-14 MPa [40]. The
intermediate-pressure plateau was shown to be related to the
midpressure self-extinction of the fine AP/binder matrix because of
binder-melt flow effects [39]. The elevated pressure plateau is due to
the diminishing lateral extent of the LEFs over the coarse AP
particles and the contribution from the outer diffusion flame at
elevated pressures [40]. Recently, Banerjee and Chakravarthy [41]
reported the testing of 10 such propellant formulations, some of
which exhibit multiple plateau/mesa trends in the 1-12 MPa pressure
range. These propellants typically use fine and coarse AP particles,
whose sizes are widely separated, with the fine AP particles
specifically in the 5-20 pum size range. These propellants also use
isophorone di-isocyanate as the curing agent for the hydroxyl-
terminated poly-butadiene (HTPB) binder, which is shown to
involve melt flow effects [38]. The binder-melt flow leads to
midpressure extinction of the fine AP/binder matrices [39,41] for the
fine AP size range already noted, depending upon the fine AP content
in the matrix [41]. Because the focus of the present work is on the
effect of the addition of nAl on propellant burning rates, an attempt is
made to move away from the regime of plateau burning by
1) switching to toluene di-isocyanate (TDI) for the curing agent,
which is noted to produce less binder-melt flow effects; 2) using
larger-sized fine AP particles than in the aforementioned works; and
3) reducing the size of the coarse AP as well. All the formulations
reported in the present work are with the TDI curative, and the
separation between the sizes of the fine and coarse AP particles is
varied. Therefore, on the whole, propellant formulations with a wide
range of pressure exponents in different pressure ranges are
nanoaluminized in the present study. A comparison of the burning
rates of the nano- and microaluminized fine AP/binder matrices is
also made, in this context. This approach lends itself to examining the
burning-rate controlling mechanism in nanoaluminized propellants
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in terms of how the pressure exponent of the burning rate changes
with the inclusion of nAl. Data have been obtained in close intervals
of pressure so as to track changes in the pressure exponent in different
pressure ranges, unlike in the previous literature [23-25]. Other
works on propellant combustion with nano- or UFAI particles [2,22]
do not concern themselves with the variation of the pressure
exponent in different pressure ranges and its implication on the
physical mechanism that controls the burning rate.

II. Experimental Details
A. Generation of Nanoaluminum (ALEX) Particles

The experimental setup consists of an electrical circuit, wire
explosion chamber, and particle collection chamber. The electrical
section consists of diodes, capacitors (3 wF), a switch, and the
controlling device. The wire explosion chamber (Fig. 1) consists of
provisions for fixing the wire, the inlet and exit of the vacuum and
required gas medium, pressure gauges, pressure valves, and the main
chamber. The collection chamber consists of the prefilter, main filter,
and postfilter. The filters are mounted at the bottom of the exploding
chamber, primarily to collect the nAl particles. Initially, multiple
aluminum wires of 0.42 mm in diameter and 140 mm in length each
are connected between the electrical contacts, and the chamber is
evacuated in the range of 700 mm of Hg. Then, the chamber is purged
and filled with argon gas (>99% purity) at 1 bar gauge pressure to
prevent oxidation of the powder. The capacitor is charged to 24 kV,
the switch is closed, and the capacitor is discharged. After explosion
of all the wires is completed, the inert gas is sent out through the top
of the chamber and the nAl powder is collected at the filter.
Superheating of the evaporated material determines the particle size
in the wire explosion process. The particle size produced by the wire
explosion process reduces substantially with increasing superheating
of the metal. The extent of superheating is determined by the factor
k= W/W,, where W is the energy injected into the evaporating wire
and W, is the sublimation energy for the wire. The sublimation
energy diminishes with the reduction in diameter of the wire [34]; for
aluminum, it is 33 J/mm?>. For the present experimental conditions,
the value k is maintained at 1.14.

B. Methods of Nanoaluminum Characterization

The particle size measurement is carried out by the transmission
electron microscopic (TEM) analysis of the bright field images. The
size of a particle is determined from the area of the particle in the
image. The atomic composition is obtained from energy dispersive
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Collection chamber

Fig. 1 Schematic of the wire exploding chamber.

x-ray (EDAX) analysis. Wide-angle x-ray diffraction (WAXD)
measurements are performed using a Phillips x-ray diffractometer. A
scan rate of 2 deg / min at 2000 cycles using Cu Ko radiation of

wavelength 1.5426 A applied. A radial scan of diffraction angle (26)
vs intensity is obtained with an accuracy of £0.25 deg at the
location of the peak. The TGA-DTA studies are done with Netzch
STA 409C equipment. These experiments are performed in a
nitrogen atmosphere in the range of 25-750°C at a heating rate of
10°C/ min.

C. Propellant Ingredients and Samples

The AP used in the present work is obtained from Tamilnadu
Chlorates, Madurai, India. The purity of the AP is >99%, and it does
not contain any anticaking agents. The oxidizer particles are
subjected to grinding in a vibratory rod mill to reduce the size. The
ground particles are size segregated using a standard set of sieves
down to 37 um. For further size reduction, a tabletop fluid energy
mill is used with its settings calibrated to obtain the desired size range
of the particles. Four size ranges of fine AP are used in the propellant
formulations, designated as 5, 20, 53, and 75 pum. The coarse AP
particles used in the propellant formulations are median sized at 450,
350, and 250 pm. The micro-Al (1Al) used in comparison studies is
obtained from the Metal Powder Company, Madurai, India. It is
nominally 15 pum in size, mostly nonspherical in shape but not in the
form of flakes. Particle size distributions are obtained with the help of
an optical microscope and the digital image processing of nearly
1000 particles of a powder sample. The size distributions of all
micron-sized powders used in the present work are shown in Fig. 2.
The binder is made of HTPB cured by TDI, with the addition of di-
octyl adipate (DOA) as a plasticizer during mixing. The proportions
are 80% HTPB, 15% DOA, and 5% TDI. All the propellants contain
87.5% total solids and 12.5% binder. In the case of aluminized
propellants, 15% aluminum is used in place of coarse AP particles, so
that the fine AP/binder ratio as well as the total solids is maintained
for comparison. Three families of formulations are considered with a
fixed fine AP/binder ratio (60/40) for each case, that is, non-
aluminized, nanoaluminized, and micro-aluminized: 1) a coarse AP
size of 450 pm and fine AP sizes of 5,20, 53, and 75 pm; 2) a coarse
AP size of 350 pm and fine AP sizes of 5 and 75 um; and 3) acoarse
AP size of 250 pm and fine AP sizes of 5 and 75 pm. The propellant
formulations tested in the present study are listed in Table 1.
Propellants are prepared first by weighing the ingredients to within a
1% error and hand mixing them thoroughly for 30 min; the mixture is
then transferred and mixed for 30 min in a micromixer developed in-
house. The mixture is then vacuum cast into a container, in which a
plunger is used to close blowholes during evacuation. The
propellants are cured for 1 week at 50°C. Propellant samples are of
the approximate dimensions of 5 x 5 x 12 mm, which is appropriate
following previous studies [42]. A thin layer of silicon grease is
applied on the sides of the propellant sample, which prevents the
sample from burning down the sides. Ignition is achieved by passing
electric current through a Nichrome wire along the top surface of the
sample. To achieve uniform flame spread during ignition, a thin layer
of rubber solution is smeared over the Nichrome wire on the top
surface, following previous studies [22].

D. Combustion Experiments
1. Measurement of Heat of Combustion

Heats of combustion at a constant volume of propellants with
different compositions are measured in a standard bomb calorimeter.
The apparatus consists of a stainless steel pressure vessel in which the
sample is placed, pressurized by nitrogen to 0.5 MPa, and ignited.
The pressure vessel is placed in a water bath that is constantly stirred,
and its temperature is measured by a Beckman thermometer.
Applying the principle of calorimetry, the heat released during the
combustion of known quantity of the sample is determined from the
temperature rise of the surrounding water, after adjusting for the
thermal capacity of the apparatus.
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Fig. 2 Size distributions of micron-sized powders used in the present
study.

2. Burning-Rate Measurement

Combustion photography is adopted for the burning-rate
measurement. A window bomb is used for this purpose; it is a
pressure vessel with two windows, one to illuminate the sample and
another to view the combustion process with the help of a video
camera. The video recording of the combustion event is played frame
by frame, and the burning surface is marked in each frame along a
line in the overall direction of the average surface regression. A
straight line is fitted to the loci of the burning surface plotted against
the framing time to a correlation of >99%; the slope of the straight
line, adjusted for magnification of the video images, gives the
burning rate. The uncertainty in measuring the burning rate with the
window bomb is determined as +3%. Nearly 70% of the tests are
repeated at least once, and burning rates obtained within a
repeatability of 5% are considered acceptable.

III. Results and Discussion
A. Characterization of Nano-Al

Figure 3 shows a TEM image of nAl powder produced in argon
ambience. It can be seen that the shape of the particles is spherical.
Images such as these are used to obtain the particle size distribution
of the produced nanopowder, shown in Fig. 4. The peak size in the
distributive distribution as well as the 50% size in the cumulative
distribution seen in Fig. 4 is ~52 nm. This is similar to that reported
by Ivanov et al. [2] from the electroexplosion technique, but unlike
the larger sizes (~80-180 nm) of samples produced by this
technique and supplied to most other investigators. The latter
samples were, therefore, more appropriately termed as UFAI rather
than nAl

Figure 5 shows the x-ray diffraction pattern of nAl powder
obtained in the present work. The first two dominant peaks
correspond to the presence of aluminum in the sample; it can be
observed that the purity of the sample is high. The results of the
EDAX, shown in Fig. 6, indicate a 93.5 wt% of atomic aluminum and
a 6.5 wt% of atomic oxygen of the nAl powder produced in argon
ambience. This implies 86.2% of aluminum and 13.8% of Al,O;,
assuming only those two compounds to be present in the samples.
The relatively high content of aluminum oxide is obviously because
of the high surface area of the nAl powder. The aluminum oxide layer
thickness is estimated as 1.35 nm, assuming the spherical shape of
particles and considering the equivalent masses of Al and Al,O;.

Figure 7 shows TG-DTA plots of nAl powder produced in argon
ambience. These experiments, however, are performed in nitrogen
ambience. The exotherms and mass gains observed in the TG-DTA
results show the thermal runaway of nitration of nAl powders [18].
The peak in the DTA curve at ~650°C shows that the melting point
of nAl is slightly low when compared with that of bulk aluminum.
The TGA shows 12% increase in mass, which represents high
reactivity of nAl, as observed by previous researchers.

B. Heats of Combustion of Propellant Compositions

Considering the expectedly rather high level of oxide in the nAl
powder produced, the corresponding loss in performance of the
propellant formulations containing that ingredient is examined here.
The theoretical specific impulse of a rocket motor using any of the
three formulations (non-, micro-, and nanoaluminized) is estimated,
taking into account that 13.8% of the nAl contains Al,O;. In contrast,
the aluminum oxide present in the microaluminized propellant is
neglected in the calculations in the present work, as is usually the
practice. The theoretical calculations are performed with the CEA-
400 code [43.,44]. The calculations are made for a chamber pressure
of 7 MPa with a nozzle area ratio of 8.5. The results of the theoretical
performance calculations are shown in Table 2. It can be seen that the
decrease in the specific impulse, because of including a relatively
large amount of aluminum oxide as part of the nanoaluminized
propellant as opposed to none for the microaluminized propellant, is
~1.5%.

To verity if this theoretical result is reflected in practice, the heats
of combustion of three propellants, non-, micro-, and nanoalumi-
nized formulations, are measured using the bomb calorimeter. These
propellants use 450 pm coarse AP and 20 um fine AP. The results
are presented in Table 3. It can be seen that both the aluminized
formulations exhibit notably higher heats of combustion than the
nonaluminized one, as expected. The heat of combustion of the
nonaluminized sample, in particular, is of the same order as that
reported by Kishore et al. [45]. Between the two aluminized samples,
the heat of combustion of the nanoaluminized propellant is reduced
from that of the microaluminized one by ~1.7%, which is slightly
greater than observed in the aforementioned theoretical calculations.
Motor firing tests would involve substantial two-phase flow losses to
thrust and specific impulse with microaluminized propellants than
with the nanoaluminized ones. It could be expected that the decrease
in the specific impulse with Al is more than the slight decrease from
of the larger amount of aluminum oxide in the nAl, as pointed out in
the Introduction.
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Table 1 Propellant formulations tested in the present study

S.no.  Alsize, um/nm Al% in propellant Coarse AP size, um Fine AP size, um Coarse AP% in propellant Coarse/fine AP ratio
1 e 450 5 68.75 3.66
2 15 um 15 450 5 53.75 2.86
3 50 nm 15 450 5 53.75 2.86
4 e 450 20 68.75 3.66
5 15 pm 15 450 20 53.75 2.86
6 50 nm 15 450 20 53.75 2.86
7 450 53 68.75 3.66
8 15 um 15 450 53 53.75 2.86
9 50 nm 15 450 53 53.75 2.86
10 — e 450 75 68.75 3.66
11 15 pm 15 450 75 53.75 2.86
12 50 nm 15 450 75 53.75 2.86
13 —_— 350 5 68.75 3.66
14 15 um 15 350 5 53.75 2.86
15 50 nm 15 350 5 53.75 2.86
16 e 350 75 68.75 3.66
17 15 pm 15 350 75 53.75 2.86
18 50 nm 15 350 75 53.75 2.86
19 250 5 68.75 3.66
20 15 um 15 250 5 53.75 2.86
21 50 nm 15 250 5 53.75 2.86
22 — e 250 75 68.75 3.66
23 15 pm 15 250 75 53.75 2.86
24 50 nm 15 250 75 53.75 2.86

C. Burning Rates of Fine AP/Binder Matrices

The burning rates of fine AP/binder matrices alone, that is, without
the coarse AP particles as would be in a propellant, are examined in
Fig. 8 for the fine AP sizes of 5 and 20 ©m. Nonaluminized matrices
with fine AP particles of these two sizes, among those tested, show
midpressure extinction or no burning at all within the test pressure
range. The proportion of aluminum and the fine AP/binder mixture in
the aluminized matrices is the same as in the propellants tested in the
present study. As can be seen from Fig. 8, the nonaluminized 5 um
fine AP matrix does not burn in the entire test pressure range and the
nonaluminized 20 um fine AP matrix does not burn at low and
intermediate pressures. But, the micro-aluminized and nanoalumi-
nized matrices with fine AP particles of both size burn in the entire
test pressure range. The LEFs anchored over the interfaces between
the coarse AP particles and the fine AP/binder matrix in propellants
(at full solids loading) are the principal sources of ignition of micron-
sized aluminum particles and their accumulates [22,46—49]. The fine
particles are too small and/or the pressure is sufficiently low for LEFs

Fig. 3 TEM image of nAl.

to be attached to them [50]. Here, the microaluminized matrix with
5 pm fine AP burns, albeit at relatively low burning rates, when its
nonaluminized counterpart does not; similarly, the microaluminized
20 um fine AP matrix burns at low pressures whereas its
nonaluminized counterpart does not. This shows that the presence of
the (Al causes the fine AP/binder matrix to burn. The matrix flame
obviously acts as the source of ignition of the aluminum particles and
their accumulates in the absence of the LEFs over matrix/coarse AP
particle interfaces, as would be the case in propellants. The matrix

70 1
g % 5
S 50- 0752
- Ke]
& 40 ES
S 05 £
5 307 T 5
o 20 4 5o
E 0.25%
€ 10 - E

0 L} L} L} L} L} 0

0 20 40 60 80 100

size (nm)

Fig. 4 Distributive (left ordinate) and cumulative (right ordinate) size
distributions of nAl particles obtained in argon ambience.

10000
8000 -
6000 -
4000

2000 +
J

0 : - A

10 30 50 70 90

Bragg angle 26 (deg)
Fig. 5 X-ray diffraction pattern of nAl.

intensity (arbitrary units)



476 JAYARAMAN ET AL.

17.4
Al Elem Weight % Atomic %
OK 06.50 10.60
13.91 AIK 9350  89.40
10.54
KCnt
7.0+
3.5+
o)

0.04
0.0 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00
Fig. 6 EDAX results of nAl.

0

-0.5

-1
o
£

-1.5 S
=

-2 2
6

-2.5

80 T T T T T '3

30 180 330 480 630 780

Temperature (°C)
Fig. 7 TG-DTA of nAl

flame is most probably premixed, particularly for the 5 um fine AP
particle size and pressure range under consideration. It is possible
that aluminum particles get ignited from the flame of the ignition
charge during the ignition of the matrix sample and that the
aluminum flame aids in sustaining a fine AP/binder flame before
leaving the vicinity of the surface. This is possible because the
quantity of aluminum particles is relatively large in proportion to the
rest of the matrix, as their proportions are retained the same as in the
propellants. The matrix flame, thus assisted, in turn, ignites other
aluminum particles accumulating on the burning surface
subsequently, and the interaction continues. In fact, the synergistic
combustion between the aluminum and the fine AP/binder matrix
leads to increased burning rates for the microaluminized 20 pm fine
AP matrix relative to its nonaluminized counterpart, when such
comparison is possible (Fig. 8). If this is indeed possible with the Al
particles, it would evidently occur with nAl particles, particularly
considering the catalytic decomposition of AP with the latter [1,9].
Hence, the burning rates of the nanoaluminized matrices are
substantially higher, but less than double, relative to the micron-sized
aluminized matrices. This is because of the near-surface heat
feedback to the matrix from the nearly complete combustion of the
nAl particles soon after their ignition, as suggested previously [22].
These aspects have not been considered in modeling efforts so far
and need to be included in the future to determine the propellant
burning rate.
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Fig. 8 Burning rates of matrices for 5 um fine AP.

D. Burning Rates of Propellants
1. Comparison of Present Work with Previous Studies

The results of the nanoaluminized propellant burning rates from
the present study are compared in Fig. 9 with those reported with
UFAI in recent previous studies on reasonably comparable
formulations. The present nanoaluminized formulation with 75 pum
fine AP and 450 pm coarse AP is compared with those reported by
Dokhan et al. [22] and Galfetti et al. [24], both using UFAI obtained
from American and Russian sources, respectively. The correspond-
ing microaluminized propellant burning rates from each of the
studies are also shown in that figure to show the increase in the
burning rate with use of nano-/ultrafine aluminum instead of
microaluminum. Minor variations in total solids loading, binder
type, coarse-to-fine AP ratio, coarse and fine AP sizes, and ultrafine/
nanoaluminum and microaluminum sizes do inevitably exist across
these comparisons. Despite this, it can be seen that all the studies,
including the present one, show a 2—3 times increase in the propellant
burning rate with the use of nano-/ultrafine aluminum relative to
microaluminum.

2. Baseline Formulations

The burning rates of propellants with a bimodal size distribution of
AP particles, non-, micro-, and nanoaluminized, are presented in
Fig. 10 for two sizes of the fine AP particles, namely 5 and 75 pum.
These two fine AP sizes are chosen as baseline formulations because
the non- and microaluminized 5 um fine AP propellants involve
plateau-burning characteristics whereas those with the 75 pum fine
AP particles do not. This is important because past investigators have
reported no effect of nAl on the pressure exponent of the propellant
burning rate [23-25]. In fact, the non- and microaluminized 5 pum
fine AP propellants have lower burning rates than their 75 um fine

Table 3 Measured heats of combustion of propellants

S.no.  Propellant Heat of combustion, MJ/kg

1 Nonaluminized —6.08
2 Microaluminized —17.65
3 Nanoaluminized —7.51

Table 2 Theoretical performance calculations, where c* is the characteristic velocity.

S. no. Propellant Adiabatic flame temperature, K c*,m/s Vacuum specific impulse, s
1 Nonaluminized 2384.47 1333.3 232.1
2 Microaluminized 2937.08 1425.7 258.7
3 Nanoaluminized 2865.73 1405.8 254.9
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Fig. 9 Comparison of burning rates of propellant formulations
between the present study and previous studies. Present study: coarse AP
(450 pm)/fine AP (75 pm) =72/28 =2.866:1, 15% Al, total
solids = 87.5%. Dokhan et al [22]: coarse AP (400 pm)/fine AP
(82.5 pm) = 80/20 = 4:1, 18% Al, total solids = 89%. Galfetti et al
[24]: coarse AP (150 pm)/fine AP (75 pm) = 80/20 = 4:1,15% Al, total
solids = 83%.
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Fig. 10 Burning rates of propellants with 5 and 75 pum fine AP and
450 pm coarse AP particles.

AP counterparts, as shown in Fig. 10. This is contrary to the general
expectation of increased burning rates with decreased size of AP
particles; this is related to the plateau-burning effects shown by the
5 pm fine AP propellants. The nonaluminized 5 um fine AP
propellant exhibits a plateau-burning-rate trend in the intermediate
pressure range; its microaluminized counterpart exhibits a similar
trend in a lower pressure range and also at a lower burning-rate level.
The microaluminized propellant burning rates are, in general, lower
than their nonaluminized counterparts, because the aluminum
particles are added in place of coarse AP particles to maintain the
total solids loading constant as well as the fine AP/binder matrix
ratio. The fine AP/binder ratio is crucial in determining the extinction
characteristics of the matrix and is related to plateau burning of the
propellant [39,41]. Removing some of the coarse AP in the
propellant and replacing it with ;t Al decreases the number density of
the LEFs anchored over the coarse AP/matrix interfaces on the
burning surface. The LEFs act as the chief near-surface heat sources
that control the burning rate [47]. Besides this, the distance between
adjacent coarse particles is increased, which affects the interaction
between the adjacent LEFs anchored over them and, hence, the

pressure range of their interaction. Because this interaction is
responsible for plateau-burning-rate trends, the microaluminized
5 pm fine AP propellant exhibits a plateau in its burning rate in a
lower pressure range than its nonaluminized counterpart, as shown in
Fig. 10. The plateau effects are nearly absent in the non- and
microaluminized propellants with the 75 um fine AP particles,
because the matrices with that size of fine AP particles exhibit no
midpressure extinction because of binder-melt flow effects [39].
However, the trend of lower burning rates for the microaluminized
propellant than the nonaluminized one is preserved, for the same
reason already mentioned.

When the (Al is replaced by nAl, the burning rates are nearly
doubled and increase by at least ~50% over the nonaluminized
values. The plateaus associated with the binder-melt flow at low-to-
intermediate pressures are washed out by addition of the nAl in the
case of the 5 um fine AP propellants. But, the nanoaluminized
propellant exhibits a low pressure exponent in the elevated pressure
range, above 7 MPa. The increase in the burning rate with the
addition of nAl is from its near-complete combustion near the
propellant’s burning surface [22], as was observed with the fine AP/
binder matrix burning rates in Fig. 8 earlier. The washout of the
plateaus as already noted and an increase in the propellant burning
rates with the addition of nAl indicate that the combustion of nAl is
the predominant heat feedback mechanism that controls the burning
rate in this case. The low pressure exponent of the nanoaluminized
propellant at elevated pressures also points to the diffusion-limited
nature of aluminum combustion that is insensitive to pressure in that
pressure range. The low pressure exponent was observed in the
burning rate of the 5 um fine AP/binder matrix as well, in the
elevated pressure range (Fig. 8). This shows that the mechanism of
heat feedback from the nAl combustion controlling the propellant
burning rate is independent of the interaction of LEFs over adjacent
coarse AP particles that is present in the propellants but absent in the
matrix. However, the nanoaluminized 20 pm fine AP/binder matrix
burning rates (Fig. 8), though high relative to those of its non- and
microaluminized counterparts, does not exhibit a low pressure
exponent at elevated pressures unlike in the case of the 5 pum fine AP
matrix. This could be due to attachment of LEFs to the larger fine AP
particles in this case, which tends to increase the pressure exponent
[50,51] in the elevated pressure range.

A similar effect prevails with 75 pm fine AP propellant when nAl
is added (Fig. 10). The increase in the burning rate with nAl addition
is not accompanied by any significant change in the pressure
exponent, as observed by past investigators [23-25]. This has been
interpreted previously as due to the kinetically limited combustion of
nanoaluminum that controls the propellant burning rate up to
intermediate pressures of <7 MPa.

3. Effect of Fine AP Size

Retaining the coarse AP size at 450 pum, propellants with two
additional fine AP sizes, namely, 20 and 53 pm, are considered to
examine the effect of fine AP size on their burning rates, without and
with micro- or nanoaluminum. The results of the propellant burning
rates for all four fine AP sizes tested are shown separately for the non-
, micro-, and nanoaluminized propellants in Fig. 11. The 53 pm fine
AP/binder matrix burns by itself in the entire pressure range as is the
case with the matrix with the 75 pm fine AP particles (not shown).
The most significant observations are as follows.

1) Despite not exhibiting significant plateau effects, the
nonaluminized 20 um fine AP propellant registers lower burning
rates than its 5 pum fine AP counterpart. This, in turn, burns slower
than the ones with the 53 and 75 pm fine AP (Fig. 11a). This shows
that the general trend of finer AP resulting in higher burning rates is
not followed with very finely sized AP particles that are susceptible
to a significant binder-melt flow effect.

2) The microaluminized 5 and 20 um fine AP propellants show
plateau-burning rates (Fig. 11b), the former in a lower pressure range
than the latter. The 20 pm fine AP propellant experiences significant
binder-melt flow at higher pressures than the one with 5 pm fine AP
[39] and, hence, the observed shift in the plateau trend.
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Fig. 11 Effect of fine AP particle size on burning rates of propellants
with 450 pm coarse AP particles.

3) The nanoaluminized 5 and 20 pm fine AP propellants wash out
these plateaus in the low/intermediate pressure ranges (Fig. 11c), as
observed earlier. Further, these propellants exhibit low pressure
exponents in the elevated pressure range, unlike those with the 53
and 75 pm fine AP particles.

Note that the nanoaluminized 20 um fine AP/binder matrix does
not show the low pressure exponent of the burning rate unlike the
5 pm AP matrix at elevated pressures (Fig. 8). But, both the
nanoaluminized propellants with 5 and 20 pm fine AP exhibit such a

trend (Fig. 11c). This shows that the presence of the LEFs over the
coarse AP particles in the propellant influences the pressure exponent
at an elevated pressure. The associated mechanism of the low
pressure exponent is the shrinking lateral extent of the LEFs over the
coarse particles and the interaction of adjacent ones with an increase
in pressure [40]. The outer diffusion flame trailing from the LEFs
contributes increasing heat feedback to the burning surface under
these conditions. Of course, this mechanism should prevail with the
larger-sized fine AP propellants in Fig. 11c, namely, 53 and 75 pum
fine AP. But, the attachment of LEFs to the fine particles at elevated
pressures noted earlier predominates in these cases to keep the
pressure exponent from decreasing in this pressure range.

4. Effect of Coarse AP Size

Perhaps the most instructive result in terms of the combustion
mechanism of nanoaluminized propellants is the investigation of the
effect of the coarse AP size on the burning rates of the non-, micro-,
and nanoaluminized propellant variants. The burning rate of these
propellants are shown in Fig. 12 for the two coarse AP sizes, 350 and
250 pm, and for the two fine sizes, 5 and 75 pm. The burning rates
for the corresponding sets of propellants, but with coarse AP particles
of 450 pm in size, must be included for comparison with Fig. 10. In
all the cases, the nanoaluminized propellants show an increase in
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Fig. 12 Burning rates of propellants with two different coarse AP size
particles.
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burning rates across the test pressure range over the microaluminized
propellants. However, the burning rates of nanoaluminized
propellants are observed to be higher relative to their non-/
microaluminized counterparts only when the fine AP size is
sufficiently large, that is, at 75 pum, with all the coarse AP sizes
tested. When the fine AP size is 5 um, the nanoaluminized
propellant burns faster than the non-/microaluminized ones mainly
with the 450 pm coarse AP presented earlier (Fig. 10), but not with
the 350 and 250 pm coarse AP sizes.

One needs to keep in mind that the removal of coarse AP particles
to the extent required to accommodate the nAl should contribute to a
decrease in burning rate, as in the case of microaluminized
propellants. The LEFs anchored over the coarse AP particles are
chiefly responsible for burning-rate control in the latter propellants.
Their decreased contribution is more than offset by the near-surface
complete combustion of nAl in such propellants presented to the
extent that the burning rate is actually controlled by heat feedback
from nAl combustion. However, nAl combustion follows only upon
its ignition, and LEFs continue to remain a chief source of ignition of
aluminum, either micro or nano. In propellants with the 75 pm fine
AP, shown in Figs. 10 and 12, LEFs attached to the fine AP particles
over most of the pressure range (for such a large size) cause easy
ignition of the aluminum particles. This leads to significant heat
feedback from their combustion. Hence, the nanoaluminized
propellants with fine AP of that size burn faster than their
corresponding nonaluminized ones, regardless of the size of the
coarse AP particles in them.

However, in nanoaluminized propellant with 5 pum fine AP, the
fine AP/binder matrix, where the nAl resides, most probably burns in
a premixed flame and does not have LEFs attached to the fine AP
particles over the test pressure range. Recall that the nanoaluminized
fine AP/binder matrix burns fast by itself when compared with the
nonaluminized matrix, which does not burn by itself at all (Fig. 8).
Despite this, the propellant with the 250 pm coarse AP particles has
smaller patches of the fine AP/binder matrix interspersed between the
coarse particles. Hence, the fast burning of the matrix is interrupted
by the emergence of too many coarse AP particles too often. Thus,
the nanoaluminized propellant with coarse AP particles of that size
does not burn considerably faster than its nonaluminized counterpart
(Fig. 12), in contrast to the case with the 450 pum coarse AP particles
seen earlier (Fig. 10). It is quite likely that more nAl accumulates on
the burning surface in the latter case (450 pm coarse AP) because of
the large space for the matrix in between the coarse particles
(following Cohen’s pocket model [52]). Further, the LEFs on the
coarse particles are too far apart for the effective ignition of the nAl
particles accumulating in between. Despite this, the heat feedback
from the nAl that ignited controls the matrix burning rate, and a
sufficiently exposed area of the matrix on the burning surface is
required for this effect to prevail in the propellant. This is possible
only with sufficiently large-sized coarse AP particles.

These results show that the burning rate of nanoaluminized
propellants does not increase over nonaluminized ones under all
conditions. On the whole, there are multiple physical mechanisms
competing for burning-rate control, one among which is the near-
surface heat feedback from the nearly complete combustion of nAl
following its ignition, in the case of nanoaluminized propellants and
matrices. The competing effects of these different mechanisms
determine not only the burning rates but also their pressure
exponents. Therefore, as can be seen from the present results, the
pressure exponents are not always retained with addition of nAl over
an expanded test pressure range and with testing at closer pressure
intervals than reported in previous works [23-25].

IV. Conclusions

The nAl powder produced from the exploding wire technique in
the present work is spherical in shape. WAXD pattern reveals that the
purity of the aluminum powder is greater. The nitration rate is
relatively greater compare with bulk aluminum. Despite the
additional aluminum oxide, because of the enormously large surface
area of the nAl, the decrements to the theoretical specific impulse and

measured heat of combustion of propellants containing it are
minimal relative to those with microaluminized ones. This could be
more than offset by the two-phase flow losses with the latter in
practice.

The addition of nAlin the fine AP/binder matrix nearly doubles the
burning rate when compared with addition of pAl. These results
show that the nAl ignites and undergoes near-complete combustion
close to the burning surface and, thus, transfers heat by conduction
and radiation, thereby increasing the burning rate. The nanoalumi-
nized propellant burning rates are also increased by ~100% relative
to microaluminized propellants. Non- and microaluminized
propellants containing fine AP of very small size (5 pm) and coarse
AP of very large size (450 pum) show plateau-burning-rate trends.
These effects are washed out in the corresponding nanoaluminized
formulations. The results collectively indicate that the propellant
burning rate is controlled by the near-surface nAl combustion, which
becomes diffusion limited in the elevated pressure range. These
effects show significant changes in the pressure exponent of the
burning rate with the addition of nAl over a wider pressure range than
tested earlier. With the fine and coarse AP sizes being closer, the
plateau-burning effects disappear even with non- and microalumi-
nized formulations, as in routinely used propellants, and the pressure
index of the burning rate is then retained with inclusion of nAl, as
reported earlier. The predominance of nAl combustion in controlling
the propellant burning rate is limited 1) when the exposed areas of the
fine AP/binder matrix on the burning surface are restricted by
relatively smaller-sized coarse AP particles, and 2) when the fine AP
particles are too small to hold attached LEFs and ignite the nAl
effectively. Under these conditions, the increase in the burning rate of
the nanoaluminized propellant over the nonaluminized one is
marginal.
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